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Abstract 

Accident soil contamination by petroleum hydrocarbons can be remediated by 

physical, chemical, or biological techniques. Among the available remediation 

techniques, use of microorganisms is an emerging environmental-friendly 

technology]' 2. 

Biosurfactants of bacterial origin hold distinct advantages over synthetic ones 

including biodegradability and biocompatibility, multifunctional characteristics, stable 

activity under extreme environmental conditions, and thus can be more efficient in 

remediation of petroleum hydrocarbon contaminated soiI2
,3. Rhamnolipids produced 

by Pseudomonas aeruginosa have been one of the most widely studied 

biosurfactants3
. In spite of numerous advantages over the synthetic chemical 

surfactants, biosurfactants are st~l unable to contend with the synthetic surfactants. 

This could be due to their high production cost in relation to the inefficient 

bioprocessing techniques and poor strain productivity. 

In the backdrop of above mentioned information, the present investigation has 

been focused on (i) screening and taxonomic identification of efficient bim,urfactant 

producing bacteria (ii) optimization of culture conditions, (iii) characterization of 

isolated biosurfactants, (iv) investigation on the biological activity of biosllrf.1ctants 

and (v) investigation on the possible industrial applications of both the biosurfactants 

and their producing bacteria. 

rour potential bacterial strains have been selected from a total of 52 bacterial 

strains possessing the ability to produce biosurfactant and utilize hydrocarbons, 

particularly the purified petroleum hydrocarbons. Biochemical and molecular 

characterization revealed that all four isol?tes were closely related strains of 

Pseudomonas aeruginosa. Blood agar assay, eTAB agar test and orcinol assay clearly 

suggested the glycolipidic nature of biosurfactant, produced by the bacterial strains. 

The strains were subjected to growth in mineral salt medium (MSM) supplemented 

with various carbon sources including aliphatic, aromatic and polyaromatic 

components of crude petroleum. The bacterial strains could degrade nearly all the 



tested aliphatic hydrocarbons, but their growth on aromatic and polyaromatic 

hydrocarbons was not good. The bacterial strains could produce higher yield of 

biosurfactants with the use of n-hexadecane as sole source of carbon (2.83-4.57 grl). 

The agro industrial wastes like waste residual glycerol and residual kitchen oil were 

found to be promising alternate cheap carbon sources for the production of 

rhamnolipid (1.52-3.90 grl and 0.44-2.26 grl respectively). 

The critical micelle concentration (CMC) values of the biosurfactants produced 

by, the bacterial strains were in the range of 45-105 mgrl. The interfacial tension 

against diesel decreased from 29 mNm-1 to a range of 1.5-3.4 mNm-1 in the use of 

biosurfactants produced by the bacterial strains. Biosurfactant at normal and CMD-1 

(critical micelle concentration) were stable and showed optimum surface activity 

between the pH 5.0-8.0, temperature 25-75°C, salinity up to 4% and in the presence of 

various metal ions except Al+3
. The cell free culture supernatant of the bacterial strains 

produced stable foam with F24% in the range of 50.4-65.5% and was relatively stable 

upto 24 h. The emulsification activity (E24%) of the cell free culture supernatant of the 

bacterial strains against diesel was quite stable in the pH range of 5.0-8.0, temperature 

25-75°C and up to 3% salinity. The bacterial strains exhibited wide variability In 

surface hydrophobicity that increased with the complexity of the carbon sources. 

Purification and characterization of biosurfactants using TLC, FTIR and LC

MS indicated the presence of different congeners of rhamnolipid molecules. 

Moreover, the occurrence of rhamnolipid molecules was found to be quite variable. 

Differential scanning calorimetric (DSC) and thermo-gravimetric analysis (TGA) 

indicated a comprehensive thermally stable structure of the biosurfactants. 

Reduction in the viscosity of crude oil following the treatment from 48.7 to 

34.6 Pa.sec indicated the ability of bacterial strains to alter the physicochemical 

properties of the crude oil by degrading the fractions of crude oil. The solubilization 

assays of anthracene, phenanthrene and naphthalene clearly showed that solubilization 

of polyaromatic hydrocarbons (PAHs) depends on the concentration of biosurfactants. 

Bacterial strains OBP} and OBP4 appeared to be the best degraders of crude oil. Out 
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of the eleven different bacterial consortia consortium I and II were efficient in 

degrading 78.6-80.4% of aliphatic, 42.4-42.7% of aromatic and 19.2-21.6% of 

nitrogen sulphur oxygen containing compounds (NSO compounds) in 30 days of 

culture which was much higher as compared to individual strains. 

The maximum recovery of crude oil from the petro-sludge or contaminated soil 

was obtained with use of the bacterial biosurfact'ants at their respective CMCs. About 

9.3-11.4% of residual crude oil was recovered from the saturated sand pack column 

using cell free culture supernatant of the bacterial strains containing biosurfactant as 

compared to the control. 

The degradation of biosurfactants by P. aeruginosa strain (MTCC8165) was 

comparatively less than as compared to Bacillus circulans strain (MTCC8167) which 

preferred that the biosurfactants can't be easily degraded by its source species. The 

biosurfactants showed appreciable antibacterial activity against a wide variety of 

bacteria and was more pronounced towards Gram-positive. Rhamnolipids exhibited 

excellent chemo-attractant property. Biosurfactants. above CMC showed phytotoxicity 

on germinating rice and mung seeds; but showed no larval mortality of Aedes 

albopictus at almost all the recommended concentrations. The treatment of the mouse 

fibroblast cell line with the biosurfactants exhibited no cytotoxicity within the CMC 

and also indicated no acute dermal toxicity as confirmed by the haematological tests. 

Dermal toxicity test has been done to assess the allergic or immunological effect of 

rhamnolipid on the skin (dermal tissue) of animal model system (rabbit) through 

haematological assays. 

The biosurfactant of OBPI was more efficient in the synthesis of silver and 

iron oxide nanoparticles and provided significant stabilization towards nanoparticles 

and protected silver nanoparticles from exposure to salt (NaCI). Further both 

nanoparticles exhibited significant antibacterial activity. The nucleophilic addition of 

6-amino-l, 3-dimethylpyrimidine-2, 4(1H, 3H)-dio·ne and 6[(dimethylamino) 

methyleneamino]-l, 3-dimethylpyrimidine-2, 4(lH, 3H)-dione with aldehyde 

(aromatic, aliphatic and heterocyclic) and biosurfactants of OBPI was achieved in 
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water at room temperature with higher yield of products as against their counterparts 

without the use of biosurfactants. Degradation studies of synthetic hyperbranched 

epoxy/OMMT clay nanocomposites based polymer in the presence of bacterial strain 

OBPI clearly indicated the efficiency of the bacterial strain in the biodegradation of 

synthetic polymers. 

The physico-chemical properties of the biosurfactant and the efficiency of the 

bacterial strains in utilizing the petroleum hydrocarbons clearly indicate their potential 

application in bioremediation and industrial processes. Further, the present study 

opens up a possibility to study the effect of rhamnolipids on flora and fauna present at 

the site of application to ensure their remediation efficiency without causing harm to 

the on-site living systems. 
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Introduction 

'Chapter I . 
Introduction 

1.1 Surfactant 

Surfactants are surface active ag~nts, with broad range properties including the 
•• : '. • t' • , I ' _ \ ,\" - • • • 

lowering of surfa~e and interfacial tensions of liquids]' 2. These surface active 
.~ .. ' . ~ . . ..' . ..' , , . 

compounds are a group of commonly used chemicals in everyday life. 

Characteristically, these are organic amphipathic compounds containing the 

hydr~phjlic (polru;~J moiety ,usually. referred to as the 'head', anq ,the nonpolar 

h~drophobic moit:ty known,. ~ th~ '~i,l' . Because of. their amphiphilic nature, 
, ~ • • .' ,f .' • 

surfactant m~l~~ules a~c~f!1ulate at the in~~rfaces such as solid-liquid, liquid-liquid ,or 
, • I , • ~ • • • • • • .. • 

vapour-Iiq~id. TIt,e hydrophobiq portiqn co~ce~trates 3;t the. surface with a strong 
t • j 0I..) '> (. ' " • 

attraction to surround.ng soluti9n while the hydrophiHc portion is oriented towards t~e 
• • • • • • ~. ) '. ~ ~ I • f 

solution with weak to non-attraction forces. At interface, these molecules reduce the 
• ", • ",r .,'. '. .,' • • •• -.' " , , : 

free energy of the sysrem by, reducing the fc;>rc~s of repul~ion between unlike phases or 
.. ' '. '. L" •• r' 1,- I "... 

~urface.s ~d. allow rhe,two phases torp.i.x qlore easily. Surfac~t molecules hav~ the 
, • J t.· ~.' . , . . .. "I • ... • _ '., '.. • , 

ability to. lower the surface ,tensioQ, increase s~~ubility, detergency,power, wettability 
• • • J' .' • • , ~" "" • 

and foaming capacity. The I,mique surface active prop~.rties of surfactants have been 
, ~ •• J. .' ' 1', .' '. ' • • 

.. exploited in vario\lS, areas such as deterg~nts,. emulsification, adhesion, coat.ings, 
•• I' ," _ ,. • \ '!" , '. '" '., . 

-wetting, (~arn.ing, soil and water remedi~tion, p3;ints, chromatographic separations, 
, ' . _.J.... ': '. ". '. . "'" J /' i \ 4 l- • " \ j , 1 - . - ~ • • , 

medicine, ,agriculture, cosm~,tiq;, ,p~rsonal care and almpst every s.ector of modem 
I I .:' J ~ " ' • • ' ,; ". 

5ndustry.~. Surf~ctan~s a.r:e ~Iso the ~ey. ingr~qiell~s fou!1d ,.in d.etergents, shampoos, 

,toothpas~e, oil additives, and a, nJ.lmber of qther consumer products5 
• 

• j ...,' '. ~' .. I" ' • 

·i'.2 Chemical nature of sUrfactalnt ' 
',; , 

, .Surfactants are .classified with varying ch~mical structures according to their 
, • .' ". , " ., I ;, : .: ~' .' ". • .- , • ~ • ' .' • 

ionic ch~ge _ residing in th~ pO.lar part of the ~oleculr€?" Henc~l anionic, c~tionic, non-
• • '. • \;.... _, -., ~ • .: : • • .' • f J I . ~"I. ~ :'.- • ',' • 

ionic and zwitterionic (com .. ~ined pr~sence_ of ani~!1ic an~ ~Ho~~.~. fh:u-g~s) surfactants 

exist l
,5. The hydrophobic moiety is usually a hydrocarbon chain of varying length in 

different surfactants1, 6. Surfactants are mainly synthesized from chemical based 

1 



IntroductIOn 

materials such as petroleum derived hydrocarbons, Iignosulfonates or triglycerides6
• 

Majority of the synthetic surfactants includes linear alkyl benzenesulphonates, alcohol 

sulphates, alcohol ether sulphates, alcohol glyceryl ether sulphonates, a-olefin 

sulphonates, alcohol ethoxylates and alkyl phenol ethoxylates7
• Surfactants are 

potentially useful in every industry dealing with multiphase systems. For example, 
\ 

Sodium dodecyl sulphate (SDS, C12H2sS04 Na') a widely used anionic surfactant. It 

contains a straight chain aliphatic hydrocarbon with a sulphate groupl. 

1.3 Actions of surfactant 

• I 

Surfactants enhance the aqueous solubility of non-aqueous phase liquids 

(NAPLs) by reducing their surface/interfacial tension at air-water and water-oil 

interfacess. The effectiveness of a surfactant is determined by its ability to lower the 
\ 

surface tension: which is a measure of the surface free energy per unit area or the work 

required to bring a molecule from the bulk phase to the surfaces. Another 

distinguishing character of surfactants is their ability to self-assemble in solution into 

dynamic aggregates called micelles. As the i~terfacial tension is reduced at the air

liquid interface and the aqueous surfactant concentration increased, the monomers 

aggregate to form micelles. The minimum concentration of the surfactant at which 

mi'celles first initiate to form is referred to as critiCal'micehe concentration (CMC)9. 

The concentration corresponds to the point where th'e surfactant molecules reduce the 

maximum surface tension of the system. The CMC of a surfactant is influenced by pH, 

temperature and ionic strength6
. The physical properties uSed to~ \ characterize 

, I 

surfactants that depend on CMC include emulsion formation, J oil solubilization, 

foaming and detergency, interfacial and surface tensions. Generally the dispersions of 

the complex fluids form and stabilize by absorbtng surfa9tants on~o air-liquid 

interface, known as foams. These dispersed fluids contain small bubbles with large 

surface areas, which ban Ibe stabili~ed using sudactants. Formation of heavy foams 

signifies the better' deterg~ncy character which indicates the effectiveness of the 

surfactant in separating oily material from a particular mediums . 
. '/ 
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Introduction 

, The dynamics of the surfactant adsorption is of vast significance for practical 

applications such as foaming, emulsifying or coating processes, where bubbles or 

drops are rapidly generated and need to be stabilized. The dynamics of surfactant 

adsorption depends on its diffusion coefficient. As the interface is created, the 

adsorption of the surfactant is limited by the diffusion at the interface. In certain cases, 

there is an existence of energy barrier for the adsorption or desorption of the 

surfactants at the interface, then the adsorption dynamics is known as 'kinetically 

limited'. Such energy barrier is due to the steric or electrostatic repulsions between the 

surfactant molecules. The surface rheology of surfactant layers, including their 

elasticity and viscosity plays a very vital role in foam or emulsion stability. 

The immiscible liquids such as oil and -water when mixed, one liquid is 

dispersed into the other, and small droplets form emulsion. An emulsion is defined as 

a "heterogenous system, consisting of at least one immisicible liquid dispersed in 

another in the form of droplets, whose diameters, in general, exceed 0.1 mml,2. The 

behavior of the emulsion is related to the equilibrium phase behavior of the 

oiVwaterlsurfactant system from which it is made5
. Formation of such small droplets 

provides a large amount of interfacial surface area and hence greater interfacial free 

energy in the system. In normal condition, the droplets may rapidly coalesce and two 

separate phases will form to minimize the interfacial area of the system9
. With the 

addition of surfactants, emulsion formed may stabilize by reducing the interfacial 

tension and decreasing the rate of coalescence8
• Usually there are two types of 

emulsion, i.e. water-in-oil (w/o) or oil-in-water (o/w). The term hydrophilic-lipophilic 

balance (HLB) is used to classify which type of emulsion the emulsifier will favour. 

1.4 Surfactants market 

There are surfactants used in detergents and cleaners (54%); as auxiliaries for 

textiles, leather and paper (13%); in chemical processes (10%); in cosmetics and 

pharmaceuticals (10%); in the food industry (3%); in agriculture (2%) and in others 

(8%)10. The world production of surfactants is estimated at 15 M ton per year, of 

which about half are soaps. The other surfactants produced on large scale are linear 
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alkyl benzene sulfonates (1700 k ton per year), lignin sulfonates (600 k ton per year), 

fatty alcohol ethoxylates (700 k tons per year), alkyl phenol ethoxylates (500 k ton per 

year) II. The total production of the surfactant has exceeded around 10 million tons in 

2007 for their increasing demands in various industries such as polymers, lubricants 

and solvents12, 13. The market is expected to grow over us $41 billion in 2018 with an 

average annual growth of 4.5% 14, 15, 16. Such increase in growth rate is related to the 

world demand in detergents since this sector uses over 50% of surfactant production 17. 

Out of the- total production of surfactants, about 54% are consumed as household or 

laundry detergents and only 32% destined for industrial use l8
, 19,20 . 

. 
1.5 Disadvantages of synthetic surfactants 

As a part of the global effort to reduce hazardous wastes, greener processes 

with reduced waste products are being progressively integrated with modem 

developments21 . Since all the conventional surfactants commercially available today 

are synthetic a~d of petroleum origin, they not only cost high but also pose potential 

threats to the environment due to their recalcitrant and persistent ~ature22, 23. There is a 
• • ~ ~ 0( '. ~ 

concern on the possible tOXIC effect of the synthetic surfactants on aquatic organisms, 

espe~i~lly Yf' they' are' used in near shore waters24
• Besides these, the effects of 

synthetic surfactants on biostimulation of indigenous microorganisms in enhancing the 

reniova'l of organic pollutants yielded inco~sistent results. Such decrease in the rate of 

biodegradation of organic pollutants espe~ially at higher concentrations of surfactant 

could' be du~·to the interaction of surfactant with the lipid membrane22. It is a well 
I ~ ~. ~ 

known 'fact that sUrfactant molecules at higher concentration affect enzymes and other 

cell~hif'pro'teins' necessary for basic functions of the microorganisms2s. Most anionic 

and non-ionic surfactants are nontoxic, having LDso comparable to sodium chloride. 

Prolonged exposure of skin to surfactants can cause chaffing because surfactants 

disrupt Ithe lipid coating that protects skin and cellsll . Moreover, most of synthetic 

surfactants 'during the manufacturing process and 'the byproducts cause serious 

envii~~~ntal hazards26~ With the inc~eased environmental awareness among 

consumers and new stringent legislations, environmental compatibility of surfactants 

has become an important factor in their application for various uses27, 28. As a result, 
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with advances in biotechnology;" attention,: has' b~eri . paid : to, ·,the" .• alt'eIiiative 

environme~tal friendly processes for the production of different types of surfactants 
• ~ I,.t, r • '. • :' • • . 

fro~ microorganisms29. HenCe,' th~ . use' of biosurfactants in pla~e of chemical 

'smf~~~ts c~ mi'~imi~e th~ t~a~'ca~sed by the synthetic surfactan~2. 
'. ~ '". ~ , , • '. ' • !. r, 

1.6'Green surfactant or bio-s~rfactant ' 
'. '. " . 

- " 

In ancient tit:J1es some natural surfactants such as soap (fatty acid salt), ~ecithin 
: "-; • \ • '. .' ~' • l::i :, , • • • 'l' ). , ...... '. • 

(phospholipid) and saponins (glycolipid) were extracted from plants or animals and 
;J ,i " ,~j.' t;,·r: · .... t r. ,- ~'1 3 ';.1.,.,,"';,.1 ~ •. ' ~1 

widely u~~d in house?o~~~. ~~ ~~,dustry3o .. Na~ral ~~.~~c~ts 'ar~ ,usually p~esent in 

lesser quantity in their natllral' sources and the cost involvement in their extraction 
.J. ,.- ; , • , • A • : " .,' I • • ~ \ .' •• > • .." 

proCedure exceeds the cost of.chemical synthesis3o. Therefore, the inve,stigation for an 
• > ~ " • '. • • .' 1 ! . I - - • • ~ l • 

alternative source of natural surfactant is significant. . 
~ _' " .: • • ~.:.:' ' . ' • t 7, ,'. ."'..... 

: ." Investigat,ion of the literature indicates that ·the, capability to produce,. natural 

. surfactant, well-known' as biosurfactants is, prevalent among the- bacterial and ·archeal 

domains3:1 
.• , Biosurfactants are. heterogeneousI" groups "of surface::active. microbial 

surfactants' produced: 'by. a', wide . variety. of microorganisms' such. as , .. bacteria, 

actinomycetes, fungi, yeast. etc~2 .. :These .surface active molecules have been reported 

as being produced on the microbial cell surfaces and excreted extracellulalf3. 
I, " ,,, "i 

Basically they are amphipathic molecules that comprise a hydrophili~ portion, which 

.. might.consist.of. monosaccharides, oligosaccharides, or, polysaccharides, 'amino acids 

or peptides;' or. carboxylate· or phosphate! groups -and a, hydrophobic' portion"which .is 

.,composed· of saturated or Unsaturated .(hydroxy) fatty, acid,s. or fatty alcohols. These 

molecules ,partitioned .. at •. the . interface between fluid phases·;with different'degree of 

polarity and hydrogeri L bonding. such.as inr oiVwater'or aiflwater interface~34. Such 

. accumulation of biosurfactant· molecules "at .the interfaces. ultimately reduces the 

·surface and' ,interfacial tension of the .system. They impart better wetting, spreading, 

. foaming, detergency and, eniulsHying",tniits;,_ rendering, them 'most versat~le process 

chemicals~5. This,'quallities make· them .more .competitive : and· suitable to various 

application needs 36,. ~7, 38. 
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_1.7 Role of biosurfactant in producing microbes 

• • J 

t }J 17 

Biosurfactant possess diverse properties and physiological functions such as 

increase in the surface area and bioavailability of hydrophobic water-insoluble 

substrates, heavy metal binding, bacterial pathogenesis, quorum sensing and biofilm 

formation39
. However, it is impossible to make any generalization or identify one or 

• 
more common roles to all microbial surfactants40

• Most of the bacteria isolated from 

sites having history of contaminations by hydrocarbons and derivatives are Gram 
, 

negative, and it might be a characteristic that contributes to the survival of the 
I ) I , 4 ' 

populations in such harsh environments41
, 2. Most of them produce biosurfactants, 

I , , 

amphiphilic molecules of diverse chemical nature, which improve the ability of 
J 

microbial cells to utilize hydrophobic compounds as growth substrates7, 43. 

Biosurfactants are either produced on microbial cell surfaces or excreted 

extracellularly7, 44, 45, The capacity of bacteria to produce biosur(actant specifically 

with antimicrobial property could be a survival strategy allowing them to flourish 

ahead of other organisms in the competitive environments46
, The mode of action of 

biosurfactants is the modification of the cell surface hydrophobicity47 and/or in 

promoting emulsification and/or solubilization of substrates48
, ' 

I , 

1.8 Types of biosurfactants 
• T 

The initial classification of,the .biosurfactantl was on the molecular weights, 

chemical properties and cellular" localizations., I The low,' molecular weight 

biosurfactants such as glycolipids; lipopeptides;'Iflavolipids, corynomycolic acids and 

phospholipids lowers the surface and interfacial tensions at the lair/water interfaces, 

The high molecular ,weight biosurfactants are called bioemulsans, ... such as emuisan, 

alasan, liposan" polysaccharides and protein complexes, These biosurfactants are 

efficient emulsifiers at low concentrations and exhibit considerable substrate 

specificity in .stabilizing oil-in-watero emulsionsl9
: 22~i However, general classification 

based on parent chemical structure and classified as glycoJipids, lipopeptides, 

lipoproteins, lipopolysaccharides, phospholipids, fatty acids and polymeric Iipids49
, 

Therefore, It can be expected to have diverse properties and physiological functions of 
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biosurfactants such as increasing the surface area and bioavailability' of hydrophobic 

water-insoluble substrates, heavy metal binding, bacterial pathogenesis, quorum 

sensing and biofilm formation39. 

J • 

1.9 Biosurfactants with speci~1 rererenc~ to rhamnolipids 

Rhamnolipids .are known to be produced by. the different species of 

Pseudomonas bacteria, especially by Pseudomonas aeruginosa; a leading commercial 

biosurfactant which is suitable for considerable applications50, 51. Rhamnolipids, the 

glycolipid~type' bios~rfactants produced by Pseudomonas aeruginosa in the late log 

and stationary phases of growth27 are among the most effective biosurfactants and 

? have been appli¢ in various,industries and bioremediations27,5~,53v The production of 

, rhamnolipids is known to be crucial for Pseudomonas aeruginosa to survive and 

thrive under specific conditionsS4
• Rhamnolipids basically are glycolipid in nature, 

composed of a hydrophilic head formed by one or two rhamnose molecules, known 
.. _j 1 ;, ; "I} ? ' • .. ) .. t- •• \ 

respectively as mono-rhamnolipid and di-rhamnolipid, and a hydrophobic tail which 

contains up to three molecules of hydroxyl fatty acids of varying chain length from 8 

to 14 of which ~-hydroxydecanoic acid is predominant~5, 55, 56. Thus, distribution. of 

rhamnolipid congeners always exists. Although, there are several types of rhamnolipid 
! 

, species reported. in the literature, all of them possess similar chemical structure and 

have an average molecular weight of 577 ?t' 57, 58. The crude biosurfactants extracted 

from the liquid culture of Pseudomonas strains, were found to reduce the surface

tension of water from 72 to 30 mNm -;1 57 with a critical micelle concentration of 

5-200 mg.l-I and exhibited an emulsification index of above 70% 37,53,55,56,59. With 

respect to their production, they' show higher yield as compared to other' known 

biosurfactants.· The bacterial genus Pseudomonas" has been highlighted for its'ability to 

use diverse hydrophobic or hydrophilic substrates, such as hydrocarbons, vege~ble 

oils, carbohydrates, or even wastes from- the food industry 'as carbon source ,to produce 

rhamnolipid-type biosurfactantsI3,58,,6O. Another advantage of rhamnolipids over the 

. other bio-surfactants is the ease at which they can be isolated from the culture as they 

are extracellularly producedq, 52, 61. Being of microbial origin, rhamnolipids with high 

biodegradability possess' an additional advantage over the synthetic surfactants in soil 
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,washing and bioremediation processes23~,61. Rhamnolipids reveals the potential to 

improve the microbial degradation of chlorinated hydrocarbons, P AHs, heavy metals 

and petroleum hydrocarbons from contaminated soil and water3. They are not only 

efficient surfactants but also exhibit excellent antimicrobial activity against several 
~ ( ~ J .. It: .. .1o _ :f' ~ It. ~..-" 4'" I., i ~ 

other microorganisms51 , 57, 62, 63 and disrupt host defenses during infections64• 

Rhamnolipids . have been," investigated in several applications which include 

bacteriocide65, fungicide66
, wound healing67 and others51 . They also assist in cell 

surface motility68 and influence the architecture of, biofilms, especially in the 

formation and maintenance of fluid chanriels within the .exo-polymeric matrix after 

bacteria adhere irreversibly on a substratum69, The production of rhamnolipid is 

known to be regulated by quorum sensing mechanism and is depends on various 

-environmental and nutritional factors which . include pH, temperature, phosphates and 

iron content, as well as the nature of the carbon source5~, 

1 

1.10 Advantages of biosurfacatnts over synthetic surfactaots 
r - I I I \ , ~ 

The most' attractive aspects of biosurfactant use are their biodegradability and 

ecological acceptance60, Biosurfactants could retain their surface active properties 

even 'under extreme conditions, of temperature, pH, salinity and metal salts32, 40,70, 

Due to the low irritancy and compatibility with human skin ~1 they are constantly used 

. in.the sector of cosmetics and pharmaceutical industries51 , Because of these properties, 

biosurfactants have a broad range of potentia}, applications, I including in detergent, 

pharmaceuticals, agriculture, cosmetics, food, cleanser, paint and petroleum based 

industries29, 35, Other main advantages of biosurfactants includes bioavailability, 

. activity under diverse conditions, ecological acceptability, low toxicity, their capacity 

to be modified by biotechnological techniques 'and their capability of increasing the 

bioavailability oC poorly I soluble organic compounds, such as polyaromatic 

hydrocarbons (P AH)?2, From an j. environmental,' standpoint, biosurfactants have 

promising applications in various fields including bioremediation of contaminated 

I environments,.tertiary oil recovery such as MEOR (microbial enhanced oil recovery), 

.: flotation process, detergent formulations etc, 601 73, Biosurfactants cpuld also be easily 

produced from renewable resources through microbial fermentation22, In the recent 
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years, biosurfactants have been. gaining much. attention. in the· field of 

nanobiotechnology because of their unique chemical composition 74,75. Various aspects 

ofbiosurfactants, such as their biomedical and therapeutic properties as well as natural 

roles have been recently reviewed63
: 76. 

1.11 Application of biosurfactants 

Biosurfactants are beginning to attain a status of pot~ntial. effective substance 

In various fields ID
• Various applications of biosurfactants have been extensively 

reviewed35
. At production level, along with the utilization of cheap renewable 

substrates and organic wastes, the cost of the biosur£actants bas become competitive 

with that of the cost of the synthetic chemical surfactants. 

1.11.1 For the production of specific compounds 

Biosurfactants are being considered as an alternative to the high value 

synthetic chemical whose use may have toxic environmental impacts26
. The 

pyrenacylester of rhamnolipids are reported to be synthesized for its use in monitoring 

the polarity and fluidity of solid surfaces and also used in determining the impact of 

coatings on the surface properties77
. Rhamnolipid from P. aeruginosa is a superior 

source of rhamnose as it is excreted in late log and stationary phases' of growth26
. 

Rhamnolipids have been a source of stereo specific L-rharnnose, which is used in the 

production of high quality flavoring compounds and as starting material for the 

synthesis of some organic compounds 78. 

1.11.2 In laundry and other sector 

Rhamnolipid were applied in the formulation of laundry· detergents' and 

examined their effectiveness in removing sunflower oil, chocolate, and albumen stains 

from cotton fabrics 79. Some other commercial applications of biosurfactants are in the 

pulp and paper, the paint, textiles and ceramics industries26
. 
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1.11.3 In;'medicine ' 

. t'l " ·1 ~ J I ~. 

Currently, biosurfactants are being investigated and exploited for medical 
. '., '63 80' ..' '. ....... . . 

purposes' . Biosurfactants have a range of therapeutic applications; such as 
" :' • ." - ••• • • 1-.... 

rh~olipids produced by P. aeruginosa, lipopeptides produced by B. subtilis and B. 

lichen'ifo;;;'is: ~s biocidic ag~nts26, 63.~ The ~ossible appli~ations of biosurfactants as 
.~: ,,' ·;.It:.,,~.. ~. . . ':;.' ... ~., .., ..' . ~ 

emulsifying agent for transporting drugs to the site of infection, for supplementing 
~"' .. } .'~ ... ,~):: . _,,':.f.,;'· .'.1.~~' J"', ... ~. .' ~ 

pulmonary surfactant and as adjuvant for vaccines were assessed81 . The surfactin 

produced by Lactobacillus acidophilus RC 14 has been investigated for its possible 

application as anti-adhesive biological coatings for catheter materials82. They are also. 

known to have the potential use as major antimycoplasmic, antiviral, anti-tumor agent, 
• ~l. I '(~:~ • • ~ )- > t 

inhibitor of fibrin clot formation, immunomodulatory, hypocholesterolemic, anti-

adhesi~~;a~d ~os~' r~ce~tly 'as dispersants' f~r nanoparticles63, 83. 
':, ~ ..... ': . :. , ~'~.: •. '\. • .J. • . <01 

1.U~ 4 In cosmetic .industry" ,., 
, '. ~ :' , • I " 

..... :. :.. _ i ~ " 'o. .~, • ~ ,. .... . ..... ; • :.,.;. " .. , 1 1 ,~ , , • • : ': • 

The cosmetic and health care industries use large amounts of biosurfactants in 
'I •• ,. -... ,: 1 ... •• ',' • 1 • , • Po \ " . ' •• ?', '.:' .' 

several different formulations. Products like insect repellents, antacids, acne pads, 
.. /.:'1"," :";:,, ' .. :~. '.' ;;' .~ f~ •• ,.t·~ .... 

anti-dandruff products, contact lens solutions, deodorants, nail care products, anti-
..... , ... : '"t i; .... #...,' '~ .• '.: . :'t n:,. ! :" • 

wrinkle and anti-ageing products and toothpastes require surfactants that have high 
.~ ••••• M ··.;'!~i ."~' • " ~ 

surface, and emulsifying activities. These characteristics of surfactants playa vital role 
:.':; '" ",1' ;~"~'!,>.. .: .. ' " 'It'" I • • , ' 

in maintaining the texture consistency of these products27, 51, 84. Biosurfactants also 
~'." ~~ ,,': '~~ .. "-. ( , ...... ~ ,,' . . .. 

acquires the position in the market of personal care products due to its low toxicity, 
. f.i";· .~ ,., ... ~':t •• .!:. .. (. '; .. -,: .... :. ~ . • I • ' • .It ~ .. :. . " ....' :, I 

excellent moisturizing properties and skin compatibility85. Currently, there are patents 
. . 

for the use of rhamnolipids to mak~ liposo~es and e~~lsions51 . 

1.11.5 In agriculture 

~. ~ :;' :-- .',;. ~ I"', , '. ' •• 

Biosurfactants have been evaluated for their potential role in controlling 

vari·;us'pla~~·p~thogens. The proposed mech~ism for their action is that it intercalates 

into' and ~;df~rupts the_plasma ~embr~ne26.· The rh~mnolipids isolated from P . 
. " ;.,5; .. ,,. 1:.'" fl'p :~~" • " ... '., .• ,,' .', I '. ,', ~ ... '. " 

. qe/,uginosa was efficient in biological control of zoosporic plant pathogens at very low 
~<I:;~)". :~."" ... ;;:' .. l.:~~ '1-.:(' :i' ';;:''1'<';''';'~1-'. : .. : ,'.' ~.~ .~:.+ ", I. ~~,! .,[,,' .. ; .'~ ~:. \' '" I' • ':. -

conc¢ntrations and reported to be successful in controlling· the disease in a 
.. - ., 
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hydrophonic recirculating cultural system86
. Surf actin and a similar lipopeptide, iturin 

A, produced by Bacillus subtilis RB 14 were reported to suppress the damping off 

disease of tomato seedlings caused by Rhizoctonia solani87
• Rharnnolipids and other 

biosurfactants were reported to have zoosporicidal activity against species of Pythium, 

Phytophthora, and Plasmophora at concentrations ranging from 5 to 30 Ilg mr' 26. 

Rharnnolipid at a rate of 1 % emulsion was successfully used for the treatment of 

Nicotiana glutinosa leaves infected with tobacco mosaic virus and for the control of 

potato virus X disease88
. 

1.11.6 Metallurgy processes 

Biosurfactants are used in the dispersion of inorganic minerals in mining and 

various manufacturing processes. Rosenberg et al. 89 reported the production of an 

anionic polysacchande called as biodispersan by Acinetobacter calcoacetlcus A2 that 

prevents the flocculation and effect dispersion of limestone 10% in water. The use of 

biosurfactant isolated from Nocardia amarae was reported to be used for the removal 

and recovery of non-ionic organics from aqueous solutions9o
• Polman et al.9

' reported 

partial solubilization of North Dakota Beulah Zap lignite coal with the use of crude 

biosurfactant isolated from Candida bombicola. Surf actin, rharnnoliplds and 

sophorolipid were used in batch washing experiments to remove heavy metals from 

sediments83
. Other commercial applications of biosurfactants involve the processing of 

uranium ore and mechanical dewatering of peat26
, 40. The foaming ability of 

biosurfactants isolated from Pseudomonas aeruginosa was investigated for Its possible 

application in coal and mineral flotation as a frother and co-frother92
. 

1.11.7 In food industry 

Biosurfactants are routinely used in the food industry as emulsifiers in the 

processing of raw materials. Other applications of biosurfactants are in bakery and 

meat products where they influence the rheologi~al characte~istics' of flour or to 

emulsify the partially broken fat tissue93
• Le~ithin and its derivatives are ~urrently 

used as emulsifiers in the food industry worldwide94
• Biosurfactants produced by 

thermophilic dairy Streptococci sp. used for fouling control of heat-exchanger plates 

l _ 11 



Introduction 

in; pasteurizers as, they hindered the, colonization of Staphylococcus thermophilus" 

responsible. for ,fouling95. There could be c a possible application of biosurfactants in 

immunonutritiori96 .. Diacylmannosylerythritol, a. glycolipid. ·type. biosurfactant 

produced .by Candida. antarctica as an effective anti-agglomeration agent in the slurry " 

sy~tem9':.,:Such type of biosurfactants exhibited a.,remarkable effect on the slurry, 

attaining a high ice-packing factor: (35%) for 8 h at a··biosurfactant concentration of 10 . 

1_1 mg ... ;, 

.. .: 
1.11.8 Mi~~obiai enhanced oil reco~ery 

-.. v' ~,Biosurfactants have been shown In many· cases to have emulsification 

properties. ~quivalent to that of the industrially available emulsifying agents and the 

most .. desifable character is their biodegradable nature. There is' a possible use· of . 

biosurfactmts In mobilizing heavy crude oil, transporting petroleum in pipelines, 

viscosity, control, managing. oil spills,' oil-pollution control, cleaning oil sludge from 

oiL storage . .faciiities,. soil/sand bioremediation and microbial enhanced oil recovery 

(MEOR)98.' MEOR is. a less expensive. process .. as ·compared to CEOR because 

microorganisms can synthesize .useful products by .fermenting low-cost substrates or ' 

raw, ,materials.·. Rurthermore, . microbial products are biodegradable. and have low 

to.4.ic;itY-:doo, 101.: .~~2: Single microorganism 'or consortium. could be used to degrade 

heavy~oiI..fractions, as a result· the oil viscosity decreases and it becomes more ,fluid, 

lighter,and,more valuable 1,0: • Biosurfactants were produced by culturing t~e necessary 

mi~robes ·in :the.basal·salt medium containing 2% w/v glucose and oleic acid together 

as carbon source. and. was· used as a substitute for. the chemical surfactants in a' test , 

carried out on an oil storage' tank belonging to Kuwait Oil Company98. Clark et al. 104 

estimated that about 27% of oil reservoirs in USA are amenable to microbial growth 

and MEOR on the basis of computational survey. ' 

1.11.9 Environmental applications . ,. 
~ , , ,.;-.;;~, .,l~. I 1 

. :. Biosurfactants have; been extensively studied and applied directly in the· 

':~.p~esence and absen~e of .microorganisms for. bioremediation of organic pollutants and 
J' , ~ r .. :: ... , : ' 

be~yy~!petalsl...on the laboratory scale~': ?~. Biosurfactants are' used in .various industrial. 
. .:: . 
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and environmental applications which frequently. involve . exposure to extreme 

environmental conditions. As a result, researchers have focussed on isolating and 

screening strains that are able to produce biosurfactant under extreme environments, 

especially for MEOR and bioremediation purposesl?5 .. The. effectiveness of 

biosurfactant in separating crude oil was equivalent to those of synthetic surfactant 

and much higher than that of natural plant derived surfactant-saponin 196 and synthetic 

Tween 60 107. In the case of removing hexadecane from the contaminated sand, 

biosurfactant was found to be much more efficient than SDS and Tween 80 108. The 

addition of biosurfactant produced by Candida antarctica to the fermentation process 

of n-undecane improved degradation rate of petroleum hydrocarbons, while 

application of synthetic surfactant Tween 40 and Span 80 didn't show any 

improvement I 09. There are a number of microorganisms such as Pseudomonas 

aeruginosa known to degrade hydrocarbons by using as carbon sources! 10 and produce 

biosurfactants III. Biosurfactants are very-effective in enhancing oil biodegradation 

either by enhancing the uptake of hydrocarbon or by specific adhesion/desorption 

mechanisms ll2. In the recent time, focus is given to the possible. application of 

biosurfactant in its attempt to recover residual oil from oil sludge' and m enhanced 

biodegradation of oil sludge process 113, 114. Biosurfactants form complexes preferably 

with toxic heavy metal cations which include Cd2+, Pb2+, Zn2+, A?+ etc1, 115 than with 

other non-toxic metals such as Ca2+ and Mg2+, for which they have much lesser . 

affmity39. Due to the anionic nature of rhamnolipids, they are able to take out metal· 

ions from the soil such as arsenic, cadmium, copper, lanthanum, lead and zinc due to' 

their ,complexatIOn abilItyl, 115. The order of rhamnolipid stability constant for the 

complexation with metals, tested at pH 6.9 was in the order Ae+> Cu2+> Pb2+> Cd2+> ' 

Zn2+> Fe3+> Hg2+> Ca2+> C02+> Ni2+>Mn2+> Mg2+>K2+ 116. 

1.11.10 In nanotechnology 

Considering the requirement of greener bioprocesses and novel enhancers for 

the synthesis using mIcrobIal processes, biosurfactantsj and/or biosurfactant producmg 

microbes are emerging as . an alternate· 'source for· nanomaterial; synthesis 

lfunctionalization and its ,subsequent . applications IV, •. 118 •. These nanomatenal-
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biomolecule multifunctional systems could be used to mimic the behavior of 

biomolecules in cells and therefore could be helpful in explaining the mechanisms of 

complex biological processes with several potential applications 119. Recent 

developments show that biosurfactants are multifunctional smart molecules which 

would become a part of diverse biotechnological applications including biocontrol, 

drug delivery vehicle, and bioremediation. Biosurfactant mediated nanomaterial 

synthesis and/or stabilization is a recent development in the field of nanotechnology. 

Biosurfactants especially rhamnolipids have been used as green capping agents for 

nanoparticle synthesis. At present, focus on biosurfactant-mediated processes is 

steeply increasing due to their potential implication in the synthesis of various metal 

nanoparticles such as NiO, ZnS, Ag, Au etc l20, 121, 122, 123. 

1.12 Limiting factors for commercialization of biosurfactant 

Attention towards biosurfactants has been gradually increasing in recent years 

d~e to the 'possibility of their production through fermentation technology and their 

potential applications in specific areas such as environmental protection. In spite of , 

numerous advantages over the synthetic chemical surfactants, biosurfactants are still 
, 

unable to compete with the chemically synthesized surfactants in the surfactant 

market. This could be due to their high production costs in relation to the inefficient 

bioprocessing techniques, poor strain productivity and the need to use costly 

substratesl7, 71. This has led to concerted efforts during the last decade, focussed on 
, , 

minimizing production costs in order to facilitate wider commercial use. The success 

of biosurfactant production depends on the development of cheaper processes and the 
, " , , 124 

use of low cost raw materials, which account for 10-30% of the overall cost . Four 

factors need to be focussed to reduce cost of production of biosurfactants: the 

microbes, process, microbial growth substrate or process feed stock and the process 

byproducts22; 26, 125. 
, . 

1.13 Petroleum contamination in Assam 

,. ,The Indian petroleum industry is one of the six core industries of the country 

and contributes over 15% to GDP. India is the 6th largest consumer of oil in the world 
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and the ninth largest crude oil importer. Oil continued to remain the'top item in the 

country's import list during 2012-13. In India, particularly the state Assam has a huge 

reserve of oil and natural gas. It has 1.3 billion tonnes of proven crude oil. Assam is 

the first state in the country where for first time oil well was dug mechanically at 

Digboi in Tinsukia district in the year 1889.· The state has the oldest refinery in the 

country established-in the year ,1901 which started to produce 500 barrels'of crude oil 

per day and established to refine the crude oil in Digboi itself. Subsequently, various 

petroleum industries were set up to' exploit the crude oil and natural gas of Assam 

which includes Oil India, Limited (011:,); Oil and Natural Gas Corporation (ONGC), 

Indian Oil Corporation Limited (IOCL) consisting of two 1 major refineries Guwahati 

refinery and Bongaigaon refinery, Assam Gas Company Limited (AGeL) and 

Numaligarh Refinery Limited (NRL). 
, 

,Industrial wastes from petroleum-based industries are identified as one of the 

major sources of pollution. The oil enriched geographical regions of As.sam are very 

fertile and under the traditiol)al agricultural practices 'since time-.immemorial. .The 

people of the state mostly depend on agriculture and the major crops of the region are 

rice and tea Exploration activities in th~ oil fields often cause spillages of crude, oil 

from the oil wells into the nearby forests, tea cultivations and agricultural fields. Such 

problems are rising with the increase in the scale of oil exploration activities. The 

incidences of crude oil contamination are more often in Upper Assam area resulting in 

the destruction of soil quality that consequently damages crop cultivations. Moreover, 

there have been instances where pipelines transporting crude oil. from the site of 

drilling to the refinery are damaged and large quantities of oil discharged into open 

fields. Apart from exploration activities, refining and transportation of crude and 

refined products do contribute towards pollution of soil and water affecting 

agriculture, aquaculture and human health 126. Therefore, the problem of crude oil 

pollution in Upper Assam needs effective remediation solutions for the security ~d 

the sustenance of crop cultivations and biodiversity of the region. 

Soil which is accidentally contaminated with petroleum hydrocarbons can be 

remediated by physical, chemical or biological methods. Among all, in situ 

lS 



Introduction 

bioremediation is considered to be environmentally friendly because it restores the soil 

,structure, requires less energy input, and involves the complete destruction or 

immobilization of' the contaminations rather I than their transfer from one 

environmental compartment to another which mainly occur in physical or chemical 

treatment processes127. Although most of the hydrocarbons are biodegradable, but the 

rate of biodegradation in the environment is limited due to their hydrophobicity or less 

,accessibility to: microbes and low aqueous solubility7. One of the approaches to 

enhance biodegradation of crude oil 'contamination is the use of biosurfactantI2~, 

which could increase the solubility of hydrophobic substratesloils.in aqueous medium 

to enhance the bioavailability of the hydrophobic substrates leading to higher oil 

degradation. 1 1, \ I " 

The treatment of crude oil contaminated soil and environments through the 

indigenous biosurfactant, producing bacteria having the' capacity to degrade the 

petroleum hydrocarbons seems to be advantageous l
. As,most of the bacteria dwelling 

in the crude oil contaminated environment have the capacity to utilize the components 

of crude oil as the ,source of-carbon and energy for their growth and tend to secrete 

biosurfactants which in tum help in the degradation' of crude oil components7
,43, 129. 

Moreover, the production of biosurfactant at the site of treatment with the producer 

bacteria doesn't require rigorous testing like that of the chemical surfactants because 

of ' their environmentally compatible nature52. Therefore, the application, of 

biosurfactants in bioremediation might be more acceptable from the social point of 

view. Thus there is a need for increased production of biosurfactants and their 

characterization. 
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1.14 Objectives of the investigation 

In the backdrop of all above mentioned information, the present investigation 

has been undertaken with the following objectives: 

1. Screening of biosurfactant producing bacteria from various environmental and 

petrochemical waste samples. 

2. Biochemical and molecular characterization of efficient biosurfactant producing 

bacterial strains. 

3. Optimization of culture conditions of the efficient bacterial strains for the optimum 

level production ofbiosurfactants. 

4. Physical and chemical characterization of biosurfactants produced by the efficient 

bacterial strains. 

5. Investigation on the biological activity of the biosurfactants produced by the 

potential strains. 

6. Investigation on the possible industrial applications of the selected bacterial strains 

and their isolated biosurfactants. 
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Chapter II 
Review of Literature 

2.1 Biosurfactants 
\ ' 

Virtually all surfactants are chemically synthesized chiefly from petroleum 

hydrocarbons. Nevertheless, in the r~cent years, bio~UJfactants have been receiving 
J t ,~J .. J • 

much more attention due their diversity, ,se!,~,t~V!tY,~,~~~ironmentally friendly nature, 

performance under extreme conditions, possibility of large-scale production, and 

potential applications in environmental protection lO
• Further, increasing environmental 

concern had also led to consider the b'iological surfactants in various applications, 

especially in the bioremediation'related technologies: , . 
. , " " 

2.2 Classification of biosurfactants , .... l' 'I 

Most commonly, surfactants are generally cat~goriied according to the type of 

the polar group present. On the basis of chemical composition of the polar head group, 

they are classified as nonionic, anionic, cationic and zwitterionic lO
• Rosenberg and 

Ron43 suggested that biosurfactants could be divided into low molecular weight 

molecules' and, high molecular weight polymers. The lower molecular weight 

biosurfactants which includes glycolipids, lipopeptides, flavolipids, corynomycolic 

acids and phospholipids, efficiently lower the surface and interfacial tensions at the 

air/water interfaces. The high molecular weight polymers also known as bioemulsans 
, I 

which include~ emulsan, alasan, liposan, polysacc~arides and p,rotein complexes, are 

highly efficient emulsifiers that work at low concentrations, exhibit considerable 
, i , 

substrate specificity and are more effective in stabilizing oil-in-~ater emulsionsl9
• . , . 

However, general classification of biosurfactant is based on the parent chemical 
r ,.f' _ j .. '( I 

structure ~d their surface propertie~ and is represented in the following groups. 

2.2.1 Glycolipids 

They contain cm:,bohydrates groups that are acylated with aliphatic acids or 

hydroxyaliphatic acids. The connection is by means of either an ether or ester group. 
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2.2.1.1 Trehalose lipids: Microbial trehalolipid, a glycolipid type biosurfactant 

produced by most of the sp. of Mycobacterium, Corynebacterium and Nocardia. 

Trehalolipid consists of disaccharide trehalose linked to C-6 and C-6' to mycolic acid. 

Mycolic acids are the long chain, a-branched and P-hydroxy fatty. acids. Trehalolipids 

from diverse organisms differ in the size and structure of mycolic acid, the number of 

'carbon atoms present and the degree of un saturation 130. Rhodococcus erythropolis and 

A.rthrobacter sp. were reported to produce trehalolipid that reduces the surface tension 

arid interfacial tension of the ~ulni~e/~r~lli13l. . . 
. ) ~ :~l' nl~ • f&I' t 

2.2.1.2 ~a~nolip,id: Jarvis and Johnson13
;, rep.9rted the,production of rhamnolipid 

from Pseudq11'}onas ,;aeruginosa, ,,~, imp,o~t. biosu!factant ,with tremendous 

applications both in industrial and environmental sector. Rhamnolipid usually contains 
,~ 

one or two molecules of rhamnose which are connected to one or two molecules of P

hydroxydecanoic acid. The -OH group of one of the acids is involved in glycosidic 

linkage with th~ reducing end of the rhamnose disaccharide, the -OH grpup of the 

second acid is, occupied in ester formation 133. L-Rhamnosyl-Lrhamnosyl- p

hydroxydecanoyl-p-hydroxydecanoate ~d L-rhamnosyl- P- hydroxydecanoyl-p

,hydroxydecanoate, referred to as rhamnolipids 1 and 2 respectively, are principal 

glycolipids, synthesJzed by P. aeruginosaY\ The pur~ rhamnolipid lowered the 

,interfacial tension against n-hexadecane to ,about 1 mNm'~ and had a CMC of 10±30 

mg.rl, depending on the pH and salt conditions135
• f 

2.2.1.3 Sophorolipids: Sophorolipids are 'mainly 'produced by yeast such as 

Torulopsis' bombicola136
, 137. These molec~les' mainly composed of a dimeric 

carbohydrate sophorose attached to a long-chain hydfoxyl fatty acid by a' glycdsidic 
I ,. t ~ It.. • 

linkage. Generally, they are found as a mixture of free acid form and macro-Iactones. 

Th~se biosuifacta~ts: are a combination of at least" six 'to nine varied hydrophobic 

sophorolipids. Hu a'nd' JuI381're~rted the uses of'lactone : form of the sopho'rolipid in 

various applications. The sophorose lipids lower surface and interfacial tensions, 

although they are not effective emulsifying agents 136. The pure lactonic sophorose 

lipid (10 !J1g.rl) lowered ~he int~rfacial tension between n-hexadecane and wate~Jrom 
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40 mNm-1 to about 5 mNm- l
, relatively independently of pH (6±9), salt concentration 

and temperature (20±90 °C)43. 

Marine Alcaligenes sp. produces glucose-lipid containing biosurfactant, where 
I 

the lipophilic component consisting of four P-hydroxydecanoic acids linked together 

by' ester bonds is coupled glycosidic ally with 'C-l of glucosei39. Alcanivorax 
, , 

borkumensis, a marine bacterium was also reported to produces an anionic glucose 
, .' 

lipid type biosurfactant consisting of a tetrameric oxyacyl side chain with N -terminal 

esterified with glycine 140. Schulz et al. 141 reported a marine Arthrobacter sp. SIl that 

produced disaccharide trehalose (trehalose tetraester) and trehalose 

dicorynomycolates (trehalose diester) when grown on mihagol-S and ethanol 

separately as carbon sources. The minimal interfacial tensions (between aqueous salt 

solutions and n-hexadecane) achieved with corynomycolic acids, trehalose 

monocorynomycolates, and trehalose dicorynomycolates were 6, 16 and 17 mNm-1 

respectively43. Suzuki et al. 142 identified trehalose dimycolates, a type of glycolipid, 

present in the emulsion layer of culture broths of Arthrobacter paraffineus during their . 
growth on hydrocarbon substrates. Wagner and co-workers have carried out extensive 

studies of trehalose dimycolates produced by Rhodococcus erythropolis with special 

reference to their interfacial activities and possible application in enhanced oil 

recoveryl43. Mannosylerythritol lipids, extracellular microbial surfactants, have 

several interesting biological properties such as they inhibit growth of human 

promyelocytic leukemia cell lines and induce monocytic differentiationl44
. 

2.2.2 Lipopeptides and lipoproteins 

2.2.2.1 Surfactin: Bacillus subtilis produces a cyclic lipopeptide called surfactin or 

subtilisinl45, 146. These groups of biosurfactant contain a lipid linked to a polypeptide 

chain. Bacillus subtilis produces cyclic lipopeptide type biosurfactant known as 

surf actin that has various potential applications. It is composed of a seven amino-acid 

ring structure joined to a fatty acid chain by means of lactone linkage. It reduces the 

surface tension from 72 to 27.9 ~Nm-I at a concentr~tion as'low as 0.005% ~d shows 
'¥ ~. ~ of~, ~ ~. _ 

a minimum interfacial tension against hexadecane upto 1 mNm-1 145. 
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2.2.2.2 Iturin: ,Iturin A was, isolated from-a- Bacillus subtilis strain taken from the soil 

in lturin (Zaire)147 .. The lturin groups of compounds are cyclic lipo-heptapeptides 

which contain a ~- amino fatty acid in its side chain and reported to have potent 

antifungal agents which can be used as biopesticides for plants protection 148. These 

molecules have remarkable efficacy against a broad variety of clinically important 

pathogenic fungi and yeast strains. However, their application in medicine is limited 

b.ecause of-possible toxicity I49 .. 

ow,.,. -I '. • • • ~1 

2".2.2~3 Fengycin: Fengycin, a type of lipopeptide biosurfactant consists of 
..... , 
lipodecapeptide with ~-hydroxy fatty acid in its side chainl48. This group of 
.~.' r 

compounds comprises of C 15 to C 17 variants, which have characteristic Ala-Val 

dimorphy at position 6 of the peptide ringlSO. 

2.2.2.4 Lichenysin: Bacillus licheniformis produces several type biosurfacants such as 

liche!lysin that act synergistically and exhibit stability at extreme temperature, pH and 

sa.Jinity. These molecules are similar in' their' structural and physico-chemical 

properties to surfactin lSI. Biosurfactants produced by B. licheniformis are able' to 

reduce the surface tension of water to 27mNm'l and the interfacial tension between 

water and n-hexadecane to 0.36 mNm'l . 

. , ' . 'Several iipopeptide including decapeptide antibiotics (gramicidins) and 
, . 

lip~pepdd~ antibiotics (po'lymyxins) shows both the antibiotics as well as the potent 
.. :.:., . -. 43······, , ' 

surface-active properties . The polymixins are a group of closely related lipopeptide 
• ~ •. " .". ' , . . ' . '.' 152 

antibiotics produced by Bacillus polymyxa, Bacillus brevis and other related bacilli . . . 

Po'iYmYxin B is 'composed of deca-peptide iu' whi~h ami~o acids 3±1O form a cyclic 

octapeptide. A branched-chain fatty acid is connected to the terminal 2, 4-

diaminobutyric acid (Dab )43. 

The synthesis of one or more peptide antibiotic during the early stages of 

sporulation is specific characteristics common to the selected members of the genus 

Bacillus153
. Bacillus brevis produces the cy~losynimetric decapeptide antibiotic'kno~n 

as gramicidin S _ In solution, gramicidin S exists. in the form of a rigid ring with the 

two positively charged ornithine side-chains constrained to one side of the ring and the 
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side-chains of the remaining hydrophobic residues oriented toward the opposite side of 

the ring'54. Pseudomonas strains produce viscosin, a peptidolipid biosurfactant that 

lowers surface tension to 27 mNm-' ISS. 

2.2.3 Fatty acids, phospholipids, and neutral lipids 

Various bacteria and yeasts secrete large amounts of fatty acids and 

phospholipid surfactants during their growth on n-alkanes,s6. The hydrophilic and 

lipophilic balance (HLB) is directly proportional to the length of the hydrocarbon 

chain in their structures. These surfactants are able to produce optically clear 

microemlsions of alkanes in wat~r~. Kappeli and FinnertylS7 reported that 
!. .. ; 

Acinetobacter sp .. When grown on n-alkane produces phosphatidylethanolamine-rich 

vesicles that form optically clear microemulsions of alkanes in water and lowers the 

interfacial tension between hexadecane and water to less than} mNm-1 with a critical 

micelle concentration (CMC) of30 mg.r l 131. Myroides sp. SM} was found to produce 

bile acids; cholic acid, deoxycholic acid and their glycine conjugate when cultivated in 

Marine broth'58. Thiobacillus thiooxidans produces a measurable amount of 

phospholipids and has a role in the wetting of element sulfurls9. Miyazima et al. 16o 

reported the production of phospholipids by the fungus Aspergillus sp. that grown on 

hydrocarbons. The extracellular free fatty acids are in the range of C I2 to C I4 and the 

complex fatty acid contains hydroxyl groups and alkyl branches J3J. Such fatty acids 

are produced by various microorganisms during their growth on alkanes and exhibit 

the properties of surfactants. Arthrobacter AK-19 161 and Pseudomonas aeruginosa 

44Tl 162 have been shown to accumulate up to 40-80% w/w lipid when cultivated on 

hexadecane and olive oil, respectively. 

2.2.4 Polymeric biosurfactants 

These are high molecular weight biopolymers that exhibit useful properties 

such as high viscosity, tensile strength and resistance to shear and are known to have a 

variety of industrial applications l63 . The best-studied polymeric biosurfactants are 

emulsan, biodispersan, Iiposan and other polysaccharide-protein complexes l64. 
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2.2.4.1 Emulsan: Acinetobacter calcoaceticus RAG-I produce an extracellular potent 

polyanionic amphipathics heteropolysaccharide bioemulsifierl65 . The 

heteropolysaccharide backbone contains repeating trisaccharide of N-acetyl-D

gala'ctosamine, N-acetyl-galactosamine uronic acid, and an unidentified N-acetyl 

amino sugarl66. On the basis of dry weight, 10-15% of fatty acids are shown to be 

linked to the polysaccharide through O-ester linkages l67. Emulsan does not 

appreciably reduce the surface tension but it is an effective emulsifying agent for 

hydrocarbons in water l68, even at a concentration as low as 0.001 to 0.01%. 

2.2.4.2 Biodispersan: Acinetobacter calcoaceticus A2 was reported to produce an 

extracellular, non-dialyzable dispersing agent called biodispersion89. It is an anionic 

heteropolysaccharide having an average molecular weight of 51, 400 and four 

reducing sugars, namely glucosamine, 6-methyl aminohexose, galactosamine uronic 

acid and an unidentified amino sugarl69. 

2.2.4.3 Liposan: Liposan is an extracellular water-soluble emulsifier produced by 
" 

Candida lipolytica and composed mainly of 83% carbohydrate and 17% protein l56. 

Husain et al. 170 reported a polymeric type biosurfactant produced by Pseudomonas 

nautica which consists of proteins, carbohydrates and lipid at the ratio of 35:63:2, 

respectively. Zinjarde and Pant l71 also reported that Yarrowia lipolytica, a tropical 

marine strain produces an emulsifier (lipid-carbohydrate-lipid) complex associated 

with the cell wall in the earlier stages of growth but displayed the extracellular 

emulsifier activity towards the stationary phase during their growth on alkanes or 

crude oil. 

2.2.4.4 Other polysaccharide protein complexes: The surface active properties of 

Acinetobacter calcoaceticus B04 is due to the production of heteropolysaccharide

containinng capsules 172. These capsules are composed of repeating units of 

heptasaccharide and are released in the medium during the growth on hydrocarbons. 

Sar and Rosenberg 173, polysaccharides alone showed no emulsification activity, but 

polysaccharides released with protein during the growth of a parent strain on ethanol 

or by a mutant strain 80-413 showed potent emulsification activity. Cameron et al. 174 
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reported the production of mannoprotein emulsifier from Saccharomyces, cerevisiae 

that emulsifies many oils, alkanes and organic solvents and the emulsions were 

reported to be stable at extreme temperature, pH, and salt concentrations. Kappeli et 

al. 175 had isolated a mannan-fatty acid complex from alkane-grown Candida tropicalis 

that stabilized hexadecane in water emulsions. Shizonella malanogramma and 

Ustilago maydis were reported to produce a biosurfactant 'that was characterized as 

erythritol- and mannose-containing lipid176. Carneotra and Singhl77 had isolated, 

purified and characterized an emulsifying and solubilizing factor from hexadecane

grown P~eudomonas sp .. Desai et al. 178 reported the production of bioemulsifier which 

is composed of trehalose (50% carbohydrate)' and lipid-o-dialkyl monoglycerides 

(10% lipid and 19.6% protein) by Pseudomonas fluorescens during growth on 
. - ~'N ..' 

gasoline. Bacillus subtilis FE-2 had reported to produce a glycolipopeptide that was 
. .. ~ , 

. cap~ble of emulsifying water-immiscible o~gan'ophosphor~us pesti~ides179. 

2.2.5 Particulate biosurfactants 
'. '. t 

Extracellular membrane vesicles' partition hydrocarbons. to . from ". a 

microemulsion, which plays a very important role in alkane uptake by microbial 

cells l64
. Acinetobacter sp .. HOI-N was reported to secrete extracellular vesicles' 

having a diameter of 20-50 nm and a buoyant density of 1.158 cubic g.cm-,l .. Such 

vesicles are mainly consists of protein, phospholipids and lipopolysaccharidels7 . .The 

cellular lipid content of Pseudomonas nautical reported to be increased in eicosalle-' 

grown cells up to 3.2 fold, compared with acetate-grown cells. Husain et al. 170 

reported that phospholipids, mainly the phosphatidyl-ethanolamines and 
, " . 

phosphatidylglycerides, were accumulated in eicosan~s-gr~wn cells of Pseudomonas 

nautical. For Sphingomonas sp., the cell surface of bacteria of this strain was covered 
• ,., • ". '. ". .' • ~ • 1.' '. . 

with extracellular vesicles when grown on polyaromatic hydrocarbons. Nevertheless, 

the surfaces were smooth when cells were grown on a hydrophilic substrate. such ~s 

acetate 164 • 
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2.3. Natural.roles of.biosurfactant·, .' 

. ,! . J I. 1 J~" • 

When taking 'the ac~ount of biosurfactant's role in microbial physiology, it is 

important to highlight their production by the various groups of microorganisms, also 
... ~ ~ -"t. • • 

possessing diverse chemical structures and surface properties. Thus, it is rational to 
~~;. • • I' • , • • 

believe that diverse groups of biosurfactants have different natural roles which are 

specific to the physiology and ecology of the producing microorganisms 40. Therefore, 

it will not be correct to draw any generalization for assigning common functions to all 

microbial surfactants. 

2.3.1 Increasing the surface area of hydrophobic water-insoluble substrates 

iJo.., '; 'During the growth of microorganisms certain growth stimulating compounds 
::-.-~~,. t., r " • ~ ~ ~ • 

are produced which tend to emulsify the hydrophobic substrates extending the 
or,,.'! ;. .J l-..... ~ 

interfacial area between the microorganisms and the substrate which further facilitates 
• .(. of .. ., • r 

~~ss traY{sfer ~fth~"subst;ateto th~ surface of microorganisms 30. Work of Zhang and 
- . 47" «, : '" " ' " " < • 

Miller confirmed the effect of biosurfactants on hydrocarbon biodegradation with the 

~c';e~s~ of "~icr~bial accessibilitY to insoluble substrates and thus enhance their 

bi~ld~!lf~datibi;. Chang et ~l. 1'80 ~~ported 'that biosurfactants increase the apparent 
~;~.IJ"'I.~\~ : \-: j,\ • t7. '. • '\ "i ~. . 

... 
solubility of hydrophobic organic compounds at concentrations above the critical 

:z ~ n. ••. .-ti • ~ , .... 

micelle concentration (CMC), which enhance their availability for microbial uptake. 
I". '''''1. • . f' ' 

Wh~g ·ei'aI. 181 showed that two differ~nt types of biosurfactants such as rhamnolipid 
..... t;.... '-" ~ . I ;. 

and surf actin produced by several sp. of P. aeruginosa and B. subtilis respectively, 

incie~s~~ th~ solubility and bioavailabilitY ~f a petrochemical mixture and also 

sti~~l~te" indigenous m'icroorganis~s for enhanced biodegradation of diesel 

co~t~'~i~ated 'SOIL Bi~surfactant~n~gati~e ~~t~ts ~f P.aerugi~os~ KY_402S 182 and 
"- ~ . . . 

P.a~~g[nos~ PG-20i 183 exhibited p~or gro~ ~~mpared' to the parent strains on n-. . 
.. '!J.'o<l·.f ......... ,~ ( :r-, ,.": ;. . "', 1 '-1. ' " • • 

paraffin and hexadecane, respectively and addition of rhamnolipid externally to the 

m~di~~ restored 'g~owth of the microorganis~ in the respective hydrocarbon. 

Frariz~hi et al. 19 and Franzett( ~t al. 184 r~p~rted' that th~ rate of biodegr~dation is 
~-;: ." . ':J",~ , ~.' .. ~ _ ~ .'''' .• ' • I ".' . 

dependent -on the chemicophysical properties of the biosurfactants and not by the 
~r--t' "'t '.-~ ':!',~./ . '., .' :'.--.J ;., • ;.1"'''' .¥\ t~' , " ~ I> > 

effects on microbial metabolism. Reid et al. 185 and Stokes et al. 186 in their review 
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highlighted that biodegradation assays depends on soil ,slurries and solubilization-of 

target contaminants, which gives an estimation of bioaccessibility rather than 

bioavailability. Burgos-Diaz et al. 187 reported that exogenously added biosurfactant 

can increase the apparent water solubility of organic compounds and alter its 
j " 

bioavailability by mediating interactions between the hydrophobicity of the cell 

surface and the substrate surface. 

2.3.2 Increasing the bioavaiIability of hydrophobic water-insoluble substrates 

The interaction of microorganisms with hydrophobic organic chemicals and 

the role of biosurfactants in their bioav~ilability have been reviewed extensively ,by 

Salihu et al?2, Van Hamme et al.38 and ;Ron and Rosenberg4o• Volkering et al,I88 
~ ¢' 

reviewed the probable modes of how'[microorganisms interact with hydrophobic 

organic compounds and suggested that the microorganisms may access the 

hydrophobic substrate via direct contact or by contact with pseudosolubilized substrate 

in surfactant micelles or emulsion droplets. In the case of direct contact, the 

hydrophobicity of both the cell surface and the substrate surface will determine the 

interaction and biosurfactants may play a role in mediating such interactions38, 

Rosenbergl 89 found that emulsan, an extracellular polymeric heteropolysaccharide 

capsule, is used by Acinetobacter calcoaceticus to facilitate detachment from crude oil 

droplets exhausted of substrate, Once the utilizable substrates have been consumed the 

emulsan coat is shed off and changing the hydrophobic oil surface to a hydrophilic 

one. In Acinetobacter radioresistens KA53 the bioemulsifiers, alasan, was found to 

"- increase the solubility of PAHs by 6 to 27-foldI69. For pseudosolubilization, addition 

of exogenous biosurfactant or surfactant can enhance a noticeable aqueous solubility 

of organic compounds and modify the bioavailabilityl90, 191. Miller and Bartha 192 

showed that micelles or other aggregates are formed that partition hydrophobic 

substrates and may enhance biodegradation by allowing for closer cell-substrate 
) 

interactions, or may fuse directly with microbial membranes resulting in direct 

substrate delivery. Rhamnolipid has been found to remove LPS in a dose-dependent 

manner from P.aeruginosa resulting in increased cell surface hydrophobicity and 

enhanced uptake of hydrophobic substrates l93 . Some hydrocarbon-degrading microbes 
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respond,to these non soluble carbon sources by producing surface-active compounds, 

as,well as by changing cell surface properties such as cell surface hydrophobicity47, 194, 
195 

.,....... J 

2.3.3 Binding of the heavy metals 

'0': Since many contaminated sites are· also co-contaminated with metals, 

biosurfactants have also been explored fOf metal chelation38. Mulligan et al. 3 have 
, 

recently evaluated remediation technologies for metal-contaminated soils. 

Rhamnolipids are able to remove metals, IOns and forms stable complexes with metals 

in,the following order: AI3+>. Cu2+> Pb2+> Cd2+> Zn2+> Fe3+> Hg2+> Ca2+> C02+> 

Ni2+> Mn2+? Mg2+> K+ 115,196, 197. ,Tan et al. l97 studied the effect ofmonorhamnolipid 

produced by P. aerugznosa ATCG 9027 on the' formation of metal complexes and 

rep'orted that surfactant-metal interactions are rapid and stable. The mechamsm of 

reduced toxicity was apparently VIa rhamnolipid c~mplexation of cadmium as well as 

by rhamnolipid 'i'nd~~ed lipopolysaccharide' removal from the cell surface38. Mulligan 

et al.19~ have. been ,reported to use s~rfa~tin from Bacillus subtilis to treat soil and 

sedjments contamin'ated with Zri, Cu, Cd, 'biFand grease. Mulligan and Yongl99 used 

biosurfactants from Bacillus subtilzs ATG:~ -2l332, P. aeruginosa ATCC 9027 and 

Torulopsis bomhicola ATCC 22214 to e'xamine the r~moval of metals from oil

contaminated sot!. )~,Surfactin, rhamnolipids and sophorolipids produced by the 
)- ; w 

microorganisms w~re extracted using methods described in Mulligan et al.3
, 198 and 

Mulligan and Glbbs6
. Sandrin et aZ. 200 reported that exogenously added rhamnohpld 

reduces cadmium tOXIcity for Burkholderia sp: growing on either naphthalene or . ' 

glucose as sole cal bon source. In sorption,. metal-ligand complexation, complexation 

with soil c6nstituents and catIOn exchange processes are involved201 affecting access 

of the metal to the mlcroorganisms. 

2.3.4 Pathogenesis 

-, \ Biosurfactant noticeably mfluence ,thel. physiological behaviour of mIcrobes 

such as theIr role m plant and ammal pathogenesis ,and ,the same have been extensIvely . 
reviewed by Cameotra and Makkar36 and Peypoux et al.202

• Biosurfactant are regarded 
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to function as a "dispersing agent" in pathogenic microorganisms effecting,plants or' 

animals as a ''wetting agent" for the surface of host ceU30
. Pseudomonas syringae 

produces two necrosis-inducing lipopeptide toxins, syringopeptin and syringomycin, 

types of pore forming cytotoxins that form ion channels permeable to divalent cations 

during plant pathogenesis203
. Plant pathogenic bacterium, Pseudomonas jluorescens 

produces cyclic depsipeptides (viscosin), which reduce the, surface tension on plant 

epidermis and thus accelerating wetting of the'.!surface, dispersion of the bacteria and 

invasion and subsequent decay of the difficult-to-wet, waxy surface etc204
. Serratia 

marcescens, an opportunistic pathogenic bacterium produces serrawettin a type of 

nonionic cyclic depsipeptide that helps in' wetting of the host cell· surface and 

dispersion of the bacteria205
. Several,('~p. of P: aeruginosa are reported to be 

4~ n- ~ I 

pathogenic and causes serious', infections. -in ,immuflOcompromised patients and 

individuals suffering from cystic fibrosis (CF)206. P. aeruginosa has been reported to 

produces a heat-stable extracellular- glycolipid' called hemolysin that has hemolytic 

activiryl°7. The di-rharnnolipid type biosurfactant from Burkholderia psc'u'domallel IS 

similarly hemolytic for erythrocytes of various sp. and also cytotoxic at high 

concentrations for non-phagocytic and, phagocytic cell lines208
• Zulianello et al,209 

showed shown that p, aeruginosa requires'the'production of rhamnolipids to invade' 

respiratory epithelia reconstituted with primary hum~n respiratory cells. 

2.3.5 Antimicrobial activity 

With the interest in developing novel antimicrobials for therapeutic 'and 

agricultural applications, a number of biosurfactants wit~~ antibiotic properties 'have 

been described. A Pseudomonas sp. derived from marine alga produces eight types of 

Massetolides A-H, novel cyclic depsipeptides. These eight Massetolides A...:..H,were 

and was found to exhibit in vitro antimicrobial activity ,against Mycobacterium 

tuberculosis and Mycobacterium avium-illfra~ellula;e210. Sotirova et al.211 showed that 

rhamnolipids from Pseudomonas sp. PS-17 'interact with p, aeruginosa causing a 

reduction in LPS content, changing'jthe 'outer membrane proteins and had a direct 

impact on bacterial cell surface '.:;' motphblogy: The 'antibacterial property 'of 

biosurfactant and their application in the' field of medicine is extensively reviewed by 
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Rodrigues et al.63 . Kim. et al.2~2. studied the effects of rhamnolipid B on a range of 

plant-pathogenic fungi including Phytophthora capsid and Colletotrichum orbiculare 

and observed to cause zoospore lysis, inhibition of zoospore and spore germination, 

and hyphal growth inhibition. Andersen et.az.2.)3 reported to isolate a Pseudomonas sp. 

DSS73 strain from the rhizoplane of sugar beet seedlings that showed antagonism 

towards the root-pathogenic microfungi Pythium ultimum and Rhizoctonia solani. Y 00 

et al.66 investigated rhamnolipids as alternative antifungal agents against typical plant 

pathogenic oomycetes, including Phytophthora sp. and Pythium sp. Viscosinamide, a 

new antibiotic isolated from Pseudomonas jluorescens, with biosurfactant properties 

and was found to have antifungal properties214 . Bechard et al.21S isolated an 

antimicrobial lipopeptide from a strain of B. subtilis and demonstrated a broad 

spectrum of activity against Gram-negative bacteria, lesser activity against Gram

positive organisms and was active against one of the two fungi assayed. Grangemard 

et al?16 reported the chelating properties of lichenysin, a cyclic lipopeptide produced 

by Bacillus lzcheniJormis, which might explain the membrane disrupting effect of 

lipopeptides. Carrillo et al. 217 studied the molecular mechanism of antibiotic and other 

important biological actions of surfactin produced by Bacillus subtilis. Nielsen and 

Sorensen2,18. found three cyclic lipopeptides (viscosinamide, tens in, amphisin) 

produced by P. fluorescens in the ,rhizosphere of germinating sugar beet seeds and 

considered that such lipopeptides confer a competitive advantage to the orgamsm 

during colonization. Vatsa et al?19 reviewed the zoosporicidal activity of rhamnolipids 

against various fungal phytopathogens. In the literature properties of rhamnolipids 

against- the· algae Heterosigma akash~wo .. viruses, amoeba like Dictyostelium 

discoideum and mycoplasma have also been 'reported but don't have signIficant effect 

on yeasts~ 19. I 

.... <: -. ' ~ ." 

2.3.6 Effecting attachment of microorganism to surfaces 
~ , 

r' .' pne of the most essential survival strategies of microorganisms is their ability 

to ~~.tabJjsh .themselves in an ecological niche where they can propagate. In such 

strat~gy the. key ,element is the structure of cell-surface, responsible for the attachment 

ofth,e .. microbes to the proper surface4~. NeuFo has reviewed how surfactants can affect 
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the interaction between bacteria and interfaces. Zhang and Miller47 observed that cell 
• 

surface hydrophobicity of Paeruginosa was greatly increased by the presence of cell-

bound rh~olipid. In case of Acinetobacter strains the cell-surface hydrophobicity 

was reduced in the presence of its cell-bound emulsifier89
• Such observations suggest 

that microorganisms can use their. biosurfactants to regulate their cell-surface 

properties in order to attach or detacp from surfaces according to the need: 

Rosenberg189 found that emulsan, an extracellular polymeric heteropolysaccharide 

capsule, is used by Acinetobacter calcoaceticus to facilitate detachment from crude 011 

droplets with the exhaustion of carbon source. 

, .' 

2.3.7 Biosurfactant production and quorum sensing 
~ ~, ~ t 

, < 

~eing a virulence factor, the ;;bduction of bioemulsifier produced by the 
(""'I.-

pathogens, it has been suggested, initiates when the cell density. is high enough' to 
< ,. 

cause a localized attack on the host63
. Ron and Rosenberg 40 reported that bacteIia 

, . . 
growing at the oil-water interface starts producing emulsifier when the cellular density 

become higher, result~ng in the increase in the surface area of oil droplets and this 

allows more bacteria to attach on the extended surface area of the oil drops. J On' Hie 

other hand, when these usable fractions of the. hydrocarbon present in the oil are' , ., 

consumed, the production of the emulsifier allows the bacteria to get detached from

the "used" droplets and find a new one. 

2.3.8 Role of biosurfactant in biofilms 
,T , ... 

Rhamnolipid production appears as a regulator for determining cell-surface 
.' f· , 

hydrophobicity and modification of adhesive interactions, especially when there are . , 

changes in nutritional conditions68
•

22o
• Rhamnolipids are reported to be involved in 

biofilm development. Exogenous rhamnolipids induce a release of lipopolysaccharides 

(LPS) and consequently enhance the cell surface hydrophobicity, which might favor 

_. primary adhesion of planktonic ceUs47
, 194. Alasan, an exocellular polymeric emulsifier 

produced ~y Acinetobacter radioresistens was KA53 reported to bind on the'surface 

of Sphingomonas pauclmobdis EP A505 and Acinetobacter calcoaceticus RAG-l and 
> • 

modify thei~ surfa~e p,rop.erties. Moreover, when the.alasan-producing Acinetobacter 
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r.adioresistens KA5J was co-culture with ,Acinetobacter calcoaceticus RAG-I, alasan 

was .released from the producing strain and bound to the recipient RAG-l cells221
• 

Such' horizontal transfer of bioemulsifier between the bacterial sp. has considerable 

implications in natural microbial communities, co-aggregation and biofilm formation. 

Rhamnolipids assist the surface-associated migration of bacteria in the biofilm and 

therefore the initial microcolony formation and differentiation of the biofilm structure 

ak I 222 t es paces ' ... 

2:4 Genetic' regulation of biosurfactant synthesis 
..,..:... .' 

s,',:., The regulation of biosurfactant production has been investigated at the 

molecular level for the glycolipids of P.aeruginosa and a few lipopeptides of Bacillus 

sp. Peypoux et al.202 had shown that biosurfactant production in these bacteria was 

induced by molecular signal involved in quorum sensing223
• However, whether 

quorum sensing is the environmental clue to biosurfactant production in general is still 

not known. Burger et al. 224 proposed that rhamnolipid synthesis proceeds by two 

sequential glycosyl transfer reactions, each catalyzed by a different 

rhamnosyltransferase. Ochsner and Reiser25 and Ochsner et al.226 made significant 

contribution to the genetics of rhamnolipid biosynthesis. Mono-rhamnolipid 
. - . , 

(rhamnolipid 1) sYnthesis is catalyzed by'the enzyme rhamnosyltransferase I, encoded 

by the rhlAB ~md is present in a single operon. The second rhamnosyltransferase 2 

responsible for the synthesis of di-rhamnolipid (rhamnolipid 2), encoded by rhlC, had 

been characterized and its expression had been shown to be co-coordinately regulated 

with rhlAB by th~ same quorum sensi~g system227
• The rhlR and rhlI genes are 

" , 

arranged sequentially and regulate rhlAB genes expression. RhlI protein forms N-

acylhomoserine lactones, which act as autoinducers and influence RhlR regulator 
, , 

protein. Induction of rhlAB depends on quorum..:sensing transcription activator RhlR 

co~plexes'~ith 'th~ autoinducer N-butyryl-homoserine lactone (C4-HSL). 
" 

'~ The biosynthesis of surf actin is catalyzed non-ribosomally, by a large 

multjenzyme pe'ptide synthetase complex called the surf actin synthetase, consisting of 

th!ee protein subunits-SrfA, ComA (earli~t:'known as SrfB) and SrfC202
• The peptide 

. . '.} r ", 
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synthetase required for ~he amino acid moiety of surfactin is encoded by four open 

reading frames (ORFs) in the srfA operon namely SrjAA, SrfAB, SrfAC and SrfAD or 

SrfA-TE. This operon also contains comS gene lying within and out-of-frame with the 

srfB. The other three ORFs are absolutely essential as compared to SrfAD for the 

biosynthesis of surfactin. The gene sfp encodes for phosphopantetheinyl transferase 

and is absolutely essential for the activation of surfactin synthetase by 

posttranslational modification. When the cell density is high, ComX, a signal peptide 

after being modified by the gene product of comQ, accumulates in the growth 

medium228
• Quorum sensing controls srfA expression by ComX. The histidine protein 

kinase ComP donates a phosphate to th~ response regulator ComA and interacts with 

ComX, which in turn activates the transcription of the srfoperon223
• 

Other types of biosurfactants whose molecular genetics have been decoded in 

the recent yea,rs include arthrofactin, iturin, lichenysin, mannosylerythritol lipids 

(MEL) and emulsan. Arthrofactin is ~ cyclic lipopeptide-type biosurfactant produced 
. \ 

by Pseudomonas sp .. MI~38. Three genes designated as arfA, arjB, and arfC form the 

arthrofactin synthetase gene cluster and encodes for ArfA, ArtB & ArfC proteins 

respectively, which assemble to form a unique structure for catalyzing the biosynthetic 

reactions223
. Lichenysin is another type of lipopeptide synthesized non-ribosomally by 

a multienzyme peptide synthetase complex. The lic operon of B. licheniformis is 26.6 

kb long and consists of genes ficA (three modules), licB (three modules) and licC (one 

module). The domain structures of these seven modules resemble that of surfactin 

synthetases SrfA_C223
• Iturin A is a type of lipopeptide biosurfactant produced by B. 

subtilis RB 14, composed of four open reading frames (ORFs) contains ituD, ituB, ituC 

and ituA genes which encodes for putative malonyl coenzyme A transacylase, peptide 

synthetase consisting of four amino acid adenylation domains and peptide synthetase 

respectively while the fourth gene ituA encodes for ItuA, having three functional . 
domains homologous to B-ketoacyl synthetase, amino transferase and amino acid 

adenylation223
• Usti/ago maydis produces two kinds of glycolipid type biosllrfactants, 

mannosylerythritol lipid (MEL) referred to as ustilipids229 and ustilagic acid that arc 

cellobiose lipids. emtl and Gypl are the two genes involved in the synthesis of MEL 
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and ustilagic acid, respectively. It is assumed that Cyp 1 protein is associated with the 

terminal and/or sub-terminal hydroxylation of an unusual fatty acid present in 

cellobiose lipids223 . During the stationary phase of growth, Acinetobacter lwoffii 

RAG-l secrete a potent bioemulsifier on the cell surface known as emulsan23o. A 27kb 

gene cluster termed wee encodes the genes wza, wzb, wzc, wzx and wzy required for 

the biosynthesis of emulsan231 . It was later established that Wzc and Wzb encodes a 

protein tyrosine kinase and protein tyrosine phosphatase, respectively32 . 

2.5 Biosynthetic pathways of biosurfactant synthesis 

Biosurfactants are synthesized by two primary metabolic pathways VIZ 

hydrocarbon and carbohydrate pathways7, 163. Metabolic pathways involved in the 

synthesis of the precursors of hydrophilic and hydrophobic domains of biosurfactants 

are diverse and utilize definite set of enzymes. Syldatk and Wanger233 suggested some 

of the possible features for the biosynthesis of biosurfactants and their regulation 

which includes (i) de novo synthesis of hydrophilic and hydrophobic moieties by two 

ind~pendent pathways followed by their linkage to form a complete biosurfactant 

molecule: (ii) de novo synthesis of the hydrophilic moiety and the substrate-dependent 

sy'nthesis of the hydrophobic moiety and its linkages, and (iii) de novo synthesis of the 

hydrophobic moiety and the substrate-dependent synthesis of the hydrophilic moiety 

followed by its linkage. The biosynthesis of both hydrophobic and hydrophilic 

moieties depends on the type of substrate used for the production of biosurfactantl 63. 

The biosynthesis of surfactin by Bacillus subtilis has been extensively studied 

by Kluge et al. 234 and reviewed by Desai and Desai l63 . The formation of surfactin 

occurs non-ribosomally and two different mechanisms are involved in the activation of 

amino acid. Nakano et al.235 reported that two components of surfactin synthesizing 

enzyme complex of B subtilis are homologous to tyrocidine synthase .I and gramicidin 

S synthase. In addition, the biochemical. studies confirmed the occurrence of surfactin 

synthesis via a thio-template mechanism236. Enzymatic synthesis of surfactin requires 

A TP, Mg2+, precursors and sucrose. The fatty acid component of surf actin is 

incorporated only as an acetyl-CoA derivative and L-isomer of amino acids are 
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incorporated in the peptide chain236
. The enzymes involved also catalyze the ATP.-Pi-, 

exchange reactions which are mediated by the amino acid components of surfactin. 

This pattern was consistent with a peptide-synthesizing system that activates its 

substrate simultaneously as amino acyl phosphates234
. In case of surface active 

compound herbicollin A, both the lipid and peptide domain have been ,found to be 

directly synthesized from carbohydrates. Addition of amino acids or fatty acids in the 

growth medium affected the yield but not the structure of the surfactant163 
.• Research 

investigations have shown that in Gramicidin-S a type of surface active antibiotic, 

lipopeptide, is synthesized non-ribosomally by a multienzyme complex with the 

involvement of pantetheine cofactor by a thio-template mechanism237
. 

Regarding the biosynthesis of "glycolipids, the pathway of the sugar-lipid 
, 

biosurfactant formation depends on the microorganism producing it. An example of 

glycolipid synthesis is the biosynthesis of anionic rhamnolipids by Pseudomonas sp .. 
, 

Rhamnolipid synthesis using enzymology and different radioactively labeled 
-

precursors and the proposed biosynthetic pathway has been studied extensively by 
... , .. , ,t 

Hauser and Karnovskl38 and reviewed by Banat et ai.35
. Syldatk et ai. 239 reported that 

the composition of biosurfactant produced by Pseudomonas sp. is affected by the type 

of carbon substrate used and the cultivation conditions but the hydrocarbon substrate 

having different chain length has no effect on the chain length of the fatty acid moiety 
• 

in glycolipids. Almost the similar results were observed during the production of 

bioemulsifier by Acinetobacter sp. HOI-N using alkane as the substrate24o
. Suzuki et 

al.241 reported the influence of substrate on the sugar moiety of the glycolipid 

synthesized by Arthrobacter paraffineus. The non-ionic trehalose lipid is formed when 

A. paraffineusis grown on n-alkanes, but fructose lipids are produced when fructose is 

used as the sole carbon source30
• 

Other examples of de novo synthesis of biosurfactant are cellobiose lipid by 

Ustilago zeae242 and sophorol~pid by Torulopsis bombicola30 from 'different 

hydrophobic substrates. During the synthesis of trehalose mono-and 

dicorynomycolates in Rhodococcus erythropolis, the sugar moiety of the surfactant is 

de novo synthesized and the chain length of the lipid moiety is dependent on 
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hy.drocarbon substrate used in the medium24r A similar pathwaY,has been found to be 

working in Rhodococcus erythropolis for the synthesis of trehalosetetraesters233
, in 

Candida sp, for the synthesis of mannosylerythritol lipids244
, and In Nocardia 

er:ythropolii4~ for extracellular glycolipid synthesis. 

~;:-. I , .. ~ _ 

2.6 Regulation of Biosurfactant Synthesis 
-j. ,I 

~.I'.. The chemical composition, level of production and surface properties of the 

biosurfactant depend not only on the producer strain but also on various factors such 

as nature and concentration of macro and micro nutrients, culture conditions including 

pH, temperature, agitation and dilution rate6
, 29. 

The carbon source is the most important factor influencing the biosurfactant 

s~thesis either by induction or by repression 124
• The commonly used carbon sources 

rt.. - ~ A I' 1 

iiichide carbohydrates, hydrocarbons and vegetable oils. It has been concluded from a 
.n,~1'n • .. l 

number of studies that different carbon sources can influence the composItion of 

biosurfactant formation22
, '246'. Actinobacter calcoaceticus and A rthobacter 

parajJineui47 fail to produce surface-active compounds when grown on organic acids 

and D-glucose as carbon source, respectively. Previous reports indicate that the 

addition of water-immiscible substrates result in the induction of biosurfactant 

production. Tulloch et al. 248 have found the induction of sophorolipid synthesIs by the 

addition of long chain fatty acids, hydrocarbons or glycerides to the growth medium of 

Torulopsis magnoliai49 . Arthrobacter produces 75% extracellular biosurfactant when 

grown on acetate or ethanol but it is totally extracellular when grown on hydrocarbon 4• 

Hauser and Kamovski38 have demonstrated a severe decrease in the synthesis of 

rhamnolipid on addition of glucose, acetate, and tricarboxylic acids during the growth 

on glycerol. A similar observation was reported for the synthesis of liposan in 

Candida /zpolytlca 156. On the other hand, surf actin produced by Bacillus subtlUS is 
(! 'r\. 1.. ~ ~ 

usually observed with glucose as the carbon source and is inhibited by the additIon of 

h~~~~;bo~s -i~'the medium25o. ! 

~. Nitrogen IS another imp0l1ant factor ,that plays an important part In the 

regulation of biosurfactant synthesis. It may also contribute to pH control251
. Duvnjak 
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et al. 247 found that urea led to a satisfactory biosurfactant production. Moreover, 

nitrogen limitation also changed the composition of the biosurfactant production 163,239. 

Among the inorganic salts tested, ammonium salts and urea were preferred for 

biosurfactant production by Arthobacter paraffineus, whereas nitrate supported 

maximum biosurfactant production in P. aeruginosa7
• Yeast extract was found to be 

required for glycolipid production by Torulopsis bombicola, but was very poor for P. 

aeruginosa251
• Supplementation of ammonia in the nitrate-containing medium delays 

the production of biosurfactant in Corynebacterium 163 . Several investigators observed 

rhamnolipid in the fermentation broth of P. aeruginosa with the exhaustion of nitrogen 

and beginning of the stationary phase ~\~rowth206. Nitrogen limitation not only causes 

over production of biosurfactants but also changes the composition of biosurfactants 

produced 163,239. According to Hommel et al.l37 it is the absolute quantity of nitrogen 

and not its relative concentration that is important to give an optimum biomass yield 

while the concentration of hydrophobic carbon source determines the conversion of 

carbon available to the biosllrfactant. 

Phosphate limitation also influences the metabolism of biosurfactant251 . Clarke 

et al. 252 observed enhanced production of rhamnolipid by P. aeruginosa A TCC 9027 

under phosphate limited conditions. The change in activity of several intracellular 

enzymes dependent on phosphate levels indicated a shift in biosurfactant metabolism4. 

Iron limitation is reported to stimulate the production of biosurfactants in P. 

jluorescenl53
• However, the production of surfactin by B. subtilis is reported to be 

stimulated by the addition of iron and manganese salts to the medium250. The 

limitation of multivalent cations also causes overproduction of biosurfactantsl 24, 254. 

Higher yield of rhamnolipid could be achieved in P. aeruginosa DSM 2659 by 

I· .. h . f M 2+ C 2+ K+ N + d I 163 Imltmg t e concentration 0 g, a, , a an trace sa ts . 

Environmental factors such as temperature, pH, agitation and oxygen 

availability also affect the production of biosurfactant production through their effect 

on cellular growth or activit/2, 124, 129,246. Temperature may cause alteration in the 

composition of the biosurfactant produced by Pseudomonas sp. DSM_2874239. 

Banat255 reported a thern;ophilic B~cillus sp. which could grow and produced 
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biosurfactant at temperatures above 40°C. In Torulopsis bambicola the pH of the 

medium plays an important role in sophorolipid production256
• Powalla et al.257 

reported that penta and disaccharide lipid production by Nocardia corynbacteroides 

was unaffected in the pH range of 6.5 to 8.0. Mulligan and Gibbs4 reported that 

increase in agitation speed caused shear effect which reduced the production of 

biosurfactant by Nocardia erythropolis. Conversely, production of biosurfactant by 

yeast increased when the agitation and aeration rates increased7
• The role of abiotic 

factors on the production of rhamnolipid by P.aeruginosa was extensively reviewed 

by various authors50, 258, 259. 

2.7 Screening for biosurfactant producing microorganisms 

Numerous methods have been tried for the high-throughput screening. These 

procedures are reliable and significantly accelerate the screening process towards high 

biosurfactant producer strains26o
• The Du-Nouy-Ring assay using a tensiometer is most 

widely applied for screening of biosurfactant producing microbes59
. This method was 

based on measuring the force required to detach a ring or loop of wire from an 

interface or surface. Jain et al. 261 developed rapid drop-collapsing test, a simple 

method of detecting biosurfactant production. In this technique, a drop of a cell 
~ . , 

suspension is placed on an oil-coated surface and the drops containing biosurfactant 

collapse within few second whereas non-surfactant containing drops remain stable. 

Persson and Molin262 described a similar assay using a glass surface instead of the oil 

coated surface. Vaux and Cottingham263 developed and patented a method called 

microplate assay. This assay was based on the change in the optical distortion which 

was caused by surfactants in an aqueous solution. Maczek et al. 264 developed a 

qualitative technique suitable for high-throughput screening, known as penetration 

assay. This assay was based on the contact of two insoluble phases which leads to a 

change in color. Another method of detection of biosurfactant production is oil 

spreading technique. This technique measures the diameter of clear zones caused 

when a drop of biosurfactant-containing solution is placed on an oil-water surface265
• 

Another most widely used assay which was based on the emulsification capacity of 

biosurfactants was developed b; Co~per and Goldenberg256
• Emulsification capacity 
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was ex~ressed as e~ulsification index (E24)' where E24 is the emulsification percentcfge 

obtain~d by vigorously shaking of culture supernatant with kerosene. This method is 

most suitable for ~mulsifying biosurfactants. Rosenberg et al. 267 developed the 

bacterial adhesion to hydrocarbons (BATH) method, a simple photometrical assay for 

measuring the hydrophobicity of bacteria. Cell surface hydrophobicity is an important 

character associated with the adherence of bacterial ,cell to various liquid 

hydrocarbons268. A simple replica plate assay for the identification and isolation of 

hyrn:.0phobic microbes was developed by Rosenberg269. The basis of this assay is the 

adherence of bacterial strains to hydrophobic polystyrene surface which correlates to 

cell surface hydrophobicity. Siegmund and Wagner270 developed a semi-quantitative 

CTAB agar plate method for the detection of extracellular glycolipids or specifically 
.# 

for anionic type biosurfactants. The interaction between the anionic biosurfactant 

secreted by the microbes with the cationic surfactant CT AB (cetyltrimethyl 

ammonium bromide) and methylene blue results in the formation of insoluble ion pair. 

The resulting productive colonies are surrounded by dark blue halos271 . -Another' 

method of detecting biosurfactant producing microbes is by their ability to cause 

haemolysis of RBC on solid media plate and was developed by Mulligan et'al, 272, 

Blood agar lysis has been used to quantify surfactin273 and rhamnolipids207. Schenk et 

al. 274 developed a high-performance liquid chromatographic method of detection of 

rhamnolipid produced by Pseudomonas aeruginosa. A similar method of detection of 

biosurfactant production in the cell-free fermentative broth of Bacillus subtilis ATCC 

21332 was proposed by Lin et al. 275. Among all the known techniques reported till 

date, drop collapse assay, microplate assay and penetration assay are considered as . 

high-throughput screening (HTS) methods because these techniques are rapid and 

reliable271 . 
. ' , 

2.8 Production of biosurfactant from cheaper and available carbon sources 
, . 

The success of commercial level biosurfactant production depends on the 

developm~:t:It of ch,eaper processes and the use of low-cost raw materials,' accounting' 

for 50% of ~e final product cost124. Agro-industrial wastes are -obtained at low cdst 

from .th~ respe~tive processing industries and are as'potent as low-cost substrates for 
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industrial level· biosurfactant production.· Potato process effluents generated from 
, 

potato processing industries were reported to be used for the production of 

biosurfactant by B. subtilii76
. Cassava wastewater generated during the preparation of 

cassava flour is a potential substrate for the production of surf actin and rharnnolipid by 

B. subtilii77 and P. aeruginosa278 respectively. George and Jayachandran279 analyzed 

the rharnnolipid biosurfactants produced through submerged fermentation using 

orange fIjlit peelings as sole carbon source. Maria et al. 280 reported the utilization of 

cashew apple juice supplemented with peptone and nutritive broth for the cultivation 

of P. aeruginosa to obtain biosurfactants. Patel and Desai281 reported the use of 

molasses and com-steep liquor as the primary carbon and nitrogen source for the 

production of rhamnolipid using P. aeruginosa GS3. Dubey and Juwarkar282 studied 

the production of biosurfactant using industrial waste from distillery using P. 

aeruginosa BS2. Kitchen waste oils generated from domestic uses, vegetable oil 

refineries or the soap industries have been reported to be suitable for the production of 

biosurfactant through microbial fermentation41 , 283. Lima et al. 284 reported the use of 

residual waste of soybean oils for the production of biosurfactant by submerged 

fermentation in stirred tank reactors using P. aeruginosa P ACL. Soap stock, an 

industrial waste by-product has been used to produce emulsan, bio-dispersan and .. 
rh~~lipid by Acinetobacter calcoaceticus A289 and P. aeruginosa LBr283 
~, . . 

respe~iively thro~gh batch fe~entation. An~stasia et al. 285 reported the use of 

s~flower seed oil and oleic acid for the production of rharnnolipids by Thermus 
" rot. • ~" 

thermophilus HB8. Palm oil was reported to be used for the simultaneous production 
.r 

of polyhydroxyalkanoates and rharnnolipids by P. aeruginosa286
• Hazra et al. 287 

-. 
reported the utilization of de-oiled cakes of mahua (Madhuca indica), karanja 

(Pongamia pinnata), jatropha (Jatropha curcus) and neem (Azadiracta indica) for the 

production of rharnnolipid using P. aeruginosa AB4. Pratap et al. 288 reported the use 

of non-edible traditional oils such as neem oil, jatropha oil and karanja oil for the 

production ofrhamnolipid using P.aerllgillosa ATCC 10145. P. aeruginosa 47T2 was 

reported to produce rhamnolipid when grown on olive oil waste water or in waste 

frying oils obtained from olive/sunflower (50:50; V/V)84, 289, 290. Daniel et al. 291 used 

dairy wastes as carbon substrates and achieved production of high concentrations of 
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sophorolipids using two-stage cultivation process for the yeast-Cryptococcus curvatus,1 

ATCC20S09. Deshpande and Daniels29~ 'used 'animal·fat' for the, production-of, 

sophorolipids biosurfactant using the yeast,- Candida bombicola. 

2.9 Industrial application of biosurfactants 

2.9.1 In petroleum industry 

.' , 

Over the recent years, mt!py studies have shown the capabIlity" of 

biosurfactants and biosurfactant-prod~ci~g b~~'teriai'strains to ellhance ayailability'a~d' 
. ;. .. ~ " " . - ...., . t·, 

biodegradation rates of organic contaminants47, 293~ 294. Research investigations 

conducted by Zhang and Miller295'confi~ed th~t bio~urf~ct~nt ~ffects th~'de~adati~'~' 
• ' '4~ I '; .'..", • .. • ; • , .. ~. ,,~ 

of hydrocarbon by increasing microbiata~cessibility to insoluble substrates and thus 
~,;.' ': :: .. - . '. ! .... ; ./~' 

enhance their biodegradation. Glycolipid, biosurfactants have also been shown to 
• .. ::. • '.' • \It ~. 

enhance the hydrocarbon removal (from 80 to 90-9S%) from soil; furthermore, the 
. :.;:" . - ~. i '. .' '.. •. , 

biosurfactant was reported to increase hydrocarbon mineralization by two-fold and 

shorten the ~dap~ation time of microbi~l~opulati~n~ to' f~we~ ho~s4. ·JHol~k~o'· and 

Mulligan296 reported the useful~~ss ~f bi'~surfactants"for oil spills ;~medi~tio~ ~d'f~r 
'. . .. , . It ,. .. 

• I ., 

dispersing oil slicks into fine droplets and converting mousse oil into oil-in-water 

emulsion. Barkay et al. 297 used the bi~em~lsifier alasan produced by Acine~o;;~ct~~ 
radioresistens KAS3 to enhance P AH solubility, and degradation results showed 6.6, 

• ~ . .4' 

2S.7 and 19.8-fold increases in the solu~ilities of phe~anthrene, fluoranth~n~ and 

pyrene r.esp~ctively. Similarly, the solubilization of ~ AH has been reported with the 

rhamnolipids produced by Pseudomonas aeruginosa and other pseudo~~n~~s83:'298;. 
.' " . . '.... ... ' , . " ~.. \ 

Balachandra~ et ai.' 299 reported the degradation of petroleum and' polyarom~iic 
... ., ....f' ;.~. ~ . « 

hydrocarbons and metabolism of naphthalene by Streptomyces sp. isolated from oil 
< • 

contaminated soil. M~ta-Sandoval ~t ai: 300 reported that' biodegradatio~ of ~hiorinated 
• ',' .' • .' •• '; ...... 4C.." I 

and polychlorinated biphenyl hydrocarbons can be enhanced by. ad4ition of 
. • . . . .. ! ~ 1 ,. f _. ',.' ~ r; . ' '. ' ' " _,,' if " 

glycolipids to the medium. Several sp. of P. aeruginosa and B. subtilis produce 
• • ," • '. • I • ,,', "':-' ,t.! ~ ~ /... a~~;". ',.... ., .#~ -,4.1.. ~" • \,~ r' ~:I;.~l·,: ' 

rhamnolipid and surfactin i'espectively; these two biosurfactants have been shown by 
, , • ,; ~. •. t • ••• ......' • ,..... ,( ..' •• vI f • .' I. "... ~. 1 : ... I ",1.:. f,:!: J '--:. ~ 

Whanget al. ISI to Increase solubility and bioavailability of a petrochemical- mixture 
.: ", .' " ~··",t··.~. . ,'f.: t \,I·..,4···t.~'1 .. .:t~~'~.:, :"1.·t~.;'." t :J.,: .~ .... j.J; ••.• ~ • .t.: ~ .~,:.~.'::~ 

and also stimulate indigenous microorganisms for enhanced biodegradation of diesel 
:.10 . " 
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contaminated soil. Bordoloi and Konwar2
?8 reported that pyrene was solubilized more 

b¥ the biosurfactant of P.aentginosa (MTCC 7815) and P.aeruginosa (MTCC 7812); 

phenanthrene by P.aeruginosa (MTCC 8165); fluorene by P.aeruginosa (MTCC 

7812) and P.aeruginosa (MTCt 8163); crude oil by the biosurfactant of P.aeruginosa 

(MTCC 8165). Addition of rhamnolipids above their critical micellar concentration 

(GMC) enhanced the apparent aqueous solubility of hexadecane, . enhanced 

biodegradation. of hexadecane, octadecane, n-paraffins, creosotes and other 

hydrocarbon mixtures in soil and promoted bior~mediation of petroleum sludges2
, 193, 

1~5, 294. Das and Mukherjee301 reported that inoculation of the contaminated soil with P. 

aeruginosa M and NM consortium and B. subtiUs strain along with their respective 

biosurfactant reduced the TPH levels from 84 to 21 and 39 g'kg- I of soil, respectively 

within 120 days of treatment. Gordonia sp"·~S29 growing on aliphatic hydrocarbons 

as· sole· carbon source has been found to produce bioemulsan, which effectively 

degrades crude oil, PAHs and other recalcitrant branched hydrocarbons from the 

contaminated soils 184. Reddy et al. 302 reported 93.92% degradation of phenanthrene by 

a biosurfactant producing Brevibacterium sp. PDM-3 strain and also reported the 

ability of the bacterial strain to degrade other polyaromatic hydrocarbons such as 

anthracene and fluorene. 

~ -_. 
2.9.2 In microbial surfactant enhanced oil recovery (ME OR) . 

Biosurfatant MEOR represents one of the most promising methods to recover a 

substantial proportion of the residual oil from mature oil fields lol
. The efficiency of "" . 

ME OR has been proven in field studies in the U.S., Czech Republic, Romania, 

Hungary, Poland, and Holland, with significant increase in oil recovery observed in all 

cases7
, 133. linfeng et al. l03 (2005) conducted microbial enhanced water-flooding 

experiment in a Guan ,69 Unit in Dagang Oilfield in China by injection of a mixture of 

Arthrobacter ·sp. (A02), Pseudomonas sp. (PI5) and Bacillus sp. (B24) strain 

suspension and the nutrient solution through injection wells in an ongoing water flood 

reservoir where the temperature reached 73 ·C. They observed that the oil' production 

steadily increased .after microbial- water-flooding:" In recent years, physical stimulation 

test such as sand pack column experiment has been served as an excellent laboratory 
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in~trument to investigate and understand the mechanism, .and performance 'of 

biosurfact~t flooding in enhanced oil recoverY2
, 98, 303. Bordoloi and Konwarf treated 

crude oil saturated sand pack column with cell free culture broths containing 

biosurfactc;mt of four different P. aeruginosa strains (MTCC 7815, MTCC' 7814, 

MTCC 7812 and MTCC 8165) and were reported to release about 15% more crude oil 

at ~O°C $an at room temperature and 10% more than at 70°C under laboratory 

conditions. ,Pomsunthomtawee et al. 304 .compared the oil recovery from the sand-' 

packed column saturated with motor oil using the biosurfactants produced by B. 

su~tilis PT2 and P. aeruginosa SP4 with three synthetic surfactants. The results 

showed that the biosurfactants produced by B. subtiUs PT2 and P. aeruginosa SP4 

were more efficient in oil recovery, removing about 62% and 57% respectively, of the 
~,=!"'. j 

tested oil while synthetic surfactants were able to release approximately 53-55%: 

Suthar et a/. loo compared the oil recovery upon . application of bioemulsifier and 

biosurfactant to a sand pack column designed to stimulate an oil reservoir. They 

reported that crude bioemulsifier produced by B. licheniformis K125 gave better oil "

recovery than the biosurfactant by B. mojavensis JF2 and B. licheniformis TT42. Oil .. 

recovery experiments in physical simulation showed 7.2-14.3% recovery of residual 

oil after water flooding when the biosurfactant of three strains of P. aeruginosa, B.' . 

subtiUs and R. erythropolis was added32
. Gudiiia et a/. 102 studied the efficiency of 

: I ~ .. .... 

biosurfactant produced by the strains of B. subtilis, isolated from the crude oil samples 

of Brazilian Oil field and suggested their usefulness for MEOR applications due to 

their unique properties including thermo- and salt-tolerance; stable surface activity and 

~, hydrocarbon degradation. .' . . " . ~ 

2.9.3 In technologies for cleaning up 

Soil washing technology is characterized by chemico-physical properties' of the' ,', 

biosurfactant and not by their effect on metabolic activities or changes in cell-surface ,; 

properties of.bacteria lol . However, the processes may enhance the bioavailability for 

bioremediation. ,Such cleanup process. is h highly desirable as it is 'economically' . 

rewarding cmd environmentally.friendly?°5~ ·Abu-Ruwaida.et.al?O~ showed that'cell:" " 

free bro¢, qf Rhodococcus sp.· containing, biosurfactant '·removed about 86% of >~; 
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a9sorb~d: crude .oil from the .contaminated -'sand. Urum et al. 106 'investigated the 

efficiency of different surfactant solutions' in removing crude oil from contaminated 

soil using.a soil washing process. They demonstrated higher crude oil elimination by 

synthetic surfactant-sodium dJ?decyl sulfate (SDS) and rhamnolipid biosurfactants 

(46% and 44% respectively) than natural surfactant saponins (27%). Franzetti et al. 19 

shgwed that the BS29 bioemulsans from Gordonia sp. are promising washing agents 

for remediation of hydrocarbon-contaminated soils. The mean of the crude oil removal 

fQ.cbioemulsans was 33%. The· BS29 bioemulsans were also able' to remove metals 

(Cu,.,Cd, Pb, Zn,. Ni) but their potential:in~theprocess was lower than rhamnolipids. 

Costa et·af.,30~ reported that increasing the rhamnolipid concentration produced by P. 

aeniginosa L2-1 on cassava wastewater enhanced the removal of crude oil from the 

contaminated sand from. 69% at·CMC to 84% at'CMC + 5% (w/w). Apama et al. 23 

reported that. the.· Pseudomonas sp. 2B. biosurfactant solution at 0.01% and 0.05% 

b~osurfactant concentrations was capable to remove 89% and 92% of the oil absorbed 

~,the sand respectively while the distilled water and sodium dodecyl sulphate (SDS) 

re.tpoved 48% .and 63% of the contaminated oil respectively. 

?..,...".. .. '-, -. t· ~ .#,1 < '. • • • 

. .: . 'Thi'mon' et aI.307 reported that glutamate residues of surf actin can bind metals 
'1{£ "..... ..... ~. "; . . r. "'. : (", i ... . . 

such as Mg, Mn, Ca, Ba, Li and rubidium. Soil washing with 0.25% surfactin removed 
r"~'l' '. . ... ,. . . , . 

70%' of the eu and 22% of the Zn 198
. Using micellar-enhanced ultrafiltration, 85-

100% . ;~movai ~f cadmium, coppe~ and ~inc by surf actin from contaminated water 

w~ achieved l98
. Rhamnolipids hav~ been reported to be used for the removal ?fheavy 

m~tals 'such as Ni and Cd from s~ils due t~ their anionic nature, with efficiencies of 

86-:1 ()O% in the lab and 20-80% i~ the field samples308 
. 

• _ j: Fermentative broth of the bacterial strain {Pet 1006) containing biosurfactant 
.4. , • 

prodpced bY.using,2.% (w/v) glucose followed by 2% (v/v) oleic acid as carbon· source 
~ .. 

in basal salt medium was used as a substitute for. chemical surfactants in a test carried 
, . 

out on an oil storage tank belonging to Kuwait Oil Company, Kuwaie09
. Joseph and 

Joseph 113 separated the residual oil from the petroleum sludge generated from the 

cru4~.!qil refinery,by:directly. inoculating the .strains of Bacillus sp. and by addition of 

the. ceij free cuJ,ture supernatant.of the bacteria: JP.e: removal efficiency of.the·bacterial 
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strains was in the range between 91.67 to 97.46% .. Helmy et ,al.I!-~ reported"the 

application of biosurfactant produced by Azotobacter vinelandii, AV01 for enhanced· 

oil recovery from the oil sludge and recovered upto 15% of oil from the sludge., 

2.9.4 In the agriculture sector 

Rhamnolipids have a direct biocide, action on various plant disease causing 

bacteria and fungi219
. They are reported to increase the susceptibility of certain Gram

positive bacteria to specific antibiotics310
. Nielsen et al.218 demonstrated that 

viscosinamide, a new cyclic depsipeptide (eLP) produced by P. fluorescens DR54 

exhibited strong biosurfactant properties and some had antibiotic properties towards 

root-pathogenic microfungi. Andersen ,et al.311 isolated a cyclic lipopeptide amphisin 
.; J • 

froll?- Pseudomonas sp. DSS73 from the, rhizoplane of sugar beet seedlings· that 

exhibited antagonism towards the root-pathogenic microfungi Pythium ultimum and 

Rhizoctonia solani. Rhamnolipids were reported to exert high zoosporicidal activity;· 

probably through zoospore lysis, against various zoosporic phytopathogens, including 

sp. from the Pythium, Phytophthora, and Plasmopara genera86
. Interestingly, 

fluorescent Pseudomonads are effective in the biological control of plant pathogens. 

Furthermore antiviral, algicidal, mycoplasmicidal, and antiamoebal properties of 

rhamnolipids have also been reported312
, 313. The efficacy of rhamnolipid has also ~eel1 

demonstrated in the near commercial, hydroponics, recirculating cultural system86
, 

Apart from antimicrobial properties, surface active compounds are used in agricultural 
" 

sector for hydrophilization of heavy soil which results in soil improvement. Patel and 

~ Gopinathan314 reported that glycolipopeptide produced by Bac;illus strains were able to 

form a stable emulsion in the presence of the organophosphorous pesticide fenthion 

and helps in spontaneous distribution in water. Banat et al.35 reported the 

biodegradation of around 40 % of chlorinated pesticide u- and ~ endosulfan 'by the 

biosurfactant produced by B. subtilis MTCC2423. 

2.9.5 In medicines and therapeutics 
, .. 

,Rhamnolipids have permeabilizing" effects l ont.'Gram-positi¥e'· and' Gram

negative human bacterial, strains reinforcing" their·· potential in biomedicine3J5
• 
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Lipopeptides such as pumilacidin ·and 'surf actin nave been reported to act as antiviral 

agents316
. The'loss of membrane integrity as opposed to other vital physiological 

processes makes surfactin and other lipopolypeptides potentially important as the next 

generation of antibiotics36
. Gan et al.317

. reported that both Lactobacillus fermentum 

RC-14 and' its secreted biosurfactant significantly inhibited Staphylococcus aureus 

infection and bacterial adherence to surgical implants. In current biofilm 'preventive 

strategies various research investigations suggested the use of biosurfactants as anti

adhesion with antimicrobial biological coatings for catheter materials or other medical 

surfaces36
, 63. Sophorolipids are reported to have activity against human 

immunodeficiency virus318
. Similarly, rhamnolipid and its complex with alginate, both 

pr,oduced by a Pseudomonas sp. strain showed significant antiviral activity against 

herpes simplex virus types 1 and 2 319. Research investigation of Seydlova and 

Svobodova320
, Park and Kim321 and Cao et al.322 indicated that surfactin has' potent 

immunosuppressive capabilities which suggested important therapeutic implications 

for ,transplantation and autoimmune diseases including allergy, arthritis and diabetes. 

Clinical trials using rharnnolipids for the treatment of psoriasis, lichen planus, 

neurodermatitis and human bum wound healing have confirmed excellent ameliorative 

effects of rhamnolipids when compared to conventional therapy usmg 

cQrticosteroids67
, 323. Rharnnolipids also display differential effects on human 

keratinocyte and fibroblast cultures208
. 

,...!.". 

2.9.6 In the food industry 

";t.,,' tIn, the' food industry biosurfactants provide multiple functions and act as 

eIl}ulsifying/foaming agents, stabilizers, antioxidant agents, and anti-adhesives324
. The 

adgi.tion of polymeric surfactants forms very stable emulsions which improves the 

texture and creaminess of low-fat dairy products such as soft cheese and ice creams43
. 

Shepperd et al.325 reported the successful use of extracellular carbohydrate-rich 

co~pound from Candida uti/is as emulsifying agent in salad dressing formulations. 

Biosurfactants have been reported to' control the agglomeration of fat globules, 

sta~mze aerated systems, improve texture' and'shelf-life of starch-containing products, 

mo~ifLrheoJogical properties of wheat dough and improve consistency and texture of 
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fat-based products326
. In bakery and .ice cream formulations biosurfactants· act ,by , , 

controlling consistency, retarding staling ,and solubilizing flavor oils; they are also 

utilized as fat stabilizer and anti-spattering agents during cooking of oil and fats327
. 

N~tschkea an~ Costa324 suggested the use of rhamnolipids to improve properties of 

butter cre~, croissants and frozen confectionery products. lyer et al. 328 reported the 
, 

isolation of a bioemulsifier from a marine strain of Enterobacter cloacae and 

described it as a potential viscosity enhancing ,agent because it imparts high-quality 

viscosity at acidic pH, allowing its use in food products containing citric or ascorbic 

acid. Biosurfactants have been reported to be used in the pre-conditioning of material 

surfaces (stainless steel, polystyrene and poly tetrafluoroethylene) found in food

processing environments to prevent the adhesion of food-borne pathogens to such 

solid surfaces329, 330. 

2.9.7 In nanotechnology 

Biosurfactant medIated nanomaterial synthesis and/or stabilization is' a recent 

development in the field of nanotechnology. The biosurfactant mediated process and 

microbial synthesis of nanoparticles are now emerging as clean, nontoxic and 

environmentally acceptable "green chemistry" procedures 11 8, 331, 332. The focus on the 

biosurfactant-mediated processes is steeply increasing due to their potential 

implication on the synthesis of silver nanoparticles74
, 121. Palanisami33 reported the 

synthesis of stable NiO nano-rods by a water-in-oil micro emulsion technique using 

rhamnolipid biosurfactant. Literature related to NiO nano-rod synthesis usmg 

'- rhamnolipids as biosurfactants revealed that particle morphology can be tuned by 
" r ' 

altering the pH74
. Recently biosurfactants have been shown to be promising candidates 

for the "green" stabilizing agent of nanoparticles. Mulligan et al. 83 reported the use of 

rhamnolipid biosurfactants as dispersants for nanoparticles. Biswas and Raichur3.34 

evaluated the efficiency of rhamnolipids for 'the synthesis and stabilization of nano 

zirconia particles. Reddy et al. 121 reported the use of surf actin as an environmentally 

friendly stabilizing agent in the synthesized silver. nanoparticles. Reddy et· al. 331 

synthesized, for the first time, surf actin-mediated gold nanoparticles, opening"the way 
• I I 

to a new and fascinating applIcation oLbiosurfactants ;in the-biomedical field.' Kiran et· 
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al.332 reported the application of brevifactin, a novel lipopeptide biosurfactant 

produced by the marine ac!inobacterium Brevibacterium casei MSA 19 for the 

synthesis and stabilization of silver nanoparticles. The use of gold nanoparticles, in 

particular, is currently undergoing a dramatic expansion in the field of drug and gene 

delivery, targeted therapy and imaging335
. Hazra et al. 336 reported the biomimetic 

fabrication of biocompatible and bioqegradable core-shell polystyreneibiosurfactant 

bionanocomposites for protein drug release. 
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. Chapter III 
Materials and Methods 

3.1 Materials 

3.1.1 Collection of environmental sample~ 

Crude oil contaminated soil and water sa~ples as well as 'petroleUm sludge 

samples were collected from Borhula Oil Fields of Assam and Assam-Arkan basin, 

ONGC, Jorhat, Assam, India. Soil samples were collected from just below the top 

surface layer (-3 cm) and soil samples of sub-surface were collected from a depth of8 

cm. Soil moisture level was maintained with the addition of 0.85% (w/v) saline water 

at regular intervals. Tn addition, sludge samples were also collected from Lakuwa Oil 

Fields of ONGC, Sibsagar, Assam, India. All collected samples were stored at room 

temperature for subsequent use. 

3.1.2 Collection of crude oil samples 

Crude oil samples were supplied by INBIGS, ONGC, 10rhat collecting from 

oil fields such as Nambar reserve, Lakuwa and Geleky. Collection of crude oil 

samples was done directly from the well-head outlet in sterile reagent bottles. 

3.1.3 Other materials 

The constituents of mineral salt medium (MSM), bacteriological media and 

media for biochemical tests were purchased from Hi-Media Laboratories Pvt. Ltd., 

India, Merck Biosciences, BDH and Ranbaxy. Hydrocarbons used in the study were 

purchased from Merck, Germany. Carbon sources such as de-oiled cake of mustard, 

sesame seed oil and castor seed oil were purchased from local stores in Tezpur. Nahor 

seed oil, Jatropha seed oil, Pongamia seed oil and waste raw glycerol were collected 

from the Department of Energy, Tezpur University, Assam. Waste residual kitchen oil 

was collected from the Nilachal Men's hostel, Tezpur University, Assam. Sugarcane 

bagasse and waste residual molasses were collected from a local sugarcane processing 
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industry at'Tezpur. All other reagents of analYtical grade were purchased from Sigma 

(USA) and Merck (Gennany). 

3.1.4 Use of waste renewable carbon sources for biosurfactant production 

The waste glycerol produced during the conversion of Jatropa seed oil to 

biodiesel was collected from Department of Energy, Tezpur University, Assam. The 

pH of the waste was adjusted to 7.0 by adding 5N NaOH. The glycerol fraction from 

the neutralized waste product was separated using a glass separating funnel and dried 

at 50·C in an oven to remove the residual moisture. 

3.2 Cultivation of microorganisms 

3.2.1 Isolation of microorganisms by enrichment culture 

The bacterial strains were isolated from the crude oil contaminated soil and 

water as wen as petroleum sludge samples using enrichment culture technique. A 

sample weighing 5.0 g was added to 100 ml of mineral salt medium (MSM) 

fonnulated according to Bordoloi and Konwa? in a 500 ml Erlenmeyer flask 

supplemented with 1 % (v/v) of membrane filtered (0.22 J.1m) n-hexadecane as the sole 

source 'of carbon and incubated at 37°C on an' orbital incubator shaker for 7 days at 

180 rpm. After 10 cycles of enrichment, 1ml of the saturated culture was diluted 104 

times and an aliquot of 100 J.11 was spread on MSM agar plates having 0.1 % (v/v) n

hexadecane as the carbon source. The culture plates were incubated at 37°C for 48 h. 

Morphologically different bacterial colonies thus obtained were further purified on the 

mineral salt agar medium (MSAM) plates with or without 0.1 % (v/v) n-hexadecane to 

eliminate autotrophs and agar-utilizing bacteria. The procedure was repeated and 

isolates showing pronounced growth on n-hexadecane were selected and preserved for 

further characterization337
, 338. 

3.2.2 Isolation of microorganisms by direct culture technique 

Crude oil contaminated soil and water and petroleum sludge samples were 

seria~ly diluted with sterile saline water (0.9% N~CI, w/v) using the standard dilution 
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technique. The total viable bacterial popl,llations were determined by spread-plating 

each sample after appropriate dilution (10-5-10-6 fold) onto nutrient agar. The 

morphologically different bacterial colonies thus obtained were further purified on 

nutrient agar. Bacterial isolates were further grown on Bushnell-Hass medium to 

ensure their hydrocarbon utilizing capacity. The medium was supplemented with 1 % 

(v/v) n-hexadecane and was used for the screening of potential hydrocarbon degrading 

and biosurfactant producing bacterial isolates339
. 

3.2.3 Maintenance and preservation of isolated microorganisms 

The bacterial pure cultures were preserved at 4°C in both nutrient agar plates 

and slants. Cultures were sub-cultured at an interval of 30 days. For long time storage, 

frozen stock cultures were prepared in 15 % (v/v) glycerol and stored at -70°C. 

3.3 Screening of biosurfactant producing bacteria 

3.3.1 Screening for surface activity 

The broth culture of each bacterial isolate was centrifuged at 8000 rpm at 4 °C 

in a Remi 22R centrifuge for 15 min after 96 h of culture. The culture supernatant was 

collected and its surface tension was measured using a digitalized tensiometer (Kriiss 

Tensiometre K9 ETI25). Before using the platinum ring, it was thoroughly washed' 

three times with distilled water followed by acetone and then allowed to dry at room 

temperature59
. 

- 3.3.2 Drop collapse test 

Screening for biosurfactant production was done using the qualitative drop

collapse test described by Bodour and Maier59
. For the experiment, 2 JlI of crude oil 

was dropped at the centre of each well on a 96-well micro-titer plate lid and allowed to 

stand for 24 h for equilibration. An aliquot of 5 JlI of culture medium of 48 h duration, 

before and after centrifugation (10, 000 rpm for 15 min at 4°C), was dropped on the 

oil-coated wells and then the drop size was observed after 1 min with the help of a 

magnifying glass. If the drop diameter was found to be at least 1 rom larger than the 
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one produced by the de-ionized water-drop; the 'result was considered to be positive for 

the biosurfactant production. 

3.3.3 Oil-displacement test 

The oil displacement test was done by adding 50 ml of distilled water to a Petri 

dish with a diameter of 45 cm. An aliquot of 500 III of crude oil was dropped onto the 

surface of the water; this was followed by the addition of 100 III of cell free culture 

supernatant of the bacterial culture, onto the surface of the oil. The diameter of the 

clear zone was then measured. Each experiment was repeated thrice to determine an 

averaged value of the diameter ofthe appeared clear zone340
. 

3.4 Characterization of biosurfactant producing bacteria 

3.4.1 Growth characteristics of selected bacterial strains 

• _: ' The pure culture of each bacterial isolate was prepared by using Luria Bertani 

brot!I and incubated overnight in an orbital incubator shaker at 37°C with 180 rpm. An 

aliguot of 100 III of the above fresh culture broth containing 1 x 108 ml-l microbes (as 

calculated from McFarland turbidity method) was inoculated to the 250' ml 
" 

Erlenmeyer flask containing 100 ml ofMSM. All the cultures were supplemented with . 
1%,(v/v) ofn-hexadecane and incubated at 3TC with 180 rpm on an orbital incubator 

shaker. The growth of the bacterial isolates was monitored by determining the cell 

forming unit (cfu. mrl) at a time interval of 12 h for 180 hours. 

3.4.2 Biomass determination 

Biomass of the bacterial isolates was determined by centrifuging the culture 

broths' at' 8,000 rpm for 15 min at 4°C follow~d by washing twice with phosphate 

buff'ered' saline (Appendix I). The biomass was dried overnight at 45°C and weighed. 
" . 

In the case of aliphatic hydrocarbons (pentane, n-hexane, heptane, iso-octane, 
- , 

dodecane, tridecane,' n-hexadecane, octadecane, eicosane, triacontane and liquid 

paraffin) and petroleum products (phenol, benzene, toluene, xylene, kerosene, diesel, 

lubricating oil and crude oil), 1 % (v/v) of each carbon source was added to the culture 
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separately and in the case of polycyclic, aromatic hydrocarbons (pyrene,- anthracene~ 

naphthalene, fluorene and phenathrene), the culture medium was supplemented with 

50 J.lg of each type of carbon source 298. 

3.4.3 Taxonomic identification 

3.4.3.1 Biochemical and morphological tests 

The taxonomic identification of the selected bacterial isolates was carried out 

using the standard morphological, physiological and biochemical tests as described by 

Cappuccino and Sherman341
. The bacterial isolates were taxonomically identified up to 

genus level with the help of standard procedures described in Bergey's Manual of 

Systematic Bacteriologi42
• 

3.4.3.2 16S rRNA gene sequencing and phylogenetic analysis 

The 16s rRNA gene sequences _ of the selected bacterial isolates were 

sequenced at National Centre for cell science (NCCS), Pune University, Pune, India. 

The BLAST search was performed for the l6s rRNA gene sequences of the selected 

bacterial isolates at the NCBI database using nucleotide BLAST. Subsequently, the 

l6s rRNA gene sequences of various bacterial strains· showing maximum similarity 

from the BLAST result were taken for phylogenetic analysis using Mega 5.1 version 

and nucleotide frequency count analysis using CLC Main work bench software. 

3.5 Detection and quantification of biosurfactant 

3.5.1 Cetyl trimethyl ammonium bromide (CT AB) agar test 

The bacterial strains were spread over the mineral salt medium containing 

CTAB (0.2 gr), methylene blue (5 mgT): agar (16 gr) as solidifying agent and 

0.1 % (v/v) n-hexadecane as sale source of carbon. Biosurfactant production could be 

detected by the formation of dark blue halos around the bacterial colonies270
• 
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3.5.2 Blood hemolysis agar test .' 

; i .. I ~ 

Hemolytic activity was detennined on nutrient blood agar media plates 

containing mammalian blood (goat blood). With the help of a sterile cork borer a 

single well of 6.0 mm diameter was made at the center of blood agar plate. An aliquot 

of 100 III of cell free culture supernatant was inoculated into the well and mcubated at 

3TC for 48 h. Hemolytic activity indicates complete lysis of red blood cells 

surrounding the well containing bacterial culture supernatant. The diameter of the 
, 

clear zone depends on the concentration of the biosurfactant produced by the 

bacteria270, 272 . 

3.5.3 Orcinol assay 

An aliquot of 0.5 ml of cell free culture supernatant was extracted twice with 1 
'" "-

. , 
ml of diethyl ether. The ether fraction was collected, allowed to dry under fume hood 

and dissolved in 0.5 ml H20. Sample was further diluted to 10-1 dilution in 0.19% .. 
orc~ol solution prepared in 53% (v/v) of conce~trated H2S04. The sample was then 

plac-;d in boilmg water for 30 min, cooled at room temperature for 15 min, and the 
... ..t ~... ~~ I ,,). -

absorbance at 421 nm was measured. Glycolipid concentration was calculated from a . , . 
stanaird curve prepared with L-rharnnose and expressed as rhamnolipid values by 

.. 'f ... 

multiplying rhamnose values with a coefficient of 3.4 obtained from the correlation of 

p~e ~hamnohpid/rhamnose343. 
:; ~ ... 

3.6 Isolation and purification of biosurfactant 

3.6.1 Isolation of biosurfactant 

The culture supernatant was first centntuged at ~,UUU rpm for 20 min at 4 °C to 

remo~e the bacterial cells. The cell free cUlhrre supernatant was then acidified to pH 2 
,.. 

with 6'N HCI and allowed to stand overnight at 4°C to precipitate the biosurfactant. 
- -

The precipitate was hanrested by centrifugation at 12,000 rpm for 15 min at 4°C. ,The 
~ Ir.. ,.., .. .....A.. t t .. ,;- >- .... • ~ ! A ~ ! 

recovered precipitate was extracted thrice with ethyl acetate at room temperature. The 

organic phase was collected in a round-bottom flask and connected to a rotary 

evaporator (Eyela, CCAS-II10, Rikakikai Co. Ltd., Tokyo) to remove the solvent. 
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The process yielded a viscous honey-colored residue.I.The residue was,then washed' 

twice with n-hexane to remove any residual n-hexadecane. Finally, the yellowish 

product was dissolved' in ethyl acetate, filtered, and concentrated using a rotary 

evaporator53, 344. It was weighted and expressed as g~I-I. 

3.6.2 Purification of biosurfactant 

Purification of the isolated crude biosurfactants was carried out using thin layer 

chromatography (TLC) with slight modifications. Briefly, aqueous slurry of silica gel 

60 was prepared and was used for making preparative thin layer chromatography 

(TLC) glass plates (20 x 20 cm). 2 g of crude biosurfactant was dissolved in 4 ml 

chloroform and loaded onto the activated TLC plates with the help of glass capillary . 
. l~; 

The purification was carried out using chloroform: methanol: H20 (65: 15:2, v/v/v) as 

mobile phase. After the competitions of the separation process the plates were exposed 
. . 

to the iodine vapour to make visible the separated fraction. The separated fraction.s 
. '., . \ .... ". 

were then collected by scrapping o~t the' separated fractions from the preparative 
~ • I I' • \ ~ 

plates. Fin'ally the separated compound was recovered from the silica gel by washing 
. . . :.\.' ,," 

the collected TLC fractions with chlorofoffil and methanol (2:1, v/v) through a glass 
.,;;,'r 

column. During the purification steps analytical TLC (using chloroform:, meth~nol: 
~. • t • { , ~ '.' '! ~ ., j. 

H20, 65:15:2 v/v/v as mobile phase) and the reduction in the surface tension of water 
• ;.. I I r 

by the separated TLC fraction was carried out to check the purity and surface activity 
\ . " 

of the isolated fractions. 

• 'i>,' ' .. 

3.7 Biochemical characterization of biosurfactant 

3.7.1 Quantification oftotal protein content 

• • f.' '."1 f f I, • ( ~. • •• : J , 

The to"tal protein content in the isolated biosurfactant samples was estimated by 
• • • • " • • I • :. I'~' ~ • ~ ~ ...... , '.' "': .... l. • ..... .' • ~ : r" 

standard Folin-Lowry method35 using bovine serum albumin (BSA) as standard. The .. 
"'..; .~"'.'j'" I .:). ~ • • !,... . '.: . ~. 

total protein content of Ul~known samples was calculated from the standard curve 

obtained by plotting optical density (OD660) ver~us ~~n~entr~ti~n ~fBSA (1 ~~.mCl). 
.' • • .'. •• or, ••• " 
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3, .. 7.2. Estimation" of total carbohydrate content· . 

, ... \ f':" 001 ~ • • I • '-I!; 1 

The total -carbohydrate content in the isolated biosurfactant samples was 

q~~tified by' st~dard phenol-sulphuric ~~id ~~~hod346 using D-'gluc~se as standarg. 

The carbohydrate content of the unknown samples was calculated from the standard 
,.;' . . '. , . 

curve obtained by plotting optical density (OD490) versus concentration of D-glucose 
", " , I . 

(0.1' mg.ml- ). 

3.7.3 Estimation of total lipid content 

The total lipid content in the isolated biosurfactant samples was estimated 

gr~~i~etrically ~sing standard p~~tocol ~f F~lch 'et al?47. Briefly, 50~g of isolated 
.'/1' ... :: • • •• .', • -

biosurfactant was homogenized with a chloroform-methanol mixture (2: 1, v/v). The 

crude e~tract was then mixed thoroughly with 1.0 ml of water and was allowed to 
, "~..'. 

separate into two distinct phases. The upper aqueous phase was removed with the help 

of a micropipett~. Finally, the lower organic phase was c?llected, dri~d and the total 
. . . . .. 

lipid content was determined gravimetrically. 

3.8 Physical characterization of biosurfactant 

3.8.1 Determination of reduction in surface and interfacial tension 

An aliquot of 5 ml culture broth was collected at a regular interval of 12 h for a 

period of 168 h to determine the reduction in surface tension. The culture· broth of 
. , 

each bacterial strain was centrifuged at 8,000 rpm for 15 .min at 4°C. The surface 

tension of the cell free culture supernatant. was. measured by using a digitalized 

tensiometer (Kriiss Tensiometre K9 ET/25) at 25±I°C. Before using the platinum ring, 

it was thoroughly washed three times with distilled water followed by acetone and 

then allowed to dry at room temp~rature59. "The interfacial tension was measured 

against diesel. Each experiment was repeated thrice for taking the average value. . 

3.8.2 Critical micelle concentration (CMC) and,critical micelle dilution (CMD) 
Ai 'L. ~ - • 

~ ~. • ~. pt. T" ;} I ~ .. Ii '.!<.\ .j:, J ' .'. 

' .... Critical micelle concentration (CMC) of the isolated biosurfact~nt sa!llples was 
~ . ~ .-. ~"!..... - : ... . . -(" ~ ~ .•.. ' , '. I 

determihed by 'measuring the surface tension of the aqueous biosurfactant solutions at 
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different dilution concentration~ upto the constant value of- surface tension. Further, 

the surface tension of aqueous piosurfactant samples was determined at their critical 

micelle dilutions of 10 and 100 times i.e., CMD-1 and CMD-2, respectively. For the 

calibration of the instrument tlle surface tension of the pure water was measured 

before each set of experiment. The platinum ring was washed thrice with distilled 

"'Wa.\e1 1.~\\~"'We~ 'D'J a.ce\~ne cm-t ~bft-'11 111mwt:b ~fu 'irry 1t~ "i'tRm1 4-renrpeiwUl"t. %,d\,71 

measurement was repeated thrice and average value was taken59,348. 

3.8.3 Foaming index 

An aliquot of 20 ml of the biosurfactant solution (lgrl) was transferred to a 

glass measuring cylinder of 50 rnl volume and compressed N2 gas was passed through 

the solution at a flow rate of 0.5 l.mi~-I for 2 min92. The foaming index of the 

biosurfactant was calculated after 24 h by using the following equation: 

( 
Height of the foam ) 

Foaming index (F24%) = Total height of the liquid+foam xl00 

3.8.4 Emulsification activity 

The emulsification index was measured using the standard method as 

described by Cooper and Goldeflberg266. Different hydrocarbons were used for testing 

the emulsification efficiency. 3 ml of the test hydrocarbon was added to "2 ml of cell 

free culture supernatant in a gla6S test tube and homogenized in a vortex at high'speed 

(~~ 1 ~\.~. 1'~~ ~~"O,~1,.t..\'Wb ~\'h.tllJ:f>* Wll.~ kf..p. lit. t:Qfl.JD& tr.nJIpJ:wlJ:f>. 'fro: 2.4. b& ~.d 

"-- emulsification index (E24) was calculated by the following formula: 

. ., 0 .Height of the el1!ulsi,oJ?, layer 
EmulsIficatIOn mdex (E24 Yo)= ttl h . ht f th . tur xl 00 o a eig 0 . e mIX e. I 

3.8.5 Determination of biosurf~ctant stability , 

Stability studies were c8rried out using cell free culture supernatant obtained 

, after centrifuging the bacterial cultures at 8,000 rpm for 15 min ,at 4°C. Aliquo.ts .of ] 0 
I • ~lr .... ... .. "" II • ." .. .-" J ~ I 

ml cell free 'culture supe~atant were subjected to 4°C. 25°C. 37°C. 50°C, 75 :~, ~OO°C 
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for 60 and 121·C for 30 min and cooled t6 room temperature after which the surface 

tension of the culture supernatant was measured at normal concentration, at CMD-1 

and CMD-2 and emulsification index against diesel was measured. To study the pH 

stability of the biosurfactant, the pH of,the culture supernatant was adjusted to 

different pH values (2-11) and the surface tension of the treated culture supernatant 

was measured at normal concentration, at CMD-1 and CMD-2 and emulsification 

index against diesel was measured. Similarly, the effect of NaCI concentration (1-5 

%) (w/v) on the surface tension of the culture supernatant at normal concentration, 

CMD-1 and CMD-2and emulsification activity was determined. To investigate the 

effect of metal ions on the surface activity, the culture supernatants of the bacterial 

strains were mixed with different metal ions ofK+, Ca2+, Mg2+, Fe2+ and At3+ (20,000 

mgj-I) separate~y. Changes in the surface tension of the culture supernatant at normal 

con~entration: CMD-1 and CMU-2 for each case were measured. In this study, the 

synthetic surfactant sodium dodecyl sulphate (SDS) was used as a standard. The 

assays were carried out in triplicates. 

3.8.6 Determination of cell surface hydrophobicity or BATH assay 

The cell, surface hydrophobicity of the bacterial cells was measured by using 

the, st~n~a~d procedure of Rosenberg et al.267
• Briefly, bacterial strains were grown on 

,,- . 
n-hexadecane (2% v/v) and glucose (2% w/v) separately in mineral salt medium . . 
(MSM). Bacterial cells were harvested from culture medium by centrifugation at 8,000 

\ ' 

rpm for 15 min at 4°C and washed twice in PUM buffer (Appendix I) and suspended 

in the same buffer to give an optical density of approximately 0.5-0.6 at 600 nm. The 

cell 'suspension (2.0 m!) with 0.5 m! of test hydrocarbon was vorlexed in a test tube 

vigorously for 3 min and allowed to settle down for 15 min at room temperature. The 

bottom aqueous phase was carefully removed and the optical density was measured at 

600 nm in a spectrophotometer. The cell surface hydrophobicity was expressed as the . , 

percentage of adherence to hydrocarbon and calculated by the following formula: 
• .. .. • .. 1 ,'" i " ' 

(
Optical density of the aqueous phase ') 

1- x 100 
Optical density of the i~itial cell suspension 
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3.9 Optimization of culture conditions fOl: biosurfactant production 

It. • '1 ~. 

3.9.1 Effect of different carbon sources on biosurfactant production 

Different carbon sources on the basis of their increasing complexity and 

hydrophobicity, including glucose, glycerol, vegetable oil (soyabean oil) and 

petroleum hydrocarbons (n-hexadecane, octadecane, diesel and crude oil) were 

screened to determine their effectiveness in biosurfactant production. After the 

completion of the fermentation, various parameters such as reduction in the surface 

tension, yield ofbiosurfactant and dry biomass were assessed. 

, 

Concentrations of the efficient carbon source 1.0, 1.5, 2.0, 2.5 and 3 % (w/v) 

were used to determine the optimum level of biosurfactant production by the bacterial 

strains. After the completion of the fermentation process, various parameters such as 
, 

reduction in the surface tension, yield ofbiosurfactant and dry biomass were assessed. 

3.9.2 Role of nitrogen sources on biosurfactant production J .. 1' .. 

Different organic and inorganic nitrogen sources were tested for their role on 

biosurfactant production which included beef extract, yeast extract, peptone, 

ammonium dihydrogen orthophosphate ~H2P04), urea (if2NCONH2), ammonium 

chloride (NH4CI), potassium nitrate (KN03), ammonium nitrate (NH4N03) and 

ammonium sulphate (NH4)2S04. The nitrogen sources were used in different 
, 

concentrations and combinations to determine their effect on the prod~ctio~ of, 

biosurfactant. After the completion of" fermentation, various I parameters such as 
... , r, ~.l r 

reduction' \ in 'the surface tension; yi~id 'of biosurfactant and dry biomass were 

determined. 

3.9.3 Effect .of macro and micro-nutrients on biosurfactant production 

Various concentrations or' m;cro~~tri~nts like Na' and K were added i~ the 

culture medium in the form of KH2P04 and Na2HP04 to determine their influence on 

the production of biosurfactant. Similarly, various concentrations of micronutrients - . , 
were prepared and added in the culture media. The micronutrient solution included 
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FeS04'7H20 (1000 Ilgr'), CuS04·5H20· (50llgr'), H3B03 (10 Ilgr\ MnS04 (10 

Ilg.l-'), ZnS04·7H20 (70 Ilgr') and Mo03 (10 Ilgr') (Appendix I). A control 

experiment was run simultaneously without supplying any of the micronutrients. With 

the completion of the fermentation process, various parameters, such as reduction in 
, . ~ 

the surface tension, yield of biosurfactant and dry biomass were determined. 

3.9.4 Effect of temperature on biosurfactant production 

To determine the effect of temperature on biosurfactant production, bacterial 

cultures were incubated at a temperature range from 30 to 42°C with shaking at 180 

rpm. On completion of fermentation process, various parameters such as reduction in 

the surface tension, yield ofbiosurfactant and dry biomass were detel111ined. 

3.9.5 Effect of pH on biosurfactant production 

To determine the effect of pH on the production of biosurfactants by the 

bacterial strains, the pH of the media were adjusted between pH 6.5-7.2 and the 

production of biosurfactants was observed with the assessment of parameters like 

reduction in the surface tension, yield of, biosurfactant and dry biomass were 

determined . . , 

3.9.'6'Effect of agitation (shaking) on bios'urfactant production 
i ~ .,. , , 

~_ . Erlenmeyer flasks of 250 ml volume containing 100 ml of mineral salt medium 

inocul.ated with the bacterial strains were used for the production of biosurfactant. The 

conical flasks were incubated in an orbital incubator shaker with the agitation rate set 

at 100, 120, 150, 180, 200 and 220 rpm to determine the impact of agitation on . . 
biosurfactant production. A flask without any agitation was maintained and considered 

to be at 0 rpm for mixing as the control. After the completion of the fermentation, 
~ '1 j; , 

parameters like reduction in the surface tension, yield of biosurfactant and dry biomass 

were determined. 
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3.9.7 Screening of low cost renewable carbon substrate I 

Different carbon substrates such as agro-inclusU:ial wastes, non-edible 

vegetable oils, kitchen wastes and petroleum refinery wastes were screened for their 

role in the production of biosurfactant. Agro-industrial wastes containing de-oiled 

mustard seed cakes, waste raw glycerol of biodiesel, waste residual molasses and 

sugarcane bagasse. Jatropa seed oil (Jatropha curcas), Nahor seed oil (Mesuaferrea), 

Castor seed oil (Ricinus communis), Pongamia seed oil (Pongamia glabra) and 

Sesame seed oil (Sesamum indicum) were selected as non-edible vegetable oils for the 

experiment. Waste residual kitchen oil and oily sludge produced by the petroleum 

refinery were also used for the purpose. With the completion of the fermentation 

process, parameters like reduction in surface tension, yield of biosurfactant and dry 

biomass were determined for each carbon substrate. 

3.10 Chemical characterization of biosurfactant 

3.10.1 Thin layer chromatography (TLC) 

The isolated biosurfactant samples were dissolved in chloroform to result a 

concentration of 0.3g.I- I
. An aliquot of 100 III of the biosurfactant solution was' 

applied on 20x20 em TLC plates (TLC Silica gel 60 F254, Merck, India). The plates 

were developed in a solvent system consisting of chloroform: methanol: acetic acid 

(65:10:2, v/v/v). For detecting the carbohydrate components in the separated fr~ction, 

the TLC plates ,were sprayed with anthrone reagent prepared in concentrated H2S04. 

For the detection of lipid components, the TLC plates were exposed to the 'iodine 

fume. Pres(,(nce of protein or amino acid components in the separated fractions was 

determined by spraying the TLC plates with ninhydrin solution279
, 349. 

I' • 

3.10.2 Fourier transform infrared spectroscopy (FTIR) 

For elucidating the chemical bonds or the functional groups present, the 

isolated biosurfactant samples were SUbjected to FTIR analysis. The lyophilized 

biosurfactant sample of 1.0 mg was ground with 1.0 g ofKBr and pressed with 7,500 

kg for 30 s to result in a translucent KBr pellet. The IR spectra of the samples were 
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recorded on a Nicolos Impact I 410, FTIR system, USA, with a spectral resolution and 

wave number accuracy of 4 and 0.01 cm- I respectively and 32 scans with correlation 

for atmospheric C02
350

. 

3.10.3 Liquid chromatography and mass spectroscopy (LC-MS) 

Rhamnolipid mixtures were separated from the isolated biosurfactant samples 

and identified by LC-MS. Biosurfactants isolated from the bacterial strains OBPI and 

OBP2 were characterized using a UPLC-ESI-MS (Waters) while the biosurfactants 

from the bacterial strains OBP3 and OBP4 were characterized using LC-MS-MS 

(Agilent 6520). Samples were prepared by diluting with methanol at a concentration of 

10 .rug rl; 100 ~l of the same was injected into a C8 WP-300 (5 ~m) 150x4.6 mm 

column. The LC flow rate was 1:0 ml.min ~I. For the mobile phase an acetonitrile

water gradient was used; starting with 30% of acetonitrile for 4 min, followed by 30-

100% acetonitrile for 40 min then standby for 5 min and return to the initial condition. 

MS was performed with a single quadrupole mass spectrometer, equipped with a 
• l~ I 1 ~... • 

pneumatically assisted electrospr:ay (ES) source and negative ion mode was used. The 
, 

capillary was held at a potential of -3.5 KV and extraction voltage at -75 V. Full scan 

data were obtained by scanning from rnJz 100 to 750 in the centroid mode using scan 

duration of2.0 s and an inter-scan time of 0.2 S84. 

3.10.4 Thermogravimetric analysis (TGA) 

The thermal stability and decomposition profile of the biosurfactant samples 
". 

were detennined by using a thermogravimetric analyzer (Shimadzu TGA-50, Japan) 

ope~at~d at a heating rate of lO°C.min-1 under nitrogen flow rate of 30·ml.min -I. The 
. " . " .,'. ... 

biosurfactant samples were heated from ~O to 600°C 
,. . 

3.10.5 Differential scanning calorimetry (DSC) 

. . 
Differential Scanning Calorimetry (DSC) was used to assess the thermal 
. . 

properties of biosurfactant samples. 10 mg of dried biosurfactant was weighed into the 
_ •• ~ ~ ,,,, - • ~. " J. 

aluminum pans and sealed hermitically prior to analysis. Sample was then heated at 10 

°C.min -I under a dry nitrogen purge (50 ml.min -I) from 30°C-400°C. Analysis of data 
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for obtaining the onset peak and melting temperature as well as enthalpy was carried 

out using the universal V3.5 BTA instrument software. The melting temperature (T m) 

was determined from the differential scanning calorimetry (DSC) endotherms. 

3.11 Application of bacterial strains and biosurfactants in bioremediation 

3.11.1 Reduction of viscosity by the biosurfactant 

The culture broths of the bacterial strains after 4 weeks of incubation with 

crude oil were extracted thrice with the equal volume of dichloromethane, dried over 

anhydrous sodium sulphate, filtered and concentrated in vaccum. Viscosity 

measurement was performed on Ostwald viscometers, which allows the determination 

of viscosity of the control/treated crude oil. All determinations were carried out at 25 

°C using a concentration of 1 mg.m rl of the extracted crude oil dissolved in hexane. 

3.11.2 Solubilization of polyaromatic hydrocarbon (PAH) by biosurfactants 

The solubilization assay was carried out as described by Barkay et al.297
• Three 

polyaromatic hydrocarbons (PAH) anthracene, phenanthrene and naphthalene were 

selected. Stock solution of all the three PAHs (6 mg.mrl) were prepared in hexane. 

From the stock, I III was distributed in glass test tubes so as to achieve 0.61lg PAH in 

each. The test tubes were kept open in a fume hood to remove the solvent. This was 

followed by addition of 3.0 ml of assay buffer (20 mM Tris-HCI, pH 7.0) and 1.0 ml 

of biosurfactant solution in the increasing concentrations (l00-800 Ilgrl) were added 

to the above test tubes. Test tubes were capped and incubated overnight at 30°Cin an 

orbital incubator shaker at 150 rpm in dark. The solutions in the test tubes were 

filtered through membrane filter (pore size 1.2 Ilm) and 2.0 ml of the filtrate was 

extracted with equal volume of hexane. The resulting mixture of filtrate and 

hexadecane was centrifuged at 10,000 rpm for 10 min to separate the aqueous and 

hexane phase. PAHs in the hexane extracts were measured spectrophotometrically at 

250,253, and 273nm297
• Test tubes containing the assay buffer with PAHs but without 

biosurfactant served as the positive control while test tubes with assay buffer and 
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biosurfactant, but without PAHs were used as blank. All experiments were performed 

in triplicates. 

3.11.3 Degradation of petroleum products 

3.11.3.1 Assay on residual petroleum 

Verification experiment of hydrocarbon degradation was carried out on the 

residual petroleum products by using combined solvent extraction and column 

chromatographic techniques as described by Queiroga et al. 351
• The residual crude oil 

were separated from the culture broth with the help of glass separating funnel and 

were recovered by washing twice with 30 ml of hexane, dried over anhydrous sodium 

sulfate, filtered and concentrated in vacuum. Residual petroleum product 100 mg was 

fractionated on a chromatographic column (1.2 mmx30 cm) packed with 6.0 g silica 

gel (60-80 mesh size) and saturated with hexane for overnight period. The aliphatic 

hydrocarbons were eluted with 30 ml of hexane, aromatic hydrocarbons with 30 ml of 

hexane-diethyl ether mixture solution (9: I, v/v) and resins and asphaltenes with 30 ml 

of chloroform-methanol-water mixture solution (21:8.4:0.6, v/v/v). All the three 

extracts were dried at room temperature over anhydrous sodium sulphate and 

concentrated in vacuum. The residual hydrocarbon components were determined by 

measuring the weight of the dry extract. The pattern of biodegradation and abiotic loss 

were evaluated by comparing their weights against the control samples as well as the 

fresh weight of petroleum products. 

3.11.3.2 Gas chromatographic (Ge) ~na~ysis of degraded petroleum products 

The saturated hydrocarbons were analyzed Llsing a PerkinElmer gas 

chromatograph-mass spectrometer (GC-MS; model CP-3800 gas chromatograph and 

Saturn 2200 mass spectrometer, Varian Technologies Japan, Inc.) equipped with a 

capillary column (TC-I, length 30 m, ID 0.25 mm, film thickness 0.1 1m) obtained 

from GL Science. ~or crude oil analysis, column temperature was first held at 50 DC 

for 5 min, and then raised to 280°C. All analyses were carried out with the split ratio 
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of 20: 1. Helium was used as the carrier gas with a flow rate of 0.8 ml.min -I.- Injector. I 

temperature was set at 250°C. 

3.11.3 Release of oil from sand pack column 

The suitability of the isolated biosurfactant in microbial enhanced oil recovery 

(MEOR) was evaluated using the sand pack technique as described by Suthar et al.lOo. 

Glass column of 20 mm x 25 mm x 85 mm dimensions with a sieve (1 00 ~ pore 

size) was packed with 150 g of acid washed sand of 140llm particle size. The column 

was then saturated with 50 ml of crude oil supplied by ONGC, Assam, and India 

having a density of 0.86 g.cc- I at 15°C. A volume of 50 ml aqueous biosurfactant 

solution was pumped into the column and the amount of oil released was measured. 

Similarly, cell free culture supernatant of the bacterial strain was also used the 

recovery process. To determine the influence of temperature on- the recovery process, 

the experiment was carried out at room temperature, 50, 70 and 90°C. Sand pack 

column saturated with crude oil without the addition of aqueous biosurfactant was 

kept as control. The mean and standard deviation of triplicates for each treatment were 

calculated. 

3.11.4 Soil washing experiment 

Dried acid washed sand was mixed with crude oil (10%, w/w) and left at room 

temperature for 12 d~ys. The crude oil contaminated sand samples weighing 20 g ~a,s 

transferred to each of 250 ml Erlenmeyer flasks containing 100 ml of aqueous 

biosurfactant solution at various concentrations (0.001, 0.005, 0.007, 0.01 and 0.1 % 
f 

w/v) and kept at 150 rpm for 24 h at room temperature. Similarly, the cell free culture 

supernatants of the bacterial strains were used in place of piosurfactant solution. The 

contaminated sand samples were separated, dried and washed twice with 
.. I •• j -. ..... \ -

dichloromethane. The solvent part was removed and the residual oil was determined 
i' • ! ~ 

gravimetrically. The percentage of oil removed was calculated using the equation: 

, (Oi-Or) < 

Crude oil removed (%)= Oi xl 00% 
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Where, Oi is the initial oil in the sand sample (g) before washing and Or is the oil 

remaining in the sand sample (g) after washing306. The mean and standard deviation of 

triplicates for each treatment were calculated. 

3.11.5 Separation of residual crude oil from petroleum sludge 

The petroleum sludge was mixed with acid washed sterile sand to achieve the 

sludge concentration between 1-9% (w/w). The sludge samples weighing 20 g of the 

five concentrations were transferred to 250 ml Erlenmeyer flasks containing 100 ml of 

aqueous biosurfactant solution (0.001, 0.01 and 0.1 % w/v) separately and kept at 

constant shaking (100-180 rpm) between 3-18 days at room temperature. After the 

treatment, the culture flasks were allowed to settle for few hours and the treated sludge 

samples were recovered. The total petroleum hydrocarbon (TPH) of the sludge sample 

after treatment was estimated and expressed as residual TPH. Flask receiving sludge 

sample with only water was kept as control l13
. 

3.12 Biological activity of biosurfactants 

3.12.1 Effect on seed germinations 

The phytotoxicity of the isolated biosurfactant samples was evaluated in static 

test by seed germination and root elongation as described by Tiquia et al.353
. The 

isolated biosurfactant samples were dissolved in water at three different concentrations 

i.e. below CMC, at CMC and above CMC. The bioassay was determined in 50 ml 

glass Petri dish containing Whattman No.1 filter paper. Mung bean (Vigna radiate) as 

dicotyledonous and rice (Oryza sativa) as monocotyledonous plant were selected for 

the bioassay. The seeds were pre-treated with 0.1 % (w/v) HgCh solution and 10 seeds 

were transferred into each Petri dish which was inoculated with 5 ml of the test 

biosurfactant solution at 25±2°C. After 3-7 days of incubation in dark, the germination 

of s~ed, root elongation (~5mm) and germination index (GI) were ·determined as 

follows: 

(~uinbers of seed germinate in the extract) 
Relative seed gennination (%)=. b 'd . . h 1 xl 00 

, . ' . . num er see s germmate m t e contra 
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, '. .. . .,' (mean root length in the extract,) 'i' .' ' 
'RelatIve root length' (%)= . . ' : ' x roo 

meap root length III th.e, extract , " , 
. . , . , ~ '.' (, . . . .. . .. 

G wth ~ ((
C% of seed germination)x(% of root grOwth»)' 

ro ex (GI) %)= 
. 100% 

Petri dishes containing the seeds and water were kept as controls. The mean 
. , . •... I: '._ . " .. 

and standard deviation of triplicate samples from each concentration were calculated., , 
, .,.' • '..::', • ';. • _ " _ I , • ~, • • 

3.12.2 For insect larvicidal activity 

The mosquito larvicidal activity of the isolated biosurfactant samples was , . ~. 

evaluated against the third instar larvae of Aedes albopictus using the standard 

protocol approved by Worici Health Or~~niz~ti~n (WHO)35~. The l~~a~. use.d in' ~h~ 
• • • ..' • .' ~ ~ ',' - • ,I 

bioassay were obtained from the mosquito rearing facility section of the Defense 
. • •• .' • • • .' .., ~ . .'.... .,. • ... .. ~ I : ..,/ I., \ • 

Research Laboratory, Tezpur, India. A total of 20 numbers ()f larvae per replicate were, . . ~. ,-' , '. .' ., . \ ~~ 

transferred to 250 ml glass beakers containing 200 ml of distilled water. The 

biosurfactant samples were dissolved in ethanol ('2: 99%, Merck) and added· to the' 

beakers at concentrations ranging from 100-1500 mg,Cl. For each concentration three 
. . ", 

replicates were made.' The beakers with larvae and water were kept as negative 

controL The same procedure was also used for determining the larvicidal property of 

cell free culture supernatant of the P. aeruginosa strains. The numbers of larvae killed 

were counted, after 24 h, followed by counting the number of live larvae in each 

beaker. The mean and standard deviation of triplicates for each treatment were 

calculated. ' , 

'; -. [, 

3.12.3 For antimicrobial activity 

The bacterial' and fungal strains used in the research work were obtained' ' . 

from the Department of Molecular biology and' Biotechnology, Tezpur, -Assam, India' 

and, Department of Plant Pathology, A.ssam Agricultufal University, Jo~h~t; Assam, 

India, respectively. The studied bacterial strains were Escherichia coli (MTCC '40), 

" Escherichia coli (MGI655), Bacillus subtiUs (MTCC 121), Bacillus subtilis (MTCC 

441), Staphyl~co~cus ~~reus (MTCC"737)',~'Staph;ioc~ccJi!aureus' (MTCe :3'1(0), 
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Klebsiella pneumoniae (MTCG 618), Pseudomonas aeruginosa (MTCC 7815) and 

Pseudomonas diminuta (AUs).The fungal strains used in the investigation include 

Candida albicans (MTCC 227), Fusarium oxysporium (MTCC 284), Aspergillus 

niger (AUs), Colletotrichum capaci (AUs) and Alternaria solani (AUs). The 

antibacterial activity of biosurfactant was evaluated by well diffusion method355
. 

Briefly, 200 III of the log phase culture of the test microbes (107-108 cells as per 

McFarland standard) were seeded on the surface of the Mueller Hinton agar medium 

using a micropipette and spread over the medium uniformly using a sterile glass 

spreader. With the help of a sterile cork borer wells having 6 mm diameter each were 

made on Mueller Hinton agar (MHA) plates. The biosurfactant samples were 

dissolved in sterilized DMSO (l0% v/v) and introduced into one of the wells. As the 

presence of 10% DMSO (v/v) had no detectable effect on bacterial growth, 

compounds at concentrations of 10 mg.ml- l were prepared in 10% DMSO (v/v). 

Streptomycin SUlphate (1 mg.me l
) was taken as a positive control and 10% DMSO 

(v/v) as negative one. After the incubation of the plates at 37°C for overnight period, 

microbial growth was determined by measuring the diameter of inhijJition zone using 

a transparent metric ruler. For antifungal investigation, the fungal strains 

(O.5-2.5 x l06.mrl
) were grown on Sabouraud dextrose agar (SDA). Biosurfactant 

solution was introduced into the wells in the similar manner as described for bacteria. 

After incubation for 36 h at 25°C, the growth was determined by measuring the 

diameter of inhibition zone. Nystatin (lmg.mr l
) was used as positive while 10% 

DMSO (v/v) was kept as negative control. 

The microbroth dilution method was performed to determine the minimum 

inhibitory concentration (MIC). The dissolved rharnnolipid solution was diluted to a 

series of tenfold in Luria Bertani (LB) broth, seeded in a 96-well culture plate, and . . 
then inoculated with a fresh bacterial inoculum. Inoculated microplates were incubated 

-
at 37°C for 24 h. In case of fungi, the rharnnolipid solution was diluted in Sabouraud 

dextros~ (SD) broth and the plates were incubat~d at 25°C for 24 h. Each biosurfactant 

con~ent~ation was tested in dupli~ates for each organism. Two wells containing 

suspension test organism with no drug (growth control) and 2 wells containing only 
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media (background control) were included in the microtitre plate. The viability of the 

treated cells was determined by MIT . (3-[ 4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium) assay and the absorbance was measured at 570 nm and 405 nm 

using a microtitre plate reader (Bio-Rad Model 680; Hercules, California) for bacterial 

and fungal strains respectively. The MIC was determined as the lowest concentration 

of biosurfactant required to inhibit the growth of each organism. The mean and 

standard deviation of triplicates for each treatment were calculated. 

3.12.4 Determination of cherno-attractant propertY of biosurfactant 

The chemotaxis property of the biosurfactant samples was examined by using 

Chemical Gradient Motility Agar (CGMA) method as described by Garg and 

Kanitkar356
• Motility agar medium (MAM) containing 0.7% agar was used for the 

assay (Appendix I). After the solidification of the medium, three long rectangular 

wells were made. The well present on the right and left side were loaded with 

rhamnolipid (0.5%, w/v) and streptomycin (Img.ml-'), respectively and kept 

undisturbed for 60 min at room temperature. The well present at the center was loaded 

with 100 III of the fresh overnight grown test bacterial culture and incubated at 37°C 

for 24 h. 5% (w/v) glucose was used as a positive control because it has an excellent 

chemo-attractant property. The biosurfactant (rhamnolipid) used in the present 

investigation was isolated from P. aeruginosa OBPI because this strain showed the 

highest antimicrobial property among the four selected bacterial strains of 

P. aeruginosa. 

3.12.5 Assessment of cell cytotoxicity of the isolated biosurfactants 

Primary mouse connective tissue cell line (L929) was obtained from the 

National Centre for Cell Science (Pune, India). The cells were maintained in 

Dulbecco's minimum essential medium (DMEM) containing 2 mMr' glutamine, 1.5 

gr' sodium bicarbonate (NaHC03), 0.1 mM non-essential amino acids, and 1.0 mM 

sodium pyruvate, supplemented with 10% (v/v) fetal bovine serum and 1 % antibiotic 

antimycotic solution (1000 D.mr' penici!lin G, 10 mg.mr' streptomycin sulfate, 5 

68 



Materials and Methods 

mg.ml-1 gentamicin and 25 Ilg.ml-1 amphotericin 8). Cells were maintained at 37°C in 

a saturated-humidity atmosphere containing air 95% /5% CO2• 

A simple, non-radioactive and colorimetric MTT (3-[4, 5-dimethylthia-zole-2-

yl]-2, 5-diphe~yl tetrazolium bromide) dye conversion assay was used357 to 

quantitatively measure the cell toxicity, For MTT assay viability studies, mouse 

fibroblast cell line L929 was cultured at a density of 1 xl 04 cells per well in a 100 III 

volume of cell culture medium (DMEM supplemented with 10% fetal bovine serum) 

in a 96-well cell culture plate. After 24 h, cultured cells were treated with a series of 

different biosurfactant concentrations (l0, 20, 30, 40, 50, 60, 70, 80, 90 and 100 

Ilg.ml-1) of OBPl, OBP2, OBP3 and OBP4 dispersed in 100 III per well DMEM 

without serum and phenol red, and incubated further for 4 hours with MTT dye. After 

the incubation, an aliquot of 100 III of dimethylsulfoxide (DMSO) was added to each 

well to dissolve blue formazan precipitate, and absorbance was measured at 570 nm 

using a microtitre plate reader (Bio-Rad Model 680; Hercules, California). The cell 

viability was expressed as a percentage of the control by the following equation: 

N 
Viability %= N: xl 00 

Where, Nt is the absorbance of the compound treated cells and Nc is the 

absorbance of the untreated cells. All experiments were performed in quadruplets. 

3.12.6 Acute dermal toxicity test 

The primary skin irritation potential of isolated biosurfactants was studied on 

rabbits. The isolated biosurfactant samples were dissolved in ethanol (~99%, Merck) 

at a concentration of lmg.ml-1and were evenly applied to the shaved skin of the 

rabbits under a patch. After the treatment of 24 h, the patch was removed and the 

compound applied site was wiped off with distilled water to remove the residual test 

substance. Treated skin sites of the animals were examined for erythema, edema and 

eschar at 72 h after the application of the test compound. The blood samples were also 

collected from the test animals at 72 h to determine the biochemical ~hanges in the 
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blood after the application of the test compound358
, 359. All experiments were 

performed in quadruplets. 

3.12.7 Biodegradation of biosurfactant 

The biodegradation assay of the isolated biosurfactants was carried out using 

the procedure of by Zeng et al.36o
• The experiment was carried out in 250 rol 

Erlenmeyer flasks containing 100 ml of culture media consisting of ~Cl (1.0 g), 

K2HP04 (1.0 g), KH2P04 (1.0 g), MgS04.7H20 (0.05 g), CaCh (0.02 g), FeS04.7H20 

(250 Ilg), glucose (1.0 g) and biosurfactant sample (1.0 g). The pH of the culture 

medium was adjusted to 7.2 and sterilized by autoc1aving at 121°C for 15 min. Gram

negative bacteria Pseudomonas aeruginosa (MTCC 8165) and Gram-positive bacteria 

Bacillus circulans (MTCC8167) were selected for the biodegradation assay. Pure 

cultures of the bacterial strains were prepared using Luria Bertani (LB) broth and 

incubated overnight in an orbital incubator shaker at 37°C with 180 rpm. An alIquot 

of 100 III of overnight grown culture broth containing 1 x 108 ml-I cells (as .calculated 

from McFarland turbidity method) was inoculated to the 250 ml volume Erlenmeyer 

flask containing 100 ml of mineral salt medium (MSM). The degradation experiment 

was carried out at 37°C in an orbital incubator shaker at 180 rpm. For analytical use, 2 

ml of the culture broth was removed from culture flask at time intervals of 24 h. After 

centrifuged at 8,000 rpm for 15 min, the cell free culture supernatant was separated 

and used for the detelmination of rhamnolipid concentration by u5ing orcinol as 

described by Chandrasekaran and Bemiller343. 

The top surface soil was collected from the Departmental garden and 

distributed equally in several earthen pots. Rh'!,qmolipid solution was added into the 

earthen pots and the ratio of soil and rhamnolipid was adjusted to 800: 1 (w:w). Water 
I , • 

was added to earthen pots and the water content was adjusted to about 60%. The 
, 

earthen pots were kept open air in a shed. The water content in the earthen pots was 
! 

determined at an interval of 24 h and was maintained between 50-60% with fresh 

sprinkling. For analytIcal use, the soil sample was mixed up with water at the ratIO of 
, 

1 :20 and incubated on an orbItal incubator shaker at 100 rpm for 30 min untIl the 
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suspension was formed. The residual suspension was centrifuged at 8,000 rpm for 15 

min. to recover the supernatant and used for the determination of rhamnolipid content 

using the standard procedure as described above. Each experiment was repeated thrice 

to determine the mean and standard deviation. 

, -
3.13 Application of biosurfactant in nanotechnology 

3.13.1a Biosurfactant assisted synthesis of iron oxide nanocrystals (lONRLs) 

IONRLs were prepared using the protocol as described by Konwarh et al?6l 

with slight modification. Briefly, 0.1 M FeCh·4H20 (2:99.0%, BDH) solution in 50:50 
. 

(v/v) Millipore water: methanol containing 2% (w/v) biosurfactant of bacterial strain 

OBP 1 was subjected to sonication for 3 min with 60% amplitude. and 0.5 cycles 

instead of constant magnetic stirring, as reported previously. 1.0 M NaOH (Merck) 

solution was added drop wise to the above mixture with constant stirring at room 

temperature till pH 8.4 was attained. Addition of 3% (v/v) H20 2 (Ranbaxy) to the 

resultant dark green suspension yielded a black dispersion that was attracted by a 

permanent magnet. The mixture was then subjected to sonication at the same 

parameters mentioned previously. After separating the BIONPs by centrifugal 

decantation, they were washed with distilled water followed by washing with acetone 

and re-dispersion in water 

3.13.1b Characterization of IONRLs 

Water-dispersed iron oxide nanopartic1es were casted on carbon-coated copper 

grids and their morphology was observed using a lEOL, lEM 2100 transmission 

electron microscope (TEM) at an operating voltage of 200 KV. 

3.13.2a Biosurfactant assisted synthesis of silver nanoparticles (SNP) 

The rhamnolipid (RL) produced by P. aeruginosa OBPI was dispersed in 

distilled water at its CMC concentration (45.0 mgT l
). The SNP was synthesized in 

the RL dispersed distilled water following the method as described by Phukon et al. 362. 

Briefly, 30 ml of RL (45.0 mgTl) solution was taken in a 250 ml Erlenmeyer flask 
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and sodium borohydride (NaBH4) was dissolved into the solution to get a 

concentration of 0.002 M. The Erlenmeyer flask was placed into an ice bath and was 

allowed to cool for 20 min. The assembly was stirred gently using a magnetic stirrer. 

Now, 10 ml 0.001 M AgN03 solution was added drop wise, about 1 drop per second, 

until the whole amount was used up. After the addition of the AgN03, the solution 

turned light yellow in colour and the silver nanoparticles (SNP) were synthesized in 

the RL solution. 

3.13.2b Characterization of SNP/SNP-RL 

The morphology and size of the particles were investigated by scanning 

electron microscopy (SEM) using model no. JSM-6390L V of JEOL, Japan. The 

samples were directly observed under SEM without platinum or gold coating. 

Transmission electron microscopy (TEM) analysis was done using a 200 KV system 

of JEOL JEM 2100, Japan. 

3.13.3c Possible protection of silver nanoparticles against salt using rhamnolipid 

The SNPRL colloid was subjected to UV-visible scan (Thermo Scientific, UV-

10 model) from 300 to 700 nm at 0, 10, 16, 22, 27, 32 and 33 days interval from the 

day of synthesis. After finding the SNPRL colloid s~mples to be stable for more than I, 

month, they were exposed to 0, 2, 20, 60 mg NaCl.mrl of the colloid. A freshly 

prepared SNP negative control was also put in contact with 2 mg NaCI ml-Iof the 

colloid. All spectra were recorded with a gap of 5 min between NaCI addition and 

d· 122 spectra recor mg . 

3.13.3d Determination of antibacterial property of SNP/SNP-RL and IONIION

RL 

The agar well diffusion method was used for the determination of antibacterial 

activities of the IONRL, SNPRL, ION, SNP and RL. The rhamnolipid (RL) used in . 
the present investigation was isolated from P. aeruginosa OBPI strain. The tested 

bacterial strains, Staphylococcus aureus (MTCC 3160), Escherichia coli (MTCC 40), 

Pseudomonas aeruginosa (MTCC 8163) and Bacillus subtilis (MTCC 441) were 

72 



Materials and Methods 

grown on Mueller-Hinton agar plate. Wells were made with the help of sterile cork 

borer and 100 J.ll of SNPRL, SNP and RL along with positive control streptomycin 

(lmg.ml- I
) were added. The plates were incubated at 3TC for 24 h and the observed 

zones of inhibition were measured using transparent metric ruler. The mean and 

standard deviation of triplicates data from each sample were calculated. 

3.14 Industrial applications of biosurfactants and producing bacteria 

3.14.1 Application of biosurfactant in synthesis of bis-uracil derivatives 

The rhamnolipid (RL) produced by P. aeruginosa OBP) was dispersed in 

distilled water at its CMC (45 mgr l
). 6-[(dimethylamino) -methylene]1,3-

aminouracil (210 mg, 1 mM) was added to the 8 ml of the above biosurfactant solution 

in a 100 ml round-bottomed flask and the mixture was stirred at room temperature 

until all the 6-[(dimethylamino)methylene]1,3-aminouracil got dissolved. To the 

above mixture 15% (w/v) of p-toluenesulfonic acid (PTSA) was added to enhance the 

organic chemical reaction. Further, benzaldehyde (108 mg, 1 mmol) was added drop 

wise to the above mixture solution with constant stirring at room temperature and the 

product was formed within 5-10 min. The product was separated from the reaction 

mixture through TLC, dissolved in distilled ethanol (~98%) and warmed. The ethanol 

solution of the product was then filtered, allowed to cool and evaporated at room 

temperature to obtain the square shaped yellow shining transparent crystal product. 

The crystals were collected, dried and stored in glass vials for further characterization. 

The same procedure was followed for the synthesis of other derivatives of bis-uracil. 

For comparison, the same experiment was conducted in water with the addition of 

biosurfactant. Reaction schemes are given inAppendix I. 

3.14.2 Use of biosurfactant producing bacteria in the degradation of modified 

hyperbranched epoxy/OMMT clay nanocomposites 

Mineral salt medium (MSM) was used for assessing the biodegradation of 

modified hyperbranched epoxy/OMMT clay nanocomposites as described by Dutta et 

a1.363
. Vegetable oil based branched polyester modified hyperbranched epoxy 
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nanocomposites were prepared with organically modified montmorillonite' clay 

(OMMT) at different clay loadings (1, 2.5 and 5 wt % with respect to the total amount 

of resin) by the Department of Chemical Sciences, Tezpur University, Tezpur, Assam. 

The prepared nanocomposite films were introduced into the sterilized mineral salt 

medium (MSM) under the laminar air hood. The biosurfactant producing bacterial 

strain P. aeruginosa (OBPl) was selected for the biodegradation assay. The 

nanocomposite films were the only sole carbon source in the culture medium required 

for the growth of the bacterial strain. An aliquot of 100 lil of overnight grown culture 

both containing 1 x 1 08 ml-1 cells (as calculated from McFarland turbidity method) was 

inoculated to the 250 ml volume Erlenmeyer flask containing 100 ml of mineral salt 

medium (MSM). The culture flasks were kept at 3TC with 180 rpm on an orbital 

incubator shaker for 5 weeks. The growth of the bacterial strain was monitored by 

measuring the optical density at 630 nm at a time interval of 7 days. Culture media 

without any polymer film was kept as control. 

3.15 Statistical analysis 

Data collected represent the mean of at least three replications and the error 

bars indicate the standard deviations. The analyses were carried out using Microsoft 

Excel Software, version 2000 (Microsoft Corporation). 
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Chapter IV 
Results 

4.1 Isolation of potential biosurfactant producing bacteria capable of utilizing 

hydrocarbon from the environmental samples 

The environmental samples consist of crude oil-contaminated soils of oil 

fields, petroleum sludge and waste residual crude oil dumping sites from ONGC, 

Jorhat, Assam; petroleum _ sludge from the oil fields of ONGC, Sibsagar, Assam; 

contaminated soil samples from the different oil depots of Tezpur, Assam. The 

bl)Cterial strains were isolated from the above mentioned environmental samples using 

both the enrichment and direct plate culture techniques. A total of 52 culturable 

isolates were obtained based on distinctly different colony morphology as shown in 

Table 4.]. 

Table 4.1. Morphological characters of bacterial isolates obtained from crude oil

contaminated samples 

Sf. Bacterial Size Pigment Form Margin Elevation 
No isolates 
1 JB08S11 Large Green Irregular Lobate Flat 
2 JB08S12 Large White Circular Entire Flat 
3 JB08S13 Large Yellow Circular Undulate Flat 
4 JB08S14 Moderate White Circular Entire Raised 
5 J808S15 Moderate White Irregular Lobate Raised 

6 J808S16 Small White Circular Entire Raised 

7 J808S17 Small Light yellow Circular Entire Raised 
8 J808S18 Small White Circular Entire Flat 
9 J808S21 Large Light yellow Irregular Lobate Flat 
10 JB08S22 Large White Circular Undulate Flat 
11 J808S23 Small White Circular Entire Raised 
12 J808S24 Small White Irregular Lobate Flat 
13 J808S25 Pin point White Circular Entire Raised 
14 JB08S31 Large Yellow Circular Entire Convex 
15 JB08S32 Large White Circular Entire Raised 
16 JB08S33 Large Green Circular Undulate Flat 
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17 JB08S34 Large Yellow Irregular Lobate Flat 

18 JB08PS35 Moderate White Irregular Lobate Raised 
19 JB08PS36 Moderate White Irregular Lobate Raised 

20 JB08PS37 Moderate White Circular Entire Raised 

21 JB08PS38 Moderate Green Circular Serrate Raised 
12 JB08PS39 Pin point White Circular Entire Flat 

23 JB08PS41 Moderate White Circular Undulate Flat 
24 JB08PS42 Pin point White Circular Entire Raised 

25 JBIOODll Large Light yellow Irregular Lobate Flat 

26 JBlOODJ2 Large White Rhizoid FiJamentous Flat 

27 JBlOODJ3 Moderate Yellow Irregular Lobate Raised 

28 JBlOODI4 Moderate White Irregular Entire Raised 

29 JBlOODI5 Small White Circular Serrate Convex 

30 JBlOOD21 Large White Circular Entire Flat 

3J JBlOOD22 Large Yellow Irregular Lobate Raised 

32 JB100D23 Moderate White Circular Entire Raised 

33 JBlOOD24 Moderate Yellow Circular Entire Convex 

34 JBtOOD25 Pin point White Circular Lobate Raised 

35 SlOPSSll Large Light yellow Rhizoid Filamentous Flat 

36 SlOPSS12 Large White Circular Entire Corivex 

37 SIOPSS13 Moderate White Circular Entire Convex 

38 SlOPSS14 Moderate Yellow Circular Undulate Flat 

39 SlOPSS15 Moderate White Circular Entire Raised 

40 SlOPSS16 Small White Circular Serrate Flat 

41 SlOPSS17 Small Yellow Circular Entire Raised 

42 SlOPSS21 Large White Circular Serrate Raised 

43 SlOPSS22 Large White Irregular Lobate Flat 

44 S10PSS23 Moderate White Circular Entire Convex 

45 S10PSS24 Small Green Circular Entire Flat 

46 S10PSS25 Pin point Green Circular Entire Flat 

47 TllPSll Moderate White Circular Entire Flat 

48 TllPSl2 Moderate White Circular Serrate Flat 

49 TllPS21 Large Green Circular Entire Flat 

50 TIIPS22 Small Yellow Circular Entire Raised 

51 TllPS23 Small Yellow Circular Entire Raised 

52 TllPS24 Pin point White Circular Entire Raised 

76 



Results 

The ,bact~ri~,l isolates were further re-,cuIJu~ed to obtain the pure colonies of 

each individual strain and maintained in nutrienfplates and also in stab agar cultures at 

4°C. The bacterial isolates were sub-cultured. at an inte~al of 30 days in nutrient broth 

agar. For long term maintenance, the bacteria'l isolate's were preserved in 15% (w/v) 
1 • ~ ;~ 

glycerol and stored at -70°C. '. " 

t • JI
1 

! ' 

After th~ initial screening at 37°C, all 52 bacterial strains were re-cultured in 
!.' .. t 

100 'ml mineral salt medium supplemented with ,1 % (v/v) of n-hexadecane as the sole 

source of carbon and incub~te~ at 37°C for 7 days at a constant rpm of 150. After the 

sixth cycle of subcultures, the bacterial isolates were cultured on Bushnell-Hass 
.. . " . "r 1 I 

medium s~ppl,emt;nted with 1 % (v/v) n-hexad~c,a~e, tp establish their hydrocarbon 

utilizing ability. The bacterial isolates were grqwn for 96 h at ~37°C with 150 rpm to 

determine the total dry biomass yield and the,same'are p'resented in Table 4.2. 
,. ~ . . 

Table 4.2 Biomass' yields in Bushnell-Has.s medium ,supplemented with 1 % (v/v) 

n-hexadecane after 96 h 
• r 

• ~I .! • 

S.No ; J , Bacterial isolates Biomass (g.l-I) 

1 JBOSS11 
, 

2.32±0.7S 

2 " JBOSS12 . 0.45±0.32 

3 ~ ~. JBOSS13 .', , 
I.S7±0.43 

j 

4 JBOSS14 
, 

4.'(S±0.21 

5 JB08S15 
~ , 

4.23± 0.65 

6 JB08S16 . " 2.15±0.31 I 

. 

7 ! JB08S17 4.54±0.65 

8 
I, ' 

JB08S18 " 0.20±0.5S 

9 JB08S21 4.93±O,83 

10 
or' 

JB08S22 2.8±0.32 

11 
, .' JB08S23 4.46±0.27 . 

' , 

12 JB08S24 2.83±0.ll 

13 
. " 

JB08S25 5.02±0.45 ,-

14 
, " JB08S31 4.93±0.S3 -

15 . "-'JB08S32 .J,.. "'. , j , 2.20:1:0:29' 

16 JB08S33 4.7S±0.43 . . . ' 
, " 17' " '. 'JB08S34 'J. " , " 0.32±1.2 ; 

,,,18", • f "1' , JB08PS35 ' r, j, " S.1O±0.82 .. '" ~ ~ r, • 

, 
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19 JB08PS36 0.71±O.37 

20 JB08PS37 1.65±O.44 
21 JBOSPS38 4.77±O.62 

22 JBOSPS39 2.53±O.S3 

23 JB08PS41 0.16±O.97 

24 JB08PS42 4.92±1.1 

25 JBIOODll 5.08±O.41 

26 JB100D12 O.67±O.67 

27 JBIOOD13 2.83±O.93 
28 JBI00Dl4 4.S6±O.S3 

29 JBI00D15 4.2S±O.S3 

30 JB100D21 3.52±0.77 
31 JB100D22 5.02±O.84 

32 JB100D23 3.94±O.S3 

33 JBIOO024 2.l7±O.91 
34 JBI00D25 4.94±0.63 

35 SlOPSSll 5.05±O.S2 
36 SlOPSS12 3.32±0.32 
37 S1OPSS13 4.93±O.54 

38 SlOPSS14 4.0~±O.82 

39 S10PSS15 4.88±0.43 

40 S1OPSS16 3.62±O.81 
41 SlOPSS17 5.09±O.80 

42 SlOPSS21 3.58±O.31 

43 SlOPSS22 4.95±0.52 

44 SlOPSS23 0.07±1.1 

45 - SlOPSS24 0.27±O.62 
46 SlOPSS25 5.02±O.41 
47 TIIPSll 4.75±O.53 
48 TI1PS12 1.8S±0.41 

49 TIIPS21 3.91±0.74 

50 TllPS22 5.10±0.lS 

51 TllPS23 4.90±0.42 

52 TI1PS24 2.96±0.62 
Results represent mean ± S.D of three individual experiments 

A total of 23 isolates JB08S14, JB08S17, JB08S21, JB08S23, JB08S25, 

JBOSS31, JB08S33, 180SPS35, JB08PS38, JB08PS42, 18100011, 18100014, 
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JB100D22, JB100D25, SIOPSSll, SIOPSS13, SIOPSSI5, SIOPSSI7, SIOPSS22, 

SIOPSS25, TllPSll, TllPS22 and TllPS23 possessed better growth in Bushnell

Hass medium supplemented with 1 % (v/v) n-hexadecane on the basis of increased dry 

biomass yield. The isolates were further screened for their ability to produce 

biosurfactant by culturing on n-hexadecane supplemented media. 

To evaluate biosurfactant production, the bacterial isolates were grown in 

MSM supplemented with 1% (v/v) n-hexadecane and incubated at 37°C and 150 rpm 

for 8 days. After 96 h of incubation, the reduction in the surface tension of the culture 

medium by the individual bacterial isolates was determined and is presented in Table 

4.3. 

Table 4.3 Surface activity exhibited by bacterial isolates grown in mineral salt medium 

(MSM) supplemented with 1 % (v/v) n-hexadecane after 96 h 

S.No Bacterial Reduction in surface Drop collapse Oil displacement 
isolates tension (mNm-1) test test (cmI) 

1 JB08S14 43.8±0.42 + 12.3±O.23 
2 mOSSI7 32.6±0.S5 +++ 35.6±0.34 

3 JB08S21 38.2±0.24 +++ 33.4±O.42 
4 JB08S23 36.0±0.42 +++ 35.3±O.15 
5 JB08S25 47.S±0.62 + 11.6±O.32 

6 JB08S31 39.5±0.29 ++ 28.5±O.26 

7 JB08S33 3S.9±0.73 +++ 30.7±O.44 
8 JB08PS35 52.3±0.44 - -
9 JB08PS38 39.2±0.82 +++ 29.8±0.21 

10 JB08PS42 3S.7±0.48 +++ 30.2±O.34 

11 JB100Dll 43.6±0.57 + 26.8±O.40 

12 JB100Dl4 55.8±0.23 - -
13 JB100D22 46.3±0.55 + 23.9±0.27 

14 JB100D25 34.3±0.65 +++ 36.±O.33 
15 SIOPSSll 39.1±0.63 +++ 29.9±0.28 
16 SIOPSS13 44.7±1.1 + 19.8±O.32 

17 S1OPSS15 56.2±0.45 . - -
18 S1OPSS17 39.8±0.28 +++ 31.0±0.4I 
19 S10PSS22 40.4±0.73 ++ 26.8±O.11 

20 SlOPSS25 51.1±0.11 - -
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21 TllPSll .. '46.8±O.45 + 21.7±O.23 

22 TllPS22 38.6±0.23 +++ 35.7±O.34 

23 TIIPS23 47.9±0.97 + 16.6±O.27 
Results represent mean ± S.D of three individual experiments. Abbreviation used: - = 

negative, + = positive, ++ = significant, +++ = Excellent 

Out of 23 bacterial strains, 17 strains which include JB08S 17, JB08S21, 

JB08S23, JB08S31, JB08S33, JB08PS38, JB08PS42, JBI00Dll, JBlOOD22, 

JBlOOD25, SIOPSSll, SlOPSS13, SlOPSSI7, SI0PSS22, TllPSll, TllPS22 and 

Til PS23 exhibited the reduction in the surface tension of the culture medium from 

67.5±0.93 mNm-' to a minimum of 32.6±0.55 mNm- l
. The flask containing the 

culture medium alone was taken as control and it exhibited the maintenance of the 

same surface tension value of 67.8± 1.3 after 96 h. Out of 23 bacterial isolates, 19 

showed positive value in the drop collapse test. In the case of drop-collapse test, if the 

cell free culture supernatant contains biosurfactant, the droplets of the culture broth on 

the oil-coated wells will collapse but no change occurs in the shape of the droplets if 

the broth is without biosurfactant. Similarly, in oil displacement test, the addition of 

cell free culture supernatant of 19 bacterial isolates caused oil to spread and formed a 

wide clear zone on the oil-water surface confirming the presence ofbiosurfactant. 

The objective of the present investigation was to identify bacteria capable of 

producing biosurfactant and could utilize the petroleum hydrocarbons efficiently. Out 

of 23 bacterial isolates, only 17 could exhibit both properties. On further 

experimentation, only 4 isolates viz. JB08S 17, JB08S21, JB08S23 and JB 100D25 

were found to be the potential users of hydrocarbons and producers of biosurfactants 

as determined by their biomass yield and surface properties exhibited while growing 

on n-hexadecane. Therefore, these four bacterial isolates were selected for taxonomic 

identification and further studies. The bacterial isolates JB08S 17, JB08S21, JB08S23 

and JBlOOD25 were further designated as OBPI, OBP2, OBP3 and OBP4, 

respectively for the sake of convenience. 
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4.2 Characterization of potential biosurfactant producing bacterial isolates 

4.2.1 Morphological and physiological characterization 

The biochemical, morphological and physiological characterization of the 

bacterial isolates was carried out following the procedures described by Cappuccino 

and Sherman341 and data thus obtained are presented in Table 4.4. 

Table 4.4 Biochemical characterization of bacterial isolates 

Biochemical test Bacterial isolate 
OBP1 OBP2 OBP3 OBP4 

1. Gram staining Negative Negative Negative Negative 
2. Shape of the cell Straight Straight Straight Straight 

rod rod rod rod 
3. Capsule staining Positive Positive Positive Positive 

4. Endospore staining Negative Negative Negative Negative 
5. Motility test Positive Positive Positive Positive 
6. Acid production from 

a. Glucose Positive Positive Positive Positive 

b. Fructose Positive Positive Positive Positive 

c. Xylose Positive Positive Positive Positive 

d. Maltose Negative Negative Negative Negative 

e. Lactose Negative Negative Negative Negative 

f. Manitol Negative Negative Negative Negative 

g. Salicin Negative Negative Negative Negative 

h. Sucrose Negative Negative Negative Negative 

i. Oxidase test Positive Positive Positive Positive 

7.Catalase test Positive Positive Positive Positive 

8. H2S production Negative Negative Negative Negative 

9. Gelatin hydrolysis test Positive Positive Positive Positive 

10. Starch hydrolysis Negative Negative Negative Negative 

11. Methyl red test Negative Negative Negative Negative 

12. Voges-Proskauer test Negative Negative Negative Negative 

13. Indole test Negative Negative Negative Negative 

14. Citrate utilization test Positive Positive Positive Positive 

15. Nitrate reduction test Positive Positive Positive Positive 

16. Production of fluorescence Positive Positive Positive Positive 

] 7. Production of pyocyanin Negative Negative Negative Negative 
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The colony morphology of the bacterial isolates is shown in Figure 4.1. The 

characterization details revealed four selected bacterial isolates belonging to the genus 

Pseudomonas. 

Figure 4.1 . Colony morphology of pure cultures on nutrient agar (A) P. aeruginosa 

OBP1, (B) P. aeruginosa OBP2, (C) P. aeruginosa OBP3 and (D) P. 

aeruginosa OBP4 

4.2.2 Molecular characterization of the bacterial isolates 

The selected bacterial isolates were subjected to partial sequencing of their 16S 

rRNA genes. On the basis of partial 16S rRNA gene sequencing as well as with the 

use of NCB I GenBank BLAST tool , these four bacterial isolates OBP1, OBP2, OBP3 

and OBP4 were found to be closely related to the genus Pseudomonas aeruginosa 

with percent similarity of 99% in all the strains. NCB I BLAST result of these bacterial 

isolates showed maximum similarity with 34 different strains of Pseudomonas 

82 



Results 

aeruginosa in respect of their score, query coverage, E-value and maximum identity. 

The partial 16S rRNA gene sequences of the bacterial strains OSP1, OSP2, OSP3 and 

OSP4 were deposited in the GenSank database under the accession numbers 1568190, 

1568199, 1568206 and 156820, respectively. Further, putative phylogenetic trees for 

the bacterial isolates were constructed using Neighbour-Joining method and are shown 

in Figure 4.2. 
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Figure 4.2. Phylogenetic tree generated using Neighbour-Joining method showing the 

similarity of selected strains with other 16S rRNA gene sequences of P. 

aeruginosa. Bootstrap values are expressed as percentages of 1000 

replications. Bar, 0.0 I substitutions per nucleotide position. (A) P. 

aeruginosa OBP} , (B) P. aeruginosa OBP2, (C) P. aeruginosa OBP3 

and (D) P. aeruginosa OBP4 

The nucleotide frequency count analyses were done for the bacterial isolates 

using CLC main work bench software. The nucleotide frequency counts showed that 
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ATGC, C+G and A+ T compositions of bacterial strains OBPt, OBP2, OBP3 and 

OBP4 have almost similar frequency (99%) distribution as compared to other reported 

strains of Pseudomonas aeruginosa. 

4.3 Ability of the bacterial strains to utilize different hydrocarbons 

The bacterial strains were able to grow in MSM supplemented with different 

hydrocarbons as the sole source of carbon and energy. The growth performance of the 

bacterial strains on the hydrocarbon sources has been presented in Table 4.5. The 

bacterial strains exhibited better growth on n-hexadecane, octadecane, tridecane, 

dodecane, diesel and crude oil supplemented media. Less or no growth was observed 

in the case of kerosene, lubricating and paraffin, pentane, hexane, heptane, iso-octane, 

eicosane and triacontane. 

Table 4.5 Ability of the bacterial strains to utilize different components of crude 

petroleum 

Carbon Properties P. aeruginosa strains 
sources 

OBPl OBP2 OBP3 OBP4 
Pentane DB (g.l -I) - - - -

ST (mNm -I) 68.3±O.21 67.5±O.42 68.8±O.43 67.9±O.32 

Hexane DB (g.l -I) - - - -
ST (mNm -I) 67.9±O.32 68.5±O.61 68.1±O.45 67.7±O.32 

Heptane DB (g.l -I) - - - -
ST (mNm -I) 68.4±O.24 67.8±O.57 67.6±O.31 68.3±O.36 

iso-Octane DB (g.l') - - -
ST (mNml) 67.9±O.36 68.2±O.51 67.7±O.48 67.9±O.52 

Dodecane DB (g.ll) 3.28±O.65 3.31±O.34 2.55±O.53 2.37±O.65 
ST (mNml) 36.8±O.21 43.4±O.63 41.6±O.27 38.9±O.52 

Triadecane DB (g.l -I) 3.37±O.64 3.48±O.45 3.61±O.44 3.54±O.32 
ST (mNm -I) 36.O±O.24 42.5±O.57 39.7±O.31 37.5±O.36 

n-Hexadecane DB (grl) 4.87±O.63 5.03±O.37 4.73±O.72 5.10±O.21 
ST (mNm -I) 31.l±O.88 37.6±O.51 35.5±O.38 33.2±O.79 

Octadecane DB (g.l -I) 4.83±O.34 3.82±O.56 4.12±O.74 4.24±O.37 
ST (mNml) 31.9±O.85 39.6±O.24 38.4±O.42 36.8±O.65 

Eicosane DB (g.l -I) - - - -
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ST (mNm 0

1
) 68.6±0.IS 68.4±0.61 67.9±0.28 6S.2±0.20 

Triacontane DB (g.l °I) - - - -
ST (mNm 0

1
) 67.7±0.49 6S.3±0.61 6S.5±0.28 67.9±0.19 

Paraffin DB (g.ll) I.3S±0.22 1. 13±0.46 1.52±0.27 1.47±0.51 
ST (mNm -I) 45.3±0.29 47.2±0.27 44.5±0.25 45.6±0.55 

Phenol DB (g.l °l) - - - -
ST (mNm -I) 68.3±0.23 68.6±0.23 67.S±0.27 67.4±0.82 

Benzene DB (g.l >1) - - - -
ST (mNml) 68.3±0.18 6S.6±0.23 67.9±0.4l 6804±0.2l 

Toluene DB (g.ll) 0.36±0. t3 - 0.78±0.52 t.04±0.22 
ST(mNm -I) 54.7±0.39 6S.7±Oo4l 52.2±0.17 52.5±Oo48 

Xylene DB (g.t -I) - - - -
ST (mNm -I) 6S.2±0.16 6S.5±0.42 6S.7±0.19 68.5±0.15 

Naphthalene DB (g.l -I) - - 0.S3±0.66 -
ST (mNm -I) 6S.7±0.69 68.2±0.36 53.5±0.35 6S.7±0.92 

Anthracene DB (g.1 -I) 0045 ±0.37 - 0.66±0.27 0.93±0.4t 
ST (mNml) 54.9±0.83 67.7±0.23 54.2±0.44 53.6±0.58 

Phenanthrene DB (g.1 l) 0.61±0.34 - 1.05±0.29 1. IS±0.73 
ST (mNm -I) 54.2±0.59 68.6±0.15 53.8±0.43 53.2±Oo46 

Pyrene DB (g.l -I) - - - -
ST (mNm -I) 67.S±0.91 68.7±0.20 67.6±0.82 6S.7±0.73 

Fluorene DB (g.l -I) - - - -
ST(mNm -I) 6S.8±0.83 67 .9±0.93 68.6±0.43 67.9±0.42 

Diesel DB (g.l -I) 4.54±0.93 3.97±0.53 4.91±Oo4O 5.04±0.62 
ST (mNm -I) 32.0±0042 37.5±0.28 36.2±0.69 34.3± 1.0 

Kerosene DB (g.l -I) 2.73±0.76 2.30±0.56 2.54±3.2 2.7S±0.74 
ST(mNm -I) 39.6±0.62 42.2±0.29 40.5±0.S3 39.2±Oo44 

Lubricating oil DB (g.l -I) 2.31±0.56 1.67±0.21 2.39±0.S2 2.24±0.29 
ST (mNm -I) 41.5±0.37 43.8±0.lS 40.7±0.64 4 1.4± 1.0 

Crude oil DB (g.l -I) 3.7l±Oo44 3.27±0.62 3.86±0.S2 4.07±0.53 
ST (mNm -I) 32.7±0.66 4004±0.25 39.5±0.41 37.7±0.16 

Results represent mean ± S.D of three mdividual experiments 

In the case of aromatic hydrocarbons like toluene the bacterial strains OBP4, 

OBP3, and OBPl showed slight growth but no growth on benzene, phenol and xylene 

supplemented media. The bacterial strains OBP4, OBP3, and OBPlexhibited 

minimum growth on P AHs like phenanthrene and anthracene but no growth on pyrene 

and fluorene. Among the four bacteria, only OBP3 exhibited growth on naphthalene 
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supplemented medium. Among the tested hydrocarbons, the bacterial strains showed 

good performance in n-hexadecane supplemented MSM. The capability of the 

bacterial strains to utilize a particular hydrocarbon as the sole source of carbon and 

energy was different from each other as revealed by their biomass yield and efficiency 

to reduce the surface tension. 

4.4 Detection and quantification of biosurfactant 

To detect and quantify the surface active glycolipids three independent 

experiments were performed with blood agar assay, CT AB agar test and orcinol assay. 

The cell free culture supernatants of the selected bacterial strains were analyzed for 

their hemolytic activity on blood agar plates at 37°C overnight. The bacterial strains 

exhibited distinct zone of hemolysis in blood-agar plates containing 2% (v/v) goat 

blood and the same is shown in Figure 4.3. 

Figure 4.3. Haemolysis on blood agar medium by cell free culture supernatant of 

bacterial strains. (A) P. aeruginosa OBPl, (B) P. aeruginosa OBP2, (C) 

P. aeruginosa OBP3 and (D) P. aeruginosa OBP4 
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The hemolysis assay confirmed the production of biosurfactant and the same 

was considered as the preliminary criterion for the production ofbiosurfactant. 

The cell density of the individual bacterial strains was reduced by serial 

dilution and then they were spread over the MSM agar plates supplemented with 

CTAB (0.2gT'), methylene blue dye (5 mgT') and n-hexadecane (0 .1 %, v/v) and 

incubated at 37°C for 48 h. All four bacterial strains could grow on CT AB agar plates 

forming blue halos around the colonies. The appearance of blue halos around the 

colonies on the blue agar plates confirmed the production of extracellular anionic 

biosurfactants by the strains and the same are shown in Figure 4.4. 

Figure 4.4. CT AB agar assay for the detection of glycolipid biosurfactant secreted by 

the bacterial colonies. (A) P. aeruginosa OBP!, (B) P. aeruginosa OBP2, 

(C) P. aeruginosa OBP3 and (D) P. aeruginosa OBP4 
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The concentration of biosurfactant present in the culture medium of the 

bacterial strains was determined using the orcinol assay and the production was in the 

range of8.8-12.3 g.r'. The same is presented in Fig 4.5. 

14 

o 
OBPI OBP2 OBP3 OBP4 

Bacterial strains 

Figure 4.5. Biosurfactant concentration (g.r') produced by P. aeroginosa strains in 

mineral salt medium supplemented with 2% n-hexadecane. Results 

represent the mean of three independent experiments ± standard 

deviation 

4.5 Optimization of culture conditions for biosurfactant production 

4.5.1 Growth characteristics and biosurfactant production 

The bacterial strains OBP 1, OBP2, OBP3 and OBP4 could grow on MSM 

supplemented with n-hexadecane causing reduction of surface tension of the culture 

medium from 68.5 mNm- 1 to 31.1, 37.6, 35.5 and 33.2 mNm- l
, respectively between 

84-96 h of incubation. Growth curve of the bacterial strains revealed the maximum 

biomass productions between 120-144 h of incubation and the same is presented in 

Figure 4.6. The production of biosurfactant started after 36-48 of incubation, the 

highest production was achieved towards the early stationary phase between 108-120 

h. The biomass and biosurfactant production were in the range of 4.73-5 .10 g.r l and 

2.83-4.57 gr', respectively. The Scanning Electron Micrographs of the bacterial 

strains grown on n-hexadecane supplemented medium are shown in Figure 4.7. 
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Figure 4.6. Time profile of (A) growth and (B) reduction in the surface tension of the 

culture broth by the P. aeruginosa strains in mineral salt medium 

supplemented with 2% n-hexadecane. Results represent the mean of three 

independent experiments 
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Figure 4.7. Scanning electron micrograph of P. aeruginosa strains showing growth on 

n-hexadecane. (a) P. aeruginosa OBPl , (b) P. aeruginosa OBP2, (c) P. 

aeruginosa OBP3 and (d) P. aeruginosa OBP4 

4.5.2 Effect of different carbon sources on biosurfactant production 

A total of seven carbon sources viz. glucose, glycerol, n-hexadecane, 

octadecane, soyabean oil, diesel and crude petroleum were assessed for their 

effectiveness in producing biosurfactants. The data are presented in Table 4.6. All four 

bacterial strains could grow on mineral salt medium supplemented with the substrates. 

The carbon sources allowed good bacterial growth whereas the production of 

biosurfactant was quite different. Among the substrates, n-hexadecane was found to be 

most suitable for the production of biosurfactant by all four bacterial strains followed 

by diesel. 
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Table 4.6 Influence of different concentrations of n-hexadecane on growth and 

biosurfactant production of P. aeruginosa strains 

Carbon sources Biomass Maximum reduction Yield of crude 
(g.rl ) in surface tension biosurfactant 

(mNm-l
) (g.rl) 

Glucose 
P. aeruginosa OBP 1 5.04±OA5 50.7±O.23 O.12±OA2 
P. aeruginosa OSP2 5.06±O.23 51.4±O.16 O.O9±O.12 
P. aeruginosa OBP3 4.91 ±O.63 50.6±O.41 O.10±O.38 
P. aeruginosa OSP4 4.96±O.28 51.8±O.36 O.O7±O.18 

Glycerol 
P. aeruginosa OSP I 4.96±O.2 1 49.2±O.27 O.3O±O.35 
P. aeruginosa OBP2 5.12±OAO 46.6±O.38 O.39±O.52 
P. aeruginosa OSP3 5.03±O.29 49.5±O.53 O.26±O.11 
P. aeruginosa OBP4 S.08±O.57 48.6±OA5 O.33±O.50 

n-hexadecane 

P. aeruginosa OBPI 4.87±O.63 31.1±O.88 4.57±O.S3 

P. aeruginosa OBP2 S.03±O.37 37.6±O.51 2.86±O.28 

P. aeruginosa OBP3 4.73±O.72 3S.S±O.38 2.83±OA3 

P. aeruginosa OBP4 5.10±O.21 33.2±O.79 3.17±O.37 

Octadecane 
P. aeruginosa OBPt 4.83±O.34 31.9±O.85 4.21±O.34 

P. aeruginosa OBP2 3.82±O.56 39.6±O.24 2.23±O.S2 

P. aeruginosa OSP3 4.l2±O.74 38A±O.42 2.37±O.50 

P. aeruginosa OSP4 4.24±O.37 36.8±O.65 2.58±O.44 

Diesel 

P. aeruginosa OSPl 4.54±O.93 32.O±OA2 3.04±O.60 
P. aeruginosa OSP2 3.97±O.53 37.5±O.28 2A7±O.38 

P. aeruginosa OBP3 4.91 ±O.40 36.2±O.68 2.64±O.87 
P. aeruginosa OBP4 5.04±O.62 34.3± l.O 2.96±O.92 

Crude oil 
P. aeruginosa OBP 1 3.71±O.44 32.7±O.66 2.53±O.47 
P. aeruginosa OSP2 3.27±O.62 40A±O.25 1.48±O.52 
P. aeruginosa OSP3 3.86±O.82 39.5±OAl 2.2O±O.73 
P. aeruginosa OBP4 4.07±O.53 37.7±O.16 2A6±O.28 

Soyabean oil 
P. aeruginosa OSPI 2.51±O.56 38.3±O.61 1.71±O.22 
p. aeruginosa OBP2 2.05±O.29 42.8±O.52 1.24±O.45 
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P. aeruginosa OBP3 1.13±0.37 45.6±0.37 l.05±0.58 

P aeruginosa OBP4 1.05±0.35 46.5±0.29 0.97±0.33 
Results represent mean ± S.D of thr.ee individual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant 

The substrates octade~ane and' crude petroleum could also significantly 

increase the biosurfactant production by all four bacterial strains. The strains showed 
I 

significant difference in their growth and surface properties when grown on the 

selected vegetable ,oil. However, OBPl exhibited better performance in terms of 

bacterial biomass and biosurfactant production in soyabean oil. The substrates gluc~se 

and glycerol were proficient in terms of biomass production, but not so in 

biosurfactant production. , 

, 
4.5.3 Concentration effect of n-hexadecane on biosurfactant production 

Biosurfactan,t production by the bacterial strains initially increased with the 

increasing concen~tion of n-hexadecane until it reached the maximum value and then 

leveled off. Moreover, the growth of the bacterial strains significantly reduced as the 

concentration of n-hexadecane exceeded, more than 2.5% (v/v) resulting in 

insignificant production of biosurfactant in the culture medium. The same are 

presented in Table 4.7. 

Table 4.7 Influence of different concentrations of n-hexadecane on growth and 

biosurfactant production of P. aeruginosa strains 

Percentage of Properties P. aeruginosa strain' 
, 

n-hexadecane OBPI OBPl OBP3 OBP4 
(v/v) , 

DB (g.l·l) 4.47±0.71 4.53±O.67 4.58±0.64 4.62±0.93 
1.0 ST(mNm 0

1
) 32.6±0.85 38.2±0.82 36.0±0.42 34.3'±0.65 

BS (g.l°l) 3.96±1.00 2.48±O.31 2.76±0.97 2.92±0.49 
DB (g.l"I) 4.65±0.52 4.94±O.36 4.73±O.72 4.89±0.56 

1.5 ST (mNm 0

1
) 32.0±0.95 37.9±0.49 35.5±0.38 33.9±0.74 

BS (g.l "I) 4.43±0.74 2.70±0.32 2. 83±O.43 3.03±0.52 
DB (g.l°l) 4.87±0.63 5.03±0.37 4.66±0.52 5.lO±O.21 

2.0 ST(mNm'l) 31.1±O.88 37.6±O.51 36.2±0.86 33.2±0.79 
BS (g.l "I) 4.57±0.53 2.86±0.28 2.72±0.73 3. 17±0.37 
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DB (g.l -I) 4.70±0.48 4.89±0.62' 4.28±0.66 4.91±0.52 
2.5 ST(mNm-l) 32.8±0.62 38.0±0.47 38.2±0.29 33.8±0.80 

, BS (g.l -I) 4.41±0.71 2 ... 77±0.79 2.18±0.57 3.04±0.39 
DB (g.l -I) 3.20±0.65 4.08±0.36 3.73±0.82 3.88±0.75 

3.0 ST(mNm- l
) 36.2±0.48 39.9±0.84 40.8±0.37 38.6±0.62 

BS (grl) 3.84±0.92 2.02±0.55 1.93±0.77 2.53±0.45 
Results represent mean ± S.D of three individual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant. ') , 

The population of colony forming unit (cfu) of OBP3 bacterial strain got 

reduced with increase in the concentration of n-hexadecane above 1.5%, whereas the 

same happened in the case of other three bacterial strains at a higher concentration (2.0 

%). A maximum cfu.mC1 ofOBPl, OBP2 and OBP4 was detected by the plate count 

technique ,in the culture lI1edium suppl~mented with ).0 ro n-hexadecane w~ereas 
• ! J J ... ,If ".J.,.... J 

OBP3 possessed a maximum cfu.ml-I in 1.5% n-hexadecane. As shown in Table 4.8, 

the number of cfu.ml- I of the bacterial strains OBPI, OBP2 and OBP4 incrdsed from 

5.5 x 107 to 7.5 x 'lOll with the increase in the concentration of~-hexadecane from 1.0 

to 2'(flo;'however, a similar change from 4.8' x 108 to 5.4 x 109 cfu.ml- I in the case of 

OBP3 occurred from 1.0 to 1.5% n-hexadecane. The increase in the concentration of 

n-hexadecane above 2.0% showed sharp reduction in the cfu.mC I of the bacterial 

strains and the same in the case of OBP3 at above 1.5%. 
, , 

Table 4.8 Influence of different concentration of n-hexadecane on the colony forming 

unit (CFU) of P. aeruginosa strains 't 

Bacterial strain, Concentration of n-hexadecane , , , \ ) I' 

, I 1.0%' 1.5% r , 2.0% 2.5% 3.0% 

P.aeruginosa OBPI 3.9 x 1011 4.7 X 1011 5.9 x 10~ 4.2 X 1011 '2.3 x 10=> 
, .' 

P.aeruginosa O~P2 5.5 x 10' 6.1 X 10K 6.6 x 10~ 5.8 X 10' 3.5 X 10-' 

P aeruginosa OBP3 4.8 x 10K 5.4 x IO~ 3.9 X 10K 2.6 X 105 1.1 x 10J 

P aeruginosa OBP4 4.5 x 1011 6.8 x 10~ 7.5 X 1011 6.1 X 10K 3.8 X 10C> 
- , . 

Results represent mean of three mdlvidual experiments. NB: CFU, colony formmg 

unit 
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4.5.4 Effect of nitrogen sources on biosurfactant production 

Nitrogen source plays a crucial role in the production of biosurfactants by 

bacteria. Bacterial strains exhibited poor growth and surface activities in the nitrogen

deficient media. Both organic and inorganic nitrogen sources influenced the growth 

and biosurfactant production in the bacterial strains. Data are presented in Table 4.9. 

Table 4.9 Influence of various nitrogen sources on ,growth and biosurfactant 

,production of P. aeruginosa stra.ms. 

" Different . Properties P. aeruginosa strain 
nitrogen OBPI OBP2 OBP3 OBP4 
sources 
Nitrogen DB (g.l'I) O.51±O.18 O.24±O.1O O.27±O.21 O.33±O.14 

Free ST (mNm "I) 56.4±O.23 58.8±O.15 58.7±O.27 59.7±O.O7 
BS (g.1"I) O.10±0.27 O.O5±O.21 O.O7±O.31 O.O7±O.22 
DB (g.l·I) 3.17±O.29 2.86±0.78 3.27±O.51 2.97±O.80 

Nl4CI ST(mNm-l
) 40.4±O.71 42.5±1.00 42.0±0.24 42.5±O.67 

BS (g.l·l) 2.05±O.45 1.04±O.67 1.0±0.22 1.28±O.49 
DB (g.l"I) 3.78±O.51 4.l8±O.56 3.96±0.74 4.23±O.37 

(Nl4)2S04 ST(mNm' l
) 36.7±O.72 40.9±O.24 39.8±O.42 38.6±0.65 

BS (g.l"I) 3. 14±O.66 1. 13±O.30 l.O7±O.71 2.38±O.43 
DB (g.l·I) 2.76±O.56 3.l7±O.70 3.44±O.65 3.28±O.97 

Nl4N03 ST(mNm"l) 39.2±O.73 42.6±0.93 41.0±0.39 41.4±O.71 
BS (g.l"I) 2.03±O.41 1.10±0.72 1.06±O.86 1.68±O.64 
DB (g.l·I) 3.57±O.42 3.38±O.43 3.71±O.51 3.62±O.50 

NHJI2P04 ST(mNm "I) 38.2±O.36 42.2±0.72 4O.8±O.88 40.6±O.62 
BS (g.l·I) 2.34±O.67 1.02±O.56 1.10±0.90 1. 86±0.47 
DB (g.l'I) 2.94±O.56 2. 13±O.67 3.07±O.79 2.26±0.87 

KN03 ST(mNm"l) 42.4±O.35 44.5±O.56 43.6±O.81 43.8±0.56 
BS (g.l"I) l.O6±O.77 O.83±O.38 O.78±O.95 1.04±O.33 
DB (g.l·I) 2.34±O.72 2.48±O.46 2.27±O.67 2.61±O.25 

H2NCONl4 ST(mNm"') 37.3±O.41 41.7±O.29 40.5±O.51 39.3±O.65 
BS (g.l·I) 2.32±0.54 1.12±O.52 1.15±O.83 2.19±0.43 
DB (g.l·I) 2.63±O.43 2.77±O.38 2.58±0.62 3.12±O.93 

Yeast extract ST(mNm "I) 37.8±O.20 40.9±O.73 41.7±l.O2 38.8±O.52 
BS (g.l·l) 2.15±O.76 1.10±0.55 1.06±O.83 2.07±O.73 
DB (g.l"I) 2.42±0.36 2.43±O.81 2.27±O.52 2.86±O.29 
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ST(mNm' l
) 39.6±0.72 42.3±O.95 40.5±O.63 41.5±O.33 

Beef extract BS (g.l·I) 1.87±0.29 1.11±0.21 1. 16±0.47 1. 14±O.71 
DB (g.l·I) 2.58±0.81 2.82±0.43 2.65±0.59 3.04±O.11 

Peptone ST(mNm' l
) 38.4±0.33 42.8±O.62 42.4±O.28 40.2±0.52 

BS (g.l '1) 2.08±0.27 1.07±0.83 1.10±0.51 1.95±O.76 
Results represent mean ± S.D of three individual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant 

Among the inorganic sources, ~)zS04 was found to be the best for growth 

and biosurfactant production as compared to the other sources. Among the organic 

nitrogen sources, urea was found to be efficient against yeast extract, beef extract and 

peptone promoting growth and biosurfactant production in all the bacterial strains. 

4.5.5 Effect of concentration and combinations of nitrogen sources on 

biosurfactant production 

The type and concentration of inorganic nitrogen sources effected the 
-

production of biosurfactants. The highest production was obtained with (NH4)2S04 at 

a concentration of 2.0 g.r i in all the bacterial strains except for OBP 2 which exhibited 

optimal biosurfactant production at 1.0 g.r!. Similarly, urea at the concentration of 2.0 

g.r! was proved to be the best organic nitrogen source. Further, the combination of 

both ~)2S04 and urea at a concentration of 2.0 g.r! each was found to be efficient 

for the growth and biosurfactant production. Data thus obtained are presented in Table 

4.10a, b and c, respectively. 

Table 4.10a. Influence of different concentration of (NH4)zS04 on growth and 

biosurfactant production of P. aeruginosa strains 

Concentration Properties P. aeruginosa strain 

of (NH4)ZS04 OBPI OBP2 OBP3 OBP4 
(grl) 

1.0 DB (g.l·I) 3.53±0.47 3.89±0.65 3.78±O.25 4.08±0.63 
ST(mNm' l

) 37_7±0.36 37_7±O.69 41.3±O.52 39.8±O.81 
BS (g.l '1) 2.97±0.38 1.00±0.30 0.87±O.46 2.19±0.45 

2.0 DB (g.l·I) 3.78±0.51 4. 18±O.56 3.96±O.74 4.23±0.37 
ST(mNm' l

) 36_7±0.72 40_9±0.24 39.8±O.42 38.6±O_65 
BS (g.l-I) 3. 14±0.66 1.13±O.30 1.07±0.71 2.38±O.43 
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3.0 DB (g.l"') 3.64±0.58 3.96±0.52 3.83±O.68 4.14±O.35 
ST(mNm "') 37.0±0.36 38.5±OAO 40.6±O.50 39A±O.30 
BS (gr') 3.03±0.73 1.06±O.28 0.96±O.83 2.23±O.44 

.. 
Results represent mean ± S.D of three mdividual expenments. NB: DB, dry bIOmass; 
ST, surface tension; BS, yield ofbiosurfactant 

Table 4. lOb. Influence of different concentration of urea (H2NCO~) on the growth 
and biosurfactant production of P. aentginosa strains 

Percentage of Properties P. aeruginosa strain 
H1NCONllt OBPI OBP2 OBP3 OBP4 

(g.rl) 

1.0 DB (g.l"l) 2.22±0.64 2.31±O.38 2.13±O.56 2.43±O.54 
ST (mNm "I) 38.9±0.28 42.5±O.62 41.8±0.72 4t.6±O.28 
BS (g.l "I) 2. 1 8±O.54 1.04±O.58 1.04±O.71 1.97±O.83 

2.0 DB (g.l"l) 2.34±O.72 2.48±O.46 2.27±O.67 2.61±O.25 
ST(mNm"') 37.3±OAI 41.7±O.29 40.5±O.51 39.3±O.65 
BS (g.l"') 2.32±0.54 l.I2±O.52 1.15±O.83 2.19±0.43 

3.0 DB (g.l"') \ 2.28±OA5 2.40±0.84 2.20±0.82 2.55±O.80 
ST(mNm "I) 37.9±0.38 42.2±O.71 41.3±O.39 40.4±O.42 
BS (g.l"I) 2.27±O.23 1.07±O.S6 1.09±O.84 2.07±O.74 

.. 
Results represent mean ± S.D of three indivIdual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield of biosurl'actant 

Table 4.l0c. Combined effect of two different nitrogen sources on the growth and 

biosurfactant production of P. aeruginosa strains 

Bacterial strain MSM + HzNCONllt (2.0 g.rl) + NIlt(S04)1 (2.0 g.rl) 

DB (g.l"') ST (mNm "I) BS (g.l-') 

P. aeruginosa OBP 1 4.87±O.63 31.1±O.88 4.57±O.53 

P. aeruginosa OBP2* 5.03±0.37 37.6±O.51 2.86±0.28 

P. aeruginosa OBP3 4.73±O.72 3S.S±O.38 2.83±O.43 

P. aeruginosa OBP4 5.10±0.21 33.2±0.79 3. 17±O.37 

Results represent mean ± S.D of three individual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant.* In case ofOBP2, the concentration of 
~(S04)2 was 1.0 g.r' 
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4.5.6 Effect of macro and micro-nutrients on biosurfactant production 

Metal ions are known to play a crucial role in growth and production of 

biosurfactants as they participate in various metabolic pathways in the form of 

cofactors of many enzymes. The influence of macronutrients such as Na2HP04, 

KH2P04, MgS04'7H20, FeS04'7H20, and CaCb'2H20 are presented in Table 4.11-

4.14. 

Table 4.11. Influence of magnesium sulphate (MgS04.7H20) on growth and 

biosurfactant production of P. aeruginosa strains 

Concentration Properties P. aeruginosa strains 
of OBPI OBP2 OBP3 OBP4 

MgS04.7HZO 
(g.I-I) 

0.0 DB (g.l -I) 4.23±0.73 4.34±0.38 4.21±O.59 4.41±O.83 
ST(mNm -I) 38.6±0.35 43.4±0.76 42.6±0.38 45.0±0.20 
BS (g.l-l) 3.95±0.82 2. 16±0.13 2.30±0.61 2.55±O.47 

0.1 DB (grl) 4.59±O.72 4.84±0.37 4.50±O.76 4.87±O.43 
ST(mNm- l

) 32.5±O.41 38.4±O.30 36.2±O.73 34.1±O.17 
BS (g.l-I) 4.39±O.62 2.65±0.76 2.71±O.38 2.94±O.52 

0.2 DB (g:l- l
) 4.87±O.63 5.03±0.37 4.73±O.72 5.10±0.21 

ST(mNm- l
) 31.1±O.88 37.6±0.51 35.5±O.38 33.2±O.79 

BS (g.l -I) 4.57±0.53 2.86±0.28 2.83±O.43 3. 17±O.37 

0.3 DB (g.l-l) 4.79±0.57 4.93±0.25 4.67±O.46 4.96±O.60 
ST(mNm-1

) 31.7±O.50 38.1±0.74 35.8±0.90 33.7±O.35 
BS (g.l-I) 4.48±O.94 2.82±0.67 2.78±0.22 3.l1±O.71 

Results represent mean ± S.D of three mdIvidual expenments. NB: DB, dry bIomass; 
ST, surface tension; BS, yield ofbiosurfactant 

Table 4.12. Influence of calcium chloride (CaCb'2H20) on growth and biosurfactant 

production of P. aeruginosa strains 

Concentration Properties P. aeruginosa strain 
of CaClz·2HzO OBPI OBP2 . OBP3 OBP4 

(mg.l-I) 
DB (g.l-I) 4.34±O.71 4.56±O.22 4.28±O.53 4.60±0.36 

0 ST(mNm- l
) 37.2±O.94 42.7±O.12 41.5±O.29 44.3±O.50 
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, , .' BS (g.l 'I) 4.04±OA2 2.20±0.52 2.33±0.,73 2.39±0.71 

DB (g.l'I), 4.67±OA9" 4.93±0.81 4.57±0.}2 4.95±0.64 

25 ST (mNm 'I) 31.8±0.32 38.2±0.73 35.9±0.91 34.0±0.37 
- -I' ' c4AO±O.63 2.68±Q.30 2.74±0.S4' 3.01±O.52 

, . BS (g.l ) "'. 

" , ~ . t .' . DB (g.l'l) ," 4.87±0.63 ; 5.03±O.37 4.73±0.72 5.10±0.21 

SO ST (mNm 'I) 31.1±0.88 37.6±0.51 35.5±O.38 33.2±0.79 
, ,BS (gr,l) , 4.57±O.53 2.86±0.28 2;83±0.43 3.l7±O.37 

DB (g.l'I). 4.77±O.33 4.97±0.83 4.10±0.54 5.04±O.70 
, , 75 ST (mNm:l) 32.0±0.51 38A±0.65 36.0±0.50 33.8±O.22 

BS (g.l"l), 4.51±0.39 2.80±0:73 2.77±0.61 3.09±OA5 
Results r~present mean ± S.D of three individual experiments. NB: DB, dry biomass; 
.ST, surface ten~ion'; BS, yi~ld, ofbiosurfactant . . , 

Table 4.13. Influ~nc~ of pOtassium dihydrogen phosphate-:(KfI~P04) on growth and 
• ,. • r, • ~ • 

biosUijactant producti(;m of P. 'ae,'ruginosa strains 
, , .. ,. ,. 

Concentration Properties P. aeruginosa strains .. 
' . . , 

" ofKH1P04 OBPI OBP2 OBP3 OBP4 
- (g.t-I.) 

, , 
, , ~' , 
" " 

" 
, DB (g.1,·I(· '3.87±0.2,7 --_., .' 

, '4.04±0:55 3,.73±0.26 4. 14±O.42 
0.0 ST (mNm "I) 38.7±"OAI 43.6±0~82 42.S±1.03 41.0±0.57 

: , ,BS (g.l :1) .' " 2.78±O.l8~' . 1. 34±0.54JJ. " l,Al±O.35. 156±0.26 

( I{'! ' ,0B:,.{g . ..-I) '." ,4·~2±9.56, . .4.79±0.98 4.36±0.42, 4.81±0.70 
f. 1_. , -

0.875 STJrnNm.), 32.9±0.?4, 38.8±O.14 36.7±O.30 34.2±0.54 
I .. .. 

", BS (g.l'l)' " . , 4.32±O.22 ' 2~61±o.63 ·'i.'7o±O.58 . 2.89±O.31 

DB (g.,~ '1) .. ' ,4.87±0.63 S,O~±O.37 4.73±O.72 5.l0±0.21 ,--. ~ 

" " 

ST(mNm'I), 1.75 31.1±0:88 37.6±O.51 3S.S±O.38 33.2±O.79 
BS (g.1'I) p,,: '4.57£0.5'3 '2.86±0.28 ' 2.83±0.43 3.l7±O.37 

-, DB (gJ,'I) .. 4.76±OA7' 4.9S±O.73 4.6S±0.38 S.01±O.52 

~.5 
" 

ST(mNm"l) 31.8#>.75 38.2±O.~9 36.O±O.27 33.9±0.44 
1 

BS (g.l'I) 4.47±O.38 2.78±O.96 2.75±O.53 3.07±O.90 

Results represent mean ± S.D of three individual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant 

, • "" ,~ • • r , ~. " '._ •• ' 
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Table 4.14. Influence of disodium hydrogen phosphate (Na2HP04) on growth and 

biosurfactant production of P. aeruginosa strains 

Concentration 
, 

Properties P. aerug;nosa strains 
ofNa2HPO~ OBPI OBP2 OBP3 OBP4 

(g.rl) 
r 

I 

DB (g.l-I) 3.28±0.63 3.54±0.82 2.96±0.37 3.66±0.41 
0.0 , ST(mNm- l

) 39.5±0.19 44.6±0.41 43.3±0.58 42.0±0.62 
BS (g.l-I) 2.08±0.37 1.O5±O.66 1.17±O.29 1.26±O.45 
DB (gJ -I) 4.48±0.71 4.72±0.37 4.29±O.96 4.75±O.65 

1.81 ST(mNm-1
) 33.7±0.49 39.O±O.80 37.1±O.63 34.9±0.23 

BS (g.l-I) 4.22±O.52 2.49±O.56 2.65±0.48 2.83±O.74 
DB (g.l-I) 4_87±0.63 5.03±O.37 4.73±0.72 5.lO±O.21 

3.61 ST(mNm -I) 31.1±0.88 37.6±O.51 35.5±0.38 33.2±0.79 
BS (g.l-I) 4.S7±0.53 2.86±0.28 2.83±0.43 3.17±O.37 
DB (g.l-I) 4.73±0.84 4.90±0.55 4.60±O.39 4.87±O.21 

7.22 ST(mNm -I) 32.2±l.O2 38.5±O.94 36.2±0.67 34.7±O.83 
, , 

'BS (g.l-I) 4.40±0.76 2.76±0.38 2.69±O.25 3.00±O.57 

Results represent mean ± ,S.D of three in~~vid!lal exp~riments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant 

~ 1· 1 r 

, The concentrations of Na2HP04, KH2PO~, MgS04'7H20, FeS04-7H20, and 
-

CaCh·2fhO at 3.6 grl, {75 grl, 0.2 grl, 1.0 mgrl'and(~O.O mgrl, respectively 
: I ~' ¢ "' ('"' ,~r r" .. 

were found to be optimum f~r th~ 'production of biosurfactant by the bacterial strains. 
" ~. I ... 

The use of negative control having no micronutrients in the culture media and 
\ I 1 -

application of 100(I.d.r1 of each, of the stock-~olution.of CuS04'7H20, MnS04'5H20, 

H3B03, ZnS04'7H20 and Mn03 in II of MSM was found to be effective in growth 

and biosurfactant production of P. aeroginosa strains and the data are presented in 

Table 4.15. 

Table 4.15. Influence of trace elemerits on growth and biosunactant production/of 

P. aeroginosa strains 

MicroDutrients Properties P. aerug;nosa strains 
* (J'1.I-1

) OBPI OBP2 OBP3 OBP4 
DB (g.l-I) 4.54±0.83 4.67±0.52 4.38±0.77 4.66±O.l9 

0 ST(mNm -I) 35.8±0.20 41.O±O.49 39.5±O.41 38.7±0.62 
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BS (g.l-l) 4.24±O.62 2.38±O.37 2.44±O.83 2.81±0.70 
DB (g.l -I) 4.79±0.62 4.94±O.27 4.67±O.71 5.02±0.58 

50 ST(mNm-') 31.7±O.80 38.2±O.15 36.0±0.98 33.8±O.37 

BS (g.l-') 4.50±0.31 2.80±0.66 2.78±O.43 3.11±O.65 
DB (g.l-l) 4.87±0.63 5.03±O.37 4.73±O.72 5.10±0.21 

100 ST(mNm-1
) 31.1±O.88 37.6±O.51 35.5±O.38 33.2±0.79 

BS (g.l-l) 4.57±O.53 2.86±0.28 2. 83±O.43 3.17±O.37 
DB (grl) 4.83±0.73 5.02±O.50 4.70±0.27 5.07±O.83 

200 ST(mNm -I) 31.6±0.40 38.0±0.97 35.8±O.63 33.7±0.40 
BS (g.1 -I) 4.54±1.02 2.83±O.58 2.78±O.75 3. 13±O.81 

* Stock solution of the micronutrients solution was prepared as described in the 
Appendix I. Results represent mean ± S.D of three individual experiments. NB: DB, 
dry biomass; ST, surface tension; BS, yield ofbiosurfactant 

4.5.7 Effect of temperature on bfosurfactant production 

The bacterial strains could grow and produce biosurfactant in almost an 

temperatures applied and data thus obtained are presented in Table 4.16. 

Table 4.16. Influence of temperature cae) on growth and biosurfactant jJroduction of 

P~aerugjnosa strains 

Temperature Properties P. aeruginosa strains 

CC) OBPI OBP2 OBP3 OBP4 
DB (g.l-I) 4.45±O.56 4.52±0.62 4.33±O.55 4.92±O.18 

35 ST (mNm -I) 32.8±O.24 38.8±O.76 36.3±O.39 35.0±0.98 
BS (g.l-l) 4.11±O.32 2.33±O.51 2.51±O.52 3.04±O.36 
DB (g.l-l) 4.87±0.63 4.95±O.38 4.73±O.72 5.l0±0.21 

37 ST(mNm-1
) 31.1±0.88 38.1±O.41 35.5±O.38 33.2±0.79 

BS (g.l-l) 4.57±0.53 2.82±0.82 2.83±O.43 3.17±O.37 
DB (g.l-I) 4.85±O.64 5.03±O.37 4.68±O.82 5.05±O.28 

40 ST(mNm-') 31.1±O.28 37.6±O.51 36.1±O.45 34.3±O.80 
BS (g.l-I) 4.50±0.83 2.86±0.28 2.78±O.71 3.07±O.31 

DB (gr') 1.08±O.77 2.65±O.80 1.02±O.29 1.10±0.40 
42 ST(mNm-') 49.8±O.41 40.4±O.62 SO.7±1.04 49.2±O.12 

BS (g.l -I) 0.95±O.94 1.28±O.27 0.78±O.83 1.03±O.S6 

Results represent mean ± S.D of three indIvidual experiments. NB: DB, dry biomass; 

ST, surface tension; BS, yield ofbiosurfactant 
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Biosurfactant production increased with an increase in temperature from 

30-37°C, remained nearly constant at 37-40°C and then decreased when temperature 

was increased further to above 40°C. The optimal temperature for growth and 

biosurfactant production was found to be 37°C in the case of bacterial strains OBP 1, 

OBP3 and OBP4, but the strain OBP2 exhibited maximum growth and production of 

biosurfactant at 40°C. 

4.5.9 Effect of pH on biosurfadant production 

The influence of the initial pH of the culture medium on the production of 

biosurfactant by the bacterial strains was detennined and data is presented in Table 

4.] 7. 

Ta,ble 4.] 7. Influence of pH on growth and biosurfactant production 

pH Properties P. aeruginosa strains 

OBPI OBP2 OBP3 OBP4 
DB (g.l-') 4.66±0.83 4.50±0.28 4.57±O.35 4.92±0.38 

6.5 ST (mNm-l) 31.8±0.39 39.8±0.62 36A±O.82 34.7±O.20 
BS (gr') 4A3±0.27 2.24±0.70 2.70±0.80 3.03±O.25 
DB (g.l-I) 4.87±O.63 4.91±0.56 4.73±O.72 5.10±0.21 

6.8 ST(mNm-' ) 31.1±0.88 38.5±0.24 35.5±O.38 33.2±0.79 
" 

BS (g.l-') 4.57±0.53 2.60±0AO 2.83±OA3 3.17±O.37 
DB (g.l-') 4.80±0.54 5.03±0.37 4.68±O.38 5.01±O.35 

7.0 ST(mNm-') 32A±0.71 37.6±0.51 36.0±0.75 33.8±O.22 
BS (g.l-I) 4.50±0.19 . 2.86±0.28 2.79±OA9 3.06±O.57 
DB (g.l-I) 4A8±OA2 4.58±0.72 4.25±O.33 4.55±O.81 

7.2 ST(mNm-') 35.7±0.86 38A±0.25 39.2±0.71 36.2±0.72 
BS (g.l -I) 3.94±0.55 2.77±0.80 2.31±O.29 2.85±OAO 

.. 
Results represent mean ± S.D of three mdtvtdual expenments. NB: DB, dry bIomass; 
ST, surface tension; BS, yield ofbiosurfactant 

The bacterial strains could grow in all the tested pH values; however growth 

and biosurfactant production got reduced at higher acidic and alkaline pH levels. 

Growth and production of biosurfactants were better at slightly acidic to neutral pH 

values. The optimal pH was found to be 6.8 except for OBP2 which exhIbited optimal 

growth and biosurfactant production at a pH of7.0 
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4.5.9 Effect of shaking on biosurfactant production 

The influence of shaking on the production of biosurfactant under the different 

agitation rates ranging from 100-220 rpm is presented in the Table 4.18. 

Table 4.18. Influence of agitation (rpm) on growth and biosurfactant production of P. 

aeruginosa strains 

Agitation Properties P. aeruginosa strains 
(rpm) OBPt OBPl OBP3 OBP4 

DB (g.l-I) 2.63±O.73 2.94±O.83 2.56±O.l5 2.19±O.59 

0 ST(mNm -I) 40.7±O.63 44.7±O.49 43.6±0.62 44.3±O.35 
BS (g.l -I) 0.94±0.37 0.73±O.56 0.65±O.39 0.76±O.27 
DB (g.1 -I) 4.16±0.52 4.25±O.35 4.27±O.58 4.05±O.43 

100 ST(mNm -I) 39.8±O.66 42.7±O.48 40.8±O.31 41.6±O.52 
BS (g.l -I) 1.21±O.42 0.83±O.30 0.98±O.92 0.90±0.6J 
DB (g.l-,) 4.22±0.73 4.48±O.41 4.34±O.89 4.37±O.26 

120 ST(mNm-') 34.9±0.52 39.2±O.20 38.5±O.42 39.2±0.47 
BS (g.l-l) 4.23±0.35 2.47±O.28 2.43±O.56 2.47±O.39 
DB (g.l-l) 4. 65±0.39 4.94±O.72 4.51±O.53 4.76±0.80 

150 ST(mNm-1
) 32.7±0.92 38.8±O.38 36.8±O.71 37.5±O.45 

BS (g.l -I) 4.39±0.70 2.73±O.47 2.69±O.95 2.88±0.37 

DB (gr') 4.87±0.34 5.03±O.56 4.73±O.74 4.90±0.35 

180 ST(mNm-1
) 31.1±O.85 37.6±0.24 35.5±O.42 34.8±0.82 

BS (g.l -I) 4.57±0.85 2.86±O.30 2.83±O.71 3.04±O.39 
DB (g.l-') 4.71±O.61 4.87±O.99 4.58±O.37 5.10±0.37 

200 ST(mNm-') 31.8±O.38 38.4±O.52 36.7±O.61 33.2±0.65 
BS (g.l -I) 4.45±0.22 2.70±0.49 2.65±O.30 3. 17±O.43 
DB (g.l-I) 3.93±0.47 4.04±O.29 3.86±0.39 4.82±0.48 

220 ST(mNm- l
) 33.0±0.31 39.3±O.42 38.5±O.15 35.7±1.22 

BS (g.l-') 3.68±0.55 2.32±O.71 2.24±O.44 2.90±0.81 

Results represent mean ± S.D of three mdividual expenments. NB: DB, dry bIomass; 
ST, surface tension; BS, yield ofbiosurfactant 

With increase in shaking from 100 to 180 rpm, biosurfactant production 

increased sharply with higher cell growth. However, increasing of shaking above 180 

rpm caused heavy foaming and reduced the level of biosurfactant production. The 

bacterial strains showed higher growth and biosurfactant production at the optimum 
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shaking speed of 180 rpm except for OBP4 which exhibited optimal growth and 

biosurfactant production at 200 rpm. 

4.5.10 Effect of low cost carbon substrate in biosurfactant production 

The bacterial strains were able to utilize vegetable oils. However, in terms of 

bacterial biomass and biosurfactant production, bacterial strain OBPI was found to be 

the best. Hence, for the further studies the strain OBPI was selected for screening the 

different inedible vegetable oils as carbon substrate for the production of 

biosurfactant. Data obtained from the experiment are presented in Table 4.19. 

Table 4.19. Influence of various inedible vegetable oil as carbon source on 

biosurfactant production of P. aeruginosa OBPI 

Vegetable oil DB (g.I-I) ST (mNm -I) BS (g.I-I) 

Jatropha curcas 1.88±O.6 40_6±1.2 1.02±0.9 

Mesua ferrea 3.84±0.3 36.4±O.4 2.34±0.3 

Ricinus communis 3.47±O.8 38.3±O.8 2.01±0.6 

Sesamum indicum 4.42±0.5 37.1±0.2 2.57±0.7 

Pongamia glabra 2.56±0.3 39.8±O.8 1.76±O.5 
.. 

Results represent mean ± S.D of three mdlvldual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant. 

The inedible vegetable oils such as sesame seed oil followed by nahor seed oil 

proved to be promising for the production of biosurfactants and Table 4.19 shows the 

same. Among the other tested substrates, waste glycerol followed by petroleum 

refinery sludge and waste residual kitchen oil were found to be suitable for the 

production ofbiosurfactant and the data thus obtained are presented i~ Table 4.20 

Table 4.20. Influence of various low cost carbon substrates on biosurfactant 

production of P. aeruginosa strains 

Carbon sources Properties P. aeruginosa strains 

OBPI OBP2 OBP3 OBP4 
Waste glycerol of DB (g.l-I) 3.28±0.76 2_75±O.51 2.63±O.28 3.40±0.62 

biodiesel ST(mNm'l) 37.6±0.40 33_7±O.80 39.5±0.63 37_0±0.38 

104 



Results 

BS (g.l >1) 1.85±O.56 3.90±O.42 1.52±O.51 2.24±O.18 

De-oiled mustard DB (g.l >1) 2.54±O.80 1. 16±0.37 l.O3±O.90 O.95±O.74 
seed cakes ST (mNm >1) 39.8±O.32 44.5±O.59 49.5±O.72 49.3±O.58 

BS (g.ll) 1.48±O.64 O.47±O.83 O.27±O.25 O.28±O.95 

Waste residual DB (g.l >1) 5.07±O.55 5.02±O.83 4.97±O.56 5.04±O.51 

molasses ST(mNml) 50.4±O.37 50.6±O.59 51.2±O.75 51.7±O.43 
BS (g.l >1) O.14±O.45 O.10±O.35 O.18±O.62 O.16±O.59 

Sugarcane bagasse DB (g.ll) 2.46±O.57 2.52±O.70 2.48±O.45 2.41±O.52 
ST (mNm >1) 51 .8±O.38 52.4±O.47 52.7±O.80 51.5±O.35 
BS (g.ll) O.13±O.40 O.12±O.59 O.O7±O.19 O.18±O.22 

Waste residual DB (g.ll) 2.98±O.55 1.48±O.38 1.28±O.50 1.07±O.41 

kitchen oil ST (mNml) 37.3±O.36 40.3±O.20 45 .6±O.71 42.7±O.35 
BS (g.l >1) 2.26±O.70 O.91 ±O.56 O.44±O.43 O.68±O.70 

Petroleum refinery DB (g.1 l) 3.10±O.25 3.27±O.81 4.02±O.60 3.22±O.95 

sludge ST (mNm >1) 37.O±O.32 39.8±O.70 37.6±O.83 36.5±O.52 

BS (g.ll) 1.96±O.60 1.03±O.46 1. 85±O.79 2.33±O.23 

Results represent mean ± S.D of three individual experiments. NB: DB, dry biomass; 
ST, surface tension; BS, yield ofbiosurfactant 

4.6 Physical characterization of biosurfactant 

4.6.1 Reduction in surface, interfacial tension (1FT) and critical micelle 

concentration (CMC) 

The biosurfactants produced by P. aeruginosa strains were able to reduce the 

surface tension of the culture medium. Data are presented in Table 4.21. Surface 

tension of the culture medium as acted by the inoculated bacterial strains was 

drastically reduced from 68.5 to about 31.1 mNm - I . 

Table 4.2 1. Properties of biosurfactant produced by P. aeruginosa strains 

Bacterial strains BS (g.l -I) ST(mNml) IFTa (mNml) CMC (mg.l -I ) 

P. aeruginosa OBPI 4.57±O.65 31.1±O.88 1.5±O.65 45±O.86 

P. aeruginosa OBP2 2.86±O.79 37.6±O.51 3.4±O.48 I05±O.34 

P. aeruginosa OBP3 2.83±O.63 35.5±O.38 2.8±O.93 90±O.58 

P. aeruginosa OBP4 3.17±O.37 33.2±O.79 2.2±O.28 65±O.94 
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Results represent mean ± S.D of three individual experiments. NB: BS, yield of 
biosurfactant; ST, surface tension; IFTa

, interfacial tension against diesel; CMC, 
critical micelle concentration 

Reductions in the IFT of diesel containing culture supernatant of four bacterial 

strains as compared to the control culture medium without any bacteria are presented 

in Table 4.21. The minimum IFT of the culture supernatant containing the 

biosurfactant of OBPI, OBP2, OBP3 and OBP4 was 1.5, 3.4, 2.8 and 2.2 mNm - I , 

respectively. 
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Figure 4.8. Determination of critical micelle concentration (CMC) of the 

biosurfactants produced by P. aeruginosa strains. Results represent the 

mean of three independent experiments ± standard deviation. (a) P. 

aeruginosa OBP 1, (b) P. aeruginosa OBP2, (c) P. aeruginosa OBP3 

and (d) P. aeruginosa OBP4 
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The CMC values were determinedoby diluting the isolated biosurfactant , 
solution of the bacterial strains to several time~jn sterile distilled water. The values 

- «r f 

were found to be in the range of 45-105 mgr l and are presented in Table 4.21 and 
, I , 

Figure, 4.8. The surface tension values at the CMC for the biosurfactan~rof, OBP1, 

OBP2;OBP3 and OBP4 were in'the order of 31.1,' 37.6, 35.S
1
and 33.2 mNm- l

, 

respectively. After the attainment of the CMC no further reduction in the surface 
.! I • 

tension was observed. 

~..... J 4 

4.6.2 Influence of temperature, pH, salinity and metal ion concentration on tbe 

surface activity of isolated biosurfactant , ,. 

The cell-free culture supernatant containing the biosurfactant showed almost 

stable surface activity over a wide range of pH' values.; The effects of pH on 

biosurfactants were determined at normal concentration, CMD,·I (10 times dilution) 

and CMD·2 (l00 times dilution). Data are presented in Table 4.22. 
... "(1,,." J 

Table 4.22. Influence of pij: on the surface activity of biosurfactant produced by 

P. aeruginosa~ strains in 2% n-hexadecane supplemented medium at 

normal and critical micelle dilutions (CMD-1 and CMD-2
) 

Bacterial pH Surface tension (mN/m) 
strains Cell-free culture CMD·1 CMD'z 

supernatant 
2 

. . 34.8±1.00 35.6±0.32 48.2±0.46 

P.- aeruginosa 11 t 5 
, 

31.8±O.42 32.0±0.56 42.5±0.49 
OBPI I • : .7l , 31.1±O.37 31.8±O.47 , 41.9±0.55 1 

8 31.2±O.22 31.9±O.28 42.8±0.42 

w.I L , 0\"4 : 32.6±0.28 , 33.8±O.I4 45.6±0.65 

I \ I; '\2 . 1, ) 41.5±0.58 48.9±0.78 . 63.7±0.31 

P. aeruginosa 5 ') f: 4. .... 37!8±O.35 41.0±0.23 58.3±O.46 

- OBP2 ;. ;7 37.6±O.11 40.7±O.83 57.6±O.29 
-

I \ \ 8 , 38.1±O.34 41.5±O.69 58.8±0.36 
-

l - , 11 ~ 39.7±O.53 43.2±0.45 61.O±O.53 I "'r . 
1'2 40.4±O.36 46.3±O.93 63.5±O.29 

p, aeruginosa 5 
, 

35.7±O.31 38.7±O.67 56.8±O.49 

OBP3 7 35.4±O.l9 38.2±O.30 55.6±1.0O 
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" 
, -. 8 " ,I, ~v 36,5±0.83 . ',1. 39.5±O.47 57.4±O.l9 

, 
• j j . ; , 1.1 /I 38.7±0.62 , 42.5±0.61 60.8±0.38 

• .J . . I (i ~ 

2 38.5±0.43 43.3±0.60 57.1±0.51 , - , 
P. aeruginOsa 5 

, 
33.7±O.76 

~ 

39.8±O.71 50.3±0.94 
OBP4/'j' J ' 7- I 33.1±O.93 39.S±O.35 48.7±0.54 

r " 
( I .... , f • ~8 . ) . 33.6±0.Sl ' [ 39.7±O.29 51.4±0:66. 

11 35.8±0.23 , 
I 

41.4±p.72 54.9±0.39 
The data shown here are mean values of tnplIcates 

Biosurfactants at normal and CMD-1 concentrations showed no signifi.cant 
J i f:" ~,).." ...t f I" j .. 1 ~ _ J , 

difference in their surface activity at all the tested pH levels. However, the 
J \ ~ '>. J... • ) i J ~ 

concentration at CMD-2 exhibited reduction in the surface activity due to the lower 

concentration which leads to increase'· in' surface tension. The! activity of the 

biosurfactants produced by the' bacterial' strains was found to be optimum between the 

pH of 5-8. Extreme pH below 5 and above 8 caused increased surface tension. ' . I 

-Jo ) ~ \ 1 

The cell free culture supernatant of the bacterial strains retained the surface 

activity even after 60 min of incubation atl.temperatures ranging from 4-10'O·C. The 

cell free culture supernatants remained effective even after autoclaving at 121'C for 30 

min. Concentrations \ of the supernatant at CMD-1
, and 'CMD-2 on exposure to 

temperatures 4-100"c for 60 min exhibited almost stable surface tension. Data 
" 'j r~ 1.1 ~ r 

obtaine(are presen~t~~ in Table 4.23. I 

Table 4.73. influ~~ce.of ~emperature on th~ sJrface activity ~f biosurfactant produced 

by P. aeruginosa strains in 2% n-hexadecane supplemented medium at 

~ormal arid critical micelle dilutions (CMD-1 and" C~~2) . ) 

Bacterial Exposure to 60 1 . Surface tension (mN/m) 
I strains min at the CeU':free culture .CMD-1 CMD-;z , 

- , - -
• I 'temperature ee) J supernatant , . , . , 

P. aeruginosa 4 
, 

t32.3±O.23 33.5±O.39 42.7±O.92, 
OBPI , 25 31.2±O.62 31.3±0.19 41.9±O.36 

"37 31.1±0.56 31.5±O.17 4 1.6± 1.20 
'50 31.5±O.72 31.8±0.39 41.9±0.39 
75 • ; ! 31'.8±O.l8 32.3±0.40 42.4±O.41 
100 I 32.0±1.23 36.3±O.94 47.2±O.55 
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121 (for 30 min) 32.3±O.81 35.9±O.40 47.7±0.56 
P. aeruginosa 4 38.3±O.41 43.0±0.25 58.1±O.29 

OBP2 25 37.5±O.38 40.3±O.48 57.6±0.38 
37 37.6±0.28 40.8±O.39 57.5±O.65 

50 37.8±O.37 41.1±O.52 57.8±0.75 

75 38.0±0.51 41.6±O.41 58.2±0.28 

100 39.4±O.20 43.9±O.40 59.3±O.47 
121 (for 30 min) 39.2±O.51 44.2±0.35 59.1±O.76 

P. aeruginosa 4 36.8±O.39 39.6±0.77 56.8±O.87 
OBP3 25 35.5±O.38 38.4±O.93 55.3±O.54 

37 35.3±O.40 38.3±O.38 55.5±O.39 

50 35.3±O.19 38.7±O.84 55.9±0.82 

75 35.9±0.36 39.4±O.62 56.4±O.39 

100 38.3±O.72 41.5±O.65 59.2±0.35 

121 (for 30 min) 38.2±O.J0 41.8±O.94 59.6±O.62 

4 34.7±O.39 40.6±O.54 49.5±O.82 

25 33.2±O.91 39.8±O.77 48.7±O.22 
P. aeruginosa 37 33.2±0.32 39.7±O.83 48.8±0.91 

OBP4 50 33.5±O.17 39.7±O.39 49.2±O.30 

75 33.7±O.63 40.2±O.98 49.7±O.45 

100 34.0±0.72 43.8±O.74 51.4±0.76 

121 (for 30 min) 34.6±0.83 44.1±O.59 51.2±O.98 

The data shown here are mean values ~f triplicates 

At CMD-2
, the cell free culture supernatant exhibited comparatively lesser 

surface activity than CMD-1 due to lowering of surfactant concentration. The cell free 

culture supernatants at CMD-1 and CMD-2 remained effective similar to that of normal 

concentration even after autoclaving at 121"C for 30 min. 

The biosurfactant retained its sUrface activity by reducing the surface tension 

upto a concentration of 4% NaCI and the effect of salinity on biosurfactants was 

determined at normal, CMD-1 and CMD-2 concentrations. Results thus obtained are 

shown in Table 4.24. 
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Table 4.24. Influence of salinity on the surface activity of biosurfactant produced by 

P. aeruginosa strains in 2% n-hexadecane supplemented medium at 

normal and critical micelle dilutions (CMD-1 and CMD-2
) 

Bacterial NaCI Surface tension (mN/m) 

strains Concentration Cell-free culture CMD-1 CMD-2 

(g%) supernatant 
P. aeruginosa 0 31.2±O.87 31.4±O.56 41.7±O.92 

OBPl 2 31.4±O.36 31.3±O.20 41.3±O.39 

3 31.7±O.90 31.8±O.54 42.2±0.49 

4 34.5±O.13 39.3±O.73 48.2±0.28 

5 40.4±O.64 42.6±0.29 53.7±O.36 

P. aeruginosa 0 37.4±O.43 40.6±O.48 57.7±O.26 
OBP2 2 37.6±O.26 40.9±O.71 57.5±O.40 

3 37.9±O.39 41.0±0.39 57.8±O.40 

4 40.5±O.48 43.7±O.51 59.6±1.00 

5 46.6±O.65 50.3±O.30 61.9±O.49 

P. aeruginosa 0 35.4±O.28 38.3±O.83 55.5±O.72 

OBP3 2 3S.4±O.76 38.5±O.62 SS.6±O.49 
3 35.7±O.39 39.9±0.96 55.6±0.49 

4 37.3±O.49 41.0±0.70 S8.3±O.02 

5 43.l±O.65 48.8±O.52 59.8±O.39 

P. aeruginosa 0 33.l±O.38 39.7±O.30 48.6±O.56 

OBP4 2 33.3±O.29 39.6±0.73 48.6±O.7S 

3 33.6±O.48 39.7±O.40 48.9±0.95 

4 36.0±0.20 42.5±O.67 50.4±O.34 

5 39.6±O.29 48.2±0.93 53.7±O.94 

The data shown here are mean values of triplicates 

The reduction in surface tension of the cell free culture supernatant was almost 

similar to that of CMD-1 referring to the intact efficiency of biosurfactant at CMD-1
• At 

~gher dilution of CMD-2 the cell free culture supernatant exhibited significant activity 

indicating their efficiency even at lower concentrations. However, the level of surface 

activity was comparatively lower than that of nonnal and CMD-1
• The cell-free culture 

supernatant ofthe bacterial strains were treated with different metal ions like K+, Ca2+, 

M!?+, Fe2+ and Ae+ (2% w/v). The culture supernatant at CMD-1 and CMD-2 on 
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exposure to the different metal ions exhibited almost stable surface tensions. Data 

obtained are presented in Table 4.25. 

Table 4.25. Influence of metal ions on the surface activity of biosurfactant produced 

by P. aeruginosa strains in 2% n-hexadecane supplemented medium at 

normal and critical micelle dilutions (CMD- 1 and CMD-2
) 

Bacterial Exposure to Surface tension (mN/m) 
strains metal ions Cell-free culture CMD-1 CMD-z 

(2% w/v) supernatant 
K + 31.2±O.40 37.4±O.75 45 .7±O.60 

P. aeruginosa C,L+ a , 31.1±O.58 36.3±O.37 45.6±O.45 
OBPI M .2+ g , 31.3±O.67 36.5±O.53 45.7±O.60 

FeL+ 31.2±O.22 36.3±O.63 45 .5±O.45 
AI J + 34.7±O.36 38.9±O.52 48.8±O.69 
K + 37.6±O.54 43.2±O.56 58.2±O.45 

P. aeruginosa C ,L+ a , 37.5±O.65 42.4±O.23 57.5±O.23 
OBP2 M yL+ g , 37.4±O.83 42.7±O.75 57.4±O.34 

Fel + 37.7±O.31 43.4±O.32 57.8±O.62 
Ae+ 39.3±O.53 46.5±O.69 60.7±O.42 
K + 35.7±O.67 41.5±O.98 52.5±O.51 

P. aeruginosa C ,L+ a , 35.5±O.34 40.5±O.54 51.6±O.1l 
OBP3 MgL+, 35.3±O.37 40.5±O.29 51.5±O.27 

FeL+ 35.2±O.83 40.6±O.78 51.7±O.39 
AI J + 37.7±O.56 43 .2±O.43 53.8±O.83 

P. aeruginosa K + 33.5±O.29 39.7±O.93 47.O±O.36 

OBP4 CaL+ , 33.2±O.65 39.4±O.53 46.9±O.73 
Mi+, 33.3±O.56 39.6±O.77 46.7±O.29 

FeH 33.4±O.93 39.5±O.49 46.9±O.60 
AlJ + 35.8±O.37 41.6±O.61 49.2±O.35 

The data shown here are mean values of triplicates 

In the case of trivalent metal (Al3+) there was a significant reduction in the 

surface activities ofbiosurfactants at all concentrations. 
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4.6.3 Emulsification activity (E24 % ) 

The emulsification activity of the biosurfactants present in the culture 

supernatant of the bacterial strains was assessed against the different hydrocarbons and 

is presented in Figure4.9. 
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Figure 4.9. Emulsification indices (E24%) exhibited by the culture supernatants of P. 

aeruginosa strains with various hydrophobic substrates. Results represent 

the mean of three independent experiments ± standard deviation 

The bacterial strains showed wide difference in the emulsification activity 

against the test hydrocarbons. However, the cell free culture supernatant of the 

bacterial strains exhibited appreciable emulsification indices against diesel, n

hexadecane, n-octadecane, crude oil, n-dodecane, lubricating oil, n-paraffin and 

kerosene were in the range of 64-82%, 67-77%, 64-74%, 57-73%, 63-70%, 52-67%, 

49-68%, and 50-64% respectively. Retention of emulsions even after 30 days indicates 

the formation of a relatively stable emulsion. It was observed that the cell free culture 

supernatants of the bacterial strains couldn't emulsify the iso-octane upto a significant 

level. 
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4.6.4 Influence of temperature, pH, and salinity on the emulsification activity 

(E24%) 

The E24 of the cell free culture supernatant of the bacterial strains against diesel 

was quite stable at all pH levels; but the maximum activity was shown in the pH range 

of 5-8 (Figure lOa). E24 of the diesel supplemented cell free culture supernatant of the 

bacterial strains was quite stable at all temperatures from 4-100·C (Figure 1 ~b). The 

E24 was also stable upto 30 days even when stored at 4°C. It is interesting to note that 

the biosurfactant retained its emulsifying activity even after heating at the autoclaving 

temperature of 121 T for 30 min, indicating the thermal stability of the cell-free 

culture supernatant of the bacterial strains. Further, The E24 against diesel also 

remained unchanged over the tested NaCI concentrations from 2-4% (Figure I Dc). 
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Figure 4.10. Effect of (A) pH, (B) temperature and (C) salinity (NaCI) on the 

emulsifying properties (E24%) of culture supernatants of P. aeruginosa 

strains against diesel. Results represent the mean of three independent 

experiments ± standard deviation 

4.6.5 Foaming index (FZ4%) 

The cell free culture supernatants of the bacterial strains produced stable foam with the 

foaming index (F24%) in the range of 50.4-65.5%. F24% is presented in Figure 4.11. 
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Figure 4.11. Foaming indices (F24%) exhibited by the culture supernatant of P. 

aernginosa strains. Results represent the mean of three independent 

experiments ± standard deviation 

Foams produced by the cell free culture supernatants of all four bacterial 

strains remained relatively stable upto 24 h. 

114 



Results 

4.6.6 Cell surface hydrophobicity 

Hydrophobicity of the bacterial cell surfaces growing on two different carbon 

sources such as glucose and n-hexadecane was detennined and is presented in Figure 

4.12. All the bacterial strains possessed wide extent of variability in their surface 

hydrophobicity against the tested hydrocarbons. The surface hydrophobicity of four 

strains of P. aeruginosa cells growing on n-hexadecane was observed to be much 

higher as compared to the bacterial strains growing on glucose containing medium. 

Further, it was observed that the cell surface hydrophobicity of the bacterial cells at 

the exponential growth phase was much lower than that of the bacterial cells at the 

stationary phase of growth. 
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Figure 4.12. Hydrophobicity of bacterial strains at exponential and stationary phase of 

growth when cultivated in mineral salt medium supplemented with 2% n

hexadecane or glucose. Values are the mean of three independent 

experiments ± standard deviation 
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4.7 Chemical characterization of isolated biosurfactants 

4.7.1 Biochemical characterization of isolated biosurfactants 

Biochemical characterization of isolated crude biosurfactants from four 

bacterial strains is presented in Table 4.26. The isolated biosurfactants were glycolipid 

in nature. 

Table 4.26. Biochemical characterization of biosurfactant produced by P. aeruginosa 

strains in mineral salt medium supplemented with 2% n-hexadecane 

Biosu rfactant Carbohydrate content Lipid content Protein 

sample (%) (%) content (%) 

OBPt 48.0±0.3 28.7±0.2 23.3±0.2 

OBP2 51.7±0.t 28.3±0.6 20.0±0.t 

OBP3 47.8±0.6 30.8±0.6 21.4±0.1 

OBP4 49.3±0.2 29.0±0.5 21.7±0.4 

Results represented mean ± S.D of three individual experiments 

4.7.2 Thin layer chromatography (TLC) 

Qualitative analysis of the partially purified biosurfactant samples isolated 

from OBP 1, OBP2, OBP3 and OBP4 was done by TLC. On spraying with orcinol 

reagents, brown colored spots indicative of carbohydrate units were detected in silica 

plates. While exposing to the similar plates with iodine vapor, yellow spots indicative 

of lipids giving same Rf value as that of glycosyl units were observed on the same 

region and the same are presented in Figure 4.13. The biosurfactant ofOBPI showed 

the presence of four spots having Rfvalues: 0.26,0.52 and 0.67. In the case of OBP2, 

only three spots with Rfvalues 0.33, 0.40 and 0.71 appeared. Three spots with almost 

similar Rfvalues 0.34, 0.55 and 0.73 were observed in the biosurfactant of OBP3 and 

OBP4. 
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Figure 4.13. Thin-layer chromatogram of biosurfactants produced by P. aeruginosa 

strains when cultivated in mineral salt medium supplemented with n

hexadecane. (a) P. aeruginosa OBP1 , (b) P. aeruginosa OBP2, (c) P. 

aeruginosa OBP3 and (d) P. aeruginosa OBP4. FI-F3 represents 

fractions that exhibit positive results of surface activity 

For further purification of the isolated biosurfactants, preparative TLC plates 

were used to collect those fractions which exhibited the high surface activity in water 

and are shown in Table 4.27. 

Table 4.27. TLC separation of partially purified biosurfactant produced by 

P. aeruginosa strains 

Bacterial strain TLC Rrvalues Surface tension 
fractions reduction (mNm-1

) 

P. aeruginosa OBPI Sl 0.26 52.7±0.83 
S2 0.52 30.8±0.39 
S3 0.67 32.3±0.52 

P. aeruginosa OBP2 Sl 0.33 56.3±0.45 
S2 0.40 37.4±0.72 

S3 0.71 43.2±0.55 

P. aeruginosa OBP3 Sl 0.34 54.3±0.43 
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S2 0.55 39.3±0.53 

S3 0.73 35. 1±0.12 
P. aeruginosa OBP4 Sl 0.33 51.5±0.55 

S2 0.52 33.0±0.34 

S3 0.74 38.7±0.41 

Results represented mean ± S.D of three individual experiments. 

4.7.3 Fourier transforms infrared spectroscopy (FTIR) 

The molecular composition of the freeze-dried biosurfactants of the bacterial 

strains on n-hexadecane supplemented medium was analyzed by FTIR and is 

presented in Figure 4.14. The FTIR spectra of all four biosurfactants showed different 

characteristic peaks with the presence of amino, carboxyl, hydroxyl and carbonyl 

groups. AIl four spectra showed the same essential adsorption bands; only the relative 

areas under the various absorption bands are slightly different. 
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Figure 4. 14a. The FTIR spectra of the biosurfactants produced by (A) P. aeruginosa 

OBPI and (B) P. aeruginosa OBP2 in mineral salt medium supplemented with n-

hexadecane. 
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Figure 4.14b. The FTIR spectra of the biosurfactants produced by (C) P. aeruginosa 

OBP3 and (D) P. aeruginosa OBP4 in mineral salt medium 

supplemented with n-hexadecane. 

FTIR spectrum of OBP I biosurfactant (Figure 4.14a) possessed a characteristic 

band at 3430.19 cm-1 representing - OH groups. Bands at 2927.03 and 2860.39 cm-1 

were caused by - CH stretching bands of -CH2 and - CH3 groups. Stretching bands at 

1725.32 cm- I showed the presence of carbonyl groups. Similarly, the FTIR spectrum 

of OBP2 biosurfactant (Figure 4.14a) exhibited the intense characteristic peak at 

3434.00 cm-1 representing - OH groups. The intense stretching bands at 2927.92, 

2845.91 and 1731.95 cm- I corresponded to cm-I -CH2, -CH3 and -C=O groups, 

respectively. 

In the case of OBP3 biosurfactant (Figure 4.14b), the peaks at 3403.76 cm-1 

indicated -OH groups. Other characteristic peaks at 2924.99, 2858.66 and 1725.97 

cm-1 represented - CH2, - CH3 and - C=O stretching bands, respectively. The FTIR 

spectrum of OBP4 surfactant (Figure 4.14b) had an intense peak at a frequency of 

3416.40 cm- I referring to the presence of -OH groups. Peaks at 2929.43 and 2863.50 

cm- I represent stretching bands of -CH2 and -CH3 groups. Another characteristic peak 

at the frequency of 1732.60 cm-I showed the presence of carbonyl stretching. 
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In most of the FTIR spectra possessed absorption at 1042.08-1066.26, 

1534.92-1543.75 and 1638.10-1646.38 cm-1 representing --C=O amide I, -N/-C=O 

amide II and PII band: polysaccharide respectively which indicated the presence of 

protein and polysaccharide like substance in the isolated biosurfactants. 

4.7.4 Liquid chromatography and mass spectroscopy (LC-MS) 

The purified TLC fractions of OBPI and OBP2 biosurfactant were further 

purified on a ultra pure liquid chromatography (UPLC) system to separate the 

rhamnolipid mixture and are presented in Figure 4.15a. 
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In the case of OBP3 and OBP4, the TLC fraction showing the highest surface 

activity was purified and characterized on a liquid chromatography (LC) system and 

are shown in Figure 4.15b. The mass spectra of the purified rhamnolipid from the 

bacterial strain OBP3 and OBP4 showed the presence of rhamnolipid congers with 

multiple molecular ions (Appendix II) and the same are presented in Table 4.28. 
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Figure 4.15b. UPLC profile of purified fraction of (A) P. aeruginosa OBP3 and (B) 

P. aernginosa OBP4. 

Table 4.28. Chemical composition of rhamnolipid mixture produced by P. aernginosa 

strains as determined by mass spectroscopic analysis 

Bacterial strains Rbamnolipid congeners Pseudomolecular ion 
lm1z) 

Rha-C IO 331 
Rha-C 122 359 
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Rha-Cg-C IO 479 
Rha-CIO-CIO 505 

P. aeruginosa OBPl Rha-C IO-C12 1 528 
Rha-C 12-CIO 531 
Rha-C IO-C 12 531 

Rha- Rha-Cg-C 1 0 621 
Rha- Rha-C IO-C 10 648 
Rha- Rha-C IO-C 12 1 674 

Rha-CS2 302 
Rha-C 122 357 

Rha-C IO-C 10 501 
P. aeruginosa OBP2 Rha-C IO-C 12 1 527 

Rha- Rha-CIO-C 12 531 
Rha- Rha-C 12-CIQ 531 
Rha- Rha-CIO-C IO 648 

Rha- Rha-C IO-C 12 1 675 
Rha-CS2 302 
Rha-C IO 333 

Rha-Cg-C IO 477 
Rha- Rha-C 10 480 

P. aeruginosa OBP3 Rha-C IO-C 10 502 
Rha-CIO-CJ2 I 529 

Rha- Rha-CIO-C 12 531 
Rha- Rha-CI2-CIO 531 
Rha- Rha- CS-C 10 622 

Rha-CS2 302 
Rha-C IO 332 

Rha-C 122 358 
Rha-Cs-CIQ 477 

P. aenlginosa OBP4 Rha- CIO-C IO 502 
Rha-CIO-C12 532 

Rha- Rha-Cs-C 10 622 
Rha- Rha-CIO-C IO 648 

Rha- Rha-C IO-C I2 I 673 
Rha- Rha-C IO-C 12 679 

4.7.5 Thermogravimetric analysis (TGA) 

TGA analyses of the four isolated four biosurfactants were carried out (weight 

loss versus temperature) and are presented in Figure 4.16. 
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Figure 4.16. Thermogravimetric analysis (TGA) of dried biosurfactants produced by 

P. aeruginosa strains during growth in mineral salt medium 

supplemented with n-hexadecane. 

Degradation study was done by heating the samples from 25 to 600°C. The 

thermogram of all the biosurfactant samples exhibited a two-step degradation pattern. 

The initial degradation of the biosurfactants of OBP1, OBP2, OBP3 and OBP4 

occurred at around 156.6, 135.6, 135.6 and 145.3°C, respectively and its 

corresponding weight loss were in the order of7.95, 6.26, 7.5 and 6.9 %, respectively. 

The second step degradation of the biosurfactant samples were observed at 284.4, 

276.3, 257.0 and 269.9 °C, respectively and determined as degradation temperature 

(T d). In the second step degradation, there were 24.1 , 28.8, 26.1 and 26.9 % weight 

loss in the biosurfactant samples of OBP I, OBP2, OBP3 and OBP4, respectively. The 

retention of 43-44 % weight by the biosurfactant samples even after heating at 600°C 

reveals their thermo-stability. 

4.7.6 Differential scan ning calorimetry (nSC) 

DSC thermograms of the four biosurfactants are presented in Figure 4.17. The 

thermogram of the biosurfactant samples revealed two different endothermic peaks. 

Biosurfactant of the bacterial strain OBP] exhibited two distinct endothermic peaks at 

around 16°C and 131°C. Also a third smaller endothermic peak was observed nearby 
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140°C. The first peaks represent the enthalpy of dehydration and the second peak 

indicates the enthalpy of.decomposition. 
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Figure 4.17. Differential scanning calorimetry (DSC) of dried biosurfactant produced 

by P. aeruginosa strains during growth in mineral salt medium 

supplemented with n-hexadecane 

4.8 Application in the field of bioremediation 

4.8.1 Reduction in the viscosity of crude oil 

Treatment of crude petroleum with the bacterial strains showed noticeable 

reduction in the viscosity values as compared to the untreated control. The results are 

presented in Figure 4.18. 
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Figure 4.18. Reduction in the viscosity of crude o il after treatment with P. aeruginosa 

strains. Values are the mean of three independent experiments ± standard deviation. 
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However, bacterial strain OBP4 and OBP2 had a very 'clear impact on the 

viscosity of crude oil which significantly decreased from 48.7 Pa.sec before treatment 

to 34.6 Pa.sec after 30 days of the treatment. 

4.8.2 Solubilization of polyaromatic hydrocarbon (PAH) by biosurfactant 

The effect of biosurfactants on the solubility of PAHs such as phenanthrene, 

anthracene and naphthalene was determined in the presence of biosurfactant. As 

shown in Figure 4. 19, biosurfactants possessed highly noticeable effect on the 

solubilization of the three tested PAHs. 
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Figure 4.19. PAH solubilization assay showing the decrease in the available 

phenanthrene, anthracene and naphthalene concentration with 
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increasing concentration of biosurfactants produced by (A) P. 

aeruginosa OBPl, (B) P. aeruginosa OBP2, (C) P. aeruginosa OBP3, 

and (D) P. aeruginosa OBP4 .. Values are the mean of three 

independent experiments ± standard deviation 

The solubility of PAHs in water was found to be higher in the presence of 

biosurfactants as compared to the control having no biosurfactant. Biosurfactants 

either below or above its CMC were effective in solubilization of PAHs. Nevertheless, 

solubilization was much more pronounced when the concentration of biosurfactants 

produced by the bacterial strains were increased above their respective CMC values. 

The biosurfactants from all four bacterial strain exhibited appreciable solubilization of 

phenanthrene. The highest solubilization of phenanthrene was observed in OBP3 

biosurfactant, followed by OBP4. In the case of anthracene, the biosurfactant from the 

bacterial strain OBP4 showed a significant level of solubilization as compared to the 

biosurfactant from the OBP3 and OBPI. Naphthalene was found to be solubilized 

significantly only by the biosurfactant from OBP4. 

4.8.3 Biodegradation of crude oil by the bacterial strains 

The bacterial strains were assessed for their ability to degrade crude oil 

components in the culture medium. The medium was supplemented with 2.0 ml (1.9 

g) of crude oil and inoculated with the individual bacterial strains separately. After 30 

days of incubation, the residual fractions of aliphatic, aromatic and NSO compounds 

were determined and are presented in Table 4.29. 

Table 4.29. Degradation of aliphatic, aromatic and NSO fractions of crude oil by P. 

aeruginosa strains after 30 days of treatment in liquid culture 

Bacterial strain Media Aliphatic Aromatic NSO 
supplemented fraction fraction compounds 
with crude oil degraded degraded degraded 

(g)* 0/0 0/0 0/0 

Control 1.86 
I 

12.6±O.8 10.3±O.6 04.7±O.2 

P. aeruginosa 1.86 n.8±O.2 25.2±O.6 11.5±O.5 
OBPI 
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P. aeruginosa 1.86 67.5±O.7 !2.3±O.9 07.3±0.! 
OBP2 

P. aeruginosa 1.86 71 .8±O.3 31 .8±O.8 13.5±0.4 
OBP3 

P. aeruginosa 1.86 73.0±O.3 30.3±O.3 14.7±O.7 
OBP4 

*Determination on the basis of crude oil 2.0 ml (1 .857 g). Results represented mean ± 
S.D of three individual experiments. 

As shown in Table 4.29, the strain OBP4 followed by OBP I exhibited high 

level degradation of aliphatic hydrocarbons with 73.0 and 72.8% respectively. On the 

other hand, the strain OBP3 and OBP2 possessed 71.8 and 67.5% degradation of 

aliphatic hydrocarbons, respectively. In the case of aromatic fraction, the bacteri al 

strain OSP3 followed by OBP4, OBPI and OBP2 showed better degradation of 31 .8, 

30.3, 25.2 and 12.3% respectively. The strain OSP4 exhibited the highest degradation 

of NSO compounds with 14.7% while OSP3, aSP! and OSP2 degraded 13.5, 11.5 

and 7.3%, respectively. The degradation of crude oil by the bacterial strains was 

further confirmed by gas chromatography (GC). The GC profiles of the saturated 

fractions of the crude oil after 30 days treatment with the bacterial strains along with 

the control were determined and are presented in Figure 4. 20. 
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Figure 4.20. Gas chromatographic analysis of the saturate fraction of crude oil after 

treatment with bacterial strains. (A) Control without treatment, (B) P. 

aeruginosa OBP I; (C) P. aeruginosa OBP2, (D) P. aeruginosa OBP3, 

and (E) P. aeruginosa OBP4. 

II different combinations of bacterial strains were cultured in MSM 

supplemented with 2% (v/v) crude oi l for a period of 96 h to determine their ability to 

grow on crude oil. The tinal dry biomass yield was determined and the data are 

presented in Table 4.30. 

Table 4.30. Biomass of bacterial consortia in mineral salt medium supplemented with 

crude oil after 96 h of culture 

S.No Bacterial consortium Dry biomass (g.r') 

I. OBPI + OBP2 1.45± 0,01 

2. OBPI + OBP3 1.35± 0.04 

3. OBPI + OBP4 0.85± 0. 1 

4. OBP2 + OBP3 1.34± 0.2 

5. OBP2 + OBP4 0.71 ±0. 1 

6. OBP3 + OBP4 0.86± 0. 1 

7. OBP I + OBP3+ OBP4 2.72± 0.3 

8. OBP2 + OBP3+ OBP4 1.50± 0.4 
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9. OBP1 + OBP2+ OBP4 1.90± 0.1 

10. OBP1 + OBP2+ OBP3 3.34± 0.1 

II. OBP1 + OBP2+ OBP3+ OBP4 3.33± 0.1 

Results represented mean ± S.D of three individual experiments. 
On the basis of growth performance as depicted by the dry biomass yield, 

bacterial consortia 7 and ) I designated as consortium I and consortium II were 

selected to assess their ability to degrade crude oil in MSM. The residual crude oil in 

the culture medium after 30 days oftreatment by the two bacterial consortia separately 

was assayed and is presented in Table 4.31. 

Table 4.31. Degradation of aliphatic, aromatic and NSO fractions of crude oil by 

bacterial consortia and in presence of biosurfactant after 30 days 

Bacterial strain Culture Aliphatic Aromatic NSO 
media fraction fraction compound 
with degraded degraded degraded 

crude oil (%) (%) (%) 
(g) 

Control 1.85 12.2±0.5 08.9±0.5 05.2±O.7 

Consortium I 1.85 78.6±0.5 42.7±0.7 21.6±O.3 

Consortium II 1.85 80.4±0.8 42.4±0.4 19.2±O.4 

Consortium I + biosurfactant 1.85 80.7±0.3 43.8±0.5 22.5±O.7 

Consortium 11+ biosurfactant 1.85 81.6±0.7 42.6±0.2 20.7±O.5 

*DetermmatlOn on the basIs of crude 011 2.0 ml (1.849 g). Results represented mean ± 
S.D of three individual experiments. 

As shown in Table 4.31, the consortia was able to degrade 78.6-80.4% of 

aliphatic fractions, around 42.5% of aromatic fractions and 19.2-21.6% of NSO 

containing compounds of crude oil within 30 days. Similarly, the effect of 

biosurfactant on the degradation of crude oil by the bacterial consortia was estimated 

and the data are presented in Table 4.31. The GC profiles of the saturated fraction of 

crude oil in culture medium inoculated with consortium I, consortium II and in the 

presence of externally added biosurfactant after 30 days of incubation was determined 

and are presented in Figure 4.21. 
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Figure 4.21. Gas chromatographic analysis of the saturate fraction of crude oil after 

treatment with (A) control (8) Consortium I, (C) Consortium II, (D) 

Consortium 1+ biosurfactant, and (E) Consortium ll+ biosurfactant 

4.8.4 Separation of crude oil from contaminated sand using biosurfactants 

The capability of the aqueous biosurfactant solutions to remove crude oil from 

the crude oil contaminated sand was investigated and the results are shown in Figure 

4.22. The maximum crude oil removed by the biosurfactants isolated from the 

bacterial strains was attained within their CMC, showing a total removal upto a range 

of 54-61.7% and are presented in the Figure 4.22. However, increased concentration 

of biosurfactants beyond CMC did not enhance further removal of crude oil from the 

contaminated sand. 
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Figure 4.22. Removal of crude oil from the contaminated sand after washing with 

biosurfactant solution CBS) produced by P. aeruginosa strains. CFCS

Cell free culture supernatant, SDS-Sodium dodecyl sulphate. Values are 

the mean of three independent experiments ± standard deviation 

The cell free culture supernatants were also found to be efficient in separating 

the crude oil from the contaminated sand and exhibited almost similar efficiency as 

compared to the purified biosurfactant solutions. The control with only distilled water 

was able to remove only 26.2% while SDS could able to separate 58.6% of crude oil 

from the contaminated sand. 

4.8.5 Release of crude oil from the sand pack column by biosurfactants 

The crude oil saturated sand pack columns were treated with individual cell 

free culture supernatant of the bacterial strains and incubated at room temperature, 50, 

70 and 90°C to determine the release of crude oil from the column. The released crude 

oil was quantified and the data are shown in Figure 4.23. At room temperature the 

culture supernatant of the bacterial strains could recover 9.3-11.4% of crude oil from 

the saturated sand pack column, 6.4- 8.7% at room temperature, 7.8-9.7% at 50°C, 8.4-

10.5% at 70°C and 9.3-11.4% at 90°C. 
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Figure 4.23. Recovery of crude oil (%) from the sand pack column at room 

temperature (RT), 50°C, 70°C, and 90°C after treatment with cell free 

culture broth of P. aeruginosa strains. Values are the mean of three 

independent experiments ± standard deviation. 

The control with the steri li zed cu lture medium could able to recover on ly 

1. 1-3. 1% crude oil. The biosurfactants produced in the culture media by the bacterial 

strain while exposed to higher temperature between 70- 90°C caused higher recovery 

of crude oil from the saturated sand pack column. This also proved the stability of 

biosurfactants in the recovery process being subjected to higher temperatures . Further, 

addition of fresh medium separately with the bacterial strains could not enhance the 

further recovery of crude oil from the saturated sand pack column. 

4.8.6 Separation of residual crude oil from the petroleum sludge by 

biosurfactants 

The sticky solid sludge used in the present investigation was blackish brown in 

color. The total petroleum hydrocarbon present in the sludge was approximately 785 ± 

130 glkg. Results clearly explained that the suitability of the biosurfactants for the 

removal of total petroleum hydrocarbon (TPH) from the petroleum sludge than those 

removed by water only. The biosurfactant solution of bacterial strain OBP ] could 

separate around 63.4-73.5% of residual crude oil from 7% petroleum sludge in 15 days 

of incubation and is presented in Figure 4.24. 
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The separation of the residual oil from the sludge gradually increased with increase in 

the biosurfactant concentration. The maximum recovery of crude oil by the 

biosurfactant solutions were achieved within their respective CMC values 

(p value < 0.05). In the case of concentrations above CMC, no enhancement in the 

release of oil from the sludge was observed (p value> 0.05) and is presented in Figure 

4.24a. Similarly, cell free culture supernatants of the bacterial strains were also 

efficient in removing the residual crude oil from the sludge and were almost 

comparable to their respective biosurfactant solutions. Separation of oil was upto 7% 

(w/w) sludge concentration, but above this concentration there was no further increase 

in the release of the residual crude oil from the sludge (p value> 0.05), as they could 

not form homogenous slurry and the same is presented in Figure 4.24b. 

The amount of residual crude oil released gradually increased along with the 

treatment time, but after IS days of treatment there was no further increase 

(p value> 0.05) and the data are presented in Figure 4.24c. Much more residual oil 

was released when the flasks were continuously shaken as compared to occasional (p 

value < 0.05) and no shaking (p value < 0.05). The release of oil increased with the 

increase in the rpm value, however above 120 rpm there was a significant decrease in 

the separation of residual oil (p value> 0.05) and is presented in Figure 4.24d. 

4.8.7 Degradation studies of bacterial biosurfactants 

Biosurfactants isolated from the bacterial strains were significantly degraded 

by the bacterial strains P. aeruginosa (MTCC 8165) and B. circulans (MTCC8167) in 

liquid culture. The degradation patterns of biosurfactants are shown in Figure 4.25. In 

both liquid cultures of P. aeruginosa (MTCC 8165) and B. circulans (MTCC8 I 67) no 

inhibitory effect of the tested biosurfactants were observed. The bacterial strains 

showed normal growth behaviour and are presented in the Figure 4.25. Both strains 

could utilize all four types of biosurfactants efficiently as revealed by the decrease in 

the biosurfactant concentration and increase in biomass content in the culture medium 

with the increase in the incubation period. However, the rate of degradation in all four 

types of biosurfactants was more in the case of B. circulans (MTCC8167) as 

compared to P. aeruginosa (MTCC 8165). 
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Figure 4.25. Degradation of biosurfactants produced by the selected bacterial strains 

by (A) P. aeruginosa (MTCC 8165), (B) B. circulans (MTCC8167), and 
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(C) in garden soil. Values are the mean of three independent experiments ± standard 

deviation 

4.9 Biological activity of isolated biosurfactant 

4.9.1 Effect of biosurfactant on the seed germination and growth 

The seed germination tests were performed with the addition of biosurfactant 

at various concentrations to evaluate their toxicity towards the tested plants and the 

results are presented in Figure 4.26. 
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Effect of biosurfactants produced by P. aeruginosa strains on the 

germination index of (A) rice and (8) mung bean. Values are the mean 

of three independent experiments ± standard deviation 

The biosurfactant solutions were tested at below CMC, at CMC and above 

CMC in order to determine the effect of biosurfactant concentrations on seed 

germination. The biosurfactant sol utions at lower concentration did not exhibi t any 
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inhibitory effects on the seed germination and root elongation of mung bean and rice. 

Normal development of leaves and elongation of primary roots with root hairs were 

observed in both plants. The GI of mung bean (96-100%) was higher up to CMC 

concentrations of the biosurfactants as compared to rice (97-99%). Increased 

concentrations of biosurfactants above CMC values caused reduction in GI values to 

55-65% and 54-45% in mung bean and rice, respectively. 

4.9.2 Larvicidal activity of biosurfactants 

The isolated biosurfactants from all four strains showed no mortality of 

mosquito larvae at the recommended concentrations fixed by WHO. However, all four 

biosurfactants exhibited almost negligible mortality (%) towards the 3rd instar Aedes 

albopictus larvae at a dose of 100-1000 mgT' and the results are presented in Table. 

4.32. 

Table 4.32. Mosquito larvicidal potency of biosurfactants produced by P. aeruginosa 

strains 

Biosurfactant Mortality (%) of mosquito larvae after 24 h 
(mg.l-J

) OBPl OBP2 OBP3 OBP4 

Control - - - -
100 - - - -
300 - - - -
500 - - - -
700 - - - -
1000 - - 10±2.0 -
1500 10±2.5 10±1.5 15±2.0 10±1.5 

Results represented mean ± standard deVIation of three mdependent expenments. 

Mortality of mosquito larvae at much higher concentrations above the one 

recommended by the WHO indicated the ineffectiveness of the isolated biosurfactants. 

4.9.3 Antimicrobial activity of biosurfactants 

Biosurfactant produced by the bacterial strains OBP 1 exhibited the highest 

antibacterial activity against the tested microorganisms followed by OBP3, OBP2 and 

OBP4. The biosurfactant showed high activity against Escherichia coli (MG 1655) and 

Klebsiella pneumonil1e (MTCC 618). but less against Pseudomonas l1eruginosa 

(MTCC 7815), Bacillus subtilis (MTCC 441). Pseudomonas diminuta (AUs) and 

Staphylococcus aureus (MTCC3160). 
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Table 4.33. Antimicrobial properties of biosurfactants produced by P. aeruginosa 

strains 

Microorganisms Zone of inhibition (mm) 

Purified biosurfactants from 

OBPI OBP2 OBP3 OBP4 

Escherichia coli (MTCC40) 16±0.2 15±0.4 16±0.3 14±0.3 

Escherichia coli (MG 1655) 18±0.3 1±0.8 18±O.9 16±0.4 

Bacillus subtilis (MTCC 441 ) 14±0.4 10±0.3 12±0.2 10±0.1 

Bacillus subtilis (MTCC 121 ) 12±0.1 12±0.7 14±0.4 12±0.4 

Staphylococcus aureus (MTCC 737) 14±O.3 14±O.2 14±O.5 12±O.5 

Staphylococcus aureus (MTCC 3] 60) 12±0.3 12±0.8 10±0.2 100O.3 

Klebsilla pneumoniae (MTCC 618) 14±O.4 16±O.9 14±O.8 14±O.8 

Pseudomonas aeruginosa (MTCC 7815) 10±0.7 08±0.2 08±0.3 08±0.4 

Pseudomonas diminuta (AUs) 12±O.3 12±O.7 IO±O.7 JO±O.4 

Candida ablicans (MTCC 227) 09±0.7 07±0.2 08±0.6 07±O.7 

Fusarium oxysporium(MTCC 284) 10±0.2 12±0.5 08±0.7 07± 1.2 

Aspergillus niger (ADs) 10±0.8 08±1.0 07±0.2 -

Colleototricum capaci (AUs) 10±0.1 08±0.3 - -
Alternaria solani (AUs) lO±0.3 07±0.8 - -

Results represented mean ± standard devIatIOn of three mdependent expenments. 

The biosurfactant displayed antifungal activity with higher MIC values against 

tested fungal strains compared to bacterial strains. 

Table 4.34. Antimicrobial potency of biosurfactants produced by the P. aeruginosa 

strains 

Microorganisms Minimum inhibitory concentration 

(mg.ml- I
) 

Purified biosurfactants from 

OBP1 OBP2 OBP3 OBP4 

Escherichia coli (MTCC40) O.5±O.3 O.5±O.5 O.5±O.1 O.5±O.1 

Escherichia coli (MG 1655) O.25±0.8 1.25±0.2 O.25±O.6 O.5±O.S 
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Bacillus subtilis (MTCC 44]) 0.5±0.2 2.0±0.6 I.0±0.2 2.0 ±0.2 

Bacillus subtilis (MTCC 121) 1.O±O.2 I.O±O.2 O.5±O.6 I .O±O.7 

Staphylococcus aureus (MTCC 737) 0.5±0.S O.S±0.6 O.S±O.4 I.O±O.5 

Staphylococcus aureus (MTCC 3160) O.S±O.I 1.0±0.3 2.0±0.1 2.O±O.2 

Klebsiella pneumoniae (MTCC 618) O.25±O.3 O.5±O.6 O.5±O.3 O.S±O.8 

Pseudomonas aeruginosa 2.0±0.7 4.0±O.5 4.0±0.9 4.0±0.3 

(MTCC 7815) 

Pseudomonas diminuta (AUs) 1.0±0.3 1.0±0.1 2.0±0.3 2.0±0.8 

Candida ablicans (MTCC 227) 2.0±O.1 4.0±O.6 4.0±0.6 4.O±O.3 

Fusarium oxysporium(MTCC 284) 2.0±0.5 1.0±0.7 4.0±0.2 4.0±0.2 

Aspergillus niger (AUs) 2.0±0.2 4.0±0.7 - -
Colleototricum capaci (A Us) 2.0±0.4 4.0±O.2 - -
Alternaria solani (AUs) 2.0±0.2 2.0±0.4 - -

Results represented mean ± standard deVIation of three mdependent expenments. 

4.9.4 Chemo-attractant property of biosurfactant 

The biosurfactant produced by the bacterial strain OBPI was found to be 

rhamnolipid in nature (described in the section 3.6.2 and 4.7.4) and this biosurfactant 

at a concentration of 0.5% (w/v) was used to determine its chemo-attractant property 

on Staphylococcus aureus (MTCC 3160) and Klebsiella pneumoniae (MTCC 618). 

Glucose 5% (w/v) was the positive control. The cultures were incubated for 24h. Both 

bacterial strains Staphylococcus aureus (MTCC 3160) and Klebsiella pneumoniae 

(MTCC 618) exhibited growth almost similar to that of the control (Glucose, 5% w/v). 

However, the bacterial strain failed to show any growth towards streptomycin (1.0 

mg.mr') containing wells and the same are shown in Figure 4.27. The tested bacterial 

strains showed positive chemotaxis response towards the rhamnolipid biosurfactants 

similar to that of glucose but negative chemotaxis response towards the streptomycin. 
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Figure 4.27. Chemotaxis activity of (A) Staphylococcus aureus (SA) with RL and 

streptomycin (S); (B) Staphylococcus aureus (SA) with glucose (G) 

and streptomycin (S); (C) Klebsiella pneumoniae (KP) with RL and 

streptomycin (S); and CD) Klebsiella pneumoniae (KP) with glucose 

(G) and streptomycin (S) 

4.9.5 Cell cytotoxicity of isolated biosurfactant 

The biosurfactants of the bacterial strains did not exhibit any inhibitory effect 

on the primary mouse fibroblast cell line (L929) . Data are presented in Figure 4.28. 

Biosurfactant of OBP I, OBP2, OBP3 and OBP4 upto a concentration of 100 ).lg.ml- J 

failed to prevent the growth of mouse fibroblast cells referring to lack of cell 

cytotoxicity at higher concentrations. 
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Figure 4.28. Effect of biosurfactants on the viability of mouse fibroblast cell line 

(L929) grown in Dulbecco's minimum essential medium (OMEM) 

supplemented with lO% fetal bovine serum. (A) P. aeruginosa OBPI , 

(B) P. aeruginosa OBP2, (C) P. aeruginosa OBP3, and (0) P. 

aeruginosa OBP4. Values are the mean of three independent 

experiments (mean ± SO). *, p :s 0.001; #, P :s 0.01; $, p :s 0.05 

4.9.6 The acute dermal irritation study with the isolated biosurfactants 
The acute dermal irritation study showed no dermal reactions at 72 h such as 

erythema or edemas compared to their negative control after the application of 

biosurfactants on the shaved region of rabbits and are shown in Figure 4.29. 
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Figure 4.29. The acute dermal irritation study of trans dermal patch in rabbits. (A) at 0 

h and (D) after 72 h of treatment with biosurfactant from OBP1 strain; 

(B) at 0 hand (£) after 72 h of treatment with biosurfactant from OBP2 
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strain; (C) at 0 h and (F) after 72 h of treatment with biosurfactant from 

OBP3 strain; (G) at 0 h and (H) after 72 h of treatment with biosurfactant 

from OBP4 strain; (I) Control: after 72 h of treatment with 0.8% HCHO 

(v/v) 

No significant reductions in the total body weight in the treated groups of 

rabbits were observed as compared to the control group. The concentration of 

biosurfactants above their CMC was non-toxic to the skin of rabbit. The acute dermal 

irritation study with the isolated biosurfactants also showed no adverse effect on the 

haematological parameters ofthe treated rabbits and is presented in Table 4.35. 

Table 4.35. Results of haematological test after treatment with biosurfactants produced 

by P. aentginosa strains 

Components Treatment 1 Treatment 2 Treatment 3 Treatment 4 
OBPI OBP2 OBP3 OBP4 

WBC(K) 6.ll±0.98 6.79±0.35 6.24±0.26 7.2l±0.05 

Neutrophil (%) I 1. 16±1.7 19.06±1.0 22.32±2.8 12.51± 1.2 

Lymphocyte (%) 68.72±6.2 81.25±2.2 61.06±0.4 71.25±0.2 

Monocyte (%) 6.23±0.15 1.08±2.66 5.77±1.29 3.1l±2.16 

Eosinophil (%) 8.33±0.49 3.19±1.38 2.03±0.91 1.28± 1.31 

Basophil (%) 0.87±0.01 0.75±0.01 0.65±0.01 0.83±0.01 

RBC(M) 10.02±0.1 7.98±0.15 7.62±0.76 5.36±0.81 

Hb (g.dl-') 36.19±8.0 18.76±1.0 22.29±3.7 21.06±5.0 

Hct (%) 34.07±1.0 42.21±3.2 49.39±0.2 32.31±1.2 

MCV(fl) 76.33±3.9 S1.79±2.S 70.86±2.0 41.62±2.1 

MCH(pg) 16.02±0.S 13.07±1.0 14.96±1.3 13.37±2.2 

MCHC (g.dl-1
) 37.18±3.9 41.07±0.5 29.10±2.4 42.17±0.2 

Reticulocyte (%) 2.16±0.98 5.33±2.13 1.91±0.88 5.73±3.11 

PLT(K) 1578±156.5 1708± 118.3 1611±179.9 1428±104.1 

PT(sec) 13.75±0.3 13.19±3.8 9.98±0.95 12.29±1.2 

APTT(sec) 17.61±0.9 46.79±5.5 20.50±3.3 26.09±1.5 
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Components Positive control Negative control 

WBC(K) 5.02±0.66 7.1 \±O.78 

Neutrophil (%) 19.36±2.66 \6.26±2.4 

Lymphocyte (%) 51.69±1.90 52.69±0.9 

Monocyte (%) 4.04±0.97 4.00±0.87 

Eosinophil (%) 2.28±0.16 3.88±O.63 

Basophil (%) O.85±0.007 0.65±O.01 

RBC(M) 8.36±0.66 5.96±0.78 

Hb (g.dl -l
) 19.86±2.24 17.06±4.0 

Hct (%) 49.66±4.0 42.16±2.1 

MCV(tl) 49.36±3.2 48.96±3.6 

MCH(pg) 11.55±5.2 10.35±5.9 

MCHC (g.dl-') 44.98±4.5 41 .98±0.5 

Reticulocyte (%) 3.99±0.7l 3.63±0.26 

PLT(K) 1620± 111.5 1360±107.3 

PT(sec) J6.98±1.2 l3 .58±0.2 

APTT(sec) 23 .71 ±5.5 27.51±5.9 

Mean ± S.D of three individual experiments 

WBC: white blood cell, RBC: red blood cell, Hb: hemoglobin, Hct: hematocrit, MCV: 

mean corpuscular volume, MCH : mean corpuscular hemoglobin , MCHC: mean 

corpuscular hemoglobin concentration, PL T: platelet, PT: prothrombin time, APTT: 

activated partial thromboplastin time 

4.10 Application of biosurfactant in nanotechnology 

4.10.1 Biosurfactant assisted synthesis of iron oxide nanocrystals 

The morphology of the magnetite crystals depends more on the ultrasonic 

irradiation than on the growth temperature. It was interesting to note that the 

randomly distributed biosurfactants could stabilize iron oxide nanorods and nanoplates 

in contrast to the spherical nanoparticles when PEG was used as the supporting matrix. 

The diameter of nanorods was distributed within a spectrum of (9.5-34) nm with 
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Plate No.1 

Figure 4.30. TEM micrograph of the biosurfactant assisted synthesis of iron ox ide 

nanocrystals 
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Plate No.2 

Figure 4.3 1. TEM micrograph of the biosurfactant assisted synthesi s of iron oxide 
nanocrystals 

Figure 4.32. TEM micrograph of A) SNP and 8) SNP/RL composites 
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average diameter of 23 nm. Nanorods were as long as 91 nm along their long axis. On 

the other hand, the nanodiscs appeared with strained geometry of 4-6 faces as shown 

in the Figure 4.30. 

4.10.2 Biosurfactant assisted synthesis of silver nanoparticIes 

The synthesized colloidal composite (SNPRL) was analyzed using SEM. As 

seen in Figure 4.31, the particle size of SNPRL is distributed from 40-200 nm having 

majority of them within the range of 40-100 nm. The uniformity in the size may be 

attributed to the application of rhamnolipid. Detailed morphological study of the 

nanoparticles was performed using TEM and the same is presented in Figure 4.32. 

The TEM micrographs represented naked and rhamnolipid coated SNPs. The 

rhamnolipid coated were almost spherical and well separated from each other with a 

particle size distribution of 20-40 nm. The micrograph also revealed uniform thickness 

coating (marked with arrow) of the rhamnolipid molecules on the silver nanoparticles. 

The small clusters of silver nanoparticles (particle size 20 nm) in rhamnolipid 

molecules might be due to drying of the colloidal sample during sample preparation on 

the carbon coated TEM-grid used for analysis. 

4.10.3 Protection of silver nanoparticIes by biosurfactant against salt treatment 

As evident in Figure 4.33 there is consistency in the UV -Vis analysis of silver 

nanoparticles rhamnolipid (SNPRL) colloid during 10-33 days period as compared to 

the rapid fall during 0-10 days. The loss of intensity without broadening on day 10 as 

compared to day 0 suggested decrease in the number of SNP in the SNPRL colloid. 

During the period of study, the peak of the SNPRL shifted from 401 nm on day 0 to 

404 nm on day 33rd. 

In Figure 4.33, the magnification of the overlapping peaks from day 10 to 33 

clearly showed changes in the peak position and intensity with respect to time. The 

intensity comparison of the SNPRL and RL colloids can be observed in Figure 4.34. 
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Figure 4.33. UV -Vis spectroscopic analysis of the silver nanoparticle colloid in 

rhamnolipid suspension with respect to time in days. The details on the 

absorption peaks during day 10 to 33 were shown in the right s ide 

comer 

SNPRL (day 30'h
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Figure 4.34. Graph showing the relative absorbance of the RL solution and SNPRL 

solution after synthesis on 30th day 
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As seen in Figure 4.35, the salt stability of the SNPRL was very high as 

compared to fresh ly prepared SNP colloid without rhamnolipid (RL). On application 

ofNaCI to attain the final concentration of2.0 mg.ml- I of the colloids, the SNPRL did 

not show any colour change. 
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Figure 4.35. UV-Vis spectroscopic evidence of silver nano-particle rhamnolipid 

(SNPRL) stability during the treatment with NaCI (2 mg.mr!) and further 

degradation of SNPRL at an exposure of 60 mg.mr l of NaCL Freshly 

prepared silver nano-particles (SNP) was used as negative control. 

When examined the same using UV-Vis spectrophotometer there was no 

change in the SNPRL (2 mg) as compared to blank SNPRL (0 mg), as shown in 

Figure 4.35. Broadening of the slight insignificant peak was observed in SNPRL near 

490 nm suggesting a minor amollnt of SNP clumping. On the contrary, when the same 

concentration of NaCI was applied to the freshly prepared silver nanoparticles the 

intensity collapsed signifying that all the nanoparticles diminished (Figure 4.35) in 

SNP (0 mg) and SNP (2 mg). The SNPRL was found to be dominant in the protection 

of silver nanoparticles from NaCI as it took NaCI concentration of 60 mg.ml- I to 
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diminish all SNP in the colloid. The surface plasmon resonance property of the 

SNPRL was retained after addition of NaCI suggesting the presence of silver in the 

form of nanoparticles. 

4.10.4 Antimicrobial activity of rhamnolipid nanocomposites of iron oxide 

nanocrystals (lONRL) and silver nano particles (SNPRL) 

The antibacterial activity of SNP, ION, RL, SNPRL, and IONRL was 

depicted in Figure 4.36. 
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Figure 4.36. Antibacterial activi ty of (i) pristine SNP, ION and RL, (i i) SNPRL and 

IONRL nanocomposite, and (iii) streptomycin against different bacterial 

strains. Values are the mean of three independent experiments ± 

standard deviation 

However, SNP, ION and rhamnolipid when applied individually did not 

possess lethal effect except in E. coli. Both SNPRL and IONRL possessed positive 

antibacterial activity against all four tested bacterial strains. The nanocomposites 

exhibited enhanced antibacterial activity as compared to that of pristine SNP, ION and 

rhamnolipid in the same concentrations. 

4.11 Industrial applications of biosurfactant producing bacteria 

4.11.1 Synthesis of bis-uracil derivatives in the presence of biosurfactant 

The compound 6-[(dimethylamino) methyleneamino]-l , 3-dimethyl 

pyrimidine-2, 4( I H, 3H)-dione (4) reacts with aldehydes (2) in water. But, the reaction 

did not proceed at all under this reaction condition. Usingp-toluene sulphonic acid (p-
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TSA) as catalyst or application of heat also did not support the reaction to proceed. 

Interestingly, when the reaction was carried out using the biosurfactant produced by 

P. aeruginosa OBPI in water, the reaction took place, but produced very low yield. 

However, whenp-TSA (15 mol %) was added as catalyst, the yield of the product was 

found to increase. In order to optimize the condition, the reaction between 6-

[(dimethylamino) methyleneamino]-I, 3-dimethylpyrimidine-2, 4(lH, 3H)-dione (4) 

with benzalaldehyde (2a; R= -C6Hs) was chosen as the model reaction. Results are 

elaborated in Table 4.36. 
, 

Table 4.36.0ptimization of !the reaction for the model reaction between 6-

.1, [(dimethyl amino) methyleneamino]-I, 3-dimethyl -pyrimidine-2, 4(1H, 

3H)-dione [4] and benzalaldehyde [2a] 

Entry - Reaction Condition Time Yield [%]'81 of (Sa) 
- (h) 

1 Water, rt 48 No product found 

2 Water, reflux 48 No product found 

3 Water, reflux, 15 mol%p-TSA 12 Trace amount 

4 CH3CN, reflux 12 No product found 

5 EtOH, reflux 12 No product found 

6 MeOH, reflux 12 No product found 

7 DMF, reflux 12 No product found 

8 Toluene, reflux 12 No product found 

9 PhN02, reflux 12 No product found 

10 Water, SDS, [OJ rt 12 56 

11 Water, biosurfactant, rt 12 25 

12 Water, biosurfactant, rt, 5 mol% p-TSA 12 40 

13 Water, biosurfactant, rt, 10 mol% p-TSA 8 60 

14 Water, biosurfactant, rt, 15 mol% p-TSA 4 75 
aJ 0 Yield [Yo] IS referred to Isolated YIelds and calculated from (mol ofproduct)/(mol of 
initial substrate) xl 00. [b] SDS=Sodium dodecyl sulphate 

Accordingly, stirring of 1, 3-dimethyl-6-aminopyrimidine-2, 4(1H, 3H)-dione 

(1) and benzaldehyde (2a; R=Ph) together in the presence of biosurfactant solution at 

its CMC resulted in the formation of5, 5'-phenylmethylenebis (1, 3-dimethyl-6-amino 

-pyrimidine-2, 4-dione) (3a) within 15 min in 99% yield (Scheme 2). The reaction was 
J 

, (~ 

monitored by TLC. The reaction was clean providing only one product that ~/3a). 
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To study the scope and limitation of the reaction, the above scheme was 

extended to other differently substituted aromatic, aliphatic and heterocyclic aldehydes 

and ketones (2a-r) under the same optimized reaction conditions. The results are 

summarized in Table 4.37 (a-r) along with comparison in the presence or absence of 

the biosurfactant. 

Table 4.37. Synthesis of bisuracil derivatives (3) in the presence of biosurfactant CBS) 

vides Scheme 1 

Entry Carbonyl Time (b) Yield [%J'81 
, 

Compounds (2) In - . In In . In" 

presence absence presence absence 
ofBS of BS(12) ofBS of BSI12) 

a C6HSCHO 0.25 ] 99 95 

b C~sCH=CHCHO 0.91 4 95 93 

c p-OMeC6~CHO 1.83 4 97 91 

d p-CIC6HtCHO 0.25 0.41 
, 

99 99 

e P-OHC~4CHO 2 7 91 75 

f O-OHC6~CHO 2 7 90 73 

g p-MeC~4CHO 0.33 0.41 99 99 

h p-N02C6H4CHO 2.33 10 93 73 

I m-N02C6~CHO 2.25 5 91 .82 

j 2-furaldehyde 0.33 1 99 99 

k Thiophene-2- 0.75 6 99 87 
carbaldehyde 

I Paraformaldeh yde 0.41 1 93 91 

m CH3CHO 0.75 3 94 92 
n CH3(CH2nCHO 0.83 3 95 93 

0 CH3(CH2)3CHO 0.83 3 95 90 

P (CH3)2CO 48 48 )bJ )bJ 

q CH3COPh 48 '48 _lOJ )OJ 

r PhCOPh 48 48 _lOJ _lOJ 

8]' 0 YIeld (Vo) IS referred to Isolated ~Ields and calculated from (mol of 
product)/(mol of initial substrate) xl 00. [ I No product formation. 

All the aldehydes (entries 2a-o, Table 4.37) reacted with equal ease within the 
,1 

short times, furnishing the products, bis-uracils (3a-o) possessed excellent yields (90-
I • 

99%) without the formation of by-products. However, under the present condition, 
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also, the reaction with ketones (entries 2p-r, Table 4.37) failed. The yield of products 

increased and the reaction time reduced drastically along with reduction in the amount 

of water used from 30-35 ml but without biosurfactant to 8 ml. 

In the next set of experiment, instead of 1, 3-dimethyl-6-aminopyrimidine-2, 

4(IH, 3H)-dione (1), the reaction between 6-[(dimethylamino)-methyleneamino]-I, 3-

dimethylpyrimidine-2, 4(1H, 3H)-dione (4) and benzaldehyde (2a; R=-C6Hs) was 

studied using the biosurfactant in water (Scheme 2). 

Table 4.38. Synthesis of bisuracil derivatives (5) and (6) m the presence of 

biosurfactant vide Scheme 2 

Entry Carbonyl Compounds (2) Time (h) Yield of J Yield of 
product (5) product (6) 

[%tl [%tl 

a PhCHO 3.5 75 Trace 

b PhCH=CHCHO 10 25 Trace 

c p-OMePhCHO 3 ' trace 93 

d p-CIPhCHO 2 95 Nil 

e o-OHC6H4CHO 5 trace 75 

f p-OHPhCHO 5 trace 85 

g' p-MePhCHO 4 15 87 

h p-N02PhCHO 4.5 96 Trace 

I m-N02PhCHO 4.5 60 37 

J 2-furaldehyde 3 73 25 

k Thiophene-2-carbaldehyde 3.5 trace 93 

I Paraformaldehyde 10 trace Nil 

m CH3CHO 10 trace Nil 

n CH3(CH2)2CHO 10 trace Nil 

0 CH3(CH2)3CHO 10 trace Nil 

p (CH3hCO 48 _lOJ JOJ 

q CH3COPh 48 JbJ JbJ 

r PhCOPh 48 _lOJ JOJ 

aJ 0 Yield [Yo] IS referred to Isolated Yields and calculated from (mol ofproduct)/(mol of 
initial substrate)x 100. [b] No Product Formation. 

Towards the completion of the reaction, a mixture of products, bisuracils (5) 

and (6) were obtained. The yield ofthe product(s) was also not satisfactory. In view of 

poor yield, 15 mol % of p-TSA was added to increase the yield of the products (Table 
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4.38). Remarkably, the reaction was very clean providing 5a (R=-C6HS) as the major 

product and trace amount of 6a. 

The reaction was extended to other differently substituted aromatic, aliphatic, 

and heterocyclic aldehydes and ketones (2a-r) under the same optimized reaction 

condition. Out of two, one product was obtained always predominantly or exclusively. 

The results are summarized in Table 4.38 (entries a-r). All aldehydes (Table 4.38, 

entries 2a-o) reacted with equal ease within short duration, furnishing the products, 6-

amino-6' -( dimethylamino )methyleneamino-l, 1', 3, 3'-tetramethyl-5, 5'-(phenylidene)

bis-[pyrimidine-2, 4(IH, 3H)-dione] derivatives (5a-k) and (6a-k) in good yields 

except (2b) and with no by-product formation. It was observed that the same rea<?tion 

did not proceed in water in the absence of biosurfactant, thereby proving the necessity 

of biosurfactant. Similar to Scheme l(entries p-r, Table 4.37), here also the reaction 

failed with ketones. However, with aliphatic aldehydes (Table .4.38, entries 1-0), the 

reaction was not at all satisfactory. 

To extend the scope and limitation of the reaction further, the reaction between 

6-[(dimethylamino) methyleneamino]-l, 3-dimethylpyrimidine-2, 4(lH, 3H)-dione (4) 

and dicar15aldehydes (7) (Scheme 4) was studied. The results are summarized in Table 

4.39 (entries a and b). In the case of an aliphatic dicarbaldehyde, glutaraldehyde 

(Table 4.39, entry b) the bis-uracil adduct (8b) as major one (25%) was obtained, but 
, 

in the case of p-benzenedicarbaldehyde (Table 4.39, entry a) bis-uracil adduct (8a) 

was obtained predominantly along with little amount of N-formylated bis-uracil 

derivatives (9). Un-reacted amount of 4 was recovered. 

Table 4.39. Synthesis of bisuracil derivatives (8) and (9) in the presence of 

biosurfactant vide Scheme 4 

Entry Dicarbonyl Time Yield of Yield 'of 

Compou~ds (7) (b) product (8) [%1(a l product (9) 

[%t l 

a p-(CHO)C~(CHO) 5 65 28 

b CHO(CH2)SCHO . 10 25 Trace 
al 0 YIeld [Yo] IS referred to Isolated YIelds and. calculated, from (mol ofproduct)/(mol of 
initial substrate) x 100. 
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4.11.2 Degradation of complex synthetic polymers 

The growth of P. aeruginosa strain OBPI on various nanocomposite films 

such as hyper branched epoxy (HBE), modified hyperbranched epoxy (MHBE) and 

their clay nanocomposites along with the corresponding pristine polymeric films can 

be realized, as shown in Figure 4.37. 

0.25 

0.2 --<:> 
ff') 
\C 
Q 
0 0.15 
'-' 
.c -~ 
f: 0.1 C)I) 

'i 
'1: 
QI -u 

0.05 ~ 
CQ 

0 

~MHBE 30 

- NCME2.5 

HBE 

~NCE2.5 

+-------r 

2 

~------~------~- - --, 

3 4 5 

Time (weeks) 

Figure 4.37. Growth curves of bacterial strain OBP1 on HBE, MHBE30, NCE2.5 and 

NCME2.5 their nanocomposites. Values are the mean of three 

independent experiments ± standard deviation 

The growth of the bacterial strain on the tested polymers increased with the 

increase in exposure time to the bacterial strain and is presented in Figure 4.38. The 

growth rate in all the tested nanocomposites as well as on the pristine polymers was 

not significant up to two weeks of bacterial exposure. But after 2-3 weeks of 

treatment, the biodegradation rate increased sharply as could be realized from the 

bacterial population density determination by McFarland turbidity method. The 

biodegradation process caused severe damage to almost all the nanocomposites which 

could be observed from SEM micrographs of the recovered nanocomposite films 

following five weeks of bacterial exposure. The same are presented in Figure 4.38. 
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Figure 4.37. SEM micrographs of biodegraded nanocomposite films.(a) HBE, 

(b)NCE2.5, (c) NCME2.5, and (d) MHBE30 

The same was further supported by the decrease in the weight of the 

nanocomposite films after biodegradation. However, the extent of biodegradation was 

found to be low in the case of pristine hyperbranched epoxy/clay nanocomposite in 

comparison to the modified hyperbranched epoxy nanocomposites, which could be 

seen clearly from the bacterial population as observed in SEM micrographs. 

Moreover, the rate of biodegradation was higher in the case of modified 

hyperbranched epoxy and its nanocomposites in comparison to the pristine HBE and 

its nanocomposite. The same are presented in Figure 4.38. 
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Chapter IV 
Discussion 

5.1 Isolation of potential biosurfactant producing bacteria capable of utilizing 

hydrocarbons from the environmental samples 

A total of 52 bacterial strains with the ability to produce biosurfactant and 

utilize hydrocarbons, particularly the purified petroleum components such as n

hexadecane were isolated from hydrocarbon contaminated soil environments using the 

enrichment technique. Among them four bacterial strains were selected on the basis of 

their efficiency to utilize n-hexadecane and produce biosurfactants. Several reports 

suggested that the enrichment culture technique is efficient in isolating biosurfactant 

producing as well as hydrocarbon utilizing bacteria364, 365. Biochemical tests further 

confirmed that all four strains belonged to the species P. aeruginos,a. Different 

dominant mesophilic bacteria such as Pseudomonas putida, P. aeruginosa, P. 

saccharophila, Flavobacterium sp., Burkholderia cepacia, Rhodococcus sp., 

Stenotrophomonas sp . and Mycobacterium sp. etc were reported to be isolated from 

the petroleum contaminated environments I 33 . Pseudomonas sp. are commonly 

detected using both culture-dependen266, 367 and culture-independene68,369 approaches 

and bacteria belonging to the species were isolated from the industrial waste-water 

samples and screened for growth on hydrocarbons and biosurfactant production370, 371, 

372. The genus Pseudomonas is the most versatile group due to its inherent ability to 

utilize a diverse range of substrates as carbon source, particularly those found in 

petroleum373.374. Superior performance of P. aeruginosa is due to the evolution of the 

alkane oxidation genes, which allow them to grow on alkanes as a sole carbon 

source374. Vila et al.375 reported that the genes involved in the hydrocarbon 

degradation were present in the plasmids. Previous studies of Bordoloi and Konwar, 

Bora et a1.376
, Saikia et ai. 377and Roy et al. 378 clearly supported the predominance of 

bacterial genus Pseudomonas in the North Eastern region of India especially in the 

petroleum conta~inated environments of Assam and Assam-Arkan Basin, ONGC. 
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5.2 Characterization of potential biosurfactant producing bacteria 

Majority of the bacterial strains isolated from crude oil contaminated 

environments were found to be Gram-negative. Previously it was reported that most of 

the bacteria isolated from such sites with a history of contaminations by hydrocarbons 

and its derivatives are Gram-negative and this could be a characteristic that contributes 

to survival of these populations in such harsh environments41
, 379. Initial 

characterization of the potent bacterial isolates based on their morphological, 

physiological and biochemical properties revealed that all four isolates were closely 

related strains belonging to Pseudomonas aeruginosa. Finally, the genotypic analysis 

on the basis of partial 16S rRNA gene sequencing was undertaken to determine the 

precise taxonomic position of the strains. Alignment of 16S rRNA gene sequences of 

al1 four bacterial strains with sequences obtained by doing a BLAST NCBJ380 search 

revealed almost 99% similarity to Pseudomonas aeruginosa. Further, phylogenetic 

analysis of all four strains showed distinct variability in the phylogenetic relationship 

between the isolates. 16S rRNA sequencing as a basis of classification offers the 

distinct advantage of sensitivity, which is particularly important for the judicious 

identification of the closely related members of a particular species3R1
• Moreover, the 

increasing availability and declining cost of high throughput sequencing operations 

makes the determination of nucleotide sequences for strain identification a viable 

option. 

5.3 Ability of the bacterial strains to utilize different hydrocarbons 

The selected bacterial strains exhibited better growth in the tested petroleum 

hydrocarbons. The overall preference of hydrocarbons was found to be in the order of 

n-hexadecane > octadecane > diesel> crude oil> tridecane > dodecane > kerosene> 

lubricating oil as evident from the increase in the bacterial biomass. The bacterial 

strains have the potentiality to degrade almost all the tested aliphatic hydrocarbons. 

The bacterial strain OBP} followed by OBP3 and OBP4 exhibited the highest growth 

in dodecane, tridecane, hexadecane and octadecane-supplemented media as evident 

from the production of bacterial biomass. However, the bacterial isolate OBP3 
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exhibited almost similar biomass production,· in hexadecane, and. octadecane 

supplemented media but lower in tridecane and do de cane supplemented media. None 

of the strains were capable to utilize eicosane and triacontane. There are several 

reports on the degradation of 'short (Cg-C16) and long chain (C44) hydrocarbons338,352. 

With the increase in the chain length of alkanes, the hydrophobicity of the molecule 

increases which in tum makes the molecules less soluble in water and reduces the 

bioavailabilitJ89. Several workers reported the capability to use aliphatic chains in the 

range of C12-C24, C12-C34, C6-C28, C12-C32 and C12-C28 by P. aeruginosa strains 

PAOI, RRl, (AI-A6), P.fluorescens CHAO and Pseudomonas sp. PUP6382,383,384. 

Among the tested aromatic hydrocarbons such as benzene, toluene and xylene; 

the bacterial strains OBP4, OBP3 and OBPI exhibited growth on toluene but not by 

the OBP2 strains. However, growth of the bacterial strains on aromatic hydrocarbons 

was not significant as compared to that on aliphatic hydrocarbons. The results are in 

consistent with the observation of Jones and Edington385 who reported that only 0.5% 

of a large group of .soil organisms could use aromatic hydrocarbons. In the case of 

polyaromatic hydrocarbons (PAHs), bacterial strains OBP4, OBP3 and OBPI 

exhibited growth on anthracene and phenanthrene. The growth was significant in the 

case of OBP4. But no growth was observed in naphthalene except for OBP3. 

Cemiglia386 reported that complete mineralization of high molecular weight P AHs 

could be achieved by only a limited number of microorganisms. Preference for 

toluene, anthracene and phenanthrene as the carbon source could be due to their 

isolation being from the environments, very frequently contaminated by aromatic and 

polyaromatic fractions of the crude oil. Bordoloi and Konwar298 reported the isolation 

of several strains of P. aeruginosa from the petroleum contaminated sites of Assam, 

India capable of utilizing various P AHs such as phenanthrene, pyrene and fluorene as 

carbon substrates for their growth. 

. . 
The bacterial strains exhibited better growth in diesel, crude oil and kerosene 

, - . 
supplemented media as evident from the bacterial biomass. A greater portIon of diesel, 

. . 
crude oil and kerosene contains aliphatic hydrocarbo~s and are reported to be more 

prone to microbial degradation338, 352, 387. 
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5.4,Detection and quantification of biosurfactant 

,. \ j .. ,J l 

It is well known that microorganisms growing on hydrocarbons frequently 

p~oduce 6i~surfactants with emulsification or surfa~tant activity379. Such microbial 

behavior has been considered as ~ biological str~te~; to facilitate the availability of 
I -' '. ,- 7 372 • .: <. 

hydrophoblc substrates' . In the present lllvestlgatlOn, different assays based on 
J • r ~ , , . 

biochemical and physical parameters were carried out with the objective to screen the 
( , I - • t ~ 1_ ~ ..... ,.. I... .... • 

potential hydrocarbon utilizing and biosurfactant producing bacterial strains from the 
J ~ • .. , 

petroleum contaminated environments. Among the physical parameter- based 

screening techniques, rapid drop collapse test is considered as a high throughput 

screening technique260 which assists in the isolation of potent bacterial isolates. Jain et 

al.261··sug~~~ted the drop collapse test to be a simple and sensitive technique used to 
1 f ~... ~, 

detect a~d quantifY' the biosurfactant production. For direct detection of biosurfactant 

prod~ction by the bacte'rial isolates, two differe~t independent techniques were 
t -

p~rformed which include hemolytic assay and CT AB agar test. Hemolysis assay is 

widely used for the screening of biosurfactant producing bacteria and could also be 

u~ed' fdr the quantificati~n of glycolipid-type biosurfactant produced by bactena350. 
i ;", ) 

Perfumo et al.388 used blood agar plate technique to screen a novel thermophilic 

hydr~c~bo~ degrading Pseudomonas aeruginosa AP02-1 producing rharnnolipid. 
r . . 

CTAB agar test is another technique used for the detection of glycolipid-type 

bi~s~acta~t production by the bacterial colonies in the culture plate directl/7o
. 

Apama ~l ai. 23, Hazra et aZ?87 and Perfumo et al.388 ;eported screening of rhamnolipid 
.. , _~,. .. 4, ... ~ .. .. ... ~ ... .. ' 

producing thermophilic hydrocarbon-degrading Pseudomonas aeruginosa AP02, AB4 
.. ""\ ~, , .. 1 ...... J, ~ • '\ I .. • .. ~ 

and 2B by CT AB agar blue plate method from the soil contaminated with petroleum . 
products. 

, . 
5.5 Growth characteristics and biosurfactant production 

All fow bacterial strains showed the requirement of similar nutrient and culture 

co~ditions. which might be due to their isolation from the similar type of habitats that 

have ,the continuous exposure to the petroleuIp. hydrocarbons. The growth curves of 

J '.~ the bacterial. strains in ,relation to duration of culture in mineral salt medium 
,. ... I I~' 
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supplemented with n-hexadecane as sole source, of carbon, CNH4)2S04' and urea 

together as the nitrogen source showed nearly a parallel relationship between cell 

growth, reduction in the surface tension and biosurfactant production. Results clearly 

suggest a growth associated production of biosurfactants by the bacterial strains 

(Figure 4.6). Moreover, the preference for carbon substrates was quite similar among 

the ·strains. Though n-hexadecane was found to be the best, carbon source for 

biosurfactant production by the bacterial strains but the pattern of growth behavior 

was relatively different from each other which might be due to the intrinsic variability 

for utilizing hydrocarbons. The initial reduction in the surface tension was about 45.l-

66.3 mNm-1 after 36-48 h' of , inoculation' during the early exponential phase of 
, . 

bacterial growth. Results indic~!~e the initiation of biosurfactant production by the 

bacterial cells in the culture broth'. The possible cause for the initiation ofbiosurfactant 

p~oduction in the eady exponential phase could be due to availabi)ity of"hydrocarbons 
'. ...... 1" " 

as the source of carbon through pseudo-solubilization. After, 60-108 h of bacterial 
• .. 'i .... ' 

growth, the biosurfactant concentration increased rapidly, reaching its maximum after 
,. ~ " 'I'" . • " ,,'. •••• 

120-132 h which was mainly towar~s the later stage of stationary phase of gro~~h .. 

Such behavior ,might be due to the release of cell bound biosurfactant into the culture 

b~oili389. The' maximum surface acti~itY in 156-168 h cul~~ indi~ated the' oPti~u~ 
, , 

level of biosurfactant production by the bacterial strains towards the stationary phas~. 
, :.' " 

The production of biosurfactant by the bacterial strains in n-hexadecane supplemented 
. . • I " 

medium took place during the late exponential phase to early stationary phase of 
, , 

growth suggesting biosurfactant production as the secondary metabolite. Similar 

obs~rvations were reported by' Makkar et al. 13, L'otfabad et al. 29, W ~i et' ai. 52, a;d 
, ' 

Abba~i et al. 92. 

Various strains of P. aeruginosa were reported to show an over-production of 

rhamnolipid when cultures re~ched th~i~ 's'ta~i~nar;';-~ha~e of gro~h260~'i8'1' 39~, 391. ihe' 

depletion of nitrogen source in the culture medium mainly takes place during the 
. .,. 

stationary phase of cell growth239, 252, 283, 392, 393; Soberon-Chavez, et al.394 reported that 
'. I', '1 " "I 

, N-limiting conditions .do not favor rhamnolipid production, but production starts with 

the exhaustion of nitrogen in' the culture medium 390. Moreover, limitation of 
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multivalent ions such. as Mg2+, Ca2+, K:,'Na+ and trace elements were'reported to 

cause an enhancement in the rhamnolipid. yield either in resting-cell cultures or during 

the stationary phase of growth395. The variation appeared in the pattern of rhamnolipid 

production was due to the use of different Pseudomonas strains, cultivation conditions 

which include pH and temperature," and media composition396. Hence' there is a 

possibility that under the applied culture conditions, multiple limitations might occur 

having positive influence on rhamnolipid formation thus~leading to an increase in the 

specific productivity per bacterial ce1l396. 

5.6 Effect of different carbon sources on biosurfactant production 

The carbon source plays a crucial role in the production of rhamnolipid27, 61. In 

the present investigation, different carbon sources were used on the basis of their 

increasing complexity and hydrophobicity, which included glucose, glycerol, 
'. . 

vegetable oils and petroleum hydrocarbons (n-hexadecane, octadecane, diesel and 
. -

crude oil) to detennine their effectiveness on rhamnolipid production (Table 4.6). The 
~ • L " 

findings confinned the ability of the bacterial strains in utilizing both the water-
. 

soluble and insoluble substrates for the production of biosurfactants corroborating the 

results. of Perfumo et al.388
. The hydrophobic substrates such as n-hexadecane, 

octadecane, _,diesel and crude oil could induce better biosurfactant production as 

compared to the vegetable oils and water miscible substrates. Biosurfactant production 

was .reported to be induced by hydrocarbons or other water-insoluble substrates397. 

Another phenomenon is the catabolic repression of biosurfactant synthesis by glucose 

and-other primary metabolites 133
. No surface-active agent could be isolated from the 

culture of "Arthrobacter parajjineus when glucose was used as the carbon source 

instead of-hexadecane233 . Similarly, P. aeruginosa S7BI was reported to produce a 

protein-like',' activator for n-alkane oxidation when grown on hydrocarbon 

supplemented medium but not on glucose; glycerol; or palmitic acid398.·Hauser and 

K~ovskl99 observe? that rhamnolipid production by P. aeruginosa on glycerol was 

reduced sharPly on addl~g glucose, acetate, succinate ~r citrate to the cUlhrre medlUm. 

iA6,~~rdmg t~ Perfumo et al. 388, hydroc~bons are the' excellent cirrbon sources for the 
jO'''):.o~1 f '" I .... 

'Pro~uction of rhamnolipid from P. aeruginosa strains. 
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The carbon source n-hexadecane was found, to be the most efficient for the 

reduction of surface tension of the culture medium and achieving the highest 

biosurfactant production (Table 4.6). It was observed that the bacterial strain OBPI 

also showed preference for the vegetable oil. whereas OBP3 and OBP4 preferred 

mineral oils such as diesel and crude oil. However, the strain OBP2 preferred n

hexadecane. Such anomalous behavior of the ,bacterial strains clearly suggested that 

the carbon source preference for rhamnolipid production entirely depends on the 

bacterial strain. The effect of the nutrient medium and particularly the carbon source 

on the synthesis of rhamnolipids is still not well understood388
. 

The bacterial strains were found to grow easily on mineral oils such as 
i( /..l,J:.('Jf .. _ I 

kerosene, diesel and crude oil. However, the pattern of biosurfactant production was 

different. The mineral oil, especia11y kerosene was much less efficient in rhamnoli~id 
. ' 

production by the bacterial strains. The bacterial strains possessed an efficient alkane 

utilizing ability. The involvement of P. aeruginosa in the production of rhamnolipid 
, , 

using water immiscible hydrocarbon like hexadecane as the carbon substrate was 

reported by Noordman and Janssenl93
, Beal and Bettsl95and Tuleva et al.350

. 

The tested vegetable oils: mustard oil, sunflower oil, soyabean oil, sesame seed 

oil, castor oil, nahor oil and jatropha oil, were less efficient in inducing rhamnolipid 

production but found to be better than, glucose and glycerol. The strain OBP I 

produced rhamnolipid efficiently when cultivated on the vegetable oil but production 

was less as compared to n-hexadecane. The probable reason for such behaviour might 

be due to the fact that most of P. aeruginosa specie;"produce lipases which facilitate 

the assimilation of fatty acids present in the vegetable oit27, 400. The long chain fatty 

acids can either be further degraded via ~-oxidation to support cell growth'or might be 

transformed into the lipid precursor to promote biosynthesis of rhamnolipid27
, 52. The 

production of rhamnolipid by the other three strains in vegetable oils was much lower. 

',' The 'iow 'production of rhamnolipid in water s~luble' substrates like glucose and 
~ t: '4" 1 ..' ~ II' ~ 

glycerol could be reasonable as these substrates are quite soluble an,d hence more 
~., ...> f ...,.,' I ........ .. • ~ .. 

readily available to the bacterial cells. There is no requirement for the bactenal cells ~o 
" . 
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synthesize biosurfactant to improve their solubility or'availability52. Further~'catabolic 

repression of biosurfactant synthesis by glucose or. primary metabolites is 'one of the 

important regulatory mechanisms found to be operative in the hydrocarbon utilizing 

microorganisms.' The function of, biosurfactant-. is - related to the hydrocarbon 

~vailability or their uptake. and therefor~,. they are.::synthesized predominantly by 

hydro.carbon . degrading .microorganisms 1~3." The 'preference for· carbon substrates 

among the studied bacterial strains of P. aeruginosa is. quite different, and·the·complex 

hydrocarbons were found to be better than easily available carbon sources for the 

production of rhamnolipid. This clearly suggests that the preference for carbon sources 

for rharnnolipid production entirely depends on the· bacterial strains. 

5.7 Optimization of culture conditions for the production of biosurfactant ' 

5.7.1 Effect of concentrations of n-hexadecane . 

-' .. ~ . -,.~.; . -: ,. 

The quality and quantity ofbiosurfactant produced by the bacterial strains were 
(',I, .?' " ,:; . . . '.' . . . . . 259 400 " 

reported to be influenced by the nature of.!he carbon substrate ' . All four strains of 
·M .... '.~ .. ; ''''.10 .. ~;. I • • -~. ... 

~~, .~e~~~~os~ were, able to produce hi.gher qu:mti~ of biosurfactants using n~ 

hexadeca:m~ at the concentrations of 1.5-2.0% with a maximum yield in the r~nge of 
';., l~';' f:t:.. 4r" 1 • '. ..' .' _ ,:.' ~" ", • .' 'I' • " ..... 

2.83-4'.57 grl. The culture medium of the bacterial strains attained a lower surface 
~~, (.. . ...:. .. 'i.:."~ : ~ ~ ~ :',1 ',: "J _,:" ': ..... :. t' ...... ,; ;~.,.. " • • •• 

te~slori In' the ~ange of 3l.l-37.6 mNm-l. Chayab~tra and JU
401

, Rocha et al.402 and 
lo- ~ • f'.. - .. -' .... :; I :,' . •• • .•• '~.' .., '. 

Ta'o et ai.40J discussed the utilization .of hexadecane for, the synthesis of rharnnolipid 
;- •• ~"". 1. • • •• 

by various strains of P. aeruginosa which support the present findings. 
--, 'f' ,'l' i~~ ,=,,~ •• -, ,',." .' ~ :, .-' ; }. ~ :' ~; ~ ;., '1 

'.'" ,;,'.- All ,four· bacterial strains exhibited better· growth as' was evident: from the 

mcreas.ed.biQmass 'density in the hexadecane-supplemented medium: Bacterial strains 

OBP,l,.OBP2 and OBP4 fOlmed the highest cfu.ml::;l in the range of5,9xl09-7.5xlO I! 

on-2.0%'.n-hexadecan~ ,while OBP3 exhibited thermaximum of 5.4xl09 cfu.mF1 on 

15% n-hexadecane during incubation at 37,· C with -180 rpm. The' high concentration' 

of; n-hexa<;l.ec~e " (>2.0%) . reduced' both the ·growth and. the; production of 

biosurfactants by: all·the four· strains. Concentrations of n-he;x:adecane more than the 
, 

optirnum~·caused . a . drastic' reduction· in the bacterial, population growth. The exact 

reason. for such:·behavior -is not well understood but may be related to the availability .. ....; 

of..dissolved:·oxygen.;.Wongsa et al.352 stated that, tp,e inefficient oxygen supply in. 
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shake-flask cultures might be responsible for the poor growth of P. aeruginosa WatG 

on petroleum refined products- like~ kerosene. and .diesel, and" reported it ,to be an 

oxygen-intensive metabolic process. Leahy et al.404 reported that the effects of 

toxicity, enzyme inhibition, and oxygen limitation were minimized by using relatively 

low concentrations of hydrocarbons. According.,to Mehdi and Giti388 the high 

concentration of crude oil reduced the growth rate of the different crude oil' degrading 

bacterial strains of Pseudomorzas, Rhodococcus and Bacillus. 

5.7.2 Effect of nitrogen sources 

Nitrogen being a vital component of proteins is required for the microbial 

growth and production of enzym5f~ in the fennentation process393 . The nitrogen source . , 
in the culture medium plays a ~ignificant role in the rhamnolipid production33, 52 and 

contributes to pH control22. Several sources of nitrogen were reported to be used for 

the production of biosurfactants, such as urea, a~onium sulphat~2, 23, 'a~monium 
nitrate52, 405, 406 sodium nitrate29, 33, 53, 57, 349 yeast extract33, 283, 350 meat and malt , , , 

extraceoo, 393. The production of biosurfactants by the strains of P. aer~iinosa was 
... ) 

examined in the presence of various organic and inorganic nitrogen sources. NH4N03, 
'. . 1 

NaN03 and (NH4)2S04 enhanced the growth and production ofbiosurfactants; whereas 

KN03 lowered both growth and biosurfactant production (Table 4.9). The inorganic 
I ~ ,. i" 

nitrogen sources such as NH4N03 and NaN03 caused a similar pattern of growth of 

bacterial strains and biosurfactant production. (NR.)2S04 was found to be the best 

nitrogen source. Organic nitrogen source urea was found to be· better than the yeast 

extract,· leading to a high rhamnolipid yield (Table 4.9). In, the case 'of urea and 

(NH4)2S04 each with 2.0 gr l
, the biosurfactants yield was 4.57, .2.86, ·2.83' and 3.17 

g.r~l in, the. case of OBPl, OBP2, OBP3 and· OBP4, respectively. which-was much 

higher as compared to the individual .. nitrogen sources. Use of organic and inorganic 

nitrogen in combination was more effective in the" production of' biosurfactant22~ , 

Bordoloi and Konwal obtained higher yield ofrhamnolipid when (NH4)2S04 and urea' 

were used as' nitrogen sources." Mata-Sandoval et ai.30G,. reported increase in 

rhamnolipid production when (N~)2S04 'and' trace metals were added throughout the 

fennentation process and the same supported' our findings. Out of the defined media' 
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like Luria-_broth, M9, modified mineral salt and basal-salt media the modified mineral 

salt medium was found to be the best for the production ofbiosurfactant. 

5.7.3 Effect of macro and micro-nutrients 

On addition of Na2HP04 and KH2P04 at concentrations of 3.61 and 1.75 grl, 

r~spectively, the bacterial strains showed higher cell growth and maximum production 

ofbiosurfactants. The essential metal ions Mg2+, Fe2+ and Ca2+ supplied in the form of 

MgS04'7H20 (g.l-I), FeS04' 7H20 (grl) and CaCh'2H20 (grl), respectively, 

attributed to significant enhancement of cell growth and biosurfactant production. The 

best biosurfactant production was obtained with MgS04'7H20 and CaCh·2H20 at a 

concentration of 0.2 grl and 50 mgrl, respectively. Addition of trace elements like 

Zn2+, Mn~;. and B03
3+ in the medium significantly enhanced the production of 

biosurfactants .. The concentration of metal ions plays a very important role in the 

production. of biosurfactants as they form important cofactors of many enzymes393; 

Limitation of Ca2+, Fe2+, K+, Mg2+, Na+ and other trace minerals towards the late 

exponential, phase of growth were also reported to enhance the production of 

rhamnolipids259, 396, 407, 408 Giani et aZ.408 reported the highest rhamnolipid production 

from,P. aeruginosa DSM 7107 and DSM 7108 in Ca2+free media. 

~ I. f ) 

5.7.4 Effect of temperature 

,.:r,emperature was reported to influence the production of biosurfactants22, 393. 

Tt:mperatur_e. exhibited a noticeable influence on the ,production of rhamnolipids 

possibly ,due to its~ effect on the physiology of. the bacterial strains, The optimum 

temperany-e-(Tables 4.16) obtained in the present investigation was in the range of 37-

40°C. Increase of temperature beyond the range caused a drastic reduction in the 

pro.~uction of biosurfactant. Wei et al.~2 and Chen et al.409 reported optimum activity 

of rhamn~lipid production by Pseudomonas aeruginosa J4 be~een 30-3ic which 

decreased .W!th_ further increase in the temperature, Temperatures between 28-40~C 

weF~ f(EPort~d for the productIOn of rhamnohpid by various strains of P. aeruginosa259
, 

393, 396. Such variations in temperature clearly indicate the physiological variations 

among P. aeruginosa strams. Guerra-Santos et aZ.4IO observed that the temperature 
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'range between 32-34°C resulted in higher rhamnolipid production'by P. 'aenlginosa 

DSM 2659 strain. Subasioglu and Cansunar411
, obtained maximum rhamnolipid 

production by P. aeruginosa cultured in mannitol (20 grl) supplemented medium at 

34.5°C and further increase in, the temperature above 36°C caused a significant 

reduction in the production of biosurfactant. Silva et al,56 determined the effect of two 

different temperatures, 28 and 3TC on the production of biosurfactant and observed 

no variations between both temperatures regarding the surface tension values and 

biosurfactant concentration. 

5.7.5 Effect of pH 

The pH of culture me:dium. exhibited a clear influence on rhamnolipid 
tl ' f110 • 

production412 which might be' d~e to its effect on the cellular metabolism. The 

inoculated culture medium was found to be less turbid below pH 6.0 indicating less 

growth in the mineral salt medium and was further confirmed by the reduction in the 

bacterial biomass. However, the culture medium became turbid as' a result of dense 

bacterial growth with the increase in pH of the medium from 6.5-7.2. Increase in the 

pH of the medium above 7.2 enhanced the bacterial growth but cau~ed considerable 

reduction in the surface activity and the level of biosurfactant production. Similarly, 

decrease in the pH below 6.8 reduced the bacterial growth and effected biosurfactant 
. . 

production (Table 4.17). The optimal pH (6.8) obtained in the present investigation is 

in agreement with the pH values for rhamnolipid production by P. aeruginosa 

strains52
,409. Yateem et al.413 reported the maximum production of biosurfactant at a'· 

neutral pH of 6.8 and further decreased as the pH of the medium"moved towards" 

alkalinity and the same has supported the 'present fmdings. Moreover:pH is known to 

have a profound impact on the behaviour of surface-active molecules56
. Yateem et' 

al.413 reported that at lower pH « 6.0), the rhamnolipid moiety, which has a pka of 5.6, 

remained at least 50% uncharged; but when the' pH increased' above 6.8; the 

rhamnolipid moiety became negatively charged and surface activity reached its 

maximunl. Ishigaml et a1.41~ also ·discussed the pH sensitivity'~of rhanmolipid" 

biosurfactants produced by a species of Pseudomonas: 

169 



Discussion 

5.7.6 Effect of-agitation .. 

Oxygen is necessary for microbial metabolism415 . Among the facultative 
.', ' 

microorganisms, P. aeruginosa are reported to be growing in the environments having 

low oxygen concentration416. However, the production of surface-active compounds 

by P. aeruginosa involves the stages of oxidation of the substrate27. Thus, agitation 
. ~,. •• I \. r- • '. ..':.. .. ,f • /',' .. • 't; I 

plays an important role on the production of biosurfactant by the bacterial strains 
• ,.. ~ •• ,. • ,'. , ,,'" ~ to 1 • 

p~o~oting 'phase mixture and/at ad'equate oxygen transfer rate. Bailey and Ollis417 
.... '., " . ." . 

reported that the agitation velocity of th~ culture medium was a determining factor in 
• • I "', ',' • ,'. 1. 1 ~ • , , 

mixing both aqueous and hydrophobic phases as well as the mass transfer of oxygen 
..... ~." l· <t •• ".1 " ' . 

into the bacterial cultures. The secondary function of agitation is to keep the 
'~\·i--· .!r-"','~...' . ! • I"""'~ •••• • ~ .,' \ 

microorganisms in suspension418. Moreover, agitation' is a vital factor for the bacteria 
.; .... i l. ~.; .f I • - I .. j', ~. .' N' • " • '1 1 I It.' ~ . _ • ". , • ,.,. .-

especially when the carbon sources are complex hydrocarbons. The utilization of n:. 
" • '" J'" (: '.' \.' \ ~' ,J '" I., • • • ,. 1. • • ~ • • :t t, .. ' ... 

alkanes in the shake-flask cultures are related with the availability of dissolved 
~ f; -:' t; " '. ..i . r '. ~:' .', j. • .' • • • 

oxygen. 'Wongsa et al.352 suggested that the utilization or degradation of hydrocarbons 
... I .:" .1j .. )' .......: t ~ • 

was an oxygen-intensive metabolic process. When the fermentation process was 
: : • 'I,' : ...• .." - , ' . 

carried out at 180 rpm for 15 days, the bacterial strains produced the maximum 
.' - . '. . 

~ .. ,' ,_ I.., ' .. 

biosurfactant. The production of rhamnolipid by the bacterial strains increased when 
~~;. ",', '.. ..' . • ! ' • . ' t 

the agitation rate was increased from 100 to 200 rpm (Table 4.18). However, the 
.: ":' :~'. , .. _ .:.'. ':'. '. • .' ", ~:' •• <~ , .' • • • 1 

maximum production was achieved between 180-200 rpm (Table 4.18). Agitation 
.,. ;'1': , • ~: .... -. • ." , . ~ ,", I ,> , ~ .' ., .{', (" • ~ • • f" '. • '- • 

speed above 200 rpm was reported to be unfavorable for the bacterial growth due to 
-''-.~··-· ... '''~t~'' ~. ~.::: "',:--.,:,~":,;,, . ,'"t,'''!··· .•• ' •. ' 

the shear damage even though it provided sufficient dissolved oxygen415 . On the other 
_. , ' • ~t 1." '" '. .. .' • .' ., - '" ~ " • • ( ,t; .: . .... . "'~~:r., " .' .,' ',,,'. 

hand, agitation at lower speed of 1 00- ~ 50 rpm caused stagnant regions in the 

fe;m'e~~o~ '; d~e"'to' 'im~roper' mixing419. Moreov~;': ;t~e 'required agitation ra~e 'th~~" 
• ' !: i • _! - ~.." • -.. . - , • ~ , • .' ~,' .' .. . • 

favours the optimum production ofbiosurfactant varies from strain to strain suggesting 
··.·., ..... ~: ... _·r'if· .. · .. . ~ •. :;'~' . :', !~, .", ., .. ~I}f· ,~. -' ,', ."" 

differences in the oxygen consumption capacity for the metabolic pr~ces~es: 

According to Cunha et al.42o the increased agitation veloCity caused a negative effect .. . 

on the reduction in the surface tension 'by the produc,ed biosurfactants during the 
, ., 

cultivation of Serratia sp, SVGG 16 on ethanol-blen?ed, gasoline and the optimum 

result w~s obtained with the lowest surfa~e te~sion value of 34 mNm -I at 100 rpm. 

Wei et '01. 52 and Oliveira et al.406 reported agitation affecting the mass transfer 
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efficiency of oxygen, components of the culture medium, and was considered to be 

crucial for the cell growth and biosurfactant formation by the aerobic bacterium P. 

aerugznosa. 

5.8 Low cost carbon substrate for biosurfactant production 

In the present investigation, agroindustrial wastes like residual glycerol and 

residual kitchen oil were found to be promising for the production of rhamnolipid as 

compared to other carbon substrates. It was estimated that 10 kg of glycerol wastes are 

produced for every 100 kg of biodiesel421
. Moreover, due to the presence of 

impurities, further purification of the biodiesel-derived glycerol for its industrial 

applications was reported to be unprofitable. Non-edible vegetable oils such as sesame 
'1;. 

seed oil and nahor seed oil were found to be efficient. The variation in rhamnolipid 

production in the different vegetable oils might be associated with the composition of 
) 

saturated and unsaturated fatty acids as well as the number of carbon atoms of the oils. 

Vegetable oils have been reported to be more efficient in rhamnolipid production by 

P. aeruginosa as compared to glucose, glycerol and hydrocarbons27
,300. They include 

palm seed oil, olive oil, sunflower oil, safflower oil, canola oil, soybean oil and com 

oil33, 61, 283, 344, 406. However, based on cost and global food supply, the use of food-

grade oils for producing rhamnolipid is not economically significant. Besides, the 

recent food storage crisis, limited land availability for crop cultivation and food 
, ' 

industry with increasing food demand have persuaded the price of edible plant based 

oils to increase422
. In this perspective, non-edible vegetable oils may be an alternate 

. , 

substrate for rhamnohpid production. Therefore, industrial wastes such as waste , 

glycerol, petroleum refinery sludge, kitchen waste oil and non-edible oils such as 

nahor and sesame seed oil could be good carbon sources for the production of 

rhamnolipids. 
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5.9 Physical characterization of biosurfactant '1 

, t.' . ~, . , . -, . . 
j' ' .. ~" .' oJ r . 

5.9.1 Reduction in surface, interfacial tension (1FT) and critical micelle 

concentration (CMC) 

The biosurfactant produced by the bacterial strains was able to reduce the 

surface .tension of the culture medium significantly from 68.5 to .31.1 mNm -I. 

However,' the behavior of biosurfactant production by the bacterial strains ·was quite 

different.(Figure 4.6). The effectiveness is measured by the minimum value to which 

the' surface tension could' be reduced,: whereas efficiency is measured, by- the 

biosurfactant concentration required to produce a consid~rable reduction in the surface' 

tension of. water. The CMC values of the biosurfactants produced by the bacterial 

strains were in the range of 45-105 mg. I-I (Figure 4.8).- On the basis of CMC, the . -
biosurfactant of bacterial strain OBP 1 could be considered as both efficient and 

effective while biosurfactant produced by OBP3' and OBP4 could be adjudged 
, " i .. : -. )".' . A .• ~ .'. • • ~ ., 

effec~ive only. Efficient surfactants are known to have very low CMC values i.e. less 
• ~:, ;. - \':':': • • t • • . • " .,' , • 

surfactant is required to decrease surface tension279 and exhibit some of the physical 
: I '. '!'· ..... l-i:..:} . ~. . . 

functions such as emulsification, solubilization and foaming even at a relatively low 
:. , ..... " . j - :'Ii .... \ I' ~ • t • '. '. ~ " .. . • • 1 ' (', 

concentration423 Previously, a range of CMC values between 10-230 mgT were 
'~. :,~ ,~" :' ., .' . '. .' ,. _..... . .' 37 " 

reported for the rharnnolipids isolated from the different microbial sources . The 
'~\. f - : :.. .~ ": ..... 'II. r·~... , . . 

CMC values obtained in the present investigation differed ~ithin the strains as well as 
.. '. r-"'., ,:' -~ ,.' ~' -.. .' .' '. " 

the other reported strai~s of P. ae~uginosa. Such varia~ion in the CMC values might be 
.t, ,,'f.: .. ",.,,~- ~ . :- .:; '. 1.. ! ,- 0'' . .' ' ". • 55 56 . ' 

due to the differences in purity and composition of rharnnolipids ' . Further, due to 
;':. .. tl; {1 ~ .::.(~-.,~~ :1; ,; ... :. _.- ~~ . f. • ,,' 

the' intrinsic variability of the rharnnolipids accumulated and the complexity of its 
-'II.".J • ) 

composition, number and proportions of homologues, presence of unsaturated bonds, 

branching and length of the aliphatic chain of the rharnnolipid collectively affect the 

C.MC and surface tension values between the rhamp:~lipids produced56
, 424. The 

,:.1: r.:;'J' ~ ~' •. {'O'! '! ~.t- "_': • t,:. . . . . . . . : . 
rharnnolil?id homologues could also differ with the bacterium, medium and cultivation 

c~~dltion~344~ 'The CMC -v~lues obtained in the pre~e'nt study were much lower tha~ 
the' che~i~~i s'~iac~an:ts s~ch ~s sodium dodecyl sulphate (SDS) having a CMC value 

olLU)O ~g',{:1 55:' ' , 
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It was reported that concentration of the surfactant below their CMC level 

reduces the surface and interfacial tension between air/water, oiVwater and soiVwater 

systems. Such reduction in the interfacial tension between crude oil and the soil 

particles, the capillary force that );lOlds them together gets reduced resulting in their 

separation. Interfacial tension (IFT) is considered as an important factor in oil 

recovery because capillary number increases with decrease in the interfacial tension. 

Capillary number is determined by the ratio of viscous force to the capillary force 32
. 

The interfacial tension against diesel decreased from 29 to 2.3 mNm -) by the bacterial 

strains. Similar interfacial tension valu~s of 1.0 mNm -I against kerosene was found in 

the case of P. aeruginosa 47T2 and 44T1 strain425
; 1.3 mNm-1 in the case of P. 

aeruginosa LBI strain426
; 2.0..l,rvNm-1 against n-hexadecane in the case of P. 

i",,--,·l 

aeruginosa UCP0992 strain56 1.85 mNm -I against petroleum crude oil in the case of 

P. aeruginosa strain32
. 

Critical micelle dilution (CMD) is an indirect means of measuring the 

surfactant production related to the range of the critical micelle concentration406
. CMD 

is a very crucial factor for the oil recovery process. During the application of 
. , . 

biosurfactants in MEOR technology, there is a higher chance of dilution of the 
, ' . 

introduced surfactant into the oil well due to the leakage of water from the water tables 

present nearby the oil reservoir. Therefore, it is very much important to determine the .. 
surface activity of the surfactant at different dilutions (Table 4.22-4.25) levels such as , 
CMD,I (1:10) and CMD-2 (1:100). Reduction in the surface tension at CMD-1 was 

) r t .. ~ ... -

almost similar to that of normal, whereas the CMD-2 caused a slight increase in the 

surface tension of the system due to the higher dilution. 

5.9.2 Foaming index (F24%) and its stability 
/ 

. . 
The cell free culture supernatant containing the biosurfactant produced 

, . 
separately by each of four bacterial strains caused stable foam with F24% in the range 

r ., ~, f <.. f • t... ~. 

of 50.4-65.5%. The foam produced during the experiment was relatively stable upto 
'" J... • • '. I. • : )." "f11.J 

24 h. Such characteristics of biosurfactants indicate their possible application in coal 

and mineral froth-flotation as a fi.'othing and co-frothing agent92. 
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5.9.3 ,Emulsification activity (E24%) I 

" t ,,'~(.' ... , ~ 1 l. I • j 

The emulsifying power is an important character of surfactants. Hence, 

emulsification index (E24%) was determined for all four biosurfactants using cell free 

culture supernatant against the different hydrophobic substrates. The cell free culture 

supernatants showed appreciable emulsification indices (E24%) with diesel, n

hexadecane, n-octadecane, crude oil, n-dodecane, lubricating oil, n-paraffin and 

kerosene· (Figure 4.9). In addition to the surface and interfacial tensions, stabilization 

of an oil-water emulsion is usually used as an indicator of surface activity427. Further, 

the preference for hydrophobic substrates and the behavior of emulsification activity 

(E24%) were quite different among P. aeruginosa four strains (Figure 4.9). Most of the 

microbial surfactants are substrate specific causing s~~ubilization or emulsification of 

hydrocarbons at different rates428. The emulsifying activity (E24%) was .calculated 

using oil/.!"ater ratio 3 :2, which indicates the constitution of the oil phase to be·60% of 

theltoJal.mixture.volume .. This signifies that the value of emulsifying activity.(E24%) 

greater, than, or. equal to 601 is responsible for the .complete emulsification of. the oil 

phase~:" ~Such conditions; were observed in the case of cell free culture supernatant of 

the; bacterial strains. against diesel and n-hexadecane .. (Figure 4.9). The water-oil 

emulsions were found to be compact anp remained stable at room temperature for 

mor~ than Ol1e month suggesting· possible applicatio~ of the biosurfactants in the 

bioremediation process for enhancing the availability of the recalcitrant hydrocarbons. 

Moreover, the, ability of the biosurfactants to emHlsify specifically the crude oil 
, 

products. such as n-hexadecane, octadecane, kerosene, diesel and lubricating oil might 

facilitate their microbial assimilation which could be useful for'the bioremediation of 

petroleum contaminated environments27, 53. Further, the ability of the biosurfactants to 

emulsify' the vegetable oil also suggests their potential application in the 

pharmac-euti'c~l ~nd cosmetic industries56
, 
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5.9.4 Influence of temperature, pH, salinity and metal ions: on- surface properties 

and emulsification activity (E14%) 

Environmental factors such as pH, temperature, salinity and metal ions are 

known to influence biosurfactant's activity and stabiliti3
, 28, 32. Biosurfactants 

produced by the bacterial strains at normal CMD-1 and CMD-2 concentrations were 

found to stable and showed optimum surface activity at pH 5-8 (Table 4.22). The 

emulsification activity (E24%) of the cell free culture supernatant of the bacterial 

strains against diesel was quite stable at pH 5-8, though the optimum emulsifying 

activity was observed between pH 7-8 (Figure 4.10a). Considerable reduction in the 

stability as well as in the surface a~tivity ofbiosurfactants was observed beyond pH 8. 

Such decrease in the surface a@iivity might be due to the alteration of surfactant 

structures at the extreme pH conditions. Increase in pH from 5-8 caused an increase in 

the negative charge on the· polar head of the rhamnolipid molecule (PKa 5.6) 

enhancing its solubility in water. However, below pH 5, surface activity· decreased due 

to . the proronation of the rhamnolipid - molecules· affecting, their < pnkipitation32
. 

Rhamnolipid molecules contain a single free carboxylic acid group at the p-hydroxyl 

fatty acid moiety and are responsible for the anionic nature of, rhamnolipid5
(l.,., • 

According to Champion et al.429 the increase of pH from 5.5-8.0 leads to increase' in 

the negative charge on the polar head of rhamnolipid. A charge repulsion between the 

adjacent polar heads lead to the formation of larger head diameter and- sequentially· 

change the morphology of rhamnolipid molecules from bilayer sheets to vesicles and', 

then ,to .micelles. Biosurfactants produced by the'different strains 'of Pseudomonas' 

aeruginosa showed optimum surface activity with higher emulsification between'the . 

pH ranges of 4-] 223 , 32, 53, 56. 

Biosurfactants maintained their surface activity after exposure to te.mper~t\}res. 
.. " ~ 

from 4-100·C and showed appreciable thermostabilty at both normal and diluted 

conditions (CMD-1 and CMD-2
). The cell free culture supernatants also exhibited 

stable surface activity even after autoclaving at 121·C for 30 min (Table 4:23). Such 

thermal stability of biosurfactants indicates its utility in those industries where wet 

sterilization is of principal importancc56
• Extreme stability of biosurfactants was 
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reported,by Abdel-Mawgoud et al. 53Jfor the Pseudomonas aeruginosa isolate Bs 20; 

Kiran et al.21 for the marine bacterium Brevibacterium aureum MSA13 and Bharali et 

al.43o for the bacterial strain of Alcaligenes faecalis. The present study clearly 

indicates. the thermostability properties of the biosurfactants produced by four 

bacterial strains. Similar observation was reported by Desai and Banat7• The 

emulsification activity (E24%) of the culture supernatant of the bacterial strains against 

diesel was quite stable at all the tested temperatures (Figure 4.1 Ob). Emulsions were 

found to be stable upto one month at room temperature. It is interesting to note that 

biosurfactants retained about 53% of their original emulsifying properties even after 

autoclaving, indicating their thermal stability which broadens the scope of their 

application in MEOR. 

The biosurfactants retained their surface activity up to the addition of 5% NaCI 

at both normal and CMD- 1 conditions (Table 4.24). The culture supernatants retained 

si~ificant surface ac~ivity at CMD-2 indicating their efficiency even at lower 

concentration. Emulsification activity (E24%) of culture supernatants against diesel 

r~mained a~ost unchanged upto the addition of 3% NaCI (Figure 4.10c). Bognol0431 

reported that chemical surfactants usually get deactivated at around 2-3% of salt 
. , 

concentrations. Increase in the salt concentration beyond 4%, caused significant 
, . 

~. ~ I ~ 11 

reduction in the emulsification activity (E24%) of culture supernatants, indicating their 
,~~.. ,. 

ineffectiveness at such elevated salinity. When NaCI is added, the negative charge of 

c~boxylic acid ~oups of rharnnolipid molecules is shielded by the Na + ions in the 
. . 

electrical double layer that leads to the formation of a close-packed monolayer. Thus, 

the formation of Na+-rhamnolipid complex reduces surface tension values56
. The 

stability of culture supernatant against higher pH and salinity suggests its applicability 

in bio~em:ediation of marine environments and in industries where high salinities and 

pH prevail. .. , . 

•. Biosurfactants showed appreciable surface activity III the presence. of the 

different metal ions,' but not in the case of A13+ ions (Table 4.25). This could be due to 

the_complex formation between the available rharnnolipid with Ae+ions present in the 

cell free culture supernatant, as a result free rhanmolipid molecules in the solution gets 
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reduced. Consequently, the rhamnolipid molecules available at the interface are lesser 

which in turn reduces its surface activity. Rhamnolipids tends to form complexes with 

heavy metal cations more preferably than that of other non-toxic metal ions such as 

Ca2+. Mg2+, K+ etc., for which they possess much lesser affinityl. Similarly, Xia et al. 32 

reported that the addition of trivalent ion (AI3
) cause an increase in the surface 

activity of the biosurfactants produced by Pseudomonas aeruginosa. Cations of lowest 

to highest affinity for rhamnolipid biosurfactants were K+ < Mg2+ < Mn2+ < Ni2+ < 

C02+ < Ca2+ < Hg2+ < Fe2+ < Zn2+ < Cd2+ < Pb2+ < Cu2+ <Ae+ 6. The anionic nature'of 

the rhamnolipids enables them to absorb metals .ions from the soil such as arsenic, 

cadmium, copper, lanthanum, I~.ad and zinc due to their complexation abilityl. 115 and 
~ I. ~1<n 

help in the remediation oftoxic'metal ions. 

5.9.5 Cell surface hydrophobicity 

The bacterial strains possessed wide variability in their surface hydrophobicity 

(Figure 4.12), and the same was found to increase with the complexity of carbon 

sources. In the case of n-hexadecane grown cells higher level of hydrophobicity and 

biosurfactant production were observed which indicated the bacterial strain's ability to 

have biosurfactant-mediated uptake of alkane. The cell surface hydrophobicity of 

bacteria in the exponential phase was much lower than that' of the stationary phase 

which also proved higher levels of biosurfactant production in the late exponential 

phase of growth indicating the accumulation as secondary metabolite. Vasileva

Tonkova et al.375 reported that cells in the early OF, mid-exponential growth phases 

were less hydrophobic than those in stationary phase which suggested that the 

production of biosurfactants contributed to cell surface hydrophobicity. Sotirova et 

al.211 reported that the rhamnolipid at a concentration above CMC causes a reduction 

of the total cellular Iipopolysaccharid~ (LPS) content of the bacterial cells of 

P. aeruginosa and concentration below CMC causes alteration in the composition of 

the outer membrane protein which contributes to the enhancement of surface 
, ' 

hydrophobicity of the bacterial cells. Biosurfactants produced by the bacterial strains 
, , . 

during growth on the immiscible carbon sources modify their cell surface physiology 
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and make them more hydrophobic which improve the adhesion of complex 

hydrocarbon to their surface or make it available to them4o
, 47, 306. 

5.10 Characterization of biosurfactants 

5.10.1 Thin layer chromatography (TLC) 

The TLC derived fractions showed positive reaction to sugars with orcinol 

reagents and lipids with iodine vapors, indicating the presence of both glycosyl units 

and lipid moieties on the same spots, but possessed negative reaction to amino groups 

with ninhydrin. The lower fraction with the average Rf value of 0.32 indicated the 

presence of di-rhamnolipids while other with an average Rfvalue of 0.71 for mono

rhamnolipid molecules. These observations were found to be consistent with the 

reports of Abdel-Mawgoud et al.53
, Monteiro et al.55

, Silva et al.56
, Abbasi et al. 92 and 

Lotfabad et al.44o
• The results of thin-layer chromatography (TLC) clearly confirmed 

th~ glycolipid nature of the biosurfactant produced by four bacterial strains. Moreover 

two independent assays comprising of CT AB agar test270 and orcinol assal43 along 

with TLC confirmed the production of rhamnolipid by the bacterial strains in the n

hexadecane supplemented medium. 

5.10.2 Fourier transform infrared spectroscopy (FTIR) 

The infrared spectroscopic analysis revealed the presence of glycolipid type 

compound in the isolated biosurfactant samples (Figure 4.14). The appearance of 

additional bands in the spectra might be the result from contamination of polypeptides 

and polysaccharides from cell debris during the extraction of biosurfactant from the 

culture, supernatant440
• Most of the known biosurfactants are glycolipids in nature7

, 

carbohydrates in combination with long-chain aliphatic acids or hydroxyaliphatic 

acids. Rhamnolipids, trehalolipids and sorpholipids are among the best known 

I I··d P . 441 R h I· 243 Af.. b . 146 d Ii I . g yco Ipl s. . aerugmosa , . eryt ropo IS ,1viyCO acterrum sp. an oru OPSIS 

bombicola256 were reported to produce biosurfactants that are glycolipid in nature. On 

the basis of biochemical, TLC and FTIR results, it was assumed that the biosurfactants 

produced by the bacterial strains had a common glycolipid type structure. 
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5.10.3 Liquid chromatography and mass' spectroscopy (LC-MS) 

I ~ • L 1 

The LC-MS analysis of the biosurfactant samples produced by P. aeruginosa 

strains confirmed the results of the TLC with peak values appearing at 171, 193,205, 

339 mJz indicated the presence of lipids and peak value at 163 for carbohydrate 

moietY3. 3S9. The m/z values obtained were consistent with the molecular s~cture of 

Rha-CS:2, Rha-C 10, Rha-C I2.2, Rha-Cs-C IO, Rha-CIO-C IO, Rha-C IO-CI2, Rha-C IO-CI2:I, 

Rha-Rha-Cs-CIO, Rha-Rha-CIO-CIO, Rha-Rha-C IO-CI2:1 and Rha-Rha-C12-CIO. A total 

of twelve rhamnolipid homologs were identified from the biosurfactants produced by 

the bacterial strains which included both mono and di-rhamnolipids (Table 4.28). In 
.':'1 :-

the literature the number of rharnnolipid homologues reported varies from 4 to 28 50. 

434. The predominant rhamnolipid components present in the biosurfactants of the 

bacterial strains were Rha-CIO, Rha-C12:2, Rha-C8-CIO, Rha-CIO-CIO, Rha-C IO-C 12, Rha-' 

CIO-C12:1, Rha-Rha-CS-CIO; Rha-Rha-CIO-CIO and Rha- Rha-C IO-C12:1. Results clearly 

showed the predominance of di-rhamnolipids over the mono-rhamnolipids and 

typically the main rhamnolipids were found to be Rha-CIO-CIO, Rha-Rha-CS-C12 and 

Rha-Rha-C IO-C 12. The results of MS as described by Aparna et al.23
, Haba et al. 84

, 

Deziel et al. 389
, Yin et al.423 and Lotfabad et al.432 were found to be quite close to our 

findings with the higher abundance of dirharnnolipids over monorhamnolipids. The 

difference between the rharnnolipid composition and predominance of a particular 

type of congener in the present investigation was probably due to the factors like type 

of carbon substrate389. 426, culture conditions412, age', of the culture84 and the strains of 

Po' aeruginosa used389. Moreover, the rharnnolipids congeners identified were also 

found to depend on the nature of the analytical methodology used55
,' Monteiro et al. 55

,. 

Benincasa et al.62
, Haba et al.65

• S4, Costa et al.306
, Deziel et al.389

, Costa et aZ.412 and 

Lotfabad et al.432 used HPLCIMS, ESI-MS and LC-MS; and reported the complete 

elucidation ofrhamnolipid mixtures produced by the different strains of P.aenlginosa. 

However, no one used n-hexadecane as the sole source ·of carbon. Further, the 

variation in the culture composition and the differences in the strains could explain the 

differences between their results and the present work. . 
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5.-10.4 Thermogravimetric analysis (TGA) 

F~r all four biosurfactants the weight loss corre~ponding to the te~perature of 
, 

65-11O°C was due to the loss of adsorbed moisture, consequently suggestmg the 
, -, 

samples being not completely anhydrous. Due to the presence of different types of 
, It \r .. • .l 

moieties and linkages in the surfactant structures they display a two step degradation 
1. ." ~ I .. 

pattern as confirmed from the thermogram (Figure 4.16). The first step degradatIOn 

started at 159°C and ended at 353°C resulting a weight loss of about 19% which might 
r 

be due to the dehydration of the ester or the acid groups of the lipids. The same 
,- . 

resulted in the generation of water or carbon dioxide as volatiles. The oxidative 
f '. f f • 

reactions are mainly responsible for the accelerated degradation. The second stage 
- - . 

degradation might be due to the breaking of C-O linkages of the main structure. 
< -

Finally, at high temperature there could be formations of heat stable structures as 
, ' -

shown oy the TGA thermogram. A higher amount of37-43% residues were observed 
.. I I ~ 

at 600·C that might be due to the formatIon of fused complex C-C linkages or char, 
• r J.. to .. ~.. ( I 

which is highly thermostable in nature. Deprotonation of the glycosyl head at higher 

temperature consequently resulted in the depolyrnerization of rhamnolipid and 

subsequently lead to the generation of substantial amount of char. TGA clearly 

indicated the presence of di-rhamnolipid as the predominant form in the biosurfactant 

samples. Various factors such as interactions between the congeners of rharnnolipid 

molecules, appearance of steric hmdrance as a result of branched aliphatic chains and 

acyclic . structures collectively might attribute to the thermo-stability of the 

biosurfactants. Moreover, interaction and extensive H-bonding between the 

biosurfactC;lnt molecules were also evident from the FTIR studies . 

.. "".. ,,!' I • .: ; 

5.10.5 Differential scanning calorimetry (DSC) 

The pSC study was performed on the biosurfactants produced by the bacterial 

strains. All the samples except OBP4 exhibited two endothermic peaks at around 16°C 

and 131°G showing a lower ,enthalpy -with lower temperature pre-transitions and 

higher ent4alpy with higher temperature main transitions. First transition might be due 

to tl),e formation of a crystalline phase by the aliphatic branching groups, which could 
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be inter or intra molecular. At low temperature there was a ceasation in the molecular 

motion of the molecules. The lower enthalpy transitions were mainly due to the chain 

unfolding of the lipids. The presence of flexible symmetric moieties and polar linkages 

in biosurfactant structures might form partially crystalline phases at lower 

temperatures which could be verified from the DSC thermogram (Figure 4.17). The 

second transition could be referred as the melting of those crystalline regions. Melting 

of crystalline phase at high temperature was due to the stability of the crystalline 

structure which might be because of polar nature of the moieties present in the 

biosurfactant structures. However, it was observed that the lower endothermic peak 

disappears in OBP4-biosurfactant suggesting higher concentration of dirhamnolipids. 
, " 

However, there are instances ·~twhich the heat capacity profile displays only one 

maximum. This is because of the fact that the DSC could describe the bulk behavior 

not single events which might not be detectable since they show only a small 

contribution to the overall melting 92. In all the cases the increase in the dirhamnolipid 

concentrations resulted in broadening of the higher enthalpy transitions and shifting of 

the peak to lower values. 

5.11 Application in the field of bioremediation 

5.11.1 Reduction in the viscosity of ~rude oil 

All four bacterial strains efficiently reduced the viscosity of the crude oil after 

30 days of treatment under laboratory conditions. Results of the present investigation 

clearly indicated the ability of bacterial strains to d~.grade the heavy fractions of crude 

oil which in turn changed the physicochemical properties of the crude oi1443 . The use 

of microbes in degrading long chain alkanes might have several benefits such as 

minimizing paraffin precipitation or deposition problem along the production flow 

line, reduction of the viscosity of crude oil, increase in API gravity value and finally 

reduction of both pour point and paraffin content of crude oi1444. Moreover, the 

biosurfactants produced during the bacterial growth on crude oil additionally reduces 

its viscosity by altering the surface and interfacial energy of the system, thereby 

increasing the mobility of crude oil in the pipelines. She et al.445 used the 
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biosurfactant-producing indigenous Bacillus strains to degrade the higher fractions of 

crude oil. They also reported the enhancelJ1ent in the flow characteristics of crude oil 

after the treatment in a petroleum reservoir ofDaqing Oilfield. According to Gudina et 

al.
102 

Bacillus strains were able to degrade large alkyl chains and reduce the viscosity 

of hydrocarbon mixtures. These reports supported our view of using the indigenous 

biosurfactant producing bacterial strains in reducing the viscosity of crude oil. . 

5.11.2 Solubilization of polyaromatic hydrocarbon (PAH) by the biosurfactant 

Water solubility of some of the hydrophobic organic compounds HOCs could 

be increased with the addition of surfactant or biosurfactant49
• The solubilization 

assays of anthracene, phenanthrene, and naphthalene clearly showed that with the 

increase in the concentration of biosurfactants upto a range of 45-120 mgTI could 

reduce the amount of available undissolved PAHs in the reaction mixture. Such 

behaviour of the biosurfactants is due to the fact that the concentration of 

biosurfactants above the CMC enhances the formation of micelle causing the 

undissolved organic components to dissolve within the micelle structure facilitating 

microbial uptake and bioremediation431
• Das et al.446 showed that the solubilization of 

anthracene increases with the increase in rhamnolipid concentration beyond 100 

mgTI. Yin et al.43 I reported the solubilization of phenanthrene at 50 mgT I of 

rhamnolipid produced by P. aeruginosa strain S6. Further, differences in the degree of 

solubilization by the biosurfactants might be due to differences in the physico

chemical characters of the tested PAHs and the types of rhamnolipid congers present 

in the biosurfactants22, 53, 447, 448. 

5.11.3 B~odegradation of crude oil by the b~cteria strains 

All four bacterial strains were found to be efficient in hydrocarbon degradation 

(Table 4.29). Bacterial strain OBP4 followed by OBP3 and OBPI appeared to be the 

, best ~eg~aders and worked best at neutral or near neutral pH. The genus Pseudomonas 

stands out as the most versatile group among the several genera of microorganisms 

that have the capability of hydrocarbon degradat~on ~nd biosurfactant production31
, 133, 

350,392. Das and Mukherjee449 reported that strains of Pseudomonas aeruginosa were 
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much capable of degrading crude oil components as compared to the strains of 

Bacillus subtilzs. Mehdi and Gite38 showed that the strain of Pseudomonas was more 

efficient than the strains of Bacillus and Rhodococcus in degrading crude oil. The 

growth dynamics could either be due to the constitutive nature of hydrocarbon 

assimilation capability in the organism or reflected the adaptation of the strains as a 

result of previous exposure to exogenous hydrocarbons. This could be followed by 

simultaneous development of the capability to use the oil and/or its catabolic products 

as carbon and energy sources387. Gas chromatographic analyses of the treated crude oil 

with the bacterial strains showed a similar response of degradation, but different in 

details (Figure 4.20). Bioconversion of crude oil components leads to the enrichment 

of the lighter fractions ofhydroca.r~ons having shorter retention time. 

~)' I 

The bacterial strains were competent in degrading crude oil in the mineral salt, 
. , 

medium and efficiently degraded n-alkanes in the range of C9 to C18. The high 
• • 1 " 

molecular weight n-alkanes could have been preferentially utilized as carbon and 

energy sources. Previous studies show~d that aikane with' C14-C20 carbo~' atom~ 
permits abundant growth for most of the bacteria299

,44o. However, the bacterial strains 
• j, 

were not much efficient in utilizing aromatic and polyaromatic compounds. The 

predominance of mineralization of aliphatic over aromatic hydrocarbons with greater 

rate of degradation by the bacterial' c~~un'ity was reported by several auth~rs368, ~87, 
441.' The pure cultures of the individual bacterial strains possess limited preferred 

" , 
substrates and thereby are assisting less significantly in utilizing the complex 

, 

hydrocarbon mixtures present in the crude oil442. Lal and Khanna368 reported that 
; 

degradation of crude oil by microbes habitually occurs with the utilization of alkanes 

or light aromatic fractions, while the higher molecular weight aromatics, resins and 

asphaltenes are considered as recalcitrant. Adebusoye et al.387 reJ?orted that the 

individual organisms such as Corynebacterium spp., Acinetobacter lwoffi and 

Pseudomonas aeruginosa could metabolize only a limited range of hydrocarbon , 
, , 

substrates. Biodegradation studies conduct~d by Sharma and Pant443 showed that 50% 
• .. I .. ... 

of the aliphatic fractions of the crude oil of Assam (India) were degraded by the 
I, , ,. u. 

isolates, of Rhodococcus. Several studies pointed out that the extent of oil and total 

183 



Discussion 

petroleum hydrocarbon biodegradation are closely linked to the -type of 'oil, and its 

molecular composition299
, The present study ,showed that the presence' of crude' oil in 

the "culture ,'medium, had no inhibitory effect on biosurfactant production by" the 

bacterial strains and might assist in the' biodegradation- of high molecular weight n-' 

alkanes (C I2-C 1S)' 

5.11.4 Biodegradation of crude oil by bacterial consortium 

Individual microorganisms could metabolize only a limited range of 

hydrocarbon substrates; hence the assemblages of mixed populations with overall . 
broad enzymatic capacities are required to bring the rate and extent of petroleum 

biodeiradation further444. Out of the eleven different combinations tried, the 

combination 7 and 11, named as consortium I and II exhibited the highest dry biomass 

productio~ -of 2.73 ± 0.3 and 3.33 ±,O.1 g.rl, res~ectively in the MSM supplemented 
, -:-- ~ ..... " 

with crude oil within 96 h. Both the consortia comprising of all four different strains 
~ j':I ',~ I ,J' 

. ' 

of P. aeruginosa except OBP2 in consortium I were found to efficiently degrade the 

crude oil under the shaking condition. In~ivi~ually the bacterial strains were capable 

to utilize' the different fractions of crude oil' (Table 4.30), especially the aliphatic 

fractions in the range of 67.5-73.0%. However, the present investigation clearly 
--' . ; .. 

revealed that the consortium I and II were efficient in degrading 78.6-80.4O/~ of 
, , 

, • ~ ~ ~ i 

aliphatic, 42.4-42.7% of aromatic and 19.2-21.6% of NSO compounds in 30 days of 
, ' , 

cul~e (Tabi~ 4.31). Degra~ation of the aromatic fraction upto 42.4-42.7% could not 
~ . .'" .• ! I" 

be attained in the case of any single bacterium (Table 4.30). Such potency of consortia 
~ . . . 

in degrading aromatic fraction supports the co-metabolism behaviour between the 
~ - ~., ' ~.. '. . 

bacterial strains. The metabolic intermediates prod~ced by one bacterial strain could 
j" • • ~ • 

be utilized by the other members of the consortium a,s the substrate for their growth 
"I l _ .. ' ~ ~ " • • • 

and biosurfactant production3
. Ghazali et aZ.444 reported that biodegradation of 

: • .' ~. ...~. ~, .. '.I- • , ~ .... ' 

complex hydrocarbons usually required the cooperation of more than a single species . 
. '. '1. ~ If,J" ;~:t ..... ~ ' .. # .. ,,' • '. • • ~ ~" -~ ~ ,} • ~. t, "'" 

This is particularly true in the case of pollutants that are made up of many different 
:.J. :.i" >'J ,£t~i~l1"~·.·: "'.1' :~l.: ro, , a I ~'~ ...... "~!.~1-"~ ,',. \ ............ ~ 

compounds such as crude oil or petroleum. Addition of biosurfactan! (45, mg,rl) . 
1 I j. .}.i t •. I ........ .. ~ " ~ ~ ~ Ii-.. .' H .... 1~·.::J, '. ,. ; •. !' ~ 

produced' by the bacterial strain OBP 1 to both of 'the consortia lead~ to an 
I 1 • .,t T I ...: ;, • ~"'1 '~~;. 

enhancement in the degradation of crude oil '"indicating the effectiveness of 
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biosurfactant in the biodegradation process (Table .4.31). Further,the GC analysis of: 

the crude oil confirmed the enhancement in the degradation process (Figure 4.21). 

Research conducted by Itoh and Suzuki I 82, Rahman et al.249 and Zhang et al. 289 

reported that the addition of the rharnnolipid produced by Pseudomonas aerugillosa' 

enhances hydrocarbon degradation by the same organism. 

Gas chromatographic profile of the saturated fraction of the crude oil 

inoculated with Consortia I and II exhibited much reduced noise level as compared to 
, . 

the non-inoculated medium (Figure 4.21). Presence of certain distinct unreduced peaks 

indicates the accumulation of bacterial by-products which are not degraded further by 
, , .' , 

the members of the consortia. The results clearly established that both consortia along 
• ( '. -tG.!..,1; • I ' • ~ '; • 

with the biosurfactant were effici'ent in degrading the different components of crude 
! '. ~ .. '" 

oil. In designing a consortium, solubility and accessibility of the hydrophobic . . 
compounds available in the crude oil are the two key aspects. Since only 0.02% of 

• • 1" : 

crude oil is soluble in water, hence there is a need for emulsification of the crude oil in 

the medium 445. 

5.11.5 Separation of crude oil from contaminated sand by the biosurfactant ' 

\) .... )0 

The aqueous biosurfactant solution of the bacterial strains could efficiently 
, - \ " " 

separate the ~rude oil from th~ contaminated sand which clearly indicated their. 
A ....~ . 

capability in the soil washing. The maximum removal of crude oil by the 
. ,', , ' ',i . 

biosurfactants was achieved within their CMC, but by increasing the concentration 

beyond the CMC the removal of crude oil from the contaminated sand could not be 
t' 1 • 

enhanced. With reduction in the interfacial tension between crude oil and the sand 
, -

particles, the capillary force that holds them together in the sand-oil mix~e gets 
~ .., • , • • ! 

reduced. Such reductions in the tension further increase the contact angle between the . . ... ,~.,.. . 
oil and soil particles and change the wettability of the system. This ultimately results 

, 

in the mobilization of the crude oil from the sand-oil mixture to the aqueous solution. 

Such effect is directly related to the bio,surfactant concentration in the solution until it 

reaches the CMC, the concentration at which the surfactant molecules start to form 

mic,elles and ;how' the lowest tensional' for~e7. 8o."Differences in the sepa;ation' 
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behavior,,: oi the biosurfactants produced by the bacterial strains in' the' washing 

experiment suggests that the biosurfactant mediated removal of oil from the 'sand 

particles is also dependent on the physico-chemical properties of the biosurfactant and 

combined behavior of surfactant/crude oil/sand systems5 
.. Efficient washing off of 

crude oil from the contaminated sand could be achieved even with synthetic surfactant 

SDS. It is now well established that synthetic surfactants are more recalcitrant than the 

petroleum.hydrocarbons and potentially toxic to the environment446
, 447. Hence, use of 

biosurfactant seems to be more advantageous. 

.. '.J .. 

5.11.6 Release of crude oil from the sand pack column by the biosurfactant 
- • ~ \ _of, ..... .. , ' 

The available residual oil in the sand pack column was mobilized during the 

passage of.the,cell free culture broth containing biosurfactant and began to exude WIth 

the effluent. Nearly, 6.4-11.4% of residual crude oil was recovered from the saturated 

sand pack column using cell free culture supernatant of the bacterial strains as 

compared to' the co~trol. Results clearly indicated mobilization of crude oil by , 
biosurfactant in the sand packed column. Parameters like interfacial tension are 

important in the recovery of crude oil as the capillary number is dependent on the ratio 

of viscous to capillary forces32
. Capillary forces arise due to the interfacial tension 

between oil and water phases, which oppose the externally applied viscous forces and 

responsible for large quantitIes of oil that are left behind after water flooding 100. With 

the'introduction of biosurfactants into the column system, it starts to decrease the 

interfacial tension at oillbrine interface which m tum increases the capillary number of 

the system. Further, mcrease m capillary number lowers the residual oil saturation in 

the column and mcreases the recovery process. Suthar et al. 100 reported reduction m 

the.interfacial.tensIOn, directs the mobilizatIon of irregular oil lump to form available 

oil banks in between the reservoir rocks. 

• < 

Further, e~posure of all four types of biosurfactants to high temperature 
,.... tA.1. ~ ... ,. "" ~ ,,,," 

between 70-90 °C increased the release of the residual cmde oil by 8.4-10.5% and 9.3-
I ..".." j' ~ '. to t j;> ",..I l 

11.4%, respectively from the column. Wh~n temperature was raised between 50-90°C, 
)- ~ '" .. ...., 1"'~ .. -I _. or \0 I' 1 tj' I .,J" I • 

there was Ii reduction in the inherent viscosity of the crude oil. This might be because . . 
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ot: ~~, reduction in the compaction between the, molecules ofcrudeoif which' makes 

t~e, ~.(Ude,oil.more,mobile as compared to, the room; temperature." With/increase in the 

temperature, the air ;which was previously trapped:in ,between the vacant spaces 'of the . 

s'41d particles of the column starts.to, move out and,provides,more space for the'crude' 

oil, ,t,o flow. Further, reduction 7- in 4 "the ,capillary, forces, with . ,the '~',involvement' of 

biosurfactant enhances the release ,ofthe. crude oil from the column. Such behaviour in, 

th~,release of cmde oil from the ,column with the enhancement of temperature in ,the 

present investigation was in agreement with the previous reports'-,of Bordoloi and 

Konwar2. The results also indicated the retention of surface properties of the 

biosurfactants even after exposure to higher temperatures. Such thermo-stable 

property of biosurfactants is ver.y,~crucial for their application, in MEOR where the 
:., ,~ 

biosll;rfactants have to withstand .the prevailing extreme temperatures inside the oil" 

re&ervoirs. 

.' •• ' ~,! •• , 

5.11.7 Separation of residual crude oil from the petroleum sludge by the, 

biosurfactant 
- " 

-,. ' " , .' , 

,The biosurfactant of four_ bacterial strains,were 'capable.,ofseparating'residual 

cru,d~ oil(63.4-73.5%) from the petroleum sludge (Table 4.24) -having·upto 7% (w/w) 

of the sludge concentration, but above this concentration there was no further mcrease 

in ~e ~elease of oil. In fact it was reported that the 'preparation of homogeneous 'slurry: 

could be a critical factor in the treatment of sludge, which could limit the process44S 
... 

Th~,release of residual oil from the sludge gradually increases with the increase'in'the" 

dur~tion of treatment Cupto.15 days) with continuous shaking (120' rpm}.: The 

distw'hance caused by the continuous ,shaking further separated the ·loosely hound' oir 

droplets from. the soil particles due to the 'reduction . of. 'interfacial tension.·Wi'th 'the' 

,increase in the biosutfactant concentration, there~was ,increase, 'm: th~ 'removal-of 

residual crude oil from the sludge. Such result was due to the reduction in the surface 
• I' '~. . : _ " ." j ,.,." " 

• lIo· " • 

tension and interfacial tension which lead to a gradual decrease in the capillary force 
• 'i' ' .. ':, •... _ ".~_ 'J, ." •• , '.~' ... ~\. •• ' .... !" .. , : '''~ : .•.. ;. ,. ,.. ,,., ....... , I·~- .. I ....... ' ~ 

that hold soil and oil. This further ellhanced the contact angle between ,soil and oil, 
"~ •. _ 11 _ .. ' ::".J~" _ ~'::}' ...... :'\. ,:J,~" , .. i '"", .. ';1 .. ~', ... oJ ~, 

resulting in a change in the wettabilityof the system. The interfacial tension' of the 
_.... i.-:: .' '\.. • " It : .',1 '.. .'1. t . J t· . . ". . . ... ~ ~ .... 

system decreased gradually until it reached its CMC after which it remained constant. 
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The,same mechanism described in the case of soil.washing -experiment is probably 

responsible for the mobilization of residual crude oil. The physico-chemical properties 

of biosurfactant and combined behavior of surfactant/crude oil/soil systems probably 

caus.e .the . effects. A successful attempt in using biosurfactant to recover oil from the 

sludge was also reported by Banat et al.309
. Joseph and Josephll3 separated the residual 

oi.~. from .the petroleum sludge generated from the crude oil refinery by directly 

inoculating the strains of BaCIllus spp. and with the addition of the cell free culture 

supernatant of the bacterIa. Helmy et al.! 14 reported the application of the biosurfactant 

produced by Azotobacter vinelandii AVOI for enhanced oil recovery from the OIl 

sludge and recovered upto' 15% of oil from the sludge. SDS· is also effective 'but 

hazardous to the environmental components446, 447. Hence, the use of biosurfactant 

seems to be more advantageous over the chemical surfactants because of their 

biodegradability, less toxiCIty and effectiveness at extreme temperatures, pH and 

salinit~5, 129,428,430 

5.12 Biodegradation of biosurfactant 

i. 

BiodegradatIOn of bIOsurfactants produced by four P. aeruginosa strains 

confirmed their bIOdegradability nature when co-cultured with glucose in the culture 

medium. Several reports demonstrated co-degradation or sole utilization as a source of 

carbon and energy by various bacterial monocultures360, 449. Moreover, the degradation 

behaviour of biosurfactant depends on the type of bacterial species involved. In the 

pres~~t"i~vestigatIOn, the bacterial strains used for the degradation study are potential 
't..:' #4~ r .. ",~.,.~. ~ • I r- .... 

degraders o,f complex hydrocarbons isolated from the petroleum hydrocarbon. 
I " • 

contaminated soie. Chrzanowski et al.450 suggested that rhamnohpids might be 

preferentially degraded by a consortium of hydrocarbon degraders due to structural 

similarities between liPld mOleties of rhamnolipids and fatty acid moieties present in 

the biodiesel."In the present study, the degradation of biosurfactant produced by P . . " 
aeruginosa strain (MTCC8165) was comparatively lower than that of Bacillus 

• 411 .. ,h "* .. _, "'" H .... \ 1 

circulans strain (MTCC8167), which signifies that biosurfactants can't be easIly 
I : 1 .' • " ., 449 

degraded by its source speCIes. SimIlar observation was reported by Zeng et al. . 
, < 

Pro~iQtntt~; al. 451 InvestIgated the degradatIOn' behaviotir of rharnnolipid and reported' 
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that it could be easIly utilized by bacterial consortia in sandy loam, silt loam and 

creosote contaminated soil,. but immune to P. aeruginosa when it was present as the 

sole source of carbon. Zeng et al.449 reported that rhamnolipid was degraded 

efficiently in compost without creNing any disturbance to the microbial community 

present in the composting matrix, indicating _ its potential compatibility in 

environmental applIcations. Recent studies clearly demonstrated that the appltcation of 

synthetic surfactants in bioremediation process influences the dynamics of microbial 

commumty and the hydrocarbon degradation rates446,447. According to ChrzanowskI et 

al.45o biodegradatIOn of rhamnolipids did not favor the growth of any specific 

consortium member which confirmed that the employed biosurfactant did not mterfere 

with the microbial eqUllibrium dU~9g diesellbiodiesel biodegradation. 

5.13 Biological activity of the isolated biosurfactant 

5.13.1 Effect of biosurfactant on seed germination and growth 

At low concentrations, the biosurfactants did not show phytotoxicity whereas 

at the increased concentration of biosurfactants beyond their CMC caused decrease in . . ' ,-

the' GI of both seeds, Tlquia et al. 353 r~port~d that' GI 80% c~uld b~ ~ indica~~r for the 
I ( .. ) ", 10. -"" ~ - t ... # 

absence of phytOtOXICIty. The increased concentrations of the biosurfactant solutions 
• 't' " " 

J ~. t-, 

above the CMC caused reduction in the GI clearly indicating the inhibitory effect on 
...... It Io,. t.. ~. \ ......) _).. i~ 

seed germination and root elongation. The reduction in GI of mung bean was 
• .. 4 l '. ~. I' ..... II * t 

moderate to 55-65% but it was prominent in rice to 45-54%. The progreSSIve declease 
, , " . 

in the GI WIth the Increasing concentration of biosurfactants might be due to the 

altem~tions in the permeability ofihe cellular me~brane induced by biosurfactants452
, 

Ac~ording to Mllhoh et al.453 the soie ~r~sence ~f ;h~olipids ~ay infl~e~ce ~e GI 
r'T~ .. "'I· "/~ ~.. _I' ~rt ..... 

of lettuce (Lactuca sativa) and the GI dropped linearly with the mcrea~mg 
• r ' I ,~. • .~... • • 

concentration of rhamnolipids. Silva et al.56 reported that cabbage (Brasslca oleracea) 

tolerat~d the p;esence of rha~olipids wi'thout sh~~ing a~y slgmfic~nt reductIOn m 
to .. .I '" J ... (rT ~ .. ~ J,; ~ ~;. ." ~, • '" I .,. 

the GI upto the CMC of the tested biosurfactant which was 700 mgr l
. Marecik et 

J' _ ,t.,. t .. I'" .. ; ... ~ .J. ".. 'I' • J' -: t _) It' I J t "¥, } 

al.452'rcported the appearance of notable changes in the GI value of alfalfa (Medicago 
1 't~"" .. t r lJ t'l... .. ~ l. f .1..... -' .. r .. -d_ 1 ,. , 

sativa), mustard (SlI1aplS alba) and sorghum (Sorghum saccharatu"!) at two different 
1 J ... ~ • (" .. Jt:.. 1.. ". ..... I I 
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concentrations of rhamnolipid, the first at CMC ,and the -second far above it. They also 

reported· the presence of inhibitory effect of rhamnolipids-on the germinatio-n of alfalfa 

and mustard and most prominent for monocotyledonous plant like sorghum while 

cuckoo flower species ,( Cardamine pratensis) remained-unaffected suggesting'that the 

phytotoxicity of rhamnolipids may be plant specific'. 

sj3.2 Larvicidal activity against mosquito 

In the present study, biosurfactants prQduced by P. aerugillosa strains did not 

show any, ,laryicidal potency against Aedes albopictus at normal concentrations as 

recommended by; World Health Organization (WHO) .. The same was observed at 

much higher concentrations. This clearly indicated that the tested biosurfactants were 

not lethal to the mosquito larvae. Several studies reported that only certain cellular 

proteins secreted by P. aeruginosa have virulence affect on various insects. Mostakim 

et al}54 reported the larvicidal activity of-P. aeruginosa' against the 3rd instar larvae of 

Bactrocera oleae, the most serious pest in olive' cultivation. Among the known 

biosurfactants, the cyclic lipopeptide surf actin, produced by B. subtilis subsp. subtilis 

was reported to exhibit potential larvicidal and mosquitocidal activities358
. Since the 

biosurfactants ,from P. aeruginosa strains possessed negligible mosquito larvicidal 

potency as- compared to many other currently available preparations, the application of 

such biosurfactants, in contaminated environments during the remediation process 

might not cause any undesirable effects to the beneficial insects or their larvae. 

, ~ '~~ t "'" • '- .' ,:" ~. 

5.13.3 Antimicrobial activity 

The MIC values were much less for Gram-positive bacteria, indicating their 

effectiveness at low concentrations except for few bacteria such as Staphylococcus 

aureus. How.ever, the MIC values were much higher' for Gram-negative, bacteria 

because of the surface proteins and lipopolys~ccharides (LPS) which are the two main 

constituents of the cell wall. The LPS either acts as a barrier or provides protection to 

the inner sensitive membrane and cell wall from the toxic compounds455, 456. The 

present/study suggested that. the rhamnolipid molecules having both hydrophobic and 

hydrophilic" groups, could insert their fatty acid components into the cell- membrane 
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that cause considerable alteration in the ultra structure of the cell such as ability ofthe 

cell to interiorize plasma membrane. Alternately, it might also be possible that 

insertion of the shorter acyl tails 'of the rhamnolipid into the cell membrane causes 

disruption between cytoskeleton elements and the plasma membrane, allowing the 

membrane to lift away from the cytoplasmic constituents 7,42. Gram negative bacteria 

are known to have intrinsic resistance against a variety of antibiotics due to the 

transenvelope multidrug resistance (MDR) pump474. Therefore, treatment of such 

MDR strains with rhamnolipids seems to be more advantageous as it interacts only 

with the bacterial cell surface475 . Several workers reported enhancement of the 

cytoplasmic membrane permeabili~y by rhamnolipids with the consequential alteration 

leading to cell damage315,476. 

5.13.4 Chemo-attractant property 

Concentration gradient motility agar (CGMA) assay showed positive chemo

attractant property of rhamnolipids at their CMC towards Staphylococcus aureus 

(MTCC 3160) and Klebsiella pneumoniae (MTCC 618) confirming chemo-attractant 

property. Such chemo-attractant property of the test compounds enhances its 

antibacterial property towards the targeted pathogen476,477. It has been suggested that 

when the microbes come in contact with rhamnolipid molecules, they might cause 

disruption of the cell surface of bacteria476 by being integrated in between the 

phospholipids of plasma membrane. Rhamnolipids can also enhance permeability of 

the cytoplasmic membrane with the consequential alteration leading to cell damage315. 

Such unique property of rhamnolipids suggests their application in increasing the 

efficacy of several drug molecules such as nisin. According to Magalhaes et al.3lo the 

combinations of nisin, an antimicrobial peptide produced by Lactococcus lactis and 

rhamnolipids have a strong synergistic effect on the cytoplasmic membrane of Listeria 

monocytogenes, a serious food born pathogen. 

5.13.5 Cell cytotoxicity 

The biosurfactants of P. aeruginosa strains were found to be cytotoxic to 

growing mouse fibroblast cells (L929) at concentrations above 1 00 ~g.ml-I, probably 

191 



Discussion 

by directly perturbing cell membranes478
• The haemolytic and cytotoxic activities of 

the rhamnolipid are due to the detergent like properties and cell membranes are 

possibly perturbed by the introduction of fatty acid chains into the organized lipid 

layers of cells. Hauler et al.208 reported the time and dose dependent cytotoxicity 

against non-phagocytic HeLa and phagocytic HL60 cells by the rhamnolipid of 

Burkholderia pseudomallei. Lotfabada et al.44o observed no inhibitory effect of the 

purified rhamnolipid fractions RL-a and RL-b isolated from P. aeruginosa MROI on 

the normal Vero cell line at concentrations up to 50 ~g.mrl. Rhamnolipid, especially 

the dirhamnolipid (50 J.1g.ml- l) in the presence of serum, favors the keratinocyte 

differentiation and inhibits the proliferation of fibroblasts thus helping in the tissue 

repair67. These features broaden the application of rhamnolipids in the new advanced 

field of medicine for wound healing. Several others reported the non-toxic and anti

proliferative properties of rhamnolipids44o suggesting that the exposure of 

biosurfactants to the human skin during the field operation process of bioremediated 

sites doesn't cause any hazard. 

5.13.6 Acute dermal irritation study 

Acute dermal irritation study of the transdermal patch in rabbits showed no 

dermal responses such as erythema or edema as compared to the negative control 

against the application of biosurfactants. The total body weight in the transdermal 

patch-treated groups of rabbits did not differ significantly from the control group. Loss 

of body weight is an important indicator of gross toxicity. Severe toxicity or 

interference with absorption of nutrients is reflected by the reduced body weight359
. 

Hence, it could be concluded that the application of rhamnolipid biosurfactants have 

neither potency to produce severe tissue destruction nor does it seem to interfere with 

the absorption of nutrients. Further, the study showed that the patch-treated group did 

not show any hematological and biochemical changes confirming their non-toxicity to 

the mammalian skin. Maier and Soberon-Chavel7 reported that rhamnolipid produced 

by P. aeruginosa have extremely low irritancy and even anti-irritating effects, as well 

as compatibility with human skin. ClinicaJ trials for the treatment of psoriasis, lichen 
f:J 

planus, neurodermatitis and human burn wound healing confirmed excellent 
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ameliorative effect of rhamnolipids as compared to the conventional therapy using 

corticosteroids67, 323. Rhamnolipids' also exhibited differential effects on human 

keratinocyte and fibroblast cultures67. The innovative application ofbiosurfactants has 

appeared with the suggestion that biosurfactants may aid wound healing46I , hence 

opening up new avenues for incorporating biosurfactants into a wide range of skin 

care products in place of chemical surfactants and this could lead to healing of minor 

skin lesions461 . 

15.14 Application of biosurfactants in nanotechnology 

5.14.1 Biosurfactant assisted synthesis of iron oxide nanocrystals and silver 

nanoparticIes 

The biosurfactants are emergmg as a green surfactant alternate to their 

chemically synthesized counterparts for the synthesis and stabilization of 

nanopartic1es. Rhamnolipid biosurfactants produced by the bacterial strain OBPI 

exhibited stabilization of silver and iron oxide nanopartic1es. Such behaviour of 

biosurfactants is due to the solubilization or incorporation of the reactant species 

and/or synthesized particles into the micellar phase and adsorption of nanoparticles on 

the surface of the biosurfactant micelles462. It is possible that the positive charge on 

Ag+lFe2+ leads to the formation of the ion pai~ with'the negative head of rhamnolipid 
, ~; \ 

micelles which concentrate the Ag+lFe2+ within the small volume through the . . 
electrostatic interactions into the reaction sites462. Kiran et al.332 suggested that the 

presence of biosurfactant in the colloidal solution of nanoparticles would act as the 

stabilizing agent that prevents the formation of aggregates, and favours the production 

and stability of nanoparticles under the experimental conditions. Silver nanoparticles 
, 

(SNP) synthesized m the rhamnolipid colloid were found to be stable for more than 

one month. The SNP in rhamnolipid (RL) colloid (SNPRL) was not affected by the 

addition of external NaCl upto 60 mg.ml-1 and this also prevented the destruction of ~ 

silver nanopartic1es. The inference has suggested that the RL shall undergo vesicle 

formation to prevent silver nanoparticles' exposure to NaCI122
• Xie et a/.117 also 

j • '" 

reported the use of rhamnolipid biosurfactant as stabilizing agent of silver 
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nanoparticles. Biswas and Raichur334 used the rhamnolipid biosurfactant to evaluate its 

effect on the synthesis and stabilization of nano zifconia particles. 

5.14.2 Antibacterial property of ION-RL and SNP-RL nanocomposite 
~ • : .,,' ~ .. ~ ~ .. t ,,, "'. Ii • 

• " <' Iron, oxide ~nanocrystal-rhamnolipid (ION-RL), and silver' nanoparticle-

rhamnolipid~ (SNP-RL) nanocomposites were found to be effective against Gram 

p~sitive and Gram negative bacteria suggesting their broad spectrum antibacterial 

properties. Different strains belonging to the same species of bacteria exhibited 

different susceptibility towards the biosurfactant, ION-RL and SNP-RL. The excellent 

antibacterial efficacy of the surfactant-adsorbed nanoparticles could be envisaged as a 

complex interplay of the following factors: 

-< 
I. Better accessibility and as such greater activity of the surface adsorbed biosurfactant 

, . 
... 00" , 1 

moieties. The immobilization of bioactive molecules onto nanomaterials displays 

erili"an~ed acti~ity, stability and reusabi lityl22, 361. ' 

2. Triangular nanoplates are much more competent than spherical counterparts361
. The 

evolution of hierarchical structure with more of strained facets or planes in the iron 

oxide nanostructure could be ascribed to the antimicrobial action. The differential 

action against Gram positive and Gram negative bacteria may be credited to the 

v¥ied cell wall architecture and the surface moieties that interact differentially with 

,th.e rhaII1!1<;1lipid and the· biosurfactant assisted. nanocomposites of iron oxide and 

'silver 1).anoparticles. 

-, " c:~"" 

5.15 Industrhll applications of biosurfactant producing bacteria 
.... "-. ' 

5.15.1 Synthesis of bis-uracil derivatives in presence of biosurfactant 

A highly 'effici~nt and environmentally benign nucleophilic addition of 6-

~miri~-I, 3-aimethylp'yri~idine-2, 4(1H, 3H)-dione and 6 [(dimethyl amino) 

methyl~~e;n;in'o ]-1, 3-dimethylpyrimidine-2, 4(1fJ:, '3H)-dione with aldepyd~s 

(aronfatic,';'~liphatic <~and 'hetero~yclic) using biosuffactant isolated from OBPI 
... ~ ~ .,_ .. '). J -.I • ~ r_" ~ ! ~ ". 

achieved in water at the' room temperature with pigher yield of products as compared 
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to their counterparts without the application ofibiosurfactants. There could be two 

factors responsible for increased yield of products; first,. the equilibrium of the 

nucleophilic reaction is shifted far to the right in the presence of the biosurfactant. 

Gradual addition of surfactant into the reaction mixture to an extent of CMC led to the 

formation of hydrophobic pockets within the bulk water solvent due to hydrophobic 

interior of micelle, which paves the. way for, bringing the reactants to close proximity 

facilitating product formation. The biosurfactant usually interferes with the existing 

solubility of the solvation layer, which led to the other probable interactions and 

chemical events that might be responsible for the release of binding energy. The 

released binding energy in turn helps in expediting the reaction towards completion in 

the presence of catalysts. Seco,Qdly, from the plausible reaction mechanism, the 
-,/ . 

nucleophilic 5th position of 4 attacks of the carbon centre belonging to the aldehyde, 
" . 

followed by the elimination of water molecule, a second molecule of uracil derivative 

then attacks via' its nucleophilic 5th position affording the product. Dehydr~ti~n has 
... ~ , ~ ~ .. ......~ 

successfully been achieved in water due to the hydrophobic nature of the biosurfactant 

interior463
. The biosurfactant has been recovered and recycled for several times and

used repeatedly. 

5.15.2 Degradation of complex synthetic polymers 

P. aeruginosa was reported to be a versatile bacterial strain capable of utilizing 

various types of carbon sources ranging from simple glucose to complex petroleum 

based hydrocarbons373
, 374. From biodegradation studies of synthetic modified 

hyperbranched epoxy/OMMT clay nanocomposites based polymers, it is clear that P. 
, ' 

aeruginosa strain OBP 1 is capable of utilizing the synthesized polymers as is evident 

by an increase in bacterial population density. Further, the rate of increase in the. 

bacterial cell density increases with the treatment time. This was particularly observed 

in the case of modified hyperbranched ~poxy t;lanocomposites which might be due to 
I ..# I ~ 

" -
the' catalytic role of clay in the hydrolysis of the ester groups present in the modi tIed 

systems363
• The p~esence ~f terminal hydr~x~l groups in the ciay i~yer~-'can cause 

.. I ... .. ~.' ~ C" ~ ..., .J.," ., i .' .. 

heterogeneous hydrolysis after absorbing water in the presence of microbes. This_ 
.. ') """ ~ " .. 

process is known to require some time for the initiation which might be the reason for 
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C~nclusio~ drawn from the prbsent"lnvestigation' are: 

Conclusion 

Chapter V 
Co'nelusion 

1. A total of 52 bacterial isolates were isolated from the various crude petroleum - , -
contaminated sites of Assam. Out of them 17 isolates exhibited significant 

reduction in the surface tension of the culture media and showed positive results in 

drop collapse and oil displacement tests. Finally, 4 isolates namely OBPI, OBP2, 

OBP3 and OBP4 were found to be potential in the utilization of hydrocarbons and 

production of biosurfactant. 

2. The potential four bacterial isolates belonged to the genus Pseudomonas. The 

partial sequencing of 16S rRNA gene and NCB I GenBank BLAST search proved 

these four bacterial isolates to be closely related to Pseudomonas aernginosa. 

3. The partial 16S rRNA gene sequences of Pseudomonas aernginosa strains OBP1, 

OBP2, OBP3 and OBP4 are deposited in the GenBank database under accession 

number 1568190, 1568199, 1568206 and 156820, respectively. The nucleotide 

frequency count showed ATGC, C+G and A+ T compositions of the bacterial 

strains to have almost similar frequency (-99%) distribution as compared to the 

other reported strains of Pseudomonas aernginosa. 

4. The bacterial strains could utilize a wide spectrum of hydrocarbons as the sole 

source of carbon and energy. All four bacterial strains exhibited preference for high 

molecular weight aliphatic hydrocarbons as compared to aromatic and polyaromatic 

hydrocarbons (PAHs). 

5. Haemolytic and eTAB agar assay confIrmed the biosurfactant producing ability of 

the bacterial strains and also provided a criterion for the production of rhamnolipid. 

These four Pseudomonas aernginosa strains possessed presumptive production of 

extracellular anionic biosurfactants. 
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6. Among the carbon substrates used for the production of biosurfactants, n

hexadecane was found to be the most suitable for the bacterial strains. Diesel was 

also found to be an efficient carbon source as well in terms of reduction in the 

surface tension. The level of biosurfactant production in diesel-supplemented 

medium was almost similar to that of n-hexadecane. 

7. Optimization of media components including carbon, nitrogen, macro-micro 

nutrients, and culture conditions including temperature, pH and agitation (rpm) 

leads to the enhancement of biosurfactant production in aU four bacterial strains. 

8. Among the low cost and renewable carbon substrates screened for the production of 

biosurfactant by these four bacterial strains, waste glycerol followed by kitchen 

waste oil (Sesamum indicum) and Nahor seed oil (Mesuaferrea) were found to be 

suitable. 

9. Physical parameters like reduction in surface tension (ST), interfacial tension (1FT), 

critical micelle concentration (CMC), emulsification activity (E24%) and foaming 

index (F24%) of the biosurfactants isolated from the bacterial strains clearly 

confirmed their effective surface-active properties. 

10. Biosurfactants produced by the bacterial strains exhibited excellent surface 

properties -and remained stable while exposed to extreme conditions like high 

temperature, pH, salinity and metal ion concentration. The stability of 

biosurfactants in higher dilutions (CMD-1 and CMD-2
) further confirmed their 

intact surface properties., 

11, Chemical characterization of isolated biosurfactants with TLC, FTIR and MS 

confirmed their glycolipidic nature. Further, mass spectroscopic studies 

confirmed the production of rhamnolipids by the bacterial strains; however di

rhamnolipids were found to be predominant over mono-rhamnolipids. 

12. The isolated biosurfactants were efficient within their CMCs in solubilizing P AHs 

and thereby could remove the crude oil from the contaminated sand. This effected 

recovery of residual crude oil from the petroleum sludge. The same was true in the 
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case of crude oil recovery from the crude oil saturated sand pack column. Further, 

the increase in the release of crude oil at higher temperature of 70-90·C confmned 

thermo-stability of biosurfactant in crude oil separation and recovery processes. 

13. All four bacterial strains could grow in crude oil supplemented media utilizing 

them as the sole source of carbon. The efficiency of each bacterial strain in 

degrading the test hydrocarbons within 30 days was established by liquid 

chromatography followed by gravimetric analysis. Further, GC analysis of the 

saturated fractions of the hydrocarbons confirmed the degradation ability of each 

individual bacterial strain. 

14. Bacterial Consortia I, comprising of OBP1, OBP3, OBP4 and Consortia II, 

comprising of OBP 1, OBP2, OBP3 and OBP4 were found to be more effective in 

biodegradation of crude oil. Further, addition of biosurfactant to the Consortia 

enhanced the biodegradation process. 

15. Biosurfactant solutions below the CMC were found to be non-toxic on germinating 

seeds of rice and mung bean, but at concentrations above the CMC exhibited 

inhibitory effect on seed germination and root elongation which was more 

pronounced in the case of rice. 

16. Biosurfactant of these four bacterial strains showed no larval mortality of the 

insect Aedes albopictus at almost all the recommended concentrations of W orid 

Health Organization. However, at higher concentrations of 1000-1500 mgT' 

could kill only about 3% of the larvae. 

17. Biosurfactant of the bacterial strains OBPI exhibited the highest antibiotic activity 

against the test microorganisms. Further, this biosurfactant exhibited an excellent 

chemotactic response towards Staphylococcus aureus (MTCC 3160) and 

Klebsiella pneumoniae (MTCC 618) strains. 

18. Biosurfactants did not exhibit inhibitory effect on the mouse fibroblast cell line 

L929 upto 100 Ilg.mr'. Biosurfactants having the concentrations above CMCs 

199 



ConclusIOn 

revealed non-toxicity to the skin of rabbit, and showed no adverse effect on the 

haematological parameters of the treated rabbits. 

19. Two different types ofnanoparticles such as iron oxide nanocrystal (IONRL) and 

silver nanoparticles (SNPRL) were synthesized in the presence of biosurfactant of 

the bacterial strain OBP} and characterized. The SNPRL was found to stable up to 

31 days and protected the silver nanoparticles from NaCI up to a concentration of 

60 mg.mC I
. 

20. Both IONRL and SNPRL nanocomposites exhibited considerable antibacterial 

properties against a wide range of bacterial strains. 

21. Biosurfactant of OBPI was found to be highly efficient in nucleophilic addition 

reactions of 6-amino-l, 3-dimethyl pyrimidine-2, 4 (lH, 3H)-dione and 6 

[(dimethyl amino) methylene amino]-l, 3-dimethylpyrimidine-2, 4(lH, 3H)-dione 

with aldehydes in water at room temperature to give higher yield of products. 

22. The bacterial strain OBP} exhibited growth on various nanocomposite films such 

as hyper branched epoxy (HBE), modified hyperbranched epoxy (MHBE) and 

their clay nanocomposites along with the corresponding pristine polymeric films 

and could utilize vegetable oil based polymer films as carbon substra~e. Further, 

gravimetric analysis and SEM micrographs confirmed the degradation of the tested 

polymer. 
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Future research 

1. Molecular interaction studies of rhamnolipid congeners with biological 

macromolecules (molecular docking and molecular dynamics studies/approach) to 

understand the behaviour of rhamnolipid molecules in a biological system. 

Through bioinformatics tools such as molecular dynamic studies could 

be exploited for studying the molecular interaction of rhamnolipid congeners with 

different biological macromolecules particularly with membrane proteins. Such a 

study will help to elucidate the behaviour of rhamnolipid molecules within the 

biological system. 

2. Study on the preparation of biocompatible rhamnolipid-nanocomposites and their 

possible application in biomedical fields especially as a drug carrier. 

Most of the nano-materials can't be directly used as carrier molecules 

for drug delivery. To make them effective for drugs there shall be encapsulation 

with a compatible agent (bio-coating) such as rhamnolipid for loading the 

medicinal compounds on it. This has to be worked out for specific medicinal 

compounds like cancer medicine for targeted drug delivery. 

201 



References 

References 

1. Christofi, N., & Ivshina, I.B. Microbial surfactants and their use in field ~tudies 

of soil remediation, J. AppL MicrobioL 93, 915--929, 2002. 

2. ' Bordoloi, N.K., & Konwar, B.K. Microbial surfactant-enhanced mineral oil 

recovery under laboratory conditions, Colloids Surf. B Biointerfaces 63, 73--82, 

2007. 

3. ' Mulligan, C.N. Environmental Applications for Biosurfactants, Environ. PoJlut. 

133, 183-- t 98, 2005. 

4.' ',Mulligan, C.N. & Gibbs, B.F. Factors influencing the economics of 

biosurfactants, in Biosurfactants, Properties, Applications; N. Kosaric, ed., 

Marcel Dekker, New York, 1993,329-371. 

5. Urum, K., & Pekdemir, T. Evaluation ofbiosurfactant for crude oil contaminated 

soil washing, Chemosphere 57, 1139--1 150, 2004. 

6. Mulligan, C.N., & Gibbs, B.F. Types, production and applications of 

biosurfactants, Proc. Indian Nat. Sci. Acad. 70, 31--55, 2004. 

7. Desai, J.D., & Banat, I.M. Microbial production of surfactants and their 

commercial potential, Microbiol. Mol. Bio. Rev. 61,47--64, 1997. 

8. Rosen, MJ. Surfactants and Interfacial Phenomena, John Wiley & Sons, New 

York, 1978, 149-171. 

9. Becher, P. In Emulsions, Theory and Practice, 2nd ed., Reinhold Publishing, New 

York, 1965. 

10. Rahman, P.K.S.M., & Gakpe, E. Production, characterization and application of 

biosurfactants-review, Biotechnol. 7,360--370,2008. 

11. Kosswig, K. Surfactants, in Ullmann's Encyclopedia of Industrial Chemistry, 

Wiley-VCH, Weinheim, 2005. 

12. Van Bogaert, I., et al. Microbial production and application of sophorolipids, 

AppL MicrobioL Biotechnol. 76, 23--34, 2007. 

13. Makkar, R.S., et al. Advances in utilization of renewable substrates for 

biosurfactant production, AMB Express 1, 5--10, 2011. 

202 



References 

14.. http://www.primaryinfo.com/p"rojects/surfactants.htm. 

15. Reznik, G.O., et al. Use of sustainable chemistry to produce an acyl amino acid 

,surfactant, Appl. Microbiol. Biotechnol. 86, 1387--1397,2010. 

16. http://www.ceresana.com/en/market -studies/ chemicals/surfactants/. 

17. Deleu, M.; & Paquot, M .. From 'renewable vegetables resources to 

· microorganisms: new trends in surfactants, Comptes. Rendus. Chimie. 7, 641--

646,2004. 

18. Singh, A., et at. Surfactants In microbiology and biotechnology: Part 2. 

Application aspects, Biotechnol. Adv. 25, 99--121, 2007 .. 

19. Franzetti, A., et al. Surface-active compounds and their'role in bacterial access to 

hydrocarbons in Gordonia strains, FEMS Microbiol. Ecot. 63, 238--248, 2008. 

20.' Develter; D.W.G., & Lauryssen, L.M.L. Properties and industrial applications of 

sophorolipids, Eur: J;. Lipid Sci. TechnoL'U2, 628--638, 2010. 

21. Kiran, S.G., et at. Optimization and characterization of a new lipopeptide 

· biosurfactant produced by marine Brevibacterium aureum MSA13 in solid state 

· culture; Bioresour. Technol. 101,2389-'-2396; 2010. 

22. SalillU, A., et al. An investigation for potentl~l development on biosurfactants, 

. Biotechnol.Mol. BioI. Rev; 3, 111 ~-l17; 2009. 

23.' Aparna, A.,.et al. Production and Characterization ofbiosurfactant produced by a 

novel Pseudomonas sp. 2B, Colloids Surf. B Biointerfcaes 95, 2--29, 2012. 

24;; . ·Otitoloju,. A.A., & Popoola;. T.O.· :Estimation of. "environmentally sensitive" 

dispersal ratios for., chemical dispersants used In crude oil spill control, 

Environmentalist'29, 171--380,.2009 ... , .' 

25,., . Sun, N., Wang, H., Chen,. Y., Lu, S:, ,& Xiong; Y. Effect of surfactant SDS, 

Tween 80, Triton X -100 and rhamnolipid: on biodegradation of hydrophobic 

organic pollutants,. in 2nd
. International, Conference of Bioinformatics and 

,Biomedical Engineering,IShapghai; China, 2008, 4730-4734., . .' ' 

26. Makkar, R.S., & Cameotra, S.S. An update on the use of unconventional 

~ubstrates ... for,' biosurfactapt. : produ.<:;ti.Qn. ! and their, new .. applications, Appl. 

Micropi91~ ~iotechnol.. ~~, 4f~:--4.3.4,j~~)Q~.; ,.. ...... '. , . .' , .. ',:... ,.... 

203 



References 

27. Maier, R.M., & Soberon-Chavez, G. Pseudomonas aeruginosa rhamnolipids: 

biosynthesis and potential applications, Appl. Microbiol. Biotechnol. 54, 625--

633,2000. 

28. Sarubbo, L.A., et al. Co-utilization of Canola oil and glucose on the production of 

a surfactant by Candida lipoiytica, Curro Microbiol. 5,4, 68--73, 2007. 

29. Lotfabad, T.B., et al. An efficient biosurfactant-producing bacterium 

Pseudomonas aeruginosa MRO 1, isolated from oil excavation areas in south of 

Iran, Colloids Surf. B Biointerfaces 69, 183--193,2009. 

30. Kitamoto, D., et al. Functions and potential applications of glycolipid 

biosurfactants-from energy-saving materials to gene delivery carriers, J. Biosci. 

Bioeng. 94, 187--201,2002. +" 

31. Bodour, A. A. , et al. Distribution of biosurfactant-producing bacteria in 

undisturbed and contaminated arid southwestern soils, Appl. Environ. Microbiol. 

69,3280--3287,2003. 

32. Xi a, W., et al. Comparative study of biosurfactant produced by microorganisms 

isolated from formation water of petroleum reservoir, Qolloids Surf. A 

Physicochem. Eng. Aspects 392, 124--130,2011. 

33. Sim, L., et al. Production and characterization of a biosurfactant isolate from 

Pseudomonas aeruginosa UW-l, J. Ind. Microbiol. Biotechnol. 19, 232--238, 

1997. 

34. Kulkarni, M., et al. Novel tensio-active microbial compounds for biocontrol 

applications, in General Concept integrated Pest and Disease Management, A. 

Ciancio & K.G. Mukherji, eds., Springer, Netherlands, 2007, 61-70. 

35. Banat, I.M., et al. Potential commercial applications of microbial surfactants, 

Appl. Microbiol. Biotechnol. 53, 495--508, 2000. 

36. Cameotra, S.S., & Makkar, R.S. Recent applications of biosurfactants as 

biological and immunological molecules, Curro Opin. Microbiol. 7, 262--266, 

2004. 

37. Nitschke, M., et al. Rhamnolipid S'urfactants: An update on the general aspects of 

these remarkable biomolecules, Biotechnol. Prog. 21, 1593--1600,2005. 

204 



References 

38. Van Hamme, J.D., et al. Physiological·aspects:·Part 1 in 'a series of papers 

devoted to surfactants in microbiology and biotechnology, Biotechnol. Adv. 24, 

604--620, 2006. 

39. Singh, P., & Cameotra, S. Potential application of microbial surfactants m 

biomedical sciences, Trends Biotechnol. ·22, 142--146,2004. .. . 

·40.; Ron, E., & Rosenberg, E. Biosurfactants and oil bioremediation, Curro Opinion 

Biotechnol. 13, 249--252, 2002. .. 

41. Nitschke, M., & Pastore, G. Cassava flour wastewater as substrate for 

biosurfactant production, Appl. Biochem.· Biotechnol. 108,295--301,2003. 

42. YaIcin, E., & Ergene, A. Screening antimicrobial activity of biosurfactants 

produced by microorganisms isolated from refinery wastewaters, J. Appl. BioI. 

Sci. 3, 148--] 53,2009,1 

.4;3., Rosenberg, E., & Ron, E.Z. High and low molecular-mass microbial surfactants, 

Appl. Microbiol. Biotechnol. 52, 154--162, 1999. 

#,. . Bodour, A.A.. & Maier, R.M. Biosurfactants: types, screening methods and 

applications, in Encyclopedia of Environmental 'Microbiology, G. Bitton, eds., 

Wiley, New York, 2002, 750-770. 

4~._., ·Maier, R.M. Biosurfactants: evolution and diversity In bacteria, Adv. Appl. 

Microbiol. 52, 101--121, 2003. 

46. Ilori, M.O., et al. Isolation and characterization of hydrocarbon degrading and 

biosurfactant producing yeast -strains) obtained from lagoon water, World. J. 

Microbiol. Biotechnol. 24, 2539--2545, 2008. 

47. Zhang, Y., & Miller, R.M. Effect of a Pseudomonas rhamnolipid biosurfactant on 

cell hydrophobicity and biodegradation· of octadecane, Appl. Environ. Microbiol. 

60,2101--2106,1994. .. \ 

48. Hommel, R.K. Formation and function ofbiosurfactants for degradation of water

insoluble substrates, in Biochemistry of Microbial Biodegradation, C. Ratledge, 

_ eds., Kluwer Academic Publishers, Dordrecht, 1994, 63-87. 

49. Eddouaouda, K., et al. Characterization of a novel biosurfactant produced by 

Staphylococcus. sp. strain ,IE with·~ potential application on hydrocarbon 

20S 



References 

bioremediation, J. Basic Microbiol. 51, 1--11,2011. 

50. Lang, S., & Wullbrandt, D. Rhamnose lipids-biosynthesis, microbial production 

and application potential, Appl. Microbiol. Biotechnol. 51,22--32, 1999. 

51. Lourith, N., & Kanlayavattanakul, M. Natural surfactants used in cosmetics: 

glycolipids, Inter. J. Cosmet. Sci. 31, 255--261, 2009. 

52. Wei, Y.R., et al. Rhamnolipid production by indigenous Pseudomonas 

aeruginosa J4 originating from petrochemical wastewater, Biochem. Eng. 1. 27, 

146--154,2005. 

53. Abdel-Mawgoud, A. M., et al. Characterization of rhamnolipid produced by 

Pseudomonas aeruginosa isolate Bs~O, Appl. Biochem. Biotechnol. 2, 329--345, 

2Q09. 

54. Lebron-Paler, A. Solution and inteifacial characterization of rhamnolipid 

biosurfactant from P.aeruginosa ATCC· 9027, Ph. D. Thesis, University' of 

Arizona Graduate College, Arizona, USA, 2008. 

55. Monterio, S. A., et al. Molecular and structural characterization" 'of the 

biosurfactant produced by Pseudomonas aeruginosa DAUPE 614, Chern Phys 

Lipids 147, 1--13,2007. 

56. Silva, S.N.R.L., et al. Glycerol as substrate for the production of biosmfactant by 

Pseudomonas aeruginosa UCP0992, Colloids Surf. B Biointerfaces ,79, 174--183, 

2010. 

57. Ab,alos, A., et al. Physicochemical and antimicrobial properties ~o'f new 

rhamnolipids produced by Pseudomonas aeruginosa ATlO from soybean oil 

refinery wastes, Langmuir 17, 1367--1371,2001. , 

58. dos Santos, S.C., et al. Evaluation of substrates from renewable-resources in 

biosurfactants production by Pseudomonas strains, Afr. 1. Biotechnol. 9, 5704--

5711,2010. 

59. Bodour, A.A., & Miller-Maier, R.M. Application of a modified -drop collapse 

technique for surfactant quantitation and screening of biosurfactant-producing 
-I' 

microorganisms, J. Microbiol. Method· 32;,273--280, 1998. 

60. ,Bafghi, M.K., & Fazaelipoor, .~M.R:,) Application of. rhamnolipid iii the 

206 



References 

formulation of a detergent, 1. Surf act. Deterg. 15,679--684,2012.' 

61. Mata-Sandoval, J.C., et a1. High-performance liquid chromatography method for 

the characterization of rhamnolipid mixtures produced by Pseudomonas 

aeruginosa UG2 on com oil, 1. Chromatogr. A 864, 211--220, 1999. 

62. Benincasa, M., et a1. Chemical structure, surface properties and biological 

activities of the biosurfactant produced by Pseudomonas aeruginosa LBI from 

soapstock, Antonie Van Leeuwenhoek 85, 1--8,2004. 

63. Rodrigues, L.R., et al. Biosurfactants: potential applications in medicine, J. 

,Antimicrob. Chemother. 57,.609--618,2006. 

64. Read, R.C., et a1. The effect of Pseudomonas aeruginosa rhamnolipids on guinea

pig tracheal mucociliary transport and ciliary beating, J. Appl. Physiol. 72,2271--

2277, 1992. 

,65.> I Raba, E." et al. Physicochemical characterization and antimicrobial properties of 

rhamnohpids produced by, Pseudomonas aeruginosa 47T2 NCBIM 40044, 

BlOtechnol. BlOengg. 81, 316--322, 2003. 

66.. 'Yoo, D.S., et al. Characteristics of. microbial biosurfactant as an antifungal agent 
.J' 

. against plant pathogenic fungus, J. Microbiol. Biotechno1. 15, 1164--1169,~2005. 

67. Stipcevic, T., et al. Di-rhamnolipid from Pseudomonas aeruginosa displays 

differential effects on human kera!inocyte and fibroblast cultures, 1. Dermat. Sci. 

40, 141--143,2005. 

6.8~ Deziel, E., et a1. rhlA is required for the production of a novel biosurfactant 

promotIng swarmIng motility in 1 Pseudomonas aeruginosa: 3-(3-

hydroxyalkanoyloxy) alkanoic acids' (HAAs), the precursors of rhamnolipids, 

MlcroblOl. 149,2005--2013,2003. '\ c '-

69 Davey, M.E., et al. Rhamnolipid surfactant production 'affects biofilm 

archItecture m Pseudomonas aeruginosa PA01, 1. Bacteriol. 185, 1027-1036, 

2003. \ ' 

70 Joshi, S., et al. Bios,-!rfactant production USIng molasses and whey under 

th,ermophllic conditions"Bioresour. Technol. 99, 195--199,2008:, ' 

71. Pomsunthomtawee, 0., let· ,a1. Solution properties and- vesicle formation of 

207 



References 

rhamnolipid biosurfacta~is, pI.:9duced .·bY ~R.1~~-Uomonas aeruginosa SP4;Colloids 

Surf.,B Biointerfaces 72;"6--1;,.io09; {,,:;:,:., 

72. J~i~, R.M., et al. IsolatIon'. and ,structural characterization of bios-urfactant 

produced by an alkaliphilic bacterium .Cronobacter sakazakii -isolated from oil 

contaminated waste water, Carbohydrate Polym. ,87;2320--2326,2012.'" 

73. Cameotra, S.S.,' & Makkar, .. RS. Biosurfactant-enhanced biorernediation of 

hydrophobic pollutants, Pure Appl. Chern. 82, 97--116, 2010. . ,\ .' 

74.. Palanisarny, P., & Raichur, A.M.' Synthesis of spherical NiO nanoparticles 

through a novel biosurfactant mediated emulsion technique; Mater.-· Sci: Eng: C 

29, 199--204,2009. 

75. Koopmans, RJ., & Aggeli, A. Nanobiotechnology·-.quo vadis?; CUlT: Opinion 

Microbio!' 13, 327--~34, 2010. ' • : I ". ~.:. 

79. . Gudiana, E.J., et al. Isolation .. an~Ffunctional characterization of 'a biosurfactanl 

produced by Lactobacillus paracasei, Colloids, Surf. B Biointerfcaes 16,. 298--

304,2010. 

77. Ishigami,. Y., et al. Estimation of. polarity and fluidity -of colloidal interfaces and 

biosurfaces ,using rhamnolipid. B I pyrenacylester as' surface 'active' fluo'rescent 

probe, Colloids Surf. ,B Biointerfaces 7, 215--220, 1996;' "" 

78. Linhardt, R.J., et aI. Microbially produced rhamnolipid as a source of rhamnose, 

Biotechnol. Bioeng. 33, 365--368, 1989'. 

79. Bafghi, M.K., & Fazaelipoor;;· M.H .. Application; of· rhamnolipid" in the 

formulation of a detergent, J. Surf act. Deterg. 15, 679.,.-684, 20.1 2. . . .::: 

80. Rodrigues, L.R., et al. Isolation· ·and, partial characterization of a bidsurfactant 

produced by Streptococcus thermophilus A, '.Colloids· Surf, B Biointerfcaes 53, 

. 105--112,2006. . 

81. Kosaric;·N. Biosurfactants, in· Biotechnology, HJ~··Rehm et. :af,' eds.\'~VCH, 

Weinheim, 1996, 659-717. 

82., yelraeds-Martin; M.C., et 'at. . Inhibition, of'initial ,adhesion of·'uropathogenic' 

Enterococclls faecalis to solid substrate by an absorbed· biosurfactant layer' from 

Lac:tqbacillus acidophilus, Urol. 49; 790--794;,1997 .. 

208 



References 

~3. Mulligan, .C.N., et al. Heavy metal removal from sediments by biosurfactants, 1. 

Hazard. Mater. 85, 111--125,2001. 

84. Haba, E., et al. Use of liquid chromatography-mass spectrometry tor studying the 

composition and properties of rhamnolipids produced by different strains of 

Pseudomonas aeruginosa,. 1. Surf. Deterg.· 6,·155--161, -2003 . 

. :.~_5." . Brown, MJ. Biosurfactants for cosmetic applications, Int. 1. Cosmet. Sci. 13,61--

64, 1991. 

~6... Stanghellini, M.E., & Miller, R.M. Biosurfactants: Their identity and potential 

efficacy in the.biological. control of zoosporic plant pathogens, Plant Dis. 81, 4--

12, 1997. 

87. 

$.8. 

90. 

Asaka, 0., & Shoda, M. Biocontrol of Rhizoctonia solani damping-off of tomato 

with Bacillus subtilis RB14, Appl. Environ. Microbiol. 62,4081--4085, 1996. 

Haferburg, D., et al. . ,Antiviral activity of rhamnolipids from Pseudomonas 

aeruginosa, Acta Biotechno1.7, 353--356, 1987 .. 

Rosenberg, E. Production of biodisper~an by Acientobacter calcoaceticus A2, 

Appl. Environ. MicrobioL 54, 317--322; 1'988. 

Sutton, R. ·Use. of biosurfactants produced by Nocardia amare for removal and 

recovery of non-ionic organics from aqueous solutions, Water Sci. Technol. 26, 

9--11, 1992. 

9L. Polman, 1.K., et al. Solubilization of bituminous and lignite coals by chemically 

and biologically synthesized surfactants,.1 ." Chern. 'Tech: Biotechnol. 61', 11--17, 

~.~ .. l"t .J 994. ~t 

92. Abbasi, H., et al. Biosurfactant-producing bacterium, Pseudomonas aeruginosa 

MAO) isolated from spoiled apples:' Physicochemical and structural 

characteristics of isolated biosurfactant, 1. Biosci. Bioengg. 113,211--219,2012. 

93. Vater, P J. Lipopeptides in food applications, in Bioswjactants-production, 

properties. and applications, N. Kosaric, eds., Dekker, New York, 1986,419-446. 

9:4.~ Bloomberg,. G .. Designing proteins as ·emulsifiers·, Lebensmittel'technologie 24, 

130--131,1991. 

~5 Busscher, HJ., et ~l. \ Biosurfactants ··from thermophilic dairy Streptococci and 

209 



References 

their potential, role in the, fouling con trot of, heat exchanger plates, 1. Ind. 

Microbiol.l6, 15--21, 1996. 

96. Bengmark, S. Immunonutrition: role of biosurfactants, fiber and probiotic 

bacteria, Nutrition 14, 585--594, 1998. 

97. Kitamoto, D., et al. Remarkable antiagglomeration effect of yeast biosurfactant, 

diacylmannosylerythritol, on ice-water slurry for. cold thermal,' storage, 

Biotechnol. Prog. 17,362--365,2001. 

98. Banat, I. M. Biosurfactants production and possible uses in Microbial enhanced 

oil recovery and oil pollution remediation: a review, Bioresour. Technel. 51, 1--

12, 1995. 

99. Lazar, I., et al. Microbial en~~pced oil recovery (MEOR), Petroleum Sci. 

Technol. 25, 1353--1366,2007. 

100. Suthur, H." et al. Evaluation of bioemulsifier.mediated Microbial Enhanced Oil 

Recovery using sand pack column, 1. Microbiol. Methods 75, 225--230, 2008. 

101. Banat, I.M., et al. Microbial biosurfactants'production" applications and future 

potential, Appl. Microbiol. Biotechnol. 87,,427,.-444,\2010 .. ' 

102. Gudina, EJ., et al. Isolation and study of microorganisms from oil samples for 

application in Microbial Enhanced Oil Recovery, Inter. Biodeter.' Biodegrad. 68, 

56--64,2012. .' ,. 

103. Jinfeng, L., et al. The field pilot of microbial enhanced oil recovery in- a high 

temperature petroleum reservoir, J. Petroleum Sci. Eng. 48, 265--271;2005. 

104. Clark, J.B., et al. In situ microbial enhancement of oil production~ Dev. Ind. 

Microbiol. 22, 695--701, 1981. 

105. Darvishi, P., et al. Biosurfactant .production under extreme environmental 

conditions by an efficient microbial consortium ERCPPI-2, Colloids Surf B 

Biointeraces 84, 292--300, 2011. 

106. Urum, K., et al. A comparison of the efficiency of different surfactants for 

removal of crude oil from· contaminated soils,' Chemosphere 62, :.}403--1410, 

2006. 

107. Kuyukina,. M.S.,. et al. Effect ,of biosurfactants on ,crude oil desorption and 

< • 210 



References 

mobilization in a soil system, Env. Inter. r 31·, 155--161,2005. 

108. Bai, G., et al. Biosurfactant-enhanced removal of residual hydrocarbon from soil, 

J. Contaminant. Hydrol. 25, 157--170, 1997. 

109. Hua, Z.,. et al. Influence of biosurfactants produced by Candida antarctica on 

surface properties of microorganism and biodegradation of n-alkanes, Wat. Res. 

37,4143--4150,2003. 

110. Wentzel, A., et al. Bacterial metabolism of long-chain n-alkanes, Appl. 

Microbiol. Biotechnol. 76, 1209--1221,2007. 

11.1. Tang, X., et al. Enhanced crude oil biodegradability of Pseudomonas aeruginosa 

ZJU after preservation in crude oil-containing medium. World 1. Microbiol. 

Biotechnol. 23, 7--14, 2007: 

112. Rosenberg, E. & Ron, E.Z. Bioremediation of petroleum contamination, in 

Bioremediation: principles and applications, L.C. Ronald & L.c. Don, eds., 

Cambridge Univrsity Press, UK, 1996; 100-124. 

J 13" Joseph, PJ., & Joseph, A. Microbial enhanced separation of oil from petroleum 

refinery sludge, J. hazard. Mater. 161, '522--525,2009. 

114. Helmy, Q., et a!. Application ofbiosurfactant produced by Azotobacter vinelandii 

AVOI for enhanced oil recovery and biodegradation of oil sludge, Inter!' J. Civil 

Environ Eng 10, 7-14, 2010. 

115 .. Herman, D.C., et al. Removal of cadmium, lead and zmc from soil by a 

rhamnolipid biosurfactant, Environ .. Sci. Technol. 29,2280--2285, 1995. 

116. Francisco 1., et al. Stability constants for the complexation of various metals with 

a rhamnolipid biosurfactant, J. Environ. Qual. 30, 479--485, 2001. 

117.. Xie, Y. et al. Synthesis of silver nanoparticles in reverse micelles stabilized by 

natural biosurfactant, Colloids Surf. A Physicochem. Eng. Aspects 279, 175--

178;2006. 

118. Kiran, G.S., et al. Biosurfactants as green stabilizers for the biological synthesis 

, ofnanoparticles, Critical-Rev. Biotechnol.,.31, 354--364, 2011. 

119 .. - Christof"M.N .. Nanoparticles, Proteins"and Nucleic Acids: Biotechnology Meets 

Materials Science, Angewandte Chemie. 40,4128--4158,2001. 

211 



References 

120. Kumar, C.G., et al. Synthesis of biosurfactant-based silver- nanopartic1es with 

purified rhamnolipids isolated from Pseudomonas aeruginosa 'BS-161R, 1. 

MicrobioL BiotechnoL 20, 1061--1068,2010. 

121. Reddy, S.A., et al. Synthesis. of silver' nanoparticles using surfactin: A 

biosurfactant as stabilizing agent, Mat. Lett.. 63, 1227--1230,2009: :." " 

122. Saikia, J.P., et aL Possible protection of silver nanoparticles against salt by using 

rhamnolipid, Colloids Surf. B Biointerfaces, 104,330--332,2013.; '. .. 

123. Bharali, P., et al. Colloidal silver nanopartic1es/rhamnolipid (SNPRL) 'composite 

as novel chemotactic antibacterial agent, Inter. J. BioI. Macromol. 61; 238--242, 

2013. 

124. Cameotra, S.S., & Makkar, R.S. Synthesis of biosurfactants In 'extreme 

conditions, Appl. Microbiol. Biotechnol.· 50, 520--529, 1998. 

125. Kosaric,. N., et al. The role of nitrogen in multiorganism strategies for 

biosurfactant production, J. Am. Oil. ehem~ Soc. 61,1735--1743'; 1984 .. ! 

126. Bordoloi, N. Biochemical and molecular characterization of certain bacteria for 

application in biorem.ediation ofpetroleum contamination, Ph. D: Thesis, Tezpur 

University at Tezpur, Assam, India,' 2008. r I • 

127. Sabate, J., et al. Laboratory scale bioremediation experiments on hydiocarbon 

contaminated soils, Int. Biodeter. Biodegrad. 54, 19--25, 2004.' I • , .•.•• 

128. Rahman, K.S.M., et al. Enhanced bioremediation of n-alkane petroleum sludge 

using bacterial consortium amended with rhamnolipid and', micromitrients, 

Bioresour. Technol. 90, 159--168,2003. 

129. 110ri, M.O., et al. Factors affecting biosurfactant production by oit degrading 

Aeromonas spp. isolated from ~ tropical environment, Chemosphere '61, 985--

992,2005. 

130. Asselineau, C., & Asselineau, J. Trehalose containing glycolipids, Prog. Chern. 

Fats Lipids 16, 59--99, 1978. . .... ' .. 

131. Kretschmer, A.~ et al. Chemical 'and physical characterization of interfacial active 

lipid from·' Rhodococcus erythropolis'" grown- on' '·n-alkane;·Appl.' Environ. 

Microbiol. 44,' 864--870, 1982. 

212 



References 

"J3.2 .. Jarvis, .F.G." & Johnson,. MJ. "k'.' glycolipid' produced"by'Pseudomonas 

aeruginosa, J. Am. Oil Chern. Soc.71,4124--4126, 1949."" 

133. Karanth, N.G,K., et al.· Microbial, production ·of biosurfactants' and their 

importance, Curro Sci. 77, 116--126, 1999.' . ' 

134~ Edward; J.R., & Hayashi, ~.A.. Structure of, rhamnolipid . from Pseudomonas 

aenlginosa, Arch. Biochem. Biophys. 111,415--421, 1965. 

135. Lang, S., & Wagner" F. Structure, and properties of biosurfactants, in 

_. Biosurfactants. and biotechnology, N. Kosaric et. aI, eds., Dekker, New York, 

.1987,21-47. - '-'; , .. 
136. Cooper, D.G., & Paddock, D.A. Production of biosurfactants from Torulopsis 

,,,,' - bombicola, AppL Environ. MicrobiolA7, 173--176, 1984. 

137. Hommel,R., et al. Production of water-soluble surface-active exolipids by 

Torulopsis qpicola, Appl. Microbiol. Biotechnol. 26, 199--205,'1987 .. ' ., 

138. Hu, Y.,'& Ju, L. K .. Purification of lactonic·sophorolipids by crystallization, 1. 

Biote~hnol. 87, 263--272, 2001. 

J3.9. _ Poremba, K., .et al.Marine bios~factants, III. Toxicity 'testing' with"marine 

microorganisms and comparison yvith synthetic surfactants, Z. Naturforsch 46c, 

J':4 ];.i. 210--21,6,1991. . " . ' " ." ~I., ... . .' 

140. Abraham, W.R., et al. Novel glycine containing glycolipids from the alkane using 

bacterium Alcanivorax borkumensis, Biochim. Biophys.Acta 1393,57--62, 1998. 

1,:41. Schulz, D.,. et al. Marine. biosurfactants,.1. Screening for biosurfactants among 
~ . ' .. 

crude-oil degrading marine micr,oorganisms from the North Sea, Z. Naturforsch 

-;;~ ,":, ~6c,-197--203, 1991. .. - • '~-', t ' 

142. Suzuki, T., et al. Trehalose lip~d anda-br<;mched-h-hydroxy fatty acids formed by 

'::""fi.' •. ·.bacteriagrown on n-alkanes, Agric. BioI. Chern. 33,- 1619--1625,.1969.· . 
. . ' 

14,3 .. : .. Kim, ).S,., et al. .Microbial glycolipid.production under nitrogen -limitation and 

resting cell cqnditions, 1. BiotechnoI. 13,257--266, 1990. 

1,44 ...... lsoda, H., et al. Differentiation ofhuman promyelocytic leukemia cell line HL60 
,. , 

~) -·:.].J~y,microbial extracellular glycolipids,.Lipids·32, 263--271; 1997· .. ',' . '. 

145. Arima, K., et al. Surfactiri, a crystalline peptide lipid surfactant produced by 

213 



References 

Bacillus subtilis: isolation, characterization and. its inhibition of fibrin clot 

formation, Biochem. Biophys. Res. Commun. 31,488--494, 1968. 

146. Cooper, D.G., & Zajic, J.E. Surface active compounds from microorganisms, 

Adv. Appl. Microbiol. 26, 229--253, 1980. ' " 

147. Delcambe, L., & Devignat, R. L'iturine, nouvel antibiotique d'origine congolaise, 

Acad. Sci. Coloniales 6, 1--77, 1957. . ) 

148. Vater, J., et al. Matrix-assisted laser desorption ionization-time of flight mass 

spectrometry of lipopeptide biosurfactants in whole" cells and culture filtrates of 

Bacillus subtilis C-l isolated from petroleum sludge, Appl. Environ. Microbiol. 

68, 6210--6219, 2002. 

149. Bonmatin, J-M., et al. Diversity.among microbial acyclic lipopeptides: Iturin and 
'l" 

Surfactin Activity-stmcture relationship to design new bioactive agents, 

Combinator. Chern. Throughput Screen. 6,.541--556,2003. -, " 

150. Vanittanakom, N., et al. Fengycin-a novel antifungal lipopeptide antibiotic 

produced by Bacillus subtilis F-29-3, 1. Antibiot. 39, 888--901, 1.986. ',1. 

151. M~Inemey, MJ., et al. Properties of the biosurfactant produced 'by, Bacillus 

liqueniformis strain JF-2, Ind. J. Microbiol. Biotechnol. 5,95--102, 1990:" 

152. Marahiel, M., et al. Biological role of gramicidin S in spore function:'Studies on 

gramicidin-S negative mutants of Bacillus brevis 999, Eur. J. Biochem:·99, 49--

52,y1977. . I ~ )IJ r 

153. Katz, E., & Demain, A.L. The peptide antibiotics of Bacillus:·' chemistry, 

biogenesis and possible functions, Bacteriol. Rev. 441,449--174, 1977. ' 

154. Krauss, E.M. &Chan, S.1. Complexation and phase transfer of nucleotides by 

gramicidin S, Biochem. 22, 4280--4285, 1983. .'.1 • ~. A" 

155. Neu, T.R., & Poralla, K. Emulsifying, agent· from bacteria· isolated' during 

screening,Jor cells with hydrophobic surfaces, Appl. Microbiol. Biotechriol. 32, 

521--525, 1990. ., 

156. Cirigliano, M.C., & Carman, G.M.·Purification and characterization of-liposan, a 

bioemulsifier from Candida lipoiytica, Appl. Environ:.IMicrobiol. 50,,;846--850, 

198.5. 

214 



References 

157. Kappeli, 0., & Finnerty, W.R. Partition of alkane by an--extracellular vesicle 

derived from hexadecane grown Acinetobacter; 1. Bacteriol.140, 707--712, 1979. 

158. Maneerat, S., et al. Bile acids are new products of a marine bacterium, Myroides 

, ::' sp .. strain SMl, Appl. Microbiol. Biotechnol. 67, 679--683,2005. 

159, . Beeba, J.L, & Umbreit"W.W. Exreacellular lipid of Thiobacillus thiooxidans, J. 

BacterioLl08, 612--615, "1971. 

_ .160. Miyazima, M., et· al. Phospholipid derived from hydrocarbons by fungi, J. 

Ferment. TechnoL 63, 219--224, 1985.,' 

)6J,. Wayman, M., et aL Biotechnology for oil and fat industry,J. Am. Oil Chern. Soc. 

61,129--13],1984 . 

.162. de ,Andre, c., et aL Cellular lipid, accumulation by Pseudomonas aeruginosa 

44:['J.;,AppL MicrobioL Biotechnol. 35, 813--816, 1991. 

1,63.J, Desai; lD.,· & Desai, A.J. Production ,of biosurfactants; in' Biosurfactants, 

Production, Properties;' Applications, N." Kosaric, eds., Marcel' Dekker, New 

.. :m,'·'·. York,.1993, 65-97., :,"' 

164 .. ' Maneerat,. S .. Production of biosurfactants usmg' substrates' 'from 'renewable

resources, Songklanakarin 1. Sci. Techno!. 27,675--683,2005. 

IpS. . Rosenberg, E., et al. Emulsifier· Arthrobacter RAG-I: isolation and' emulsifying 

properties, Appl. Environ. Microbiol.37, 402--408, 1979. 

166. Zukerberg, A., et al. Emulsifier of Arthrobacter RAG-I: chemical and physical 

properties, Appl.,Environ .. Microbiol. 37,414--420, 1979. 

167. Belsky, I., et al. Emulsifier of Arthrobacter RAG-I: determination of ·emulsifier 

bound fatty acids, FEBS Lett. 101, 175--178, 1979. 

1 ~8. Zosim, Z., et al. Properties of .hYdrocarbon-in-water emulsions stabilized by 

Acinetobacter RAG-l emulsan, Biotechnol. Bioengg. 24, 281--292, 1982. 

169. Rosenberg. E., et al. .. Purification and· chemical, properties of Acinetobacter 

., ,calcoaceticus A2 biodispersan, Appl. Environ. Microbiol. 54,323--326, 1988. 

170. Husain, D.R., et al. The effect of temperature on eicosane substrate uptake'modes 

by a marine. bacterium Pseudomonas .nclUtica. strain 617: relationship with the 

biochemical content of_cells', and .supetpatants, World 1. MicrobioL Biotechnol. 
, " .' , 

215 



References 

13,587--590, 1997. 

171. Zinjarde, S.S., & Pant, A. Emulsifier from, tropical manne yeast, Yarrowia 

lipolytica NCIM 3589, J. Basic Microbiol. 42, 67--73, 2002. 

172. Kaplan, N., & Rosenberg, E. -Exopolysaccharide, distribution and bioemulsifier 

production in Acznetobacter calcoacetlcuS BD4 and BD413, -Appl. EnVIron. 

Microbiol. 44, 1335~-1341, 1982. 

173. Sar, N., & Rosenberg, E. Emulsifier production by, Acinetobacter calcoacetlcus 

strains, Curro Microbiol. 9, 309--314, 1983. ", 

174. Cameron. D.R., et al. The mannoprotein of Saccharomyces cerevisiae IS an 

effective bioemulsifier, Appl. Environ. Microbiol. 54, 1420--1425, 1988.' 

175. Kappeli, 0., et al. Structure of cell surface of the yeast Candida tropicalis and ItS 
, I 

relation to hydrocarbon transport, 'Arch. Microbiol. 138, 279--282, 1984. 

176. Fluharty, A.L., & O'Brien, 1.S. A mannose and erythritol containing glycolipid 

from Ustilago maydzs, Bioc~em. 8,2627--2632, 1969 .. , _...' 

177. Cameotra, S.S., & Singh, H.D. Purification and characterization of alkane 

solubilizing factor produced by Pseudomonas PO-I, J. Ferment; Bioengg."69, 

- 341--344, 1990. 

4 -J.;. , "'t! • t 

178. Desai, A.J., et al. Emulsifiers production by Pseudomonas jluorescens durmg the 

growth on hydrocarbon, Curro Sci. 57, 500-~501, 1988: 

179. Patel; M.N., & Gopinathan, K.P. Lysozyme sensitive bIOemuis'ifler for 

immiscible organophosphorous pesiici'des, Appl. Eilviron. Microbi~l. 's:f 1224--

1226, 1986. 
, ., 

180. Chang, M.W., et al. Molecular characterization of surfactallt-dnven "microbIal 

community changes in anaerobIC phe~anthren'e-degfading cultu;es' under 

methanogenic conditIOns, Biotechn'ol. Le'tt. 30, 1595-~1601, 2008." 

181. Whang, L., et al. ApplIcation of biosurfactants, rhamriolipid and surfi~tm, f~r 

enhanced biodegradatIOn of diesel contaminated water and soil, J. H~a'rd. 'Mater. 

151,155-163,2008: 

182. Itoh, S.; & SUZuki, T. Effect of rnailln~lipids 'o~' growth of Pseu~dmonas 
• .- .\, .., ., t 1 -I I ~... ..1 .. I ~" " ,rI:, 

aeruginosa mutant defiCIent m "n-par'affin-utilizmg ability, Agric. BioI. Chern. 

216 



References 

~i : 36,,2233--2235, 1972. 

183. Koch,. A.K., et al. Hydrocarbon assimilation and biosurfactant production in 

Pseudomonas aeruginosa mutants, J. Bacteriol. 173,4212--4219, 1991.· 

. l~4. Franzetti, A., et al. Potential, applications of surface active compounds by 

.Gordonia sp. strain BS29. in soil remediation technologies, Chemosphere 75, 

801--807,2009 . 

. 1~5" Reid,· B.1., .et al. Bioavailability ofper~istent organic pollutants in soils and 

sediments-a perspective on mechanisms, consequences and assessment,· Environ. 

PoUu. 108, 103--112,2000. , ',. j 

186. Stokes, J.D., et al. Prediction of polycyclic aromatic hydrocarbon biodegradation 

in .. ,contal)1inated soils using an . aqueous hydroxypropyl..:beta-cyclodextrin 

extraction,technique, Environ. Toxicol. C~em. 24, 1325--1330,2005:- - ., 

; 1,?.7. .. _ Burgos-Diaz, C., et, al. The production and physicochemical properties of a 

biosurfactant mixture obtained from Sphingobacterium detergens, J:, Colloid 

,II,,;' Interfac,e Sci. 394, 368--79, 2013. 

18~. Volkering, F., et al. Microbiological aspects of surfactant use for biological soil 

remediation, Biodegr. 8,401--417, 1998. ". 

189. Rosenberg, E. Exploiting microbial growth on hydrocarbon: new markets,' Trends 

,',,:/ Biotechnol. 11,419--424, 1993. 

190. Boonchan, S., et al. Surfactant-enhanced biodegradation of high molecular 

weight polycyclic aromatic,.,hyqrocar~ons by Stenotrophomonas maltophilia, 

Biotechnol. Bioengg. 59,482--494, 1998., ' 

191. Zhao, B., et aI., Solubilization and· biodegradation' of phenanthrene. in mixed 

anionic-nonionic surfactant solutions, Chemosphere 58,33--40,2005. 

192. ,Miller, R.M., & Bartha, R. E~idence ,from liposome encapsulation for transport

limited microbial metabolism of solid alk~nes, Appl..Environ.Microbio1.55, 269--

274, 1989. 

1~~~.,. Noordmal1, "W:.H., .& ... Janssen, 'D.B., -..Rhamnolipid stimulates ~ uptake of 

_ h~dr,oph9b.ic,·compounds by Pseudomonas aeruginosa, Appl. Environ: Microbiol. 
. . • l 

68, 4502--4508, 2002. 

217 



References 

194. AI-Tahhan R.A., et al. Rhamnolipid induced removal of lipopolysaccharide from 

Pseudomonas aeruginosa: effect on cell surface properties and interaction with 

hydrophobic substrates, Appl. Environ. Microbiol. 66, 3262--3268, 2000. 

195. Beal, R., & Betts, W.B. Role of rhamnolipid biosurfactants in the uptake and 

mineralization of hexadecane in Pseudomonas aeruginosa, J. Appl. MicroblOl. 

89, 158--168,2000. 

196. Ochoa-Loza, F.J., et al. Stability constants for the complexation of various metals 

with a rhamnolipid biosurfactant, J. Environ. Qual. 302,479--485,2001. 

197. Tan, H., et al. Complexation of cadmium by a rhamnolipid biosurfactant, 

Environ. Sci Technol. 28, 2402--2406, 1994. 

198. Mulligan, C.N., et al. Metal removal from contaminated soil and sediments by the 
M ' 

biosurfactant surfactin, Environ. Sci. -Techno I. 33, 3812--3820, 1999. '" ' 

199. Mulligan, C. N., & Yong, R. N. Contaminated Ground: Fate of Pollutants and 

Remediation, Thomas Telford Publishers, London, 1997,461--466. ' " 

200. Sandrin, T.R., et al. A rhamnolipid biosurfactant reduces cadmium'toxicity 

during naphthalene biodegradation, AppL Environ. Microbiol.66, 4·585--4588, 

2000. I , 

201. Sposito, G. The Chemistry of Soils, Oxford University Press, Oxford, 1989,277." 

202. Peypoux, F., et al. Recent trends in the biochemistry' of surfactin', Appl. 

Microbiol. Biotechnol. 51, 553--563, 1999. 

203. Hutchison, M.L., & Gross, D.C. Lipopeptide phytotoxins produced by 

Pseudomonas syringae pv. syringae: comparison of the biosurfactant'and ion 

channel-forming activities of syringopeptin' and syringomycin, Mol·. Plant 

Microb. Interact. 10,347--54,1997. t "', I , 

204. Hildebrand, P.D., et al. Role of the biosurfactant'viscosin in broccoli head rot 

caused by a pectolytic strain of Pseudomonas fiuorescens, Can.' J.' Plant 'Pathol. 
\ 

20,296--303, 1998. • ~ 1 .. 

205. Matsuyama, T., &Nakagawa, Y. Surface-active exolipids: . analysis' of, absolute 

chemical. structures and biological functions;.J. Microbiol. Methods 25; 165--175, 

1996. 

218 



References 

206. Abdel-Mawgoud, A.M., et al. Rhamnolipids: diversity of structures, microbial 

origins and roles,Appl. Microbiol. Biotechnol. 86, 1323--1336,2010. 

207. Johnson; M.K., & Boese-Marrazzo, D. Production and properties of heat-stable 

extracellular hemolysin from Pseudomonas aeruginosa, Infect. Immun. 29, 1028-

- < ,,... -1033, 1980. 

208. Hauler, S., et al. Purification and characterization of a cytotoxic exolipid of 

, ,. Burkholderia pseudomallei, Infect. Immun. 66, 1588--1593, 1998. 

209. Zulianello, L., et aI. Rhamnolipids are virulence factors that promote early 

infiltration of primary human airway· epithelia by Pseudomonas aeruginosa, 

Infect. Immun. 74, 3134--3147, 2006 .. 

210. Gerard, J., et al. Massetolides A-H, antimycobacterial cyclic depsipeptides 

produced by two pseudomonads isolated from marine habitats, J. Nat. Prod. 60, 

223--229, 1997.. 

211. Sotirova, A., et aI. Effects of rhamnolipid-biosurfactant on cell surface of 

Pseudomonas aeruginosa, Microbiol. Res. 164, 297--303, 2009. 

212. Kim, B.S., et al. In vivo control ~nd,intvitro.antifungal activity of rhamnolipid B, 

a -.glycolipid antibiotic, against Phytophthora capsici and Colletotrichum 

orbiculare, Pest Manage. Sci" 56, 1029--1035,2000. 

213. Andersen, J.B., et al. Surface motility in Pseudomonas sp. DSS73 is required for 

efficient biological containment of the I root-pathogenic micro fungi Rhizoctonia 

solani and Pythlum ultimum,Microbiol. 149, 37--46,2003. 

214. Nielsen, T.H., et al. Viscosinamide, a new cyclic depsipeptide with surfactant and 

antifungal properties produced by Pseudomonas .jluorescens DR54, J. Appl. 

Microbiol. 87, 80--90, 1999. 

21:5,.. Bechard; J." et. al. Isolation· and. partial chemical characterization, of an 

'.antimicfobiaLpeptide produced by a strain of Bacillus subtilis, J. Agric.l Food. 

Chern. 46, 5355--5361, 1998. 

216. Grangemard, 1., et al. Lichenysin: A. more efficient cation chelator than surfactin, 

. ,'AppI.Biochem. Biotechnol..90, 199--2,10,. 2001. 

~11. ... Carrillo, C.,. et aI.. Molecular. mechanism .of membrane permeabilization' by the 

219 



References 

peptide antibiotic surfactin, Biochim. Biophys. Acta 1611, 91--97, 2003. 

218. Nielsen, T.R., & S0rensen, J. Production of cyclic lipopeptides by Pseudomonas 

jluorescens strains in bulk soil and in the sugar beet rhizosphere, Appl. Environ. 

Microbiol. 69, 861--868, 2003. 

219. Vatsa, P., et al. Rhamnolipid biosurfactants as new players in animal and plant 

defense against microbes, Inter. J. Mol. Sci. 11,5095--5108,2010. 

220. Neu, T.R. Significance of bacterial surface-active compounds in interaction of 

bacteria with interfaces, Microbiol. Rev. 60, 151--166, 1996. 

221. Osterreicher-Ravid, D., et al. Horizontal transfer of an exopolymer complex from 

one bacterial species to another, Environ. Microbiol. 2,366--372,2000. 

222. Pamp, S.1., & Tolker, N.T. Mul_~ple roles of biosurfactants in structural biofilm 

development by Pseudomonas aeruginosa, 1. Bacteriol. 189,2531--2539,2007. 

223. Das, P., et at. Genetic regulations of the biosynthesis of microbial surfactants: an 

overview, Biotechnol. Genetic Eng. Rev. 25, 165--186,2008. 

224. Burger, M.M., et al. The enzymatic synthesis of rhamnose-containing gly,:olipid 

by extracts of Pseudomonas aeruginosa, LBioi. Chern. 238,2595--2602, 1963: 

225. Ochsner, u.A., et al. Production of Pseudomonas aeruginosa rhamnolipid 

biosurfactants in heterogonous hosts, Appl. Environ. Microbiol. 61, 3503--3506, 

1995. 

226. Ochsner, U.A., et al. Isolation, characterization, and expression in Escherichia 

coli of the Pseudomonas aeruginosa " rhlAB ~ genes· encoding a 

rhamnosyltransferase involved in rhamnolipid biosurfactant synthesis~ 'J. Biol-. 

Chern. 269, 19787--19795, 1994..- . 

227. Rahim, R., et al. Cloning and functional characterization of the Pseudomonas 

aeruginosa rhlC gene that _ encodes' rhamnosyltransferase 2; an enzyme 

responsible for di -rhamnolipid biosynthesis, Mol. Microbio!. 40, 708--718; 2001. 

228. Menkhaus, M., et al. Structural and functional organization of the surfactin 

synthetase multi enzyme system, 1. BioI. Chem:268, 7678--768, 1993. ' 

229. Uchida, Y., et aI. Extracellular accumulation of mono- and di-succinoyl trehalose 

lipids by a strain of Rhodococcus erythropolis grown on n-alkanes, Agric. BioI. 

220 



References 

Chern. 53,.757--763, 1989.,. 

230. Zosim, Z., et al.·, Changes. ill. emulsification specificity of the polymeric 

bioemulsifier emulsan: effects of alkanols, Colloid Polym. Sci. 264, 218--223, 

1986. • .'~ .' • J. • 

, , 

. 231. N akar, D., & Gutnick, D.L. Analysis of the wee gene cluster ·responsible for the 

.biosynthesis of the· polymeric bioemulsifier from· the oil-degrading strain 

Acinetobacter Iwoffli.·RAG-l, Microbiol. 147, 1937--1946,2001:' 

232. Nakar, D., & Gutnick, D.L. Involvement of a protein tyrosine kinase in 

production of the polymeric bioemulsifier emulsan from the oil-degrading strain 

Acinetobacterlwoffii RAG-I, J. Bacteriol. ·185, 1001--1009, 2003. 

,233 .. Syldatk, c., &. Wagner, F. Production 'of biosurfactants,· in Biosurfadants and 

biotechnology, N. Kosaric et. aI, eds., Marcel Dekker, New York;'1987, 89--120. 

234. Kluge, B., et al. Studies on the biosynthesis of surfactin, a lipopetide'antibiotic 

... from Bac.illus subtilis ATCC~21332;\FEBSiLett. 231, W7--110~ 1989~· ". . 

_'~~'?'" ,Nakano, rM .. · M., et al. srfA· is. an· operon required for surfactin' production, 

competence development, ,and efficien~ sporulation in' Bacillus ·subtilis, 1. 

Bacteriol. 173, 1770--1778, 1991. 

.23~.,,: Ullrich, ,c., et al. Cell free biosynthesis of surf actin, a cyclic lipopetide'produced 

by Bacillus subtilis, Biochem. 30, 6503--6508, 1991. 

23}, ... , Nakano,M.M., & Zuber,P. Molecular biology of antibiotic production In 

Bacillus, Crit. Rev. Biotechnol. 10,223--240, 1990 ... 

238 .. , Hauser, G., ,& ,Karnovsky, M.L. Studies 'on the production of glycolipid by 

J?seudomonas.aerugino~a, oJ .• Bacteriol: 68,645--654, 1954. 

239.Syldatk, C., et al. Chemical and physicaL characterization of. four interfacial

,.activ,e rhanmolipids. from,Pseud,omonas.sp. DSM 2874 groWn on·n-alkanes, Z 

, .. Naturforsch C40, 51--60, 1985. " ~ :."",.,' .'. ,,' , '~'" 

240. Neidleman, S.L., & Geigert, 1. Biotechnology and oleochemicals: 'changing 

patterns"J. Am. Oil Chem.:Soc. 61,'290--297, 1984., . . .. ~:, ," .>./ ! 

2;4,1; .Suzu~i,~J:., et..al. .sucrose lipids. of Arthro~acteria, Corynebacteria and Nocardia 

grown on sucrose, Agric. BioI. Chern. 38, 557--563, 1974. '''''''' 

221 



References 

242. Boothroyd, B., et al. Biochemistry of the Ustilaginales. X. The biosynthesis of 

ustilagic acid, Can. J. Biochem. Physiol. 33,289--296, 1955. 

243. Rapp, P., et al. Formation, isolation and characterization of trehalose diriiycolates 

from Rhodococcus erythropolis grown on n-alkanes, 1. Gen. Microbiol. 115,491-

-503, 1979. , '. 
244. Kaweshima, H., et al. Extracellular production of a mannosylerythritol'lipid of a 

mutant of Candida sp. from n-alkane and triglycerides, 1. Femlent. Technol. 61, 

143--149, 1983. 

245. MacDonald, c.R., et al. Surface-active lipids from Nocardia erythropolis grown 

on hydrocarbons, App\. Environ. Microbiol. 41, 117--123, 1981. 

246. Raza, Z.A., et al. Improved p~oduction of biosurfactant by a Pseudomonas 

aeruginosa mutant using vegetable oil refinery wastes, Biodegr. 18; 115--121, 

2007. , -

247. Duvnjak, Z. et al. Effect of, nitrogen- source on surfactant- production by 

Arthrobacter paraffines ATCC 19558, in1Microbiai enhanced'oil recovery, lE. 

Zajic eL aI, eds., Pennwell Books, Tulsa, Okla, 1983, 66--72. . ;,1 ,.!" .-i 

248. Tulloch, A.P., et al. The fermentation of long-chain compounds ·by:Toru!opsis 

magnoliae. Structures of the hydroxyl·fatty 'acids obtained by fermentation of 

fatty acids and hydrocarbons. Can. 1. Chern. 40, 1326--1338, 1962:' .[ i 

249. Desai, A.J., et al. Advances in production of biosurfactants and their commercial 

applications, J. Sci. Ind. Res. 53, 619--629, 1994 .. -. . _. -

250. Cooper, D.G., et al. Enhanced production of surf actin from B. subtilis by 

continuous product removal. and metal ,cation" additions, App!: ~·Environ. 

Microbiol. 42, 408--412, 1981. ,~ '\ I ' 

251. Zawawi, R.B.M. Production of biosurfactant by locallY' isolated bacteria iYom 

petrochemical waste, M.Sc. Thesis, Faculty> of Science; Universiti ~Teknologi 

Malaysia, Malaysia, 2005. I ' 'J ,_'I·. 

252. Clarke, K.,et al. Enhanced' rhanmolipid production by Pseudomonas a'eroginosa 

under phosphate limitation; ;Worldl.·J: Microbiol:"Biotechnol.. 26, '2179--2184, 

2010. 

222 



References 

253. Persson, A., et al. Physiological and morphological changes induced'by nutrient 

limitation of Pseudomonas fluorescens 378· in- continuous culture, Appl. Environ. 

Microbiol. 56, 686--692, 1990. 

_ )54. . Guerra-Santos, L., et at: Pseudomonas aeruginosa biosurfactant production in 

continuous culture with glucose as carbon source, Appl. Environ. Microbiol. 48, 

301--305, 1984. 

255. Banat, LM. The isolation of a thermophilic biosurfactant producing Bacillus sp, 
I 

Biotechnol. Lett. 15,591--594, 1993. 

- 256. Gobbert,- D., et al. Sophorose lipids formation by resting cells of Torulopsis 

bombicola, Biotechnol. 'Lett.· 6, ·225--230, 1984. ' '-

257. Powalla, M., et al. Penta- and disaccharide lipid formation bY' Nocardia 

corynebacteroides grown on n-alkanes,- Appl: Microbiol. Biotechnol'.· 31, 473-

. 479, 1989. 

258 ...... Abdel-Mawgoud, A.M. eto al. Rhamnolipids: detection" analysis,· ·biosynthesis, 

. genetic regulation and bioengineering of production, in Biosurfactants from genes 

to applications, G. Soberon-Chavez, eds., Microbiology monographs' senes, 

Springer-Verlag, Berlin Heidelberg, 2011 .. 

259 .. Henkel,. M., et al. Rhamnolipids as biosurfactants from renewable resources: 

Concepts for next-generation rhamnolipid production, Process Biochem. 47, 

1207--1219,2012. 

260. Miiller, M.M., et al. Rhamnolipids-Next generation surfactants,' J. Biotechnol. , 

162,366--380,2012. ". 

2{)1. .Jain, i D.;- et al. A drop-collapsing -·test for screening -surfactant-producing 

microorganisms, J. Microbiol Methods 13,271--279, 1991. 

262~ ; Fersson,. A., &Molin, G. Capacity for biosurfactant production of environmental 

Pseudomonas and· Vibr.ionaceae growing -on carbohydrates, -Appl:' Microbiol. 

Biotechnol. 26,439--442, 1987. 

2{i)p"/ ¥aux,~,D;_&·,Cottingham,' ·M . .IMethod -and apparatus for- measuring· surface 

: .. configuration.;PatentNo. WQ 2007./039729 AI, 2001. 

264. Maczek, J. et al. Examining ~iosurfactan~ producing·bacteria-an example for an 

223 



References 

automated search for natural compounds. Application·Note CyBio AG, 2007. 

265. Morikawa, M., et al.A study on the strUcture-function relationship of lipopeptide 

biosurfactants, Biochime Biophys Acta 1488, 211--218, 2000. 

266. Cooper, D., & Goldenberg, B. Surfa(;e-active agents from 2 Bacillus species, 

Appl. Environ. Microbiol. 53, 224--229, 1987. 

267. Rosenberg, M., et al. Adherence of bacteria to hydrocarbons-a simple method 

for measuring cell-surface hydrophobicity, FEMS, Microbiol. Lett. 9, 29--33, 

1980. 

268. van der Mei, H.C., et al. . A comp<lrision of various methods to determine 

hydrophobic properties of Streptococcal cell.surfaces, J. Microbiol. Methods 6, 

277--287, 1987. 

269. Rosenberg, M. Bacterial adherence to polystyrene-a replica method of screening 

for bacterial hydrophobicity, Appl. Environ. Microbiol. 42, 375--377, 1981. 

270. Siegmund, 1., & Wagner, F. New method for detecting rharnnolipids excreted by 

Pseudomonas species during growth ort mineral agar, Biotechnol:·Techn."5, 265--

268, 1991. 

271. Walter, V.; Christoph, S.; Hausmann, R Screening Concepts for the,isolation of 

biosurfactant producing microorganisms.ch ,1. Biosurfactants, ,'edited by 

Ramkrishna Sen. ©20 1 0 Landes Bioscience and Springer Science+Business 

Media. 1'1 

272. Mulligan, C., et al. Selection of microbes producing biosurfactants in media 

without hydrocarbons, J. Ferment. TeclUlol. 62, 311--314, 1984.' .1 • ,.;, 

273. Moran, A.C., et al. Quantification of surf actin in culture supernatant by'hemolytIc 

activity, Biotechnol. Lett. 24, 177--180, 2002. ,. : 

274. Schenk, T., et al. High-performance liquid chromatographic determination of the 

rhamnolipids produced by Pseudomonas aeruginosa, 1. Chromatogr-. A 693, 7--

13, 1995. '" ~ I... i.. 

275. Lin, S . .c., et·al. General approach for·the development of high-performance lIquid 

chromatography methods for- biosurfactants.' analysis and, purification, 1. 

Chromatogr. A 825, 149--159, 1998. 



References 

~7~~ Noah, K.S. Surf actin production from potato'process effluent by Bacillus subtilis 

in a chemostat, Appl. Biochem.Biotechnol.122, 465--474, 2005: 

. f.7~. Nitschke, M., &Pastore, .G. Production and properties of a surfactant obtained 

from Bpcillus subtilis grown on cassava wastewater, Bioresour. Technol. 97,336-

-341,2006. 

278. Costa, S.G.V.A.O., et al. Cassava wastewater as· a substrate for the simultaneous 

~( ~ ,\ . produ~tion of rhamnolipids and, polyhydroxyalkanoates by· Pseudomonas 

aerugin,Osa, 1. Ind. Microbiol. Biotechnol. 36, 1063--1072,2009 . 

. ~7.Q. G,eorge, S., & Jayachandran, K. Analysis of rhamnolipid· biosurfacHmts produced 

through submerged fermentation using orange fruit peelings as sole' carbon 

: ... ,_; source, Appl. Biochem. Biotechnol. 58,428--434,2008. • I "' 

280. Maria, v.P., et al. Production. of .biosurfactant by Pseudomonas 'aeruginosa 

,;i ::. gro:wn on. Cashew Apple juice, HumanaPress Inc .. 7, 136--140,2007;· , •. 

281. Patel, R.M., &Desai, A.J. Biosurfactant production by Pseudomonas aeruginosa 

t!G 1., GS3 ,from molasses, Lett. Appl. Microbiol. 25,91--94, 1997. 

~~2~ Dubey, K., &.Juwarkar, A. Distillery and curd whey wastes'as'viable alternative 

sources for biosurfactant production, World J. Microbiol.Biotechnol.17, 61--69,' 

~f'~:'C 20Q1. ,.' It,. • , ... - ..c • • I : . I ~ ~ ':.. ~ b" '. 
I , 

2.~~",· Benincasa;, M ... Rhamnolipid production by P. aeruginosa LB 1 growmg on 

soapstock as the sole carbon source, 1. Food Eng. 54,283--288,2002. '.-- , 

2'~f4.·, Lima. de, c.J,B., et al. Biosurfactant production by Pseudomonas aeruginosa 

'. ~. grown in residual soybean oil, Appl. Biochem. Biotechno1.152,-156--168, 2009. 

285. Anastasia, A., et al. Sunflower seed oil and oleic acid utilization for the 

production of rhamnolipids by .Thermus thermophilus HB8, Appl. ·Microbiol. 

.•.. ';' ,"y Biotechnol. 88,939--951,20.10.,." t ~ I'" - ': 

286. Marsudi, S., et al. Palm oil utilization. for the simultaneous -production of 

'.,-;1",:. polyhydroxyalkanoates and, rhamnolipids by Pseudomonas a eruginosa , Appl. 

. '. __ , " Microbio!.. Biotechnol.· 78,,955--961,2008:· .• i,. " ..... ., .. ~ . ~ 

287. Hazra, C., et al. Screening and identification of Pseudomonas aeruginosa AB4 

for..., imprpyed production, ,- characterization. and, application of. a" glycolipid 

225 



References 

biosurfactant. l,lsing .1ow-cost...agro-based raw, -materials, '. J:, Chern.: ·)Technol. 

Biotechnol. 86,185--198,2010. ,., . '... ) ~, ',.... • • , .. ....". J 

288. Pratap,. A., et al. Non-traditional ioils· as newer. feedstock for rharimolipids 

production by Pseudomonas aeruginosa (ATCC 10145), J. Am. Oil Chern. Soc. 

88, 1935--1943,2011. 

289. Zhang, G.L., et al. Biodegradation of crude oil by Pseudomonas .aeruginosa· in 

t4e presence of rhamnolipids, 1. Zhejiang University Sci. BioI. 6, 725--730, 2005. 

290. Zhang, H., et al. Enhanced treatment of waste· frying oil·in an activated sludge 

system by ·addition of. crude rhamnolipid solution,. J. Hazard. ·Mater;· 167, 217--

223; 2009. '. -
.' ,.;t •• 

291. Daniel, H.J., et al. Productionl:.,of sophorolipids in high ·concentration from 

deproteinized . whey and rapeseed oil, in . a two stage fed batch process using 

Candida bombicola ATCC 22214 and Cryptococcus 'curvatus' ATf3C 20509, 

Biotechnol. Lett. 20, 1] 53--1156, 1998. :.. ....... : . _" ' ... ',.. '''''''' 1 .• , 

292. Deshpande, M., & Daniels, L. Evaluation of sophorolipid 'biostirfactant 

production by Candida bombicola using animal fat, Bioresour. Tecluiot'54, 1'43:--

.,. 150, 1995 .. . I'" ..J" •••••• 

293. Deziel, E., et al. Biosurfactant production by a soil Pseudomonas strains,'growing 

on polycyclic aromatic hydrocarbons,.Appi. Environ. Microbiol. 62;1908--1912, 

1996 .. ' . ';"" .,,:,,:" 

294. Rahman, K.S.M., et al. Enhanced bioremediation of n-alkane petroleum' sludge 

using. bacterial consortium. amended with rhamnolipid and microniitrients, 

Bioresour. Technol. 90, 159--168\ 2003. 'J 
,'II,,~ .a-.' .rj ~ .. 44~1 .. ·, ':'f. 

295. Zhang, Y., & Miller, R.M. Enhanced octadecane dispersion and biodegradation 

by a Pseudomonas rhamnolipid surfactant:· (biosurfactant),' Appl. .. · -Environ, 

Microbiol. 58, 3276--3282, 1992 .. " ,,' .. ,,' .-.' < .. ' .'. " 

296. Holakoo-L, Mulligan CN. On the capability of rhamnolipids for oil· spill~control 

of surface water. Proc. Ann. Confe:···Can)·Soc; Civil· Engg-. 'June' S:."8';" Montreal; 

2002 ..... : 

297 .... Bar-kay, T., .;et. ·al. Enhancemenk'of' solubi}.i.zatioll-" and -biodegradati1on of 

' .. ..... ~ 226 



I I 1 ~ 

References 

polyaromatic hydrocarbons by" the I bioemulsifier Alasan, 'Appl: Environ. 

Microbiol. 65,2697--2702, 1999. 

298. Bordoloi, N.K., & Konwar, B.K. Bacterial biosurfactant in enhancing solubility 

and metabolism of petroleum hydrocarbons, J. Hazard.Mater.170, 495--505, 

2009. 

299. Balachandran, C., et al. Petroleum and polycyclic aromatic hydrocarbons (PAHs) 

degradation and naphthalene metabolism in Streptomyces sp. (ERl-CPDA-1) 

isolated from oil contaminated soil, Bioresour. Technol. 112,83--90,2012. 

300. Mata-Sandoval, J.C., et al. Influence of rhamnolipids and Triton X-100 on the 

biodegradation of three pesticides in aqueous and soil slurries, J. Agric. Food 

Ghem. 49, 3296--303, 2001. . 

301. Das, K., & Mukherjee, A.K. Crude petroleum-oil biodegradation efficiency of 

,Bacillus subtllis and Pseudomonas aeruginosa strains isolated from a petroleum

oil contaminated soil from North-East India,- Bioresour. Technol. 98, 1339--1345, 

,2007." '1" " ' ',' '/ 

30~; Reddy, M.S., et al. Biodegradation of phenanthrene with biosurfactant production 

by a new strain of Brevibacillus sp., Bioresour. Technol. 101, 7980--7983, 2010. 

303" Abu-RuwaIda, A.S." et al. Isolation of biosurfactant producing bacteria product 

characterization and evaluation, Acta Biotechnol. 11, 315--24, 1991. . 

304. Pornsunthorntawee, 0., et al. Isolation and comparison of biosurfactants 

produced by Bacillus . subtilis PT21 and Pseudomonas aeruginosa· SP4 for 

microbial surfactant-enhanced oil recovery, Biochem. Eng. J. 42, 172--17,2008. 

305. Lillienberg, L, .et al. Health-effects of tank cleaners, Am. Ind. Hygiene Assoc. J. 

,53,·95--102, 1992.." 1-, " " r., 

306.:-. Costa,. S.G.V.A.O., et al. ,Structure,' properties and applications 'of rhamnolipids 

produced by Pseudomonas aeruginosa L2-1 from cassava wastewater,' Process 

Biochem. 45, 1511--1516,2010. , ' , , 

307 .. T4imon, L., et al. Interactions of surf actin,· a biosurfactant from Bacillus subtilis 

, with inorganic cations, ,Biotechnol. Lett. 14,'713--718, 1992. . ' 

308. Neilson, J.W., et al. Characterization or lead removal from contaminated'soils by 

227 



References 

non-toxic soil-washing agents, J: Environ( Qual. 32,' 899--908,. ~003;"" 

309. Banat, I.M., et al. Biosurfactantproduction and use in oiLtank clean:'up. World J. 

Microbiol.Biotechnol.7, 80--88, 1991.. " 

310. Magalhaes, L.,. & Nitschke, M.,Antimicrobial activity of rhamnolipids against 

Listeria monocytogenes and their synergistic interaction with nisin;' Food Cont. 

29; 1-38--142,2012. ~ ......: f' :' ,_. I '.' ." •• , I.' 

311. Andersen, lB., et al. Surface motility in Pseudomonas sp~ DSS73 is required for' 

efficient biological containment of the root-pathogenic microfungi. Rhizoctonia 

solani and Pythium u/timum, Microbiol.·149, 37--46, 2003.· :.. . .. ~ . >~. .. 

312. Itoh, S., et al. Rhamnolipids produced by Pseudomonas aeruginosa grown on n

paraffin (mixture of C12, C13 ,.and C14 fractions); J.' Antibiot. 24,"855--859, 
~. , 

1971. ' ."., 

313. Wang, X., et al. Algicidalactivity of'rhamnolipid biosurfactantsproduced by 

Pseudomonas aeruginosa, Harmful Algae 4,>433--443, 2005." '."'! , J ;! , 

314. Pattel, M.N., & Gopinathan, KP. Lysozyme sensitive bioemulsifier for 

immiscible organophosphorous pesticides, Appl. ·Environ. Microbiol:il52:, 1224--

1226, 1986. 

315. Sotirova, AV., et'al. Rhamnolipid-biosurfactant permeabilizing effectsion greim-, 

positive and gram-negative bacterial strains,Curr: ·Microbiol. 56, 639--6441, 2008. 

316. Itokawa, H., et al. Structural and conformational studies of [lie7] 'arid' [Leu7] 

surfactins from Bacillus subtilis, Chem .. Pharm. Bull (Tokyo) 42, 604~-607, 1994., 

317. Gan, B.S., et al. Lactobacillus fermentum RC-14 inhibits Staphylococcus aureus 

,·infection of surgical ,implants in rats; J. Infect. Dis., 185;' 1369--1372, 2002~. ," "'. 

318. Shah, V., et al. Sophorolipids, microbial glycolipids with' 'anti-human 

" -immunodeficiency virus and, spermimmobilizing activities,,, Antimicrobiol. 

<Agents Chemother. 49, 4093--4100,,2005.· 

319. Remichkova, M., et al. Anti-herpesvirus :activities' of Pseudomonas sp. S-17 

rhamnolipid and its'complex with alginate"Z'Naturforsch C 63,.75--81;2008.' " 
.,,' " . 

320. Seydlova, G., & Svobodova, J: ·Review of surf actin chemical'properties/and the 

" ·potential·biomedical- applications;tCentr;.Eur.J:-Med. J3,:123--133, 2008;.;. ~ ',' ,;:. 

228 



References 

321. Park, S.Y., & Kim, Y. Surfactin inhibits immunostimulatory function of 

.' ',. macrophages through blocking NK-KB" MAPK and Akt' pathway, Inter. 

Immunopharmacol. 9, 886--893,2009. 

322. Cao, X.H., et al. Surfactin induces apoptosis in human breast cancer MCF -7 cells 

" .' through a ROS/JNK-mediated mitochondrial/caspase pathway, Chern. BioI. 

Interact. 183,357--362,2010:, ,.' 

323. Stipcevic,< T., et al. Enhanced healing of full-thickness burn wounds using di

rhamnolipid, Bums 32, 24--34, 2006. 

324. Nitschke, M., & Costa, S.G.Y.A.O. Biosurfactants in food industry, Trends Food 

Sci. Technol. 18,252--259,2007. . 1 

}.2~. Shepherd, R., et al. Novel bioemulsifiers from microorganisms for use in foods, 1. 

, " Biotechnol. 40,.207--217, 1995. 

326. Kachholz, T., & Schlingmann, M. Possible food and agricultural applications of 

microbial surfactants: an assessment,1 in,BiosurJactants and biotechnology, N. 

;KC!saric.et. aI, eds., Marcel, Dekker, New York, 1987, 183;-210. -I 
.1'" 

327. Kosaric, N. Biosurfactants and their application for soil bioremediation, Food 

-Technol. Biotechnol. 39,295--304,2001. 

328. Iyer, A., et al. Emulsifying properties of a marine bacterial exopolysaccharide, 

Enzyme Microbiol. Technol. 38, 220--222, 2006. 

329. Kim, H., et al. Attachment of and biofilm formation by Enterobacter sakazakii on 

stainless steel and enteral feeding tubes, Appl. Environ: Microbiol. 72,·5846--

5856, 2006. _ , ; 

330 .. Nitschke,. M., et aL Surfactin reduces the adhesion of food-borne pathogenic 

bacteria to solid surfaces, Lett. Appl. Microbiol. 49,241--247,2009. 

~31. Reddy, A.S., et al. Synthesis of gold nanoparticles via an environmentally benign 

route using a biosurfactant, 1. Nanosci. Nanotechnol. 9,6693--6699,2009. 

332. Kiran, G.S., et al. Synthesis of silver nanoparticles by glycolipid biosurfactant 

':hl<,.;.produced .from marine.Brevibacterium ~c:sei MSAI9,' 1.-Biotechnol. 148,221--. , 
• ". :~ :;1. .... ' ." 

333. Palanisamy, P. Biosurfactant mediated synthesis of NiO nanorods, Mater. Lett. 

229 



References 

62,.743--746,2008 ... 

334. Biswas, M., & Raichur, A.M. Electrokinetic . and ·rheological properties of nano 

zirconia in the presence of rhamnolipid biosurfactant,' J. Am. Ceram. Soc. 91, 

3197--3201,2008. '" .•.. ' .. , .:-r . , . .., ~' .. 

335. Pissuwan, D., et al. The forthcoming applications of gold nanoparticles in drug 

and gene deliv~ry systems, J. Contr. Release149, 65--71, 2009.· ." .. r. 

336. Hazra,. C., et al. Biomimetic fabrication of biocompatible and· biodegradable 

core-shell polystyrenelbiosurfactant bionanocomposites for protein'drug release, 

J. Chem. Technol. Biotechnol. 88', 1551--1560,2013. 

337. Sood, N., & Lal, B. Isolation and characterization of a potential paraffin-wax. 

degrading thermophilic bacterial ~train Geobacillus ·kaustophilus TERI NSM for 

application in oil wells with ·paraffin deposition problems, Chemosphere 70, 

1445--1451,2008. ," 'f •• J .... .. 0 ,:.', " • J,-~ • ~ .' .. 

338. Mehdi; H., & Giti, E. Investigation of alkane biodegradation using the m'icrotiter 

plate method and correlation between biofilm formation, biosurfactant production 

and crude oil degradation, Inter. Biodeter. Biodegr.62" 170--178; 2008.''.:,'' . ".,:. 

339. Casellas, M., et al. New metabolites in ·the degradation' of '·fluorene by 

'Arthrobactersp, strain FlOl, Appl. .. Environ. Microbiol:63, 819--26, 1997.. " ..... ~ 

340. Rodrigues, L., et al. Kinetic study, of fermentative biosurfactant produCtion by 

Lactobacillus strains, Biochem.-Eng. J. 28,1109--116,.2006 ... ", ': ...... !}; 

341., Cappuccino,' J.G., & Shermam, N. Microbiology: A Laboratory Manual~' 4th ed., 

The Benjamin/Cummins Publishing Company Inc., California, USA,· 1999. 

342. Buchanan, R.E., & Gibbons; N£.· ·Bergey's Manual of' Determinative 

Bacteriology, 8th ed., Williams and Wilkins, Baltimore, 1974. :. '. > " • ,A, 

343. .Chandrasekaran, ,E.V., & .'.' BeMiller; ·'d.N:· J ·Constituents· analysis': of 

glycosaminoglycans,' in Methods in carbohydrate chemistry, R.E. Whistler, eds., 

',,) Academic, New York; 1980,·89.···,· ..... ; "","'" , ... , • .I • • l .... • : 74 .~ 1. 

344. Wu, J.Y.,.,' et al. Rhamnolipid, iprodu~tion " with:' -indigenous'· '. Pseudomonas 
.:'.' ' 

aeruginosa EMI isolated from oil-c~ntaminated site, Bioresour: ·Technol. 99, 

., -115.7~-1164,.2008.: 

230 



References 

345. Lowry, O.H., et al. Protein measurement with the Folin phenol reagent, 1. Biol. 

Chem.193, 265--274,1951. ) J 

346. Dubois, M., et al. Color~etric Method for Determination of sugars and related 

substances, Anal. Chern. 28, 350--356, 1956. 

347. Folch, 1.M., et al. A simple method for the isolation and purification of total 

lipids from animal tissues, 1. BioI. Chern. 226,497--509, 1956. 

348. Vasileva-Tonkova, E., & Gesheva, V. Biosurfactant production by antarctic 

facultative anaerobe Pantoea sp. during growth on hydrocarbons, Curro 

Microbiol. 54, 136--141,2007. 

349. Tahzibi, A., et al. Improved production of rhamnolipids by a Pseudomonas 

aeruginosa mutant, Iran. Biomed. 1~ 8, 25--j 1, 2004. 

350. > Tuleva, B.K., et al. Biosurfactant production by a new Pseudomonas putida 

strain. Z Naturforsch 57c, 356--360, 2002. " . 

351., Queiroga, .C.L., et al. Evalution of. paraffins biodegradation and biosurfactant 

''1 .: • production by Bacillus subtilis in the presence of crude oil, Brazil. 1. Microbiol. 

34,1321--324,2003. , ' , 

352. Wonga, P., et al. Isolation and characterization of novel strains of Pseudomonas 

t, " 
aeruginosa and Serratia marcescens possessing high efficiency to 'degrade 

gasoline,kerosene, diesel oil, and lubricating oil, Curro Microbiol. 49,415--422, 

2004. 

~53: :riquia, S.M., et al. Effects of composting on phytotoxicity of spent pig-manure 

, ' .' sawdust litter, Environ. Pollut. 93,249--256, 1996. 

354. WHO Health organization, Protocols for laboratory and field evaluation of 

,. insecticides and. repellents, Report of the WHO informal consultation on the 

I evaluation and testing of insecticides,. Ref: CTDIWHOPES/IC/96.1. Geneva, 

1996. 

355. Radhika,. P., et al. Antimicrobial screenmg of Andrographis panicuiata 

,.~ ; (Acanthaceae) root extracts, Res. 1. Biotech. 3, 62--63, 2008. -

356. Garg, A.D., & Kanitkar, D.V. lih National Symposium Biotechcellence, Center 

"". ~, for Biotechnology, Anna University, Chennai, 2006 . 

..... ~ '\ 231 



References 

URL: http://openmed.nic.inI2690 

357. Mossman, T. Rapid colorimetric assay for cellular growth and survival: 

application to proliferation and cytotoxicity assays, 1. Immunol. Methods 16, 55--

63,1983. 

358. Geetha, 1., et al. Identification and characterization of a mosquito pupicidal 

metabolite of a Bacillus subtilis subsp. subtilis strain, Appl. Microbiol. 

Biotechnol. 86,1737--1744,2010. 

359. Banerjee, S., et at. Acute Dermal irritation, sensitization, and acute toxicity 

studies of a transdermal patch for prophylaxis against (+) Anatoxin-A poisoning, 

Inter. 1. Toxicol. 32, 4308--4313', 2013. 

360. Zeng, G., et al. Co-degradation with glucose of four surfactants, CTAB, Triton X-

100, SDS and Rhamnolipid, In liquid culture media and compost matrix, 

Biodegr. 18,303--310,2007. 

361. Konwarh, R., Magnetically recyclable, antimicrobial, and catalytically enhanced 

polymer-assisted "green" nanosystem-immobilized Aspergillus niger 

amyloglucosidase, Appl. Microbiol. Biotechnol. 87, 1983--1992, 2010. . 

362. Phukon, P., et al. Enhancing the stability of colloidal silver nanoparticles using 

poly hydroxyl alkanoates (PHA) from Bacillus circulans (MTCC 8167) isolated 

from crude oil contaminated soil, Colloids Surf. B Biointerfaces 86, 314--318, 

2011. 

363. Dutta, S., et al. Biocompatible epoxy modified bio based polyurethane 

nanocomposites: mechanical property, cytotoxicity and biodegradation, 

Bioresour. Technol. 100,6391--6397,2009. 

364. Batista, S.B., et al. Isolation and characterization of biosurfactantlbioemulsifier 

producing bacteria from petroleum contaminated sites, Bioresour. Technol. 97, 

868--875,2006. 

365. lanbandhu, A., & Fulekar, M.H.1. Biodegradation of phenanthrene using adapted 

microbial consortium isolated from petrochemical contaminated environment, 

Hazard. Mater. 187, 333--40, 2011. 

366. Iwabuchi, N., et al. Extracellular polysaccharides of Rhodococcus rhodochrous 

232 



References 

S-2 stimulate the degradation of aromatic components in crude oil' by indigenous 

marine bacteria, Appl. Environ. Microbiol. 68, 2337-2343, 2002. 

367. Kishore, D., & Ashis, K. M. Crude petroleum-oil biodegradation efficiency of 

Bacillus subtilis and Pseudomonas aeruginosa strains isolated from a petroleum

oil contaminated soil from north-east India, Bioresour. Technol. 98, 1339--1345, 

2007. 

368. Chaillan, F., et al. Identification and biodegradation potential of tropical aerobic 

hydrocarbon-degrading microorganisms, Res. Microbiol. 155(7),587--595,2004. 

369. Alexander, M. Aging, bioavailability, and over stimulation of risk from 

environmental pollutants, Environ. Sci. Technol. 34, 4259--4265, 2000. 

370. Whiteley, A.S., & Bailey, MJ. Bacterial community structure and physiological 

state within an industrial phenol bioremediation system, Appl. Environ. 

Microbial. 66, 2400--2407, 2000. 

371. La!, B., & Khanna, S. Degradati9n of crude oil by Acinetobacter calcoaceticus 

and Alcaligenes odorans, 1. Appl. Bacteriol. 81, 355--362, 1996. 

372. Rojas-Ave!izapa, N.G., et al. Isolation and characterization of bacteria degrading 

polychlorinated biphenyls from trans-former oil, Folia Mi~robiol. 44, 317--322, 

1999. 

373. Vasileva-Tonkova, E., & Galabova, D. Hydrolytic enzymes and surfactants of 

bacterial isolates from lubricant-contaminated wastewater, Z Naturforsch C 58, 

87--92,2003. 

374. Vasileva-Tonkova, E., et al. Production and properties of biosurfactants from a 

newly isolated Pseudomonas jluorescens HW-6 growing on hexadecane, Z 

Naturforsch C 61, 553--559,2006. 

375. Vasileva-Tonkova, E., et al. Characterization of bacterial isolates from industrial 

wastewater according to probable modes of hexadecane uptake, Microbiol. Res. 

163,481--486,2008. 

376. Greene, E.A., et al. Composition of soil microbial communities enriched on a 

mixture of aromatic hydrocarbons, Appl. Environ. Microbiol. 66, 5282--5289, 

2000. 

233 



References 

377. Kaplan, C.W., & Kitts, C. Bacterial succession in a petroleum land treatment 

unit, Appl. Environ. Microbiol.70, 1777--1786,2004. 

378. Vila, J., et al. Microbial community structure of a heavy fuel oil-degrading 

marine consortium: linking microbial dynamics with polycyclic aromatic 

hydrocarbon utilization, Ferns Microbiol. Ecol. 73, 349--362, 2010. 

379. Bora, T.C., et al. Bioprospecting microbial diversity from north east gene pool, 

Sci. Cult. 77,446--450,2011. 

380. Saikia, R.R., et al. Isolation of biosurfactant-producing Pseudomonas aeruginosa 

RS29 from oil-contaminated soil and evaluation of different nitrogen sources in 

biosurfactant production, Ann. Microbiol. 62, 753--763, 2012. 

381. Roy, A.R., et al. Draft Genome Sequence of Pseudomonas aeruginosa strain 

N002, Isolated from Crude Oil-Contaminated Soil from Geleky, Assam, India, 

Genome Announc. 1 no. 1 eOOI04-12, 2013. 

382. Yal9in, E., & Ergene, A. Preliminary characterization of biosurfactants produced 

by microorganisms isolated from refinery wastewaters, Environ. Techno\. 31, 

225--32, 2010. 

383. www.ncbi.nlm.nih.orglblast 

384. Kullen, MJ., et al. Use of the DNA sequence of variable regions of the 16S 

rRNA gene for rapid and accurate identification of bacteria in the Lactobacillus 

acidophilus complex, J. Appl. Microbiol. 89, 511--516, 2001. 

385. Toribio, J., et al. Characterization of novel biosurfactant producing Pseudomonas 

koreensis lineage that is endemic to _ Cuatro Cienegas Basin, Syst. Appl. 

Microbiol. 34(7), 531--535, 2011. 

386. Riss, V., et al. Influence of high salinities on the degradation of diesel fuel by 

bacterial consortia, Can. J. Microbiol. 49, 713--721, 2003. 

387. Smits, T.H.M., et al. Functional analysis of alkane hydroxylases from Gram

negative and Gram-positive bacteria, J. Bacteriol. 184, 1733--1742, 2002. 

388. Chaerun, S.K., et al. Interaction between clay minerals and hydrocarbon 
./ 

utilizing indigenous microorganisms in high concentrations of heavy 

oil: impl ications for bioremediation, Environ. Inter. 30, 911--922, 2004. 

234 



References 

389. Naik, R.P., & Sakthivel, N. Functional characterization of a novel 

hydrocarbonoclastic Pseudomonas sp. strain PUP6 with plant-growth promoting 

traits and antifungal potential, Res. Microbiol. 157, 538--546, 2006. 

390. Jones, J.G., & Edington, M.A. An ecological survey of hydrocarbon-oxidizing 

microorganisms, J. Gen. Microbiol. 52, 381--390, 1968. 

391. Cerniglia, C.E. Biodegradation of polycyclic aromatic hydrocarbons, Biodeg. 3, 

351--368, 1992. 

392. Adebusoye, S.A., et al. Microbial degradation of petroleum in a polluted tropical 

stream, World J. Microbiol. Biotechnol. 23, 1149--1159,2007. 

393. Leon, V., & Kumar, M. Biological upgrading of heavy crude oil, Biotechnol. 

Bioprocess Eng. 10,471--481,2005. 

394. Habe, H., & Omori, T. Genetics of polycyclic aromatic hydrocarbon metabolism 

in diverse aerobic bacteria, Biosci. Biotechnol. Biochem. 67, 225--243, 2003. 

395. Plaza, G.A., et al. Use of different methods for detection of thermophilic 

biosurfactant-producing bacteria from hydrocarbon-contaminated and 

bioremediated soils, J. Petro. Sci. Eng. 50, 71--77, 2006. 

396. Perfumo, A., et al. Rhamnolipid production by a novel thermotolerant 

hydrocarbon-degrading Pseudomonas aeruginosa AP02-1, J. Appl. Microbiol. 75, 

132--138, 2006. 

397. Deziel, E., et al. Liquid chromatography/mass spectrometry analysis of mixtures 

of rhamnolipids produced by Pseudomonas aeruginosa strain 57RP grown on 

mannitol or naphthalene, Biochim. Biophys. Acta 1440, 244--252, 1999. 

398. Manresa, A., et al. Kinetic studies on surfactant production by Pseudomonas 

aeruginosa 44Tl, J. Ind. Microbiol. 8,133--136,1991. 

399. Arino, S., et al. Identification and production of a rhamnolipidic biosurfactant by 

a Pseudomonas species, Appl. Microbiol. Biotechnol. 45, 162--168, 1996. 

400. Haba, E., et al. Screening and production of rhamnolipids by Pseudomonas 

aeruginosa 47T2 NCIB 40044 from waste frying oils, J. Appl. Microbiol. 88, 

379--387,2000. 

401. Saharan, B.S., et al. A review on biosurfactants: fermentation, current 

235 



References 

developments and perspe.ctiv:~. Gen. El1g: B.!otechnol. 1. 29, 1--39,2011. 

402. Sober6n-Chavez, G, I's'-oP;e~ilomonas 'aeruginosa only sensing quorum? Crit. 

Rev. Microbiol. 13, 171--182,2005 . 
.... 

403. Wu, 1., & Ju, L.K. Extracellular particles of polymeric materials formed in n

hexadecane fermentation by Pseudomonas aeruginosa, J. Biotechnol. 59, 193--

202,1997. 

404. MUller, M.M., et al. Evaluation of rhamnolipid production capacity of 

Pseudomonas aeruginosa PAOI in comparison to the rhamnolipid over-producer 

strains DSM 7108 and DSM 2874, Appl. Microbiol. Biotechnol. 89,585--592, 

2011. 

405. Radwan, S.S., & Sorkhoh, N.A. Lipids of n-alkane-utilizing microorganisms and 

their application potential, Adv. Appl. Microbiol. 39, 29--9, 1993. 

406. Reddy, P.G., et al. Isolation and functional characterization of hydrocarbon 

emulsifying and solubilizing factors produced by a Pseudomonas species, 

Biotechnol. Bioeng. 25, 387--401, 1983. 

407. Hauser, G., & Karnovsky, M.L. Studies on the biosynthesis of L-rhamnose, 1. 

BioI. Chern. 233, 287--291, 1958. 

408. Abouseound, M., et al. Evaluation of different carbon and nitrogen sources in 

production of biosurfactant by Pseudomonas fluorescen, Desalin. 223, 143--151, 

2007. 

409. Chayabutra, C., & Ju, L.K. Degradation of n-hexadecane and its metabolites by 

Pseudomonas aeruginosa under microaerobic and anaerobic conditions, Appl. 

Environ. Microbiol. 66, 493--498, 2000. 

410. Rocha, C.A., et al. Biosurfactant-mediated biodegradation of straight and methyl-q 

branched alkanes by Pseudomonas aeruginosa A TCC 55925, 1, 9--18, 2011. 

411. Tao, L., et al. Biodegradation of n-hexadecane by bacterial strains B 1 and B2 

isolated from petroleum-contaminated soil, Chern. Sci. China 55, 1968--1975, 

2012. 

412. Leahy, 1.G., & Colwell, R.R. Microbial degradation of hydrocarbons in the 

environment, Microbiol. Rev. 54, 305--315, 1990. 

236 



References 

413. Thanomsub, B., et al. Monoacylglycerols: glycolipid biosurfactants produced by 
a thermotolerant yeast, Candida ishiwadae, J. Appl. Microbiol. 96, 588--592, 
2004. 

414. Oliveira, F.J.S., et al. Biosurfactant production by Pseudomonas aeruginosa FR 
using palm oil, Appl. Biochem. Biotechnol. 129, 727--737, 2006. 

415. Mulligan, C.N., & Gibbs, B.F. Correlation of nitrogen metabolism with 

biosurfactant production by Pseudomonas aeruginosa, Appl. Environ. Microbiol. 
55,3016--3019, 1989. 

416. Giani, c., et al. Pseudomonas aeruginosa and its use in a process for the 

biotechnological preparation of L-Rhamnose, Hoechst Aktiengesellschaf, 

Frankfurt am Main, Germany, 1997, 10. 

417. Chen, S.Y., et al. Improved production of biosurfactant with newly isolated 

Pseudomonas aeruginosa S2, Biotechnol. Prog. 23, 661--666, 2007. 
418. Guerra-Santos, L.H., et al. Dependence of Pseudomonas aeruginosa continuous 

culture biosurfactant production on nutritional and environmental factors, Appl. 

Microbiol. Biotechnol. 24, 443--448, 1986. 
419. Subasioglu, T., & Cansunar, E. Nutritional factors effecting rhamnolipid 

production by a nosocomial Pseudomonas aeruginosa, Hacettepe J. BioI. Chern. 

36,77--81,2008. 
420. Costa, S.G.V.A.O., et al. Production of Pseudomonas aeruginosa LBI 

rhamnolipids following growth on Brazilian native oils, Process Biochem. 41, 

483--488, 2006. 

421. Yateem, A., et al. Isolation and characterization of biosurfactant-producing 

bacteria from oil-contaminated soil, Soil Sediment Contamin. 11,41--55,2002. 

422. Ishigami, Y., et al. Surface-active properties of succinoyl trehalose lipids as 

microbial biosurfactants, J. JPN Oil Chern. Soc. 36,847--85, 1987. 
423. Lee, K.M., et al. Rhamnolipid production in batch and fed-batch fermentation 

using Pseudomonas aeruginosa BYK-2 KCTC 18012P, Biotechnol. Bioprocess 

Engg. 9, 267--273, 2004. 
424 Palleroni, N.J. Family 1. Pseudomonadaceae, in Bergey's Manual of Systematic 

Bacteriology, N.R. Krieg, eds., Williams & Wilkin, Baltimore, 1984, 141--219. 

425. Bailey, J.E & OBis, D.F. Biochemical engineering fundamentals, 2nd ed., New 

McGraw-Hill, York, 1986. 
426. Choi, YJ., et al. Enhancement of aerobic biodegradation in an oxygen-limiting 

environment using a saponin-based microbubble suspension, Environ. PoIlut. 

157,2197--2202,2009. 
427. Kim, H.S., et al. Characterization of a biosurfactant, mannosylerythritol lipid 

produced from Candida sp. SY 16, Appl. Microbiol. Biotechnol. 52, 713--721, 

1999. 
428. Cunha, C.D., et al. Serratia sp. SVGG 16: a promising biosurfactant producer 

237 



References 

isolated from tropical soil during growth with ethanol-blended gasoline, Process 
Biochem. 39, 2277--2282, 2004. 

429. Chatzifragkou, A., & Papanikolaou, S. Effect of impurities in biodiesel-derived 
waste glycerol on the performance and feasibility of biotechnological processes, 
Appl. Microbiol. Biotechnol. 95, 13--27,2012. 

430. Ko-Sin, N., et al. Evaluation of jatropha oil to produce poly (3-hydroxybutyrate) 
by Cupriavidus necator H16, Polym. Oegrad. Stab. 95, 1365--1369,2010. 

431. Yin, H., et al. Characteristics of biosurfactant produced by Pseudomonas 
aeruginosa S6 isolated from oil-contaminating wastewater, Process Biochem. 44, 
302--308, 2009. 

432. Sarubbo, L.A., et al. Production and stability studies of the bioemulsifier obtained 
from a new strain of Candida glabrata UCP 1002, Eletronic J. Biotechnol. 9, 
400--406, 2006. r:}, 

433. Mercade, M.E., et al. Olive oil mill effluent (OOME), New substrate for 
biosurfactant production, Bioresour. Technol. 43, 1--6, 1993. 

434. Benincasa, M., & Accorsini, F.R. Pseudomonas aeruginosa LBI production as an 
integrated process using the wastes from sunflower-oil refining as a substrate, 

Bioresour. Technol. 99, 3843--3849, 2008. 
435. Youssef, N.H., Comparison of methods to detect biosurfactant production by 

diverse microorganisms, 1. Microbiol. Methods 56, 339--347, 2004. 
436. I1ori, M.O., & Amund, 0.0. Production of a peptidoglycolipid bioemulsifier by 

Pseudomonas aeruginosa grown on hydrocarbon, Z. Naturforsch 56c, 547--552, 
2001. 

437. Champion, 1.T., et al. Electron microscopy of rhamnolipid (biosurfactant) 

morphology: effects of pH, cadmium, and octadecane, J. Colloid Interface Sci. 
170,569--574, 1995. 

438. Bharali, P., et al. Crude biosurfactant from thermophilic Alcaligenes faecalis: 
Feasibility in petro-spill bioremediation, Inter. Biodeter. Biodegr. 65, 682--690, 

2011. 
439. Bognolo, F. Biosurfactants as emulsifying agents for hydrocarbons, Colloids 

Surf. A Physiochem. Eng. Aspects 152, 41--52, 1999. 
440. Lotfabada, T.B., et al. Structural characterization of a rhamnolipid-type 

biosurfactant produced by Pseudomonas aeruginosa MROl: Enhancement of di
rhamnolipid proportion using gamma irradiation, Colloids Surf. B Biointerfaces 
81,397--405,2010. 

441. Robert, M., et al. Effect of the carbon source on biosurfactant production by 

Pseudomonas aeruginosa 44Tl, Biotechnol. Lett. 11, 871--874, 1989 
442. Soberon-Chavez, G., et al. Production of rhamnolipids by Pseudomonas 

aeruginosa, Appl. Microbiol. Biotechnol. 68, 718--725, 2005. 
443. Hao, R., et al. Effect on crude oil by thermophilic bacterium, J. Petrol. Sci. Eng. 

238 



References 

43,247--258,2004. 

444. Etoumi, A., et al. The reduction of wax precipitation in waxy crude oils by 

Pseudomonas species, J. Ind. Microbiol. Biotechnol. 35, 1241--1245,2007. 

445. She, Y.H., et al. Investigation of biosurfactant-producing indigenous 

microorganisms that enhance residue oil recovery in an oil reservoir after 

polymer flooding, App!. Biochem. Biotechnol. 163, 223--234, 2011. 

446. Das, P., et al. Improved bioavailability and biodegradation of a model 

polyaromatic hydrocarbon by a biosurfactant producing bacterium of marine 
origin, Chemosphere 72, 1229--1234, 2008. 

447. Volkering, F., et al. Effect of microorganisms on the bioavailability and 

biodegradation of crystalline naphthalene, Appl. Microbiol. Biotechnol. 40, 535--

540, 1993. 

448. Volkering, F., et al. Microbiological aspects of surfactant use for biological soil 

remediation, Biodeg. 8, 401--417, 1998. 

449. Das, K., & Mukherjee, A.K. Differential utilization of pyrene as the sole source 

of carbon by Bacillus subtilis and Pseudomonas aeruginosa strains: role of 

biosurfactants in enhancing bioavailability, J. Appl. Microbiol. 102,195--203, 

2007. 

450. Sugiura, K., et al. Physicochemical properties and biodegradability of crude oil, 

Environ. Sci. Techno!. 31, 45--51, 1997. 

451. Inakollu, S., et al. Biosurfactant enh~ncement of microbial degradation of various 

structural classes of hydrocarbon in mixed waste systems, Environ. Eng. Sci. 21, 

463--469,2004. 
452. Sanjeet, M., et al. Crude oils degradation efficiency of a recombinant 

Acinetobacter baumannii strain and its survival in crude oil-contaminated soil 

microcosm, FEMS Microbio. Lett. 235, 323--331, 2004. 

453. Vinas, M., et al. Biodegradation of crude oil by three microbial consortia of 

different origins and metabolic capabilities, 1. Ind. Microbiol. Biotechnol. 28, 

252--260, 2002. 
454. Xiao, T., et al. Enhanced crude oil biodegradability of Pseudomonas aeruginosa 

ZJU after preservation in crude oil-containing medium, World J. Microbiol. 

Biotechnol. 52, 112--118,2006. 

455. Adams P, Jackson PP (1996) Bioremediation of oil spills, theory and practice. In: 

The proceedings of international seminar on petroleum industry and the Nigerian 

environment, Nigerian National Petroleum Corporation (NNPC), Lagos, pp 30-

42 

456. Sharma, S.L., & Pant, A. Biodegradation and conversion of alkanes and crude oil 

by a marine Rhodococcus sp, Biodegra. 11,289--294,2001. 

457. Sarkar, D., et al. Bioremediation of petroleum hydrocarbons in contaminated 

soils: Comparison of biosolids addition, carbon supplementation, and monitored 

239 



References 

natural attenuation, Environ. Poll. 136,187--195,2005. 
458. Hommel, R.K. Formation and physiological role of biosurfactants produced by 

hydrocarbon-utilizing microorgani,sms, Biodeg. 1, 107--119, 1990. 
459. Ghazali, F.M., Rahman, R.N.Z.A:., Salleh, A.B., Basri, M. Biodegradation of 

hydrocarbons in soil by microbial consortium, Int. Biodet. Biodegr. 54, 61--67, 
2004. 

460. Darvishi, P., et al. Biosurfactant production under extreme envioronmental 
conditions by an efficient microbial consortium ERCPPI-2, Colloids Surf. B
Biointerfaces 84, 292--300, 2011. 

461. Suneel, C., et al. Bacterial consortia for crude oil spill remediation, J. Water Sci. 
Technol. 34, 187--193, 1996. 

462. Sanchez-Peinado, M.D.M., et al. Influence of linear alkyl benzene sulfonate 
(LAS) on the structure of Alphaproteobacteria, Actinobacteria, and Acidobacteria 
communities in a soil microcosm, Environ. Sci. Pollut. Res. Int. 17, 779--790, 
2010. 

463. Wyrwas, B., et al. Utilization of Triton X-I00 and polyethylene glycols during 
surfactant-mediated biodegradation of diesel fuel, 1. Hazard. Mater. 197, 97--103, 
2012. 

464. Liu, 1.F., et al. The field pilot of microbial enhanced oil recovery in a high 

temperature petroleum reservoir, J. Petrol. Sci. Eng. 48, 265--271, 2005. 
465. Deziel, E., et al. Mass spectrometry monitoring of rhamnolipids from a growing 

culture of Pseudomonas aeruginosa strain 57RP, Biochem. Biophys. Acta 1485, 
145--152, 2000. 

466. Frank, N., et al. Degradation of selected (bio-) surfactants by bacterial cultures 

monitored by calorimetric methods, Biodegr. 21, 179--191, 2010. 
467. Chrzanowski, L., et al. Biodegradation of rhamnolipids in liquid cultures: Effect 

of biosurfactant dissipation on diesel fuel/B20 blend biodegradation efficiency 
and bacterial community composition, Bioresour. Technol. 111,328--335,2012. 

468. Providenti, M.A., et al. Effect of addition of rhamnolipid biosurfactants of 
rhamnolipid-producing Pseudomonas aeruginosa on phenanthrene mineralization 
in soil slurries, FEMS Microbiol. Ecol. 17, 15--26, 1995. 

469. Marecik, R., et al. Rhamnolipids increase the phytotoxicity of diesel oil towards 
four common plant species in a terrestrial environment, Water Air Soil Pollut. 
223,4275--4282,2012. 

470. Millioli, V.S., et al. Bioremediation of crude oil bearing soil: evaluating the effect 
of rhamnolipid addition to soil toxicity and to crude oil biodegradation efficiency, 

Global NEST J. 11, 181--188,2009 . 
. 471. Mostakim, M., et al. Biocontrol potential of a Pseudomonas aeruginosa strains 

against Bactrocera oieae, Afr. J. Microbiol. Res. 6, 5472--5478,2012. 
472. Denyer, S.P., & Maillard, lY. Cellular impermeability and uptake of biocides 

240 



References 

and antibiotics in Gram-negative bacteria, J. Appl. Microbiol. 92, 35--45,2002. 
473. Bharali, P., & Konwar, B.K. Production and physico-chemical characterization of 

a biosurfactant produced by Pseudomonas aeruginosa OBPI isolated from 
petroleum sludge, Appl. Biochem. Biotechnol. 164, 1444--1460,2011. 

474. Girish, H.V., & Satish, S. Antibacterial activity of important medicinal plants on 
human pathogenic bacteria-a comparative analysis, World Appl. Sci. J. 5, 267--
271,2008. 

475. Saravanakumari, P., & Mani, K. Structural characterization of a novel xylolipid 
biosurfactant from Lactococcus lactis and analysis of antibacterial activity 
against multi-drug resistant pathogens, Bioresour. Technol. 101, 8851--8854, 
2009. . 

476. Bharali, P., et al. Rhamnolipid (RL) from Pseudomonas aeruginosa OBP1: A 
novel chemotaxis and antibacterial agent, Colloids Surf. B Biointerfaces, 103, 

502--509,2013. 
477. Devi, K.P., et al. Eugenol (an essential oil of clove) acts as an antibacterial agent 

against Salmonella typhi by disrupting the cellular membrane, J. 

Ethanopharmacol. 130, 107--115,2010. 
478. Hauler, S., et al. Structural and functional cellular changes induced by 

Burkholderia pseudomallei rhamnolipid, Infect. Immun. 71, 2970--2975, 2003. 
479. Piljac, A., et a!. Successful treatment of chronic decubitus ulcer with 0.1 % 

dirhamnolipid ointment, J. Cutan. Med. Surg. 12, 142--146,2008. 
480. AL-Thabaiti, S.A., et al. Formation and characterization of surfactant stabilized 

silver nanoparticles: A kinetic study, Colloids Surf. B Biointerfaces 67, 230--237, 

2008. 
481. Manabe, K., et al. Dehydration reactions in water. bmnsted acid-surfactant

combined catalyst for ester, ether, thio-ether, and dithio-acetal formation in water, 

J. Am. Chern. Soc. 124, 11971--11978, 2002. 
482. Roy, B., et al. Silver-embedded modified hyperbranched epoxy/clay 

nanocomposites as antibacterial materials, Bioresour. Technol, 127, 17--180, 
2013. 

241 



Appendix I 

Appendix I 

1. Mineral salt medium (MSM) 

Table 1. Composition of mineral salt medi~m (g.r 1) 

SI. no Chemical Per Jitre SI. no Chemical. Per Jitre 

1. Urea 2.0 g 7. FeS04.7H2O 1.0 mg 

2. (NH4)2S04 2.0 g 8. CuS04.5H2O 50llg 

3. Na2HP04 3.61 g 9. MnS04.5H2O lOllg 

4. KH2P04 1.75 g 10. H3B03 IOllg 

5. MgS04.7H20 0.2 g "t,' 11. ZnS04.7H2O 70llg 

6. CaCh.2H2O 50 mg 12 Mn03 IOllg 

pH of the medium was adjusted to 7.0. 

2. Chemical gradient motility agar (CGMA) 

Table 2. Composition of chemical gradient motility agar (g.rl) 

SI. no Chemical Composition (g.rl) 
'-

1. Peptone 5.0 
f , 

2. Beef extract 3.0 

3. NaCl 5.0 

4. Agar 10 

pH of the medium was adjusted to 6.9 

3. Phosphate buffered saline (PBS) 

F or the preparation of potassium phosphate buffer, first 1 M stock solutions of 

K2HP04 and KH2P04 at the concentrations of 174.18 g.r1 and l36.09 g.r 1 respectively 

in distilled water were prepared. By mixing prescribed volumes of 1 M K2HP04 and 1 

M KH2P04 the required pH containing 0.1 M buffer was prepared. 
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Table 3. Composition of 0.] M potassium phosphate buffer 

pH Volume ... of 1M K 2HP04 (ml) Volume of 1M KH2P04 (ml) 

6.8 49.7 50.3 

7.0 6l.5 38.5 

4. Phosphate urea magnesium sulphate (PUM) Buffer 

Table 4. Composition ofPUM buffer 

SI. no Chemical Composition (g.rl) 

1. K2HP04.4H2O 222 g 

2. KH2P04.4H2O 7.26 g 

3. Urea 1.8g 

4. MgS04.7H2O 0.2 g 

pH of the medium was adjusted to 7.2. 

5. Micro and trace element stock solution 

Table 5. Concentratlon of stock solutions 

SI. no Chemical Stock solution Volume used per 

litre 

l. FeS04. 7H20 2.5 g. 250 mrl 100 III 

2. CuS04. 5H20 50 mg. 100 mr l 100 III 

3. MnS04. 5H20 9.2 mg. 100 mrl 100 III 

4. H3B03 10 mg. 100 mr l 100 III , , 

5. ZnS04.7H20 70 mg. 100 mr l 100 III 

6. - Mn03 10 mg. 100 mrl 100 III 
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6. Reaction schemes for the synthesis of bisuracil derivatives 

Schemt: 1. Synthesis of bisuracil denvatlves (3) 10 the presence of biosurfactant 

t o ,..,.Me 
N H20/BIosurfactant I + R-CHO ------.. 

2 I Stirring, r.t 
HN NAO 

2 I 
Me 

2 

R= Ph, CH=CH-Ph, p-OCH3Ph, p-CIPh, p-OHPh,o-OHPh, p-CH3Ph, p-N02Ph, 

m-N02Ph, H, CH3, CHr (CH2)3, CHr (CH2h, 0 ' 0 
o s 

Scheme 2. Synthesis ofbisuracil denvatives (5) & (6) in the presence ofbiosurfactant 

o 

t N/Me 
2 I I + R-CHO _H....::.2_01_B_lo_su_rf_ac_ta_n_~ 

Me, /-::::-N NAO Stirring, r t , p-TSA 
N I 

M~ Me 

4 2 

+ 
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Appendixl 

Scheme 3. Competitive reaction between 1 and 4 with 2a 

Scheme '4. SynthesIS of bisuracii denvatIves (8) and (9) III the presence of 

biosurfactant 

o 

t N/Me 

I H20/BIosurfactant 
4 Me I + OHC-R-CHO --"--------;~~ 

\ ~N NAO Stirring, r.t., p-TSA 

'/N 
I 

Me Me 
4 7 
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Appendix 11 

Appendix II 

Mass spectra of the biosurfactant samples 

1. UP-LC-MS spectra of Bacterial stram OBP1 
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3. LC-MS spectra of Bacterial strain OBP3 

13JAN09LCMSMS010109048 4 203607 
Type : Unknm-/n ID: OSP-D3-Row: 1 
Sample Name: 
Comments : SAIF7023 

DDPLS1: 
C:\DATA2013\SAIF7023\13JAN09LCMSMSOIOI0904 
84 203607 . oad 

DDRLS1: 
Instr~~ent Method : 
Processing Method: 
Vial : 

RT: 0.00 - 55.00 

C:\Xcalibur\methods \ SAIF7023A .meth 

D: 18 

19.96 
i 

I ;; 

Time (min) 

NL: 
l .a2E6 
nm=324.5-
325.5 POA 
13JAN09LC 
MSMS010l0 
90484_2036 
07 

NL: 3.34E8 
Batie Peak F' +c 
ESf Fullml 
150.00·1000.001 MS 
I3JAN09lCM$M$Ol 
0109048U03607 

Appendix II 

274 



13JAN09LCMSMS0101090484 2036071155·167 RT: 2.72·2 .85 AV: 4 S6: 137 0.00·1.57. 40.37-42.02 Nl: a .BlES 
F: • c ESI Full ms [1 50.00.1000.001 

100" 
" 

375 
276 

293 

mil 
13JAN09lCMSMS010l090484 203607'153·169 RT: 2.69-2 .78 AV: 3 Nl: 2.S8E5 
F: • c ESi d Fuji m52 2)o.D2@:l5.00 165.00-290.00) 

. 100", 186 

so-I 60- 166 

~ 40-' 
., 
a: 20- 138 

, 144 i 
.Lr-.l,-·--.. ---.....-~- .. ; "~"" '~""i" "T 

126 
0 · .. ·---,-·--.. ,......· .. ·•· .... 

60 100 120 140 160 160 200 
mIz 

900 1000 

275 
·······' ':"-~~r·Ar - -''r'·'·'!'-·..,·- ··~··-····1''" · ··4-T·-:''"; 

220 240 260 2SO 

13JAN09lCMSMS0101090484 203607 #161·172 RT: 2.81·2.93 AV: 4 S8: 137 0 .00-1.67.40.31-42.02 Nl : 9.nES 
F: • c ESI Fuil ms r 150.00·1000.00) 

100 ', 375 

" 

276 

mtz 
13JAN09LCMSMS0101090464 203507 ' 170·180 RT; 300·3.05 AV: 2 Nl: 5.13ES 
F: + C ESI d full ",s2 37 4.99@35 00 1 60.00·355.00) 

100 - 255 

HlS 

206 240 
121 134 242 ; 

o-~--~ .. · 
100 

(209 227 , \1 256 

.-:'-....... -.-. --"""'1~--~..... r-··~·~-···,"-~~w~ .. " ... - .. ;-
150 200 250 300 

mit 

900 1000 

329 

I 
330 358 374 

350 

Appendix 11 

2 

275 



13JA»09lCMSMS01 01090484 2D3i>D7 #258 RT: 4.42 AY: 1 
F: + C ESt Fun ms 1150.00.1000.00] 

100; 2~4 
~ I 

&OJ i 

16~ 
140-] 
a: 20j ./ . 225 

~ 204 I 290 366 

58: ,370.00·,.87 . 40.37-42.Q2 /tiL: 3.rJ2E7 

0-'+4L . ---'~' ''''--''''-~---r--..,.....--~--'-.~'''''--- '~""'"-''-'~ - ~ ~ ~ ~ ~ ~ ~ 200 
mil 

13JAN09LCMSMS010l0SO<84 203607 #252·268 RT: 4.36-<C .56 AV: 6 NL: 7.10ES 
F: <c ESI d FuU ms2 224.1 o.jj;f5.00 [ 50.00·235.001 

lOCh 120 

j 

I ~ .. 
t 40] 
J ~ 

' 61 

178 

224 

., m i 22S 
O·· f·-· ·'!" ···-T-·'!"·-,--r---;·-----~T·---;--..--,--T .. ····r· '," ~' "--'T' --.-~:-~l--,.--,-~,r"--r~ 

50 60 100 120 140 160 180 200 220 

13JAN09LCMSMS0101090454 203607 #272·279 
F: + C ESI FuN 1m {150.00.1000.001 

100- 274 

j 
8 8°i 

! &ai 
14£rj 

! 20~ T ' m 
j 189 . 225 I 323 

O·..L,- ..,..,···,l·~-··,~j-~ 
200 300 

339 
, 

400 

mil 

RT: 4.62-470 AV: 3 S9: 137 0.00-1.67 . 40.37-42.02 Nl: H 7E7 

V 
528 .,/ 

51 1 ' 529 

I, ! 
500 600 

mIz 
700 800 900 1000 

Appendix II 

3 

276 



13JAN09LCMSMS0101090484 203607 ' 271·278 RT: 4.eC .... S8 AV: 3 NL: 2.SSE7 
F: • c ESt 0 Full ms2 2!4.23@35.00 [65.00·285.00) 

..... __ ............ _ _ ..... - ... x50 "'" 

100- 256 

~ 80 " .. 
1 60': 
.& 
-< 
1 40: 
!J 

" a: 20~ . 257 

-' 
0--;-,-···, 

144 
187 214 

.... 18.6 ,, '88 .. _ ._ • .L 22'78_ .. ............ ~.~L •• . . ...... ~--.~~. ~. ' . .". .. T"........--i-·- · ~· - - -r--;-· · ·~ 

80 100 120 140 Hio 180 200 220 240 
mlz 

13JAN09LCMSMS010 1090484203607 #291 RT: 4.86 AV: 1 SS: 1370.00·1.67 40.37-42.02 Nl: 1.seE7 
F: • c ESI Fui! ms [ 150.00.1000.00j 

100- 323 

miz 
13JAN09LCMSMS010l 090484 203607 #283·297 RT: 4.80·4 .92 AV: 4 NL: 2 .0SEl 
F: • c ES ' d Fu:i ms2 322 .96@35.00 ! 75 00·335.00) 

100-

.. 
O ;~. -. -. . 

eo 100 
' Y -"''''-;'''''~''~' 

l ~O 
~r"" '!"- . '- """("'At T'~ " " 

180 200 220 
r"; "'--,-. ' 
240 260 120 160 

260 

Appendix!! 

274 

275 
! .. ~~ ~ ..... . v- l 

280 

4 

277 



13JANO\lLCMSMS010l09Q48~_203G07 #397-122 RT: 677-6.82 AV: 2 NL' 3.62ES 
F: + C ESI d FuU ms2 302 23@35 .QO I 70 00-31500\ 

100.., 

13JAH09LCMSMS010109048~_203607 #395-113 RT: 6.62.0.85 AV: 5 58: 137 0.00·1.67 _ 40.37-42.02 NL: ~ ~E6 
F: • e ESI Full ms [ 150.00-10oo.00J 

302 -/" 500 

mil 
1lJAN09LCMSM50101090484_l03507 #397 ·~32 RT: 6.73-1.05 AV: 6 NL: USES 
F:" c E51 d Fun ms2 499 .~0@35.00 i 125,00-510.00) 

100; 

l 
~ 8~ 

I $01 

ij 
~ 0:.,.....,-. ---~ --, 

150 20-) 250 
mll 

891 991 
, !~ Y . ' 'J tk\ 
900 1000 

Appendix II 

5 

278 



13JAN09LCMSMS010l090484 203607 #496 RT: 8.47 AV: 1 58: 137000-1.67 . 40.37-42 .02 Nl: 5.56ES 
F: .. c ES! Full ms f 150.00-1000.001 

100- 515 

~ 
80-

" j SO" 

, 
! 40 ·; 

.. 
0: 

20~ 

188 
224 258 ~ C6

,. ~/ 327 405 4r 498 53V 606 
290 ,. i . 442 '. , : 658 867 740 790 684 929 953 

200 : ' ~- ' ~'O~ "'h ~ :O~ ,4.",\~ "'. '~t'''" ~~·;&,:~+·- ,-·;; ... ,--,, -;;;-·.i· ·;~oo , 

mlZ 
13JAN09LCMSMS0101090484 203507 #490-506 RT: 8.44-8 .62 AV: 5 Nl: 2.91E5 
F: .. c ES, d Full rns2 514 98@:l5.0Qi 130 00-525.00J 

349 

1\ 

450 

13JAN09lCMSMS01C1C90484_203607l542 RT: 9.24 AV: 1 SB: 137 0.00-1.67,40.37-42.02 Nl: 5.39E6 
F: • c ESI Full ms ! lS0.00-1 000.(Jojl 

100.., 
i 

467 

~ 40- 488 

l · 258 391 i 840 
20- ' 489 . / 

- 224 290 ' ~ \Al24 656 
: 179 • 293 374 392 444 499 557 I 669 142 765 827 855 896 935 979 

O----~ ...... ~j".. ....... L.~~ ........ ""1:J ;o<",~"~ .. ~~JjLf;..", __ ~ ,, ~.J.~ ... "-_,_,,, _ _ l<. ... .... .... ~ .......... ~ •• ~ 
B m ~ ~ ~ ~ _ _ 1~ 

mil 
13JAN09LCMSMS0101D90484 203607 #531 -551 RT: 921-9.35 AV: 4 NL: 7.75E6 
F: + C ESI d Full ",s2 ~a7.06~35.CO [ 1 20.DQ~OOOO i 

100, 

1 
326 

I 

20-1 
j 
~ o -r---------, - _ .... 

150 

308 
:327 
i 349 

, L ~~ 
350 200 250 300 4SO SOO 

Appendix II 

6 

279 



13JAN09LCMSMS0101090484 203807 #548 RT: 11 .08 AV: 1 S9: 137 0.00-1.67, 40.37-42.Q2 NL: 1.11E7 
F: • c ESI Fuh mS! 150.CO.l 000 001 

224 

mtz 
13JAN09lCMSMS0101090484 203607#631·6504 RT: 10.84·11.15 AV: 8 NL: B.22ES 
F: • c ESI d Full ms2 Z24.10@:ls.OO r 50.00·235.00) 

l00J 
207 

i4 
180 ~ 
1 4G-i 

225 

I .; , 
II: 20j : 208 1 

i 120 178 i! 1228 
~T· ··-{ ·~·· · ----. -,~. _. __ "'9'_"'-;-_, -: -·:··-···; · --:·-···'·~:···· -·-'·-----·'···· '···~~l ··~~"4- ..... ····T ... ~JLT-...,....,--4L .. --! 

80 80 100 120 140 160 180 200 
mil 

13JAN09lCMSMS010l090464.203GOH67S RT: 11 .52 AV: ISS: 137 0.00·1.&7 . 40.37-42.02 NL: 1.91£7 
F: + C ESI Full t1\$ { 150.00-1GOO OOi 

100-: 288 

j 
80 1 

I 80i 

~ ~ 

14O~ 224 : 

2~ , 1289 / 

220 

-4 201 ; 225 ! 330 486 575 
Il-'-r-"'~""'-,--. L_._ •••.••.• _ . - • .. -.~'-T.-.-.... " •. , .• -, - . - --.• ,....--.--~~.-.-.~....,. ..... ·.···r-_ m ~ ~ _ ~ _ ~ ~ 

mlz 
13JAN09LCMSMS0101090484 203607 #562·690 RT: 11 .37·11.67 AV: 8 NL 7.38E6 
F: • c ESI d Full ms2 288.27@:lS.OO [65.00·3QO.OO] 

Appendix II 

7 

280 



13JAN09LCMSMS0101 090484_20360H705 RT: 11 .92 AV: 1 S6: 137 0.00·1 .67 . 40.37-42.02 NL: 8.93E6 
F: • c ESI Full ms I 150.00·10oo.00J 

100 ·. 

g 80-: 

~ 60· 

~ 
~ 40 · 
.!! 224 

337 

320 

8! 20- ; 225 : I 338/ 

_ i ~98 : 1339. 405 . 462 486 554 590 m SM 724 769 822 913 969 
o··,,-_._-1~· ·· ... · ... · ·~··U-..t,.;.. __ .... '"'t_ ... ,,-!,_~"""-' _ _ '~""''';''',Jl_,'''~,., .... ~; .. ..:..~ .... _ _ ...... _ ............... _____ ,,! 

m ~ .~ . • ~ • . ~ . _ 1~ 

mil 

13JAN09LCMSMSOI01090484203607l672·728 RT: 11.85·12.07 AV: 6 NL: 1.12E7 
F: + C ESI d Fu!l m~ 337.02©:J5 .00 160 00·350.001 

,.. ___ n •• ... · .. ·--x50---.. · ............ ------.. · ....... - ..... - --._ ... 

304 
258 

0::;.-... _ ._.- .. , .............. ,--_ .... , ........ .,...,.......,.-
100 150 200 

mlz 
13JAN09LCMSMS01 0l090484_203607#729 RT: 12.28 AV: ISS: m 0.00-1.S7 . 40.37..0\2.02 Nl: 6.I!6E6 
F: • c ESI Full ms {ISo.oa· l000.00J 

100-: 
232 

40 " 224 

20-', 405 463 

320 

" ";: ; 233 , 46;1 : 464 ././ .,/ 

o :.,._.!~~JL.:~6_3 ..... ~~.9,,-3.;;.5~5""" "': ''''''""'' ' ,.l!41~t3.,.~L~12 .i4 ~ .... ~~ . 772 • 8.~~~_ .. :O:. :t:"~ 
m ~ ~ a ~ ~ ~ _ 1~ 

mIz 
13JAN09LCMSMS0101090484_203607.715-742 RT: 12.21·12.44 AV: 6 NL: 3.74E8 
F: • c ESI d Fun ms2 232 .26@35.00150.0<3·245.ool 

100-

8 
so.:! 

i .; 
." 

60~ ~ 

.5 
< 

403 l 
1l 4 0: 

20-: 

o· ' 
60 

232 

· 233 152 

159 I 
· .. -·-----·····---···.,...~.-~r - "'T-"!~-'! "·~--=~···t ··· ..... ·-r~·..,..--~"-;---r·~· -~ .. -...--_.¥ .... _. 
80 100 120 140 1~ 180 200 

mil 

Appendix II 

8 

281 



13JAN09LCMSMS0101091J.484_203607 #762 RT: 12.84 AV: 1 56: 137 0.00".67 . 40.37-42.02 NL: 1.82E7 
F: + C ESI Full ms ( 150.00·1000.00J 

'00; 2; 6 

J I j J i 

l i 
14~ 
2~ : 217 W-. _. __ ~~_ .. __ . 420 431 

200 300 400 
mlz 

13JAN09lCMSMS0101090484 203607#743-776 RT: 12.73·13.02 AV: 8 NL: 1.36E7 
F: • c ESI d FuN 0102 216.28@3-5.00 [45.00·230.001 

.. .. ....... ----- --.................... ---........... --X5C) -..... .. ... ----- ....... ........ ------. ............... , 

159 199 
·······':"-·,':- ~"l ·--·--·~·f--' -r·· .. ]···· ," ..•. ~ ... ~~.: -. 

80 100 

13JAN09lCMSMS0101090484_203607 #863 
F: + C ESI Full m.s [15000"000.00) 

1~ 
j 

! ~ 

120 140 
mil 

160 

RT: 14.5>4 AV: 1 SB: 131 0.00·1.67.40.37 .... 2.02 NL: 1.6SE7 

497 

216 

I 
: 211 

140~ I ~98 
2L:~~~_~_ .. ~1: .. ~~b{ 5~~ ..... ___ . ____ ._.~_~._. ___ ~!.. __ ::3 

~ ~ ~ ~ - ~ ~ ~ ,~ 
mil 

l3JAN09lCMSMS010l090484 203607 #851-875 RT: 14.43·14.68 AV: 7 NL: 1.22E7 
F; • c ESI d Full ms2 497.01@35.CG[ 125 CO·"0.1}JI 

Appendix II 

9 

282 



13JAN09LCMSMSOI01090484_203607 #887 RT: 14.87 AV: 1 5 B: 137 0.00-1 .67 , 40.37-"2.02 NL: 1.<2E7 
F: • c ESI Full ms I 150.00 1 oDe. 001 

1001 
497 

~ 
&0-

~ 
~ 

&0 .. 

~ 40 .... 
!3 e 

'" 20: 
315 332 : 498 

/ 1499 , ,/ 993 

224 '~C3 i ! 333 403 .492 j 5${ 546 642 663 761 811 897 ..; 

0-" " ;"'_~_~"'~'M" " _"'-"""""""""..(.~'~~""~"''''''''''''~_~''-'';'''~.'''¥';'''' ~ ___ .... ...:._, .... _' ..... '-.. ~~_.~-'.:'._ .... . "'.¥ ...... oJ., 

~ ~ ~ ~ ~ ~ _ _ 1~ 

mIZ 
13JAN09LCMSMS01 0 1 090484_20360H878~93 RT: 14.77·14.93 AV, 5 NL, B.B9ES 
F: • c ESI d Full ms2 497.01@35.CO[ 125.00·510.00l 

100-
437 

454 
480 

394 411 

400 

,455 :481 
"y.~l ..... ~.k ... _____ ._.,.....~~ ... ~ 

300 450 SOO 
mlz 

13JAN09LCMSMS010l0904B4 2035071984 RT: 18.43 AV: 1 SS: 137 0.00·1.67 . 40.37-42.02 NL: 2.07E7 
F: • C ESI Fuil ms [15000 .. 1000.00) 

258 

515 

230 : 259 I 
20 ~ ! 

~ I! 350 351 487 i 516 826 827 
Q .•. _ _ .... L._. _ ,_, ..... ... ,.~ . . ... _._.L .. .L ..... _._ •• _, 6~0 .......... ... _~~ ... , • ....L.:_.: ... ,. 

~ m ~ ~ ~ m _ _ 
mlz 

13JAN09LCMSMS010W9C·484_203601t952·10C3 RT: 16.24·1670 AV; 12 NL: U 9E7 
F; + c ESI d FuU ",s2 258.3C@3S.CO 160.00.270.001 

100 '" 

162 174 198 ~ 

O+--'Y"'r'~'" ... .,..,--. --~-. --.~ .. ..... , .. ---,.......,.-t~r··""!"'·;·,·--, -, ....... , .. ~' ,~. ~ . .., ... ! . .• ~ ... - .. -, 

Hio 50 80 120 140 ISO 180 200 220 240 
mlz 

1000 

258 

259 

... ie ........... , 
260 
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13JAN09lCMSMS010l09~8.I_203607 #1026 RT: 17.07 AV: 1 56: 137 0.00· 1.67 . 40.37-42.02 Nl: U SES 
Po. c ESI FuIII!l$ 1 1S0.\)~-1CW .\)C) 

100-, 304 

~ 

I ~ '" 
t 4°1 
a: 2G~ , , 316 

3 216 224 . 243 !, 342 395 451 
o-J-,..~~.,.. ._,~Ll .. _.,.~ ". 

./ / 768 
493 530 585 607 tel 7'68 736 ; 789 826 878 927 
: w ,;, t"t "r-~~.u~~'~h-.:...,~k'~"""'~~~»+"i"~ ~J..:o.....~_. ", ~"" 

200 ' 300 400 ' 500 6CD 760 860 900 1000 
mI2 

13JAN09LCMSMS01Cl090484 203507 ¥1010·1032 RT: 16.91·11 .. 09 AV: 5 Nl : J..21E6 
F: • c ESt d Full m!.2 304.23~f5 .. 0Q i 70,CO-31 5.00j 

lDO:j 

. J 
j ~ i ·l 

i 4Dl 
a: ~ 

286 

:: 
-i 

O-ii-r.,...-r~.,...,.-,-·- ·,,·-·:··--. _ .. , ......... 'C'T" ~'T'",,-,-,-.-'-" "'-,"""-'~"""T-:-'-~" r""" .. ...,...,.+-
100 120 140 160 180 200 220 240 260 280 300 

13JAN09LCMSMS0101090484 203607 #1056 
F: • c ESI Filii ms! ISO 00. I OOo.OOl 

RT: 17.54 AV: 1 S6: 137 \),00·1.67 , 40.37-12.02 NL: 9.46E6 

100-, 288 

j 

! ~ 
, 401 
I 20~ 

1 

l:l.1AN09lCMSMS0101090484 , 03607 ' 1041).1 059 RT, 17 .42-17.55 AV: 4 NL: • . 26E& 
F: - c ESH! fuH m,Z 2aa,21@J5.00 165.00-:\\)0 .00;. 

100; 
-; 

288 
270 

, 
i 

! 
,'289 
I 

~71 ) 
287 -: 

.... --. -"'-'!"¥.-, -. -. --:'~ '~" -'!" "--:-."~ .. "' ... .,. "!~"~~-1~~·i""·T·~r-~~.4, ..... ") 
120 140 t60 t80 

mI2 
200 220 240 260 280 300 
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13JAND9LCMSMS0101090484 203507#1092 RT: 18.11 AV: 1 SS: 137 O.(){)·1.67 . 40.37-42.02 I'll: 2.03E7 
F: • c ESI Foil ms [ 150.00· lCoO.OO] 

IOQ .. , 

mlz 
13JAN09LCMSMS0101090484 203607 #1075·1105 RT; 17.80·18.29 AV: II i'lL: I 35E7 
F: • c ESf d Fuff ms2 242.l6@J5.00 f 55.0Q·255JJOj 

.-. __ ............ .... _ ............................... __ .. -.- xSo-·· .. _· .. _· __ ·· .. ·· . ., ..... ---.-... 

IOQ~: 

§ 80-.. 
'8 80-
" ~ 
~ ~O · 

~ 
20~ c: 

0-'--··· 
60 80 100 120 140 

159 

: 180 : 173 188 200 
... ~ .. ""'i~M'~.-- .. · T.;.l.~ .. ... ~w.-~:- -. .~ _l.i ...... . 

160 180 2im 
mlz 

226 

220 

1000 

2~2 

243 

240 

13JAN09lCMSMS0101090484 203607 #1121·1170 RT: 18.57·19.16 AV: 17 SS: 137 O.CO·U7 . 40.37-42.02 Nl: a.2BE? 
F: • c ESi Fuil 'Os [ 150.00-1000.00) 

IOQ 
260 

~ 
80 .. 

s 

" 60 = c 

~ J 
: 

1 40"; 

519 

I .. 
li ~ 0:: 2Q-j 

" 

1520 

1 521 777 
·'.w -.-__ ~ .-: .... ~ , . T .. .. , -. ___ ~-:_~ . ..,. "" " " ,'" 0-"-,,, 

200 500 600 700 
mlz 

13JAN09LCMSMS0101C90484.203607#1113·1173 RT: 18.54·19.22 AV: 19 Nl: 7.84E7 
F: + C ESI d Full ms2 260.t.}@3S.00 i 60.00·275.00J 

100-, 
~ 

()._. ->-..,..~ .. '! ... ~--.~ ..• ¥ 

60 80 100 

.......... - .,,----..... . · ...... . 10- ...... 

152 

120 140 160 180 200 
mlz 

aoo 

220 

900 1000 

260 

240 260 
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13JAN09LCMSMS010l090484 203507 #1247 RT: 20.17 AV: 1 S6: 137 0.CO·l .67 , 40.37-<12.02 NL: l .clEa 
F: • c ESI Full ms [ ISO.OO·IOW OC] 

487 
. 488 

. . ~Lr-----r'-·"'---"·~ .. .-.-- ., .~. - ¥ .. -....-• •• ...-...... - -...,.......,.. • • ~ ,.~~ ••. - •• - •• • 

400 560 600 700 800 900 1000 
mil 

13JAN09LCMSMS010l09C48C 203607 #1 196·1 2&3 RT: 19.65·20.37 AV: 21 S8·. 39 0.00·1.67 . CO 37-42.Q2 NL: 1.99E& 
F: • c E$I d Full ms2 2401@:l5.CO[55 .oo.255.00] 

10lh 
-i 

~t-i ~.,.....,,......,.-
eo 80 100 

-'-~""""'-rI····'· ···T···,","·""'-"'-r~"-"' ··-'·T··T 

120 140 160 180 200 
mtz 

I~JAN09LCMSMS010l09Q.484 203607 #1661 RT: 25.50 AV: 1 S8: 137 0.00·167 , 40.37-42.02 NL: 4A7E7 
F: + C ESI FuU ms r loO.oo.loon.OOI 

100, 288 ., 

ao~ I,,: 
j .0-, 

244 

20 I 289 

~ 245 1 

575 

j 

~.~L,-... 
200 3CO 

'-''"7-'~ 'l ' -~~ .. r···7 ·· ···rN.-':"--;"'--:-~, -r--,--,.-
700 800 900 1600 

mil 

13JAN09LCMSMS010l0904S4,203607# 1643·1692 RT: 25.40·25.81 AV: 12 Nt.: <.59E7 
F: ~c ESl d FylmsZ 26U7@35.0Q!65oo·3oo.00] 

r-----...... _._ - _. ························--- .10······_············ ..... _-_ ••••..•....................• __ ._-_ .• 

80 100 120 140 

182 
! 

m ! 185 
· -·· ·· ·;rL:···,~-,~~-···----'-r-r-... -:--T···;- ··· ~ " '! "''>~ 

160 180 200 220 240 zao 
mtz 

268 

2ao 300 
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13JAN09LCMSMS010l 0904 84203507#1787 RT; 27.13 AV: 1 S8: 137 0.00-1.67 . 40.37-42.02 NL: I.31E8 
F; + C ESI Fuil ms [ 150.00-1005 001 

272 

270 . 273 

244 543 20~ l 
~~, .. . , .... ,. ---.-" .... -~ .. "'.-"'1 ... --... ) .. s.:'~-~ ...... -............ ~- .- .. .. ~ .,....¥~ ---... ~-~',~- .' .... ~'':~.-.--, 

ZOO 300 400 500 600 700 
miz 

13JAN09LCMSMS0101090484 203607 #1746·1804 RT: 25.81-27.33 AV: 15 NL: 1.02E8 
F: • C ESI d Full 01;2 Zi2.34:§l30.00 [60.00·285.ooJ 

100-, .. 
" 

11 eo " 
c: 

" 60":: " c 
~ 

~ ., 
40-' ~ 

.!!! 

" 0:: 
20·" 

800 900 10'00 

272 

[273 
~i 

271 [I 
0-'-.·_· .. .. ... ........... ~--. - , "'-, -.~-. ; · .. ~ .. ··1·-r-r .... · · -:--'i'··wr"~-~--r-·T·· · r ...... r " F-;"'-"'-"'-"'T"''!-'''r''-T -~ 

M M 100 m 1~ 160 180 200 220 240 2M 280 
mil 
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4. LC-MS spectra of Bacterial strain OBP4 

13JAN09LCMS t·\SO 30 1 0 90 4 86 20 370 2 
T,ype : Unknol-ln ID : CBP- 04-Row: 1 

Sample Name : 
Comments: SAIF7023 

DDPLS1: 
C: \DATA2013\SAIF7023\1 3JAN0 9LCMSMS03010904 
86 203702 . oad 

DDRLSl: 
Instrument Method: C:\Xca libur\methods\SAIF7023A .meth 
Processing Method : 
Vial: 

RT: 0.00 , 55.00 
4.18 

1800000~ , 

1eooooo~ 3.80 : 

1400000~ Ii 
1200000-3 ~. 

:l 1000000~ 2.76 [' 
~ 8000003 Ii : •. 53 

D: 19 

800000 ~ :: t \ 4.82 
4OQOOO-j !\' \ 1 7.10 !! 27.01 

.... : 
182ES 
nm-324.5· 
325.5 PDA 
13JAN09LC 
MSMS01010 
90.8<1_2036 
07 

2000003 r iil, .. !;,. 7.49 1454 !: ! 25.52 ~ 
o}-J ; ·VV.>' M_VJ \ ....... " . ..: !,AA ..... J,.Ji __ ... __ .... ___ .. _ ..... _ ... ___ .¥""--_--

r:r··r·-:--"T··:··-~:-··-· ·· ~···,......,....,.. ··-·--,-, -· .. -rr:-·;·,.~-rr·j···-~ " j"'!~r~'~~ 

o 5 10 15 20 25 30 35 40 45 50 55 

RT: 0.00 • 54.99 

100-

TIme (min) 

19.96 

I 

27.05 

i 20.36 

: \ 20.52 , 
"""v " " 27.58 34.39 43.66 « .76 47.91 

........ -J .-__ .u.~ ... < _ _ •• __ ~-~~~.,.~ ___ • •• _. 

NL: 3.41E8 
Base Peak F: • c 
ESI Full ms I 
150.()()'1000.00) MS 
13JAN09LCMSMS01 
0109048<1_203807 
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13JAN09LCMSMSO 101090484 Z03aO! '152-177 RT: 2.67-2.98 AV: 8 ss: 331 0.00-1.75 , 4983-54.31 NL: 6.48E5 
F: • c ES I Full ms! 150.00 1000 GO! 

100- 375 

276 

477 487 546 598 
"N'" ' 'I' + * (0\ 

688 708 737 
: e ~ ! 

500 600 700 
mil 

13JAN09LCMSMS0301 090486 20:l70HI26-192 RT·. 2.66-2.71 AV: 2 NL: 3.~5E6 
F: • c ESI d Fell ms2 276 .00@3500[65.0C-290001 

. 100-

168 

138 

126 : 144 

808 

800 900 

258 275 

1000 

0- .. -.~_. _. :-""!""''':-~-,-_-r,,~:L~ .. 
150 180 

-,"'--, ~: -.--~~~-r---' 
BO 100 120 140 220 240 260 280 

mIz 
13JAN09LCMSMSQ3010904BS 20370211168 RT: 2.el AV: 1 SS: 155 0.00-1.27 . 52.86-54.22 NL: 2.0SE7 
F: • c ES I Fua ms ! 150.00-1000.00) 

100 . 375 

mlz 
13JANOSLCMSMS0301090486 203702tH()"206 RT: 2.91-3.00 AV: 2 Nl: 1.72E6 
F: + C ESI d Full ms2 37.1.99@35.00 I 90.00-385.00[ 

100-, 
255 
I 

8 
80j 

<:: 188 
~ 

., 
61H I .5 -; 

I « ! 
~ 40 -i I 
~ ~l i 

" a: 20 :1 
i 121 134 

i 169 
0- o •• •• J ..... 

208 240 

, 242 

': 243 256 272 
,. ~-~-~-.~ ;. 

100 150 200 250 
mil 

329 

, 330 

300 350 
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13JAN09lCMSMS0301090486_203702 #202·231 RT: 339·3.68 AV; 10 S6; 1~5 O.()()'127 . 52 .86-~.22 NL: H8E6 
F: • c ESJ Fun ms ! 150.00-1000.001 .- .-.... , 

242 

200 300 400 500 

572 598 627 6,5$ 
Hi:.- *; ' .1 ... ..," . 

600 
mJz 

100 

13,JAN09I.CMSMS0301000486 2037Q2 #1&9·21& RT: 3.25·3.61 ""V: 8 NL; 1 .~SE6 
F: + c ESI d Full m12 2~2 1~j'~ .QO 155.00·2~5 . 0Cl 

< l00~ 

miz 

791 
"!""'!" ... , 

800 900 

224 

242 

i 
' 225 j 243 

I " > ,.. • ..,L .... _, 
220 240 

, lJAN09LCMSMS030 lQ90486 _203702 Jl27 4 
F: + eESI Full ms I 15MO·1COO.OOj 

RT: 4.S. AV: 1 58: 155 0.00-1.27 . 52.85-54.22 Nl: 6.$4E6 

1
'~.> 214 

4 224 

I ~ 
!i 20j 

323 

80 100 120 140 160 150 200 220 240 
rrJz 

~ 

I , , 

260 

214 

280 
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13JANC9LCMSMS0301090486.203702 #274·298 RT: 4.64-5.04 AV: 9 S6: 155 0.00'127 . 52,86-54,22 NL: 4,52E6 
F: + c ESi Full ms ! 150.00·1000 .001 

100-
323 

mil 

"J!.tl09lCMSMSO'C10~04eo 20.702 jl122·402 Ri: 4.7S-'l.ae AV: 4 til: a,on:e 
F: + C ESI d Full ms2 323,06@35,OO 175,00·335,001 - .. -

loo~ 
~ 

306 
I 

288 
O'+:'---"--~--:-':' . ~ ... _;-'-A~~~''7-~-' -. - . --T··~-~·'····"··'··~···:-·Y" ~~-~""""'--'~" - ' ~ "r----T";"A' 

80 100 120 140 ISO 180 200 220 240 260 280 300 320 
mil 

13JAND9LCMSMS0301090485 203702 #319·327 RT: 5'.i6.5.50 AV; 3 S8: 155 0.00·1.27 , 52.86-54.22 NL: 9ASE6 
F', + C ES( Full mSI 150.o0.1(lo(i.OO) 

100-
572 

8 
80 j 

c .. 
60 ~ '" c: 

i ., 
c( 

401 ~ 
~ 225 

531 

389 573 
a: 20: 224 

158 i 230 
O· ! 

j , 

200 

. 393 498 .! 574 

l2~O, ;3,4 , .. J.. 4~3 •• ~,U.15~: ~:; .~;3, .. /i~4 
3 00 400 ' ' 500 ' . . ' 600 " • 700 

775 829 852 886 948' 970 
",'\. ; ,-'.' ~'" 

800 900 1000 
miz 

i3JA"I09LCMSMS03Dl09048c.203702'309·331 RT: 5J U .52 AV: 3 NL: 4.36E4 
F: .. C ESI 0 Full m<2 511.53@35.00 [ 145.00-585.00J 

·· _·· ·_---- --x5· .. _ .. ··· .. ,· __ ··_--_· __ · __ · 

100-, 
573 

572 

571 1 

349 3g7 527 553 1 
258 2(0 325 3~6 , ~53 386 \ m ' 528 I I 

2:t!_~~~ .. ... L:~~,)~.1J:rL;4~~_lh\W~~l:, ~~~Tt.,.,,:Jl~f~.1 ,15j': mt.,1~ 
150 200 250 300 350 400 450 500 550 

miz 
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13JAN09LCMSMS0301090486 203702 #347·369 RT: 6.00·6.34 AV: 7 S6: 155 0.00·1.27, 52.85-5H2 NL: 2.39E5 
F: • c ESI FuR ms 1150.00-1000.001 

397 

224 

1225 348 498 

200 300 400 

13JAN09lCMSMS030109048S_203702 #359 RT: 6.21 AV: 1 
F:. c ESI d FuR msl 397.05@35.00 [ 95.00·41oo01 

• 1001 

688 
566 

600 700 
mIz 

Nl: 1.25E6 

~-"'''-r~-~~~''-'-'--''''--'--''''''''----'-:-''''''''''--''''''''~'~'-' 
100 150 200 250 300 

mil 

800 900 

380 

362 

350 

13JAN09LCMSMS0301090466 203 702 #383·405 
F: • c ESI Full ms [ 150 00.1000.001 

RL.!l:~f.,6 :99 AV: 8 56: 155 0.00·1 .27 . 52.88-54.22 NL: 3.04E6 

100.., 
~ 

707 , 
i 

I 
691 ! 766 766 

1000 

396 

.' I . / 
638 : . 709 767 

791 852 . 883 926 988 

200 300 400 500 600 700 800 
mil 

13JAN09LCMSMS03010g0486 203702 #381-417 RT: 6.88-7.01 AV: 4 Nl: USES 
F: • c ESI d Full ms2 ~) l@fs.UO i 60.00·280.001 .. .. 

100-, 
~ 

142 

I 

! 183 231 

.', ~., 

900 1000 

2~8 

........ ---::---... ~ .. - .,....,.-,-~r"'!i ~-r--. - j '," !"_. _.~~-_.;. -.. ~ -... ~- ... ~t;_ ..... _: 
160 160 200 220 2~ 260 280 100 120 140 
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13JAN09LCMSMS0301090486 20370211401-428 RT; .~$dAi. AV; 10 S8: 155 0.00-1 .27. 52.66-5U2 NL: 1.0SES 
F: • c ESI Full ms I 1S0.00·1000.00J 

100-
495 

.. 8(}- 220 
266 

~ ., 
1? 50- 260 
::0 

498 

~ 
~ 40 .. 
J!/ .. 
a: 

20-

200 300 
miz 

13JAN09LCMSMS0301000486 203702 #402...444 RT: 7.27-i .37 AV; 3 NL: 1.50E6 
F: • c ES! d Full ms2 . S4 94@:lS.OO I125.00-505.00J 

............ ".,,;.. - x2 ' 

100-
375 

.. 80 · .. 
" c .. 
1? 60-::> 
D « 

~ 40-
S .. 240 a: 20·' 

168 190 224 

150 200 250 300 350 
mil 

477 

435 449 496 

400 450 500 

13JAN09LCMSMS0301090486 203702 #4 72-486 RT: 8~:.t~7 AV: 6 S8: 155 0.00-1.27 . 52.86-54.22 NL: 3.00E6 
F: + c ESI Fur. ms i 150.00-100Q.00J 

10(}-

- 224 
2(}- 152 ' 244 t 188 ' ; 
0·.. ' f " ;' j \,J>~ 

818 885 963 994 
~~~~~~~~~. ~~~ 

900 1000 200 300 400 500 600 700 
mil 

13JAN09LCMSMS0301090486 203702 #470-480 RT: 8.30-8.39 AV: 3 NL: 4.57E6 
F; • c ESI d Fuli ms2 4 !L~ 1@:lS 00 I 120.00-49':>.00J 

100 -

8 
80-

c 
co 
." 

60~ c: 
.5 « 
j 40·-

.. a: 
20 '" 

150 200 250 300 
mil 

350 

800 

400 

477 

459 

; 
·····f .. ; .. ..:.. 

450 
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13JAN09LCMSMS0301090486 203702.533·548 RT: 9 .40.9c~ AV: 8 SS: 155 0.00·1.27 . 52 .86-54.22 NL: I.SOEa 
P: • c ESI Full ms [15000.1000.001 

lOCh 275 
, 

232 409 

276 295 
259 ; : 305 403 ,H4 

774 

'; i 391 ' ; , 963 965 
::, . 

300 400 500 600 700 
mil 

13JAN09LCMSMS0301 0904S6 203702 #533·548 RT: 9.44·9.61 AV: 4 NL: 1.0SES 
F: + c ESI d Full ms2 !!5.}0@3500 [65.00·290.001 

l00 J 

150 

132 

~--~"" T""i"'7-"- .. _ ........... - - .. " - ' f "'," 'Y 

80 100 120 140 
mil 

800 900 1000 

275 

229 
. 276 

230 256 

220 240 280 280 

13JAN09LCMSMS0301090486 203702 #624-635 
F: + C ESI FuM ms {150.00.1000.00J 

RT: 11 .11·11.26 AV: 4 SS: 155 0.00·1.27 52.86·54.22 NL: H3E6 

lOCh 
~ 

538 
\ 
I 
i 

I 
I 
( 539 

444 I 
521 1543 6~0 708 

4; 7 , ..J1 . ...:.a:. , ~55. ~L;2~~'/:~~ 859 ,~' 924 

500 600 700 800 900 1000 
mil 

13JAN09lCMSMS030109048S 203702#<;23·636 RT: 11.13-11.27 AV: 4 NL: 3,13E6 
F: + C ESI d Full 0152 535.02@35.0C 1 135.0U·550.001 

1:~ 
IJ 
~ i 
i 41 

20-; 
~ 
.j 
~ 

0·":"'" ""-'-. -. -, ---.,--.,--......,.....,--,-.-
150 200 250 360 

375 

357 
.:.,....,1-_. '··r.,· ........ .. 

350 400 450 
mlz 

521 

520 ' 536 
.. · .. ·· .. · .. _···lk .. ,! .. ·~-· · ··r ··...,· 

560 5SO 
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13JAN09LCMSMS03010S0486 203702.059-674 RT: 11.72·11.88 AV; 5 S6: 155 0.00-1 .27 .52.85-54.22 NL: 4.0SE7 
F: • c ESI Full "'. ( 150.00-1 OOO.OO! 

100-- 536 

60 -

40~ 

537 

20-' He i ~1 
_ 224 337 I .. 5042 

0---,- ...,.....~~~-,--- . 'r"'<'--'~'-+--""""- ......,.-~~-""!"---.,..--; --~-. -. 

200 300 400 500 600 700 
mlz 

13JAN09LCMSMS0301090466 203702.057-676 RT: 11.69·11 .93 AV: 7 NL: 2.66E7 
F: ' c ES! d Fuil ms2 53607@35.00 113500-550.001 

100-, 
.; 

373 

i 
g 8~j 

'" 1 

I 60~ 
~ 

I 

l 40-1 
.!J 
~ 20 -

185 203 

800 900 

355 i 
·T' .... ·-,.------r-·--, .. ""'-"-. .,.~ - ... , .... 0 .. -_ ..... .. _ ... _ .... .,..L_J ___ .. _ .. _. __ ..... __ . .....-.,-._ .. , .. 

150 200 250 300 35C ~oo ~50 500 
mil 

13JAN09LCMSMS0301090486 203702 #776-791 RT: 13.75-14.00 AV: 6 56: 155 0.00-127 , 52.86-5422 NL : 3 .. 25E6 
F: • c ESI Full ms 1100.00 .. 10CO.ODI 

100-

6~j 

.; 

40-.1 
~ 

208 

562 

563 706 

1000 

550 

20 .. j 258 298 440 443 567 i 707 

o:L:~~..;:...L'l": ~Ji",. "!"'~w...if""~ ..... ~~ .. 54 .. 3il1; ... 57ii4""'1'~6i11l5 1~69,ioIl .. ; l~~;a.5t~I'l'1wt .. 7 ... ~4.,.~ .. ill· ~!"~:iiIi/ ..... : "'! 1,'I'/ .... ~ ... ! .... ? ... }2""1".9."!5~:....,., 
_ ~ ~ ~ ~ m ~ _ 

1000 
mlz 

13JAN09LCMSMS030109D48S 203702'719-800 RT; 13.88-1 3.97 AV; 3 NL: 4.42E6 
F: • c ESt <I f un m>.2 S620e@:ls.oo [ 140.00·575.001 

8 .. 
~ 
.5 « 
~ .. 
0; 
O! 

c.... · .. .... · __ .. _· ...... -- .5 .............. ,,"-- ...... . 

100 : 

80 .. ' 

60- ' 211 

40;; 
229 

20·" 193 .; 

O~:-::"' .l .. '"-,_-,,,--___ ''''I"'''''~~-. -'-: 

l~O 200 250 300 350 
m!z 

399 

381 , ~09 SF 5045 

~~o--r-;~---- .. "; ;;~ .-~ --, 
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13JAN09LCMSMS0301090465_203702 #837.848 RT 1480-1495 AV 4 sa 155 0 00-' 27 5286-54 22 NL 460E5 
F- 'cESIFullmsI15000-~OOO~1 

100-

1 
210 

319 

mil 
13JAN09LCMSMS03010S0486_2037C2#933-956 RT 16~7-16_n AV: 7 NL 120E7 
F' • c ESI Hull ",52 564 13p)35 00 I W 00-570 JOj 

100--

0----, , - ---~- '. " , '--~'r-' 

150 200 250 300 350 400 
trJz 

450 550 

13JAN09LCMSMS0301:l9046S_20'102#BM-$~7 RT 1124·1743 AV 5 SB 155000-127,52 8a-54 22 Nt >alES 
l' .cES1Fullmsl15DOC.1~vDO)j 

403 

780 
\ 404 I 

SM 

2'2 '"8 0 546 518 692 181 824 866 ~ 
736' 

224 "\,,', ~~06 40 4~5,,,,, ... 5 ... 0.2,,,,,,,_,,,!:,,,,,,,,!!,,,,,,*,"61 ... 9 ... 6 .. 6 ... 3 ___ 7 .. 37 .. lloWo_ ....................... """ ,.' ==_ .... _,~.; ........ ,1 .u "L .. :~l !!h .. r~ ,9;'5 ,!J?8 
m m ~ ~ ~ ~ ~ m ~ 

mil 

13JAN09LCMSMS0301090486_203702 ~82·994 RT 17.20·1140 AV 5 NL. 2 nEB 
F + C ESI d Full ms2 403 09j!35 Q() ! 100 00-415 DO} 

x5 ------------ ----

100 

152 

, 
J T"'"" ------- -.-

150 200 250 
mil 

>00 350 

3115 
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13JAN09lCMSMS0301090485 203702.1072·1084 RT: 18.73·18.92 AV: 4 56: 155 0.00·1.27 . 52.86·54.22 NL; a.6SES 
F:: + c ES\ F'J!I ms I 1 ~O 00.1000.001 

100 .. 

610 
400 

20·,,' ' 611 
428 516 570 i 

668 

, 669 

La73 722 
766 768 823 910 0~,-~ .. _"~~:_43~ __ ~~ . ...J.~--,- .• ~~~ 1. " ......u...~_~~ ... __ ........,...,.....-

200 300 400 500 5eo 700 
m!z 

13JAN09lCMSMS0301090486_203702tl034·1139 RT: 18.79·18.94 AV: 3 NL: 3.66E4 
F: + C ESI d Full m52 6S8.00@35.00 [ 170.00·66000) 

100-' 

g 80:: 

aoo 900 1000 

• ., 
'2 60·" ' 669 

" ... « 
1 40: 
i 
" 20.::( '" i 

~ 

13JAN09LCMSMS0301090486_20370HI118·1138 RT: 19.45·19.70 AV: 7 S8: 155 0.00·1 ,27 , 52 .86·5422 NL; 1.58E7 
F: + c ESt Full ms [150 00·1000.001 

100 .. 560 

", 
~O': 

516 

l 40 ~ ' 561 604 

~ ':1 ~:" _27-'-4-;-____ ,-T .. ~1~~.:~ I t!~: r~~~64_9..L!67"", 9-2...,..7..,56-r. ~~~~-r,~_,_...,..--, 
200 300 400 500 600 700 800 

mil 

13JAN09LCMSMS0301090485 .. 203702 #1086-1192 RT: 1r..51·1 9.80 AV: 6 NL: 65SE6 
F; + C ES: d Fu!1 ",52 560.29@?" .OO [ 140.00·5;6.001 

100 ::; 
417 

~ 
80':: 

i 60 · 

~ 
~ 40-

~ 20--
235 26 285 291 335 353 371 411 i

418 
497 

" 175 191 209 i 5 , 323 . , 
07··~"··""·~ ··!...L· .. L'-~-~" '--'"T""'~'~"~T'-'-'--;-~ ""!--... -.+~-+-+-~ ··~···-~·-,......···:--'!-- ..... :..l.r-'· 

150 200 250 300 350 400 450 500 
mit 

900 
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13JAN09LCMSMS0301090486 203702#',389 RT: 23.18 AV: 1 S5: 155 0.00-\,27 , 52.86-54.22 Nt: 5.60E6 
R' c ES! Full ms [150 00-1005001 

100-, 
"i 

244 270 . 350 

1.L!~:":fl:5,~~;~~85 : ~58 593 ,6i~ .. 
811 855 n'3 9'7 679 7~6 767 , 856 "7 Q 

300 400 500 600 
. {!' . . 4hl~~~ 

700 600 900 1000 
m'z 

13JAN09lCMSMS0301090486 203702 #1350·1405 RT: 23.70·24.02 AV: 6 Nl: 4.44E5 
F: .. cE5i d FuU ma2 3491 4@35.00 [85.00-360.001 

100-, 
~ 

-1 

I
-4 
60 ~ 

.j c. 1 401 

~ ~ 
"2(}.:j 

250 
mlz 

t3JAN09l.CMSMS0301090456 20370Hl515 RT: 26.01 AV: 1 58: 155 0.00-1.27 .52.86-54.22 
F: • cESt Full msI150.00· 1000.00j 

lOCh 634 
.; 

742 

mil 
13JAN09LCMSMS0301090485 203702 #1468·1572 RT: 25.91·26,34 AV: 4 NL: 4.09E6 
F: .. c ESI d FuM mal 6~.42@3500 [ 160.00·645.00J 

! 

·· .... -· .. ·-.. -----·1120---·-·---.... 

mil 

331 

300 

NL: 4.00E6 

~9 
I 

i 

I 
I 
, 350 

350 
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13JAN09LCMSMS030109048820370211579 RT: 27 .1 3 AV: 1 SB: 155 0.00-1 .27 . 52.85-5<1.22 NL: 8 .72ES 
F: • c £SI Fuil ms [ 150.00-1000 001 

100 
272 

60l 

20,,:; 270 . 273 
244 403 

222 1 282 447 541 543 544 639 766 785 840 918 923 
O .......... -. .,.-.-.. --.. ~- .. ........ !.~--.~---~ . .-..~ ........... -~ . ...w.....--L..~.......," ... "!--~· __ --=N ....... _:";.... .•• .,"!; ~l.,......_.i. •. M_~.":'N ..... - ~- ....... - ... _ . 

~ ~ a ~ _ ~ _ ~ 1~ 

m/z 
13JANOSlCMSMS030 10e0436 203702t1514·1634 RT: 26.89-27.24 AV: 9 NL: 8.72ES 
F: • c ESJ d Foil ms2 272.3S@3S.00 [60 .0(}'28S.COl 

.... - - x20---- -·'"-·· .. ·~--"'-·-- ···· -·" 

272 

273 

254 271 1 
"',Y ·· ·r ···~r··- ····~-· ·--·~··\ ·· ·..,.····-···r··-' 0- ,-"--,,," -- - --' • 

60 eo 100 
; I t I r-T"-.. · .. 

160 160 120 200 220 240 260 260 140 
mJz 
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