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Abstrnct 

BioSllrfactants are extrncellul llr microbial products that show a high degree of structural. 

functional and chemical heterogenei ty. In compnrison with syn the ti c !>urfaclants, 

biosurfactants exhibit environmental compatibility, biodegradnbiJity~ high reaction rate, 

astonishing chemical diversity, und better physiochemical characters. In the first phase of 

study, physicochemical characterization of crude oil affected and unaffected so il of Chak 

Naurang, Punjab, Pakistan was done. Results demonstrated that the contaminated soi l 

was slightly alkaline clay- loam with TPH of 22.2 g/kg and TOe of 23. 11 g/kg. The 

concentration of nitrogen, phosphorus and potassium was found to be quite low i.e. 0.644 

g/kg, 12.46 mglkg and, 20 mwkg, respectively. Enrichment and isolat ion experiments 

were typically dcsi!,1f1ed t.o obtain indigenous biosurfactants producing nucroorganisms of 

crude oil contaminated soil. Amongst forty isolates, qualitative !U1d quantitative screening 

for biosurfactants production cOllfinned fourteen potential microorganisms, which were 

identified through morphological) microscopic, biochemical and molecular studies. The 

two 1110st efficient bjosurfactants producing microorganisms i.e. Pseudomonas 

oerugillDsa MF069166 with 84 % of E.124, 26.6 mN/m of S.T, 8 em of oil displacement 

zone and, Meyerozyma s1'p. MF1381 26 wi th 82 % ofE.b .J, 26 mN/m ofS.T and 1.4 em 

of oil d isplacement zone were selected for further stlldies of bioprocess optimjzation, 

characterization and environmental applications of biosurfnctants. 

tn the second phase of study out of fi ve different fennenlation media, M 2 was found 10 

be the most su itable for P. aerllgi1l0Sa MF069 I 66 whereas, M 5 for Meyerozyma spp. 

MF138126. Plackett· Bunnan optimization showed that glycero l, KaHPO.1, peptone, 

KNOJ, NaCI, yeas t ex tract and MgS04 were significant components ofM 2 for maximum 

rhamnolipids production (3.46 giL) from P. ael'lIglnosa MF069 166 whereas, peptone, 

glycerol , NaH2P04, yeast extract and MgS04 were significant components of M 5 for 

maximum sophorolipids production (4.02 giL) from Meyerozyma spp. MF138 126. 

Optimization of cul tme conditions using Response Surface Methodology revealed thut 

the predicted values of pH; 6.5 , T; 35 °C, SOl ; 3.4 % and agi tat ion speed of 120 RPM 

resulted in maximum growth of 3.06 and rhamnoli pids production of 4.3 1 giL fi'om P. 

xli 



(lerl/ginosa MF069 1 66. Lo case of Meyerozyma spp. MF138126, the predicted values of 

pH; 5.5, T; 33 .2 °C, SOl; 3.3 % and agitation speed of 161 RPM resulted in maximum 

growth of 3. 17 and sopborolipids production of 6.9 giL. 

Chemical characterization techniques of TLC, FTIR, RP-HPLC, I Hand 13CNMR and 

LC-ES I-MS con finned that biosllrfactants produced by P. aemgi/losa MF069166 and 

Meyerozyma spp. MF138126 were rhamnolipids and sophorolipids, respectively. The 

stability of rhamnolipids was witnessed from 15-121 IlC T, 4-1 J pH and 2- 10 % NaCI 

whereas, the stability of sophorolipids W~IS observed from 5-1 15 °C T, 3- 10 pH and 2- 10 

% NaCI. Cell surface hydrophobicity (CSH) studies showed more than 50 % affin ity of 

the two isolates for crude oil, hexadecane and dodecane whereas, more than 70 % 

emulsification activi ty was observed by their respective rhamnolipids and sophorol ipids 

in the presence of different hydrocarbons. cmc of rhamnolipids was found to be 40 mglL 

whereas, the cmc of sophorolipids was 50 mglL. z-average diameter of purified 

rhamnolipids and sophorolipids was noted under the effect of varying elfie, pH and 

electrolytes through Dynamic Light Scattering technique. 

In the final phase of study. role of P. aerllg illosa MF069166 and Aleyel'ozyma spp. 

MF1 38 126 and, their respective rhamnolipids and sophorolipids was evaluated in 

biodegradation of cnlde oil and bioremediation of heavy metals. In crude oil degradation 

c:xperimcnts, gntvimetric Hnd GC-MS analysis demonstrated that the bacterial strain 

degraded 90 % of the petroleum hydrocarbons while the yeast species showed 85 % 

biodegradation efficiency after 14 days of incubation period. Results of heavy metals 

bioremediation studies indicated more than 75 % removal of zinc from aqueous phase 

ancl contaminated soil through metal chelating activity of rhamnolipids. Similarly, 

sophorolipids were able to precipitate out more than 80 % of lead from the two phases. 

Kinetic study of biosurfactants mediated soil washing demonstrated a gradual increase in 

percentage removal oflead and zinc with the passage of time. TIlese findings suggested 

thai biosurfactants producing P. aerllgillosa MF069 166 and Meyerozyma spp. MF 138126 

have high potential to be used in different environmental applications and can be 

considered as su itable candidates fo r field scale bioremediation studies. 
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Chapter 1 Introduction 

include amphipathic polysaccharides, proteins, lipopoJysaccbarides, lipoproteins or 

complex mix tures of these hiopolymers (Bezza c l aI., 2015). 

1.2. Glycolipid blos tJr ractun ts 

Glycolipids are the most important class of biosuriaclants due to their diverse physio­

chemical properti es and biological acti vities (Reynolds and Mciver, 201 8). 

Stmcturnlly. they comprise of sugars like mono~. di-, trio and tetra-saccharides 

representatives of which include glucose, mannose, galactose, glucuronic acid, 

rhamnose nnd galactose sulphate (Haloi and Mcdhi . 2019). Fatly acid portion of 

gJyco lipids normally depends on the specific lipid moiety secreted by particular 

microbial specie. Moreover, long chain aliphatic or hydroxyaliphntic acids have also 

been rep0l1ed to form ester linkages with carbohydrates to maintain the structural 

integrity of glyco li pids (Usman et a1. , 20 16a). Some of the low molecular weight 

glycoJipids i.e. sophorolipids, rhaml10lipids and trehaloselipids effecti vely fulfil the 

eco-friendly criteria of sustainabili ty (Shanna et 81., 2014, Pocock et al., 2016). tn 

comparison with the synthetic surfactants, as offer better chemical properties, 

environmen tal compatibi lity. high reaction mle at low cmc, higher surface activity. 

and multiple functional groups with varying chira l centres j and ease of production 

using low cost raw materials (Pinheiro and Faustino, 2017). Taking all togetiler. 

microbial surfacta nts are considered as the potential future replacement of the 

synthetic sllrfactants. 

L2.J. Properties of glycolipid biosurfactants 

Surface active glycolipids are among the most comprehensively studied microbial 

products. These molecules display a wide spectrum of unique chemical, physical and 

biological properties (Safdel el ill., 2017). When these biosurfactants are introduced 

into the aqueous system, surfactanls monomers start self-aggregation and produce 

various potent microstnlctures such as micelles, lamellar sheaths, twisted and helical 

ribbons (Rodrigues, 2015). Above cmc value. surfactant shows a drastic change in 

surface properties, adsorption rate, detergency. electric conductivity. density and 

solubility of immiscible substrates in the system (Myers, 2017). Tt has been reported 

that cmc of the microbial glycolipids is far less (20-500 mglL) which gives them 

Bloprocessing of blosur{aClanlS {rom TIlIeI'obial sou r ces and their apll/icntions 2 



Chapterl Introduction 

functio nal advantage oyer synthetic surfactants (paulino et al. , 2016). Hydrophobic­

lipophi lic balance (HLB) is another important feature oflhe biosurfactants thai help in 

emulsion fonnation (Hag et al.. 20J 8). The HLB of rhamnolipid, is t 0.07 which is 

fairly higher than the chemical surfactants making gJycolipids highly suitable tor 

environmental applications (Long et at, 20 (6), 

Glycolipid biosurfactants Jlave excellent anti-bacterial, ant ifungal, allti-v iral, anti­

adhesive and anti-proliferative properties. In addition, the syn thesis of bioslirfactants 

also supports microbial survival in a pnl1iculnr environment (Vecino et aI. , 2017). It 

also helps the producer microorganism to organize various sub·cellu lar systems sllch 

as biofilm formation, cell to cell communication. pathogenesis, substrate accession 

and cellular defence (Ndlovu et al.. 2016). In summary, considering the unique 

properties and molecular profile. the munber of tbe applications of glycoJipids is 

continued to grow. In spite of various process specific limitations, about 110 patents 

have been granted on glycolipids biosurfactnnts depicting the ir huge future potentiaJ 

(Kumar and Das, 2018b). 

1.2.1.1. Rhamnolipids (RLs) 

Rhanmolipid is a class of glycolipid biosurfactants principally produce by different 

strains of Pselldomonas aeruginosa (Mondal et aI., 2017). Some other bacterial strains 

slich P. plllida. B mallei. P. chlororaphis. B. thai/andel/sis and A. ca/coaceticlls have 

also been known as RL producers (Kumar and Oas. 2018c). Rhamnolipid was tirst 

reported by Jarvis and Johnson in 1949 and its chemical strucllU'e was revealed by 

Edwards in 1965, RL is a combination of rhamnose sugar (head) attached with 3· 

hydroxydecanoic acid lipid moiety (tail) (Irorere et aL, 2017), However, RLs show 

excellent chemical diversity due to the variation in chain length of the hydrophobic 

lipid moiety, For example, rhamnolipid (RL. 1) is composed ofa rhamnose molecule 

attached with one fatty acid, Whereas Rhamnolipid RL-2 contains two rhamnose 

molecule bonded with either oue or I wo fatty acids (Klran et a1. , 2016). Till recent, 

more than sixty RLs with different molec"l.llar weight and properties have been 

reported from different strains of P. aerllgiJ/osCI. However, RL· l and RL-2 remained 

the two most prevalent RL species produced during the fennenlalion process (Elshikh 

Bioprocessln9 of blosurfactants from microbial sOIU'ces lInd their tlpJ111catlrms 3 



Chapter1 Introduction 

cl aI., 2017). Rhamnolipid is anionic surfactant with a pKa of 4. 1 to 5.6, due to 

carboxylic acid in their structure. The molecular mass of different RL congeners 

ranges between 467 to 776 glmol (Kumar and Das, 20188). In aqueous solution it 

undergoes self-assembly to fann various kmds of nnnostructures such as micelles, 

helixes, l11onolayers, lamella and sheaths which give unique properties and new 

outlook to the RL molecules (Chen et a I., 20 10). Rhamnolipids are capable to reduce 

the surface tension of the aqueous solution to 25 mN/m and interf..1cia l tension of oil 

water system to less than 1 mN/m. In addition to these, eme of RL molecules is in the. 

range between 20·500 mglL which is qu ite low than the commercinl surfactants 

(Mendes el ai. , 2015). 

o 0 
" " 0po O-CH-CHr C-O-CH-CH2-C-OH 

CHl (CH2h (CH2h. 

b"il. CH, 
OH OH 

Itf'JI~wm\\li\ . Il)()OOri\3Il1I\C11jrld: P;1~ "("IlI"C 10 {11 (,) 

Figure 1.1: Biochemical structures of Rbanmolipids (Abdel~M l1wgoud et nl., 

2010) 

1.2. 1.2. Sophol'olipids (SLs) 

Sophorolipids are one of the most promising type of biosurfactnnts due to higher 

cellular productivity and ease of product recovery" Yeast species in general and 

Candido bombieo/a in particu lar is well known for extracell ular production of 

sophorol ipids (De Graeve et aI. , 2018). Chemically, SLs molecules are comprised of 

hydro phili c disaccharide sophorose sugar forming p-glycos idic linkuges with long 
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chain hydrophobic hydroxyl fatty acids. Two confonnational isomers of sophoroJipids , 
have been reported nnd nre named as open and cycli~ SLs (Konishi et ai., 2018). 

Acidic, non-lactonic or open SLs has a free carboxylic acid funct ional group attached 

to hydroxyl group of fatty acid while lnctollic or closed SLs rorms intra-molecular 

es ter linkages with 4"-bydroxyJ group ofsophorose sugar result ing in the fannation of 

a macrocycl ic lactone r ing. This structural diversity att ributes a nUlnber of unique 

properties to SLs as they ex11 ibit tolerance for a wide range of pH, temperature and 

varying salt concentrations (Kurtzman et aI. , 2016). They possess the ability of 

lowering surface tension to it value of 33 mN/m. Moreover, synergism ~/etween 

lactonic and non-Iactonic forms fu rther improves the surface activiti es o~ tbeses 

glycolipids. Currentl y, 30 differen t isofonns of sophorolipids are known (de Oliveira 

et aI. , 201 5). Sophorolipids were first reported in 196 t by Gorin and co-workers as an 

ex tracellular nonionic product of Torulopsis mogilalia. However, some other fungal 

species like Calldida apieola, Rhodotorula bogoricllsis alld Slarmerella bomhieo/a 

also produce SLs (De et aI., 2015). SL molecules otTer several advantages over the 

petrochemical based surfactants sllch as biodegradability, high performance at low 

cme value, low toxicity and antimicrobial activity against various pathogenic bacteria 

and fungi. Like other glycoli pid surfactants, SL molecl.Jles lower the interfacial 

tension of oil water system to 5 mN/m (Aim et aI., 2016). 
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Figure 1.2: Biochemkal structures of Sophorolip ids (Claus and Van Bognert, 

2017) 
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_1.3. Productioll of biosurractants 

The ovcf:lll production of chemical surfactant has reached up to 12 million tons wi th 

an expected annual increase of) % (Pal and Pal, 2018). In compat'ison with syntheti c 

surfactants. production cost of hiosurfactants is 20 to 30 times higher and poses a 

significant challenge for their commercial viability (Ltln8 et aI. , 20 J 5). Number of 

cultivation strategies has been reported to achieve optimum yield of biosurfactants 

such as strain improvement, medium optimization, alleting the bioreactor design and 

utilization of cheap carbon substrates (Singh et 0.1., 2019). Since carbon substrate 

accounts for 50 % of total production cost, therefore, the main factor governing high 

volumetric production of biosurfactants is effective bioprocess design nod use of low 

cost substrate. In some previous attempts various carbon substrates have been used for 

biosurractants from different microorganisms (Mukkar et aI., 20 II). The use of oily 

waste such as waste frying oil, oil refinery waste and other complex substrates like 

biodiesel waste glycerol, molasses, cassava waste, and distillery waste have been lIsed 

for the production of biosmfnctants (Kaur el a1., 2015). When compared with the 

bacteria, appHcation of mixture of hydrophilic and hydrophobic carbon substrate in 

case of yeast remained morc effective for biosUl fachUlts production. 1n u previous 

study. production of SLs having excellent detergent properties was achieved by 

feeding the yeast with a combination of non-traditional oils such as jatropha oil and 

neem oil along with glycerol (Bhangale et aI., 2014). Apart from these, various simple 

hydrocarbons like glucose, sucrose and glycerol have also been reported for 

biosurfactants production. The carbon source not only affects the process efficiency 

but also has profmmd effect ofthe chemical composition of the biosurfactmlts (Nicolo 

et aI., 2017). Apart fi"om carbon substrate, other nutrients such as W i, K+ I , p+2, Mg+2, 

Fe+2, and Ca+2 and their ratio affects overall efficiency of the bioprocess for the 

production of biosurfactants. Other bioprocess variable such as pH, temperature, 

shaking speed, aerat ion and multivalent ions also effect the product ion of 

biosurfactnnts. 11 is widely suggested that combination of ' relatively cheap 

felmentation substrates could be very promising for the production of cost effecti ve 

biosmfactants (SI18nna and Oberoi, 2017). In the light of the above facts, optimization 

ofbioprocess variables is a critical aspect for achieving higher yield ofbiosurfactants. 
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'nle conventional method ofhioprocess optimization, which implicates changing onc 

vari able at a time while keeping others constant , is time consuming and lacks the 

essentials for optimal metabolite production (Bertrand et aI., 2018). These problems 

can be addressed by the applicat ion or statistical optimization strategy known as 

Response Surface Methodology (RSM) in which a mathematica l relationship is being 

developed between several explanatory and response variables (Said and Amin, 

2016). The implementation of these approaches would enable the industry to establish 

the best combin!lloriai proportion of media substrates and cnvjronmentai conditions 

for improved biosurfactants production (Latha et al ., 20 17).lt has been suggested thut 

the production of RLs from P. aerllgillosa was increased many fo lds by the 

applicat ion of response surface methodology (EI-Housseiny et aL. 2016). In case of 

sophorolipids, the RSM applicat ion improved the yield of the product up to 18.2 giL 

by Candida species (Almeida et aI. , 2017). In another study, the production of SLs 

by Srarmerella bomhieo/a was enhanced up to 54 giL that is quite higher than the UD­

optimized conditions (Sonawnne et aI., 2015). Besides various claims, high 

volumetric production and application of the biosurfactants s till remain chal1enging 

because ot; a) less production microbial strains, b) cost of fermentation media c) 

ex.pensive downstream processing d) unavai lubility of information regarding the 

bioprocess conditions and e) patent and copy rights issues (Rebello el ai., 2018). 

T herefore, there is n dire need to improve the productivi ty of the biosurfactants from 

the native strains to make them commercial ly attractive. 

1.4. Environmental pollution 

Environmental pollution is one of the most important challenges of the world 

specificall y for the developing economies (Giles-Corti et aI., 2016). During last three 

decades, extensive increase in global population has resulted in urbanization and 

industrialization which caused high demand of various trade commodities sllch as 

fossil fuel (Drakakis-Smith, 2017). Crude oil serves as predominant energy resource 

and to date the largest trade conunodi ty (Shannina et aI. , 20 17). However, on the 

other hand, ils ex.ploration, transpol1, storage and utiliza tion have been ussociated with 

genera tion of huge quantit ies of o ily waste (Bayat ct aI. , 20 15). Cmde oil is a highly 

complex and heterogenic mix ture of many compounds ranging from simple 
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hydrocarbons to highly complex aromatics (Bagby et nl. . 2017). TIJerefore, 

conlmnination of soil and water with crude oil hydrocarbons Can be very devastating 

and causes severe ecological toxicity. Fl.l1thermore, its constituents are reported to 

cause substantial damages 10 the Ufe because of their long tCtm persistence in the 

cllVilOllment (Vaval; ct al.. 2015). Heavy metals nre among the most threatening 

environmental pollutants. TIley are naturally present in the ecosystem; however, their 

concentration is conti nuously increasing both in soil and waler due to anthropogenic 

activities (Fashola et al. , 2016). Heavy metals enter in the ecosystem by variety of 

sources slIch as from mining operations, industrial wastes, vehicle emissions, batteries 

and from micropiast ics (Clemens and Ma, 2016). Due to the simple structure, heavy 

metals are more toxic than other pollutants and can cause cancer, and other 

defomuties like proteinuria and osteomalacia (MahuIJ1Rwar. 2015). Taking together, 

addition of hydrocarbons and heavy metals in the environment is considered as 

serious risk for all life forms. Conventional remediation methods are usually based on 

the npplicat ion of cbemical surfactants which are highly toxic in nature. According to 

various studies, chenucal surfactants pose severe environmental toxicity and health 

risks (Akcil et aI., 201 5). Therefore, sustainnble methods should be devised in order 

mitigate environmental contamination and potential risk of these contaminants. 

Considering aforementioned limihltions, use of biosurfactants and biosurfactants 

producing microorganisms for tbe reclamation of the environment has been steadily 

growing all over the world. 

1.4.1. Environmental applications of biosuI'f1lctants and BS producing 

microorganisms 

Biosurfactants are mostly produced by hydrocarbons degrading microorganisms thus 

plays an important role in their bioremediation (Shekhar et 81., 20 15), Hydrocarbons 

contaminated sites are the prime locations for the iso lation of potent biosurfactants 

producing microorganisms, In these contaminated enviromnents surfactant production 

give compet itive advantage to producers and help in substrate accessibility, 

colonisation, mobility and ce ll defence (De et aI., 2015). TIle biosynthes is of 

biosurfactants is strongly associated wi th solubilisation of the complex hydrocarbons 

thereby, mak ing them more accessible to the microbial cell by improving cell surface 
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hydrophobicity (Floris el al., 20J 8). Collectively, these processes faci litate inter­

membrane transport of the hydrophobic pollutants and cause their degradation in the 

cell , In a&rricuJt-ure soils, release of biosurfactants has been associated with improved 

nutrient uptake for plants and enhances quality of soi l by degrading organic pollutants 

(Singh et al.. 2018). It has been reported that rhamnolipids produced by P. (I"I'uginosa 

arid sophorolipids by Candida species signHicant ly increase degradation rates of 

organic pollutants such as crude oil , hexadecane, cholorophenol, phenanthrene and 

polyaromatic hydrocarbons (Karlap"di et 01 .. 2018). Ma et a!. (2016) have reported 

that rhamnolipid producing P. aeruginos(I caused 90.52 % degradation of the crude 

oil hydrocarbons. In another study He et aI., (2017) have suggested that P. acruginos(1 

supplemented with optimization of cultivation condi tions degraded most of the crude 

oil components after J4 days of incubation period. Similarly, sophorolipids from 

Candida removed 80 % crude oil after 10 days under optimized conditions (Kang et 

ai., 20 10). In addition to their role in biodegradat ion of hydrocarbons, g1ycolipids 

have been extensively used in the remediation of metals contaminated sites. The 

heavy metals contaminants are removed from soil through ion·exchnnge and 

surfactants associated complexation (Santos ct al., 2016). Moreover. the 

biodegradability, iOllic nature and excellent surface active properties of glycolipicLo; 

facilitate the dispersion and desorption of metal ions from soil. The potentia l of 

gJycolipids biosurfoctonts particularl y rhamnol ipids and sophorolipids has been 

reported for the bioremediation of heavy metals (Usman et nl., 20 1Gb). It has been 

observed that increase in concentrations of sophorolipids above the cmc improve the 

metals removal percentage from soil. Wen et a1. (20 16) reported the enhanced 

phytoextraction of cadmillm and zinc in the presence of rhamnolipids. Therefore, tbe 

significance of these molecules in research field has been acknowledged throughout 

the world. 

Pakistan is an agricu.ltural country and major part of its economy depends upon the 

principal natural resources of arable land and water (Azrun and Shafique, 2017). 

However due to rapid industri alization, various post-industrial sites are unproductive 

for decades because of their incompatibil ity for agriculture or commercial use. In 

Punjab, province of Pak istan, these sites afe mostly located in close proximity of the 

suburban or rUfal agriculture senings posing a serious threat to the public health due 
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to high concentrat ion of pollutants (Zia et aI. , 2017). The restorations of these sites 

face serious challenges due to unavailability of indigenous technical reSOllrces. In 

addition) the avai lable site remediation technologies are ei ther very expensive or not 

compatible with the local climate conditions. These issues can be addressed by the 

exploitation of illdigelloLis micro[]ora having the ubility to dt:grmle tht: crudt: oil 

hydrocarbons. In spite of lab scale success in biosurfactants production and their 

applications, the large scale production of these molecules still remains a challenge 

because of the unavailability of productive strains and suitable hioprocess design 

(Singh et aI., 2019). Keeping in view these limitations, the current research work was 

focused to isolate crude oil degrading and biosurfactants microorganisms from the 

contaminated site. The hioprocess was designed in order to increase the production of 

hiosw-factants from the selected isolates and their role in biodegradation and 

bioremediation of the pollutants was also evaJuated. 

Biopr'ocesslng of blosl!rfactants f)'o m microb ial sources and their applications 
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1.5. Aim and Objectives 

A im 

To design process [or optimal production of biosurfactants from microbial sources 

and their environmental applications. 

Objectives 

To achieve the aim of proposed study. followings are the major object ives 

;:. Isolation and screening of biosurfactants producing microorganisms from crude 

oil contaminated soil. 

};> Optimization of bioprocess using design of c.\perimental approach for 

bi oslirfactants production from selected microbial isolates. 

};> Downstream processing and characterization ofbiosurfnctants. 

>- Investigat ion of environmental applications of biosurfactants. 

Bioprocessinn of bloSllrfactants fr om miCl'oblal sources anct tlwl}" apl}licntions 
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Since the bC!,rlnning of the millennium, environmental legislation has been changing 

rap idly for the development of sustainable products. This has motiv ft tt<i the modern day 

researchers to expiClre natural resources for industrial and domestic applic3tions. Amongst 

various synthetic products, surface active compounds are being used extensively 

throughout the globe with an increasing trend oftbeir production and consequent utmzation 

(Akcil et aI ., 2015). Chemical sl1I'factants are synthetic molecules which are mostly used 

in different industrial products such as washing powders, detergents, toothpastes, soaps 

and shampoos. However, their implication is associated with various environmental 

concerns due to their source of origin. Most of the commercially available slirfactants are 

the derivatives of petroleum based organics therefore, scientists are now looking forward 

for their possible replacement (Bezza et al., 2015). Some recent scientific evidences have 

suggested the use of bio-based surface active compounds as an innovat ive and green 

replacement of their chemical counterparts. Biosurfactants are the umphiphilic secondary 

metabolites that possess significant surface and interfacial activity due to the presence of 

both hydrophobic and hydrophilic moieties in a single molecule (Banat and Rengathavasi , 

2018). Due to these properties, biosurfactnnts tend to solubilize complex hydrophobic 

compounds and other contaminants in aqueous system. Considering the poteIllial of 

biosllrf.'lctants, their applications are growing rapidly specifically in the field of 

environmental remediat ion (Abdel-Megeed et ul., 2014). 11 has been reported that 

biosurfactants have generated about 30 million US $ revenues in 2015, which is li kely to 

increase in upcoming years by 2.8 billion US $. 

2. 1. Mic.·obia l sources of biosl1rfnctonts 

Biosurfactants are produced by both prokaryo tic und cukaryotic species which make them 

ubiquitous in nature (Sober6n-Chavez, 2010). These surface active molecules are either 

produced on the surfaces of living cells or secreted extracell ularly. A number of plant, 

animal and microbial species have been reported as potential producers of biosurfactants. 

Microorganisms utilize biosurfactants to facilitate the diffusion of insoluble substrates like 

hydrocarbons (CxHy) into the cell (Dc et al., 20 15). Scientists have dedured the production 

of microbial derived biosurfactnnts as one of the key factors contributing towards the 
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development of modern era. Although, quite a few plant-based biosurfactants for example 

saponins, lec ithins, and soy proteins have excellent emulsification properties however, 

their production process is not quite economical to be upgraded at industrial scale and have 

other debatable issues like hydrophobicity fUld solubility (Lawniczak et ai., 201 3). 11 has 

been observed that microbial biosurfoctants are advantageolls over other biological 

surfactants because of their multi~fl1nctional propcl1ies, rapid productioll, ease of 

availability and scale-up capacity. The studies involving microbial biosurfactants started 

in 19405, however, the industrial use of these molecules has expanded si.llce last few 

decades (Sober6n-Chavez and Maier, 20 II). So far, more thnT1 250 patents have been 

obtained on these wonder biodegradable molecules. Some of these molecules have been 

tonnerly exploited in different fields while otbers are expecting to be discovered and 

developed (Kaur et a1., 2015). Due to variety of experimental procedures being used, it is 

not easy to estimate the prevalance of biosurfactants producers within a microbial 

community. Reports are available that differentiated the percentage abundance of 

biosurfactants producing microorganisms in the contaminated and un-contnminated soils. 

Previously, 2-3 % ofbiosurfaclants producing microorganisms were screened out from the 

non·polluted soil whereas, the 11llmber increased IIp to 25 % in polluted soil (Olivera et aI., 

2009). 111e bacterial genera that have been reported as eminent producers ofbiosurfactants 

include; Pseudomonas, Bacillus, Actillobaeleria, Spllingomollas, Ha/omonos, 

Pseudoa/leromollos, Acillelobacter and A/canivorax. RhodocoCCIlS, Mycobacterium and 

Arthrobacter (Shekhar et aI., 2015, Biniarz et ai., 20 17, Perfumo et ai., 2018a) Although 

the bacterial species have been extensively studied for biosurfactants production, however 

very little research work has been conducted to explo it the biosurfactants producing 

potentials of fungi. Amongst various fungal species, some eminent producers include 

Candida bOll/hieo/a, Candida lipo/ytica, C(mdida balistae, Candida ishiwadae, 

Trichosporon ashii and Aspergillus usl//s (Bhnrdwaj et aI., 2013, Vijayakurnar and 

Saravanan, 2015). It is to be noted that the nature of produced surfactants depends upon the 

composition of growth substrate provided. Some of the major biosurfactants and their 

microbial sources have been enli sted in Table 2.1. 
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TnblC! 2.1: List of biosurfactants producing microorganisms 

fliosurfactauts Microbial Sources Reference 
Rhamnolijlids Pseudomonas aeruginosn. (Rikalovic et aI., 2017, 

Pseudomonas chlororaphis Silva et aI. , 2017, 
Araujo et aI., 2018) 

Sophorol i pids Cat/dida bOn/bieo/a, Torulopsis (Shah et aI., 20 17, 
pctropilfluln, Starmerel/o Claus and Van 
bombicola. C. olllarlica, Bogaert, 2017) 

Trehaloselipids Arrhrobac/er sp., COJynebacteriwn CRoy,20 17, VVagner 
sp., Nocardia e/yt/Il'opolis, and Lang, 2017) 

Surfaetin B. subtilis. B. amyfoliquejaciens (Liu et aI. , 20 15, 
Montugnolli et aI., 

2015) 
Emulsnn A. co/coace/fells (Yi et aI., 2019) 

Monnosylerythritol Pselldozyma siamensis, Ccmtortiea (Arutchelvi et aI., 
lipids 2008, Bezerra et at, 

2018) 
Phospholipids Acinetobacter sp. (Banatand 

Rengathavasi , 2018) 
Peptide lipids n. lichell!formis (Bento et aI., 2005) 

2.2. Properties of biosurfnctnnts 

Biosurfactants exhibit diversity in tlleir molecular structures and functions. The nonpo lar 

hydrophobic tail is made up of hydrocarbon chains of varying length and complexity, 

whereas the polar hydrophi lic head comprises of either peptide, carbohydrate, amino acid, 

alcohol or phosphate carboxy] acid (De Almeida et nt, 2016). These molecult!s are known 

to create preferential partition between liquid interfaces of different polarities such as 

oil/water/air and improvises the bioavai labil ity of substrates by reducing the surface and 

interfacial tension (Floris et a1., 2018). Their various physiologicaJ attributes include low 

toxicity, greater biodegradabi lity. environmental compatibility, structural divers ity, 

functional stability at extreme pH, temperahlre and salini ty, low cmc and broader substrate 

specificity. Wetting, phase separation, detergency, foaming. micro-emulsification and 

selective tension-active properties are also comparatively better than many synthetic 

surfactanls (Santos et a1., 2016). The product ion of biosurfactants from microbial sources 

can be either inducible or constitutive which makes them one of the most versatile 
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bioproducts of the modem day biotechnology (Fechtner et ai., 20 J 7). Moreover, the 

process economics of b ioslI rfnClants for bulk production can be optimized through the 

utili.zation of cheap and renewable raw materials, industrial wastes or other by-products 

(Nurfarahin et aI., 2018). Following are some of the key features of biosurtactants that 

make them unique and adds to their func tional diversity. 

2.2.1. Critical mice lle concentr ation (clIle) and self-assembly 

Critical micelle concentration (cmc) is defined as the minimum concentration of a 

surfactant required for maximum reduction in the surface and interfacial tension. cmc has 

direct implications on perfonnance and sur face properties of surfactants (Perfumo et aI. , 

20 l 8b). Viscosity. osmotic pressure, density, turbidity. conductivity and chemical shifts 

are known to abntptly change at concentrat ions above and below eme. Despite of their 

nqueous solubility, emc of natural surfactaots is comparat ively low than many chemical 

surfactants (Chaprao ct nL, 20 15). At concentrations above emc, biosurfactants monomers 

organized into l.mique moleculur aggregates known as micelles. A typical micelle is defined 

us 8 suprmnolecular assemble thaI disperse in a colloIdal so lution with the hydrophilic head 

orienting towards the solvent whereas the hydrophobic tail being sequestered inside the 

core (Sober611-Chavez and Maier, 20 11 ), Micelles are usually sph~ri~al in shape with size 

several nanometers in diameters however, their intermolecular aggregat ion results in a 

nWllber of unique structural patterns slich as vesicles (Pp), lamella (Lu), sheath (Lp), cubic 

(V,), sponge (L, ), hexagonal (H,) and crysta lline phases (Fig. 2.1). The properties of these 

self-assembled structures are govemed by the hydrophilic-lipophilic balance (HLB) of 

biosurfactants (Corti et a1. , 2007). The efficiency of a good biosurfactant is determined by 

evaluation of CIIlC whereas its effectiveness is a measure of ability to reduce surface ilnd 

interfacial tensions. The CIlIC of biosurfactants nonnaUy ranges between J to 2000 mglL 

with low molecular weight glycolipids depict ing significantly low cmc. Lin et ai., (2017) 

has reported the cmc ofrhanmolipids to be 56 mglL whereas, in another study Elshikh et 

(aI., 20 17) has evaluated the cwe oflactonic sophorolipids as 48 mg/L. Similarly, in some 

other investigations the cme of rhamnolipids, sophorolipids, surfactin and trehaloselipids 
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was found between 4010 170 mg/L (Andersen et al., 20 16, Jill el al., 201 6, Narimannejad 

et aI. , 20 19). 
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Figure 2.1: Pictorial sketch of self-assembled aggregates of biosurfactants (Corti ct 

ai., 2007) 

2.2.2. E mulsification and dc-emulsification 

Emulsification is the di spersion of one immiscible liquid into another through the 

formation of micro·droplets. This process generates micelles solubilized particles which 

are more than 0.1 mm in size (Mnif and Ghribi, 2016). Whereas, de-emulsification process 

destabili zes the emulsion by di srupting the stable surface between the bulk phase and 

internal phase. The surface active properties of biosurfactants have been studied in detail 

through the understanding of their emulsification and de-emulsification behaviors. The 

heterogeneous system of emulsion is basically of two types; oil in water emulsion (o/w) 

and water in oil emulsion (w/o). The stability in emulsion system can be enhanced from a 

few days to few weeks by the addition ofbiosurfactants (De et aI., 201 5). Many glycolipids 

have been known to possess significant emulsification activity and can easily solubilize 

hydrocarbons in water. Some examples include sophorolipids and rhanmolipids for which 

highest emulsification indices and lowest surface tensions are reported. In a study, mono-
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rhrullJlolipids congeners of P. aerugillosa showed di fferent emulsificntioll activ iti es fo r 

hydrocarbons of vatying compiexitjes (perfumo ct 81 .. 2006). Hjgil moh:cular weight 

biosurfactants are well ::J.ccbimed for emulsi fi cat ion activity bowever, are not very 

effective in reducing surface tension (Smyth et aI. , 2010). Liposnn, II surface active 

compound secreted by C. Iipoly lica is known to stabili ze oil in water emulsions and has 

been used in food and cosmetic indLlstri es (Wagner and Syldatk, 2017). The lise of de­

emulsifiers for disturbing the stable emulsions has also been reported. Mohehali et aI. , 

(2012) has suggested the use of de-emulsifiers for the treatment of emulsiollS conta ining 

waste generated from the crude oil industry. Similarly, the use or 8 novel rhamnolipids 

molecule as a potential destabilizer of cmde oil waste has been reported (Apama et aI. , 

2012). 

2.2.3. Specificity nnd strtlctunt) diversity 

One of the unique features of biosurfactants which makes them more effective than 

convent ional surfnchmts is their substrate specificity. In case of microbia l surfactants. 

excellent substrate specificity has been observed for a broad range of compounds (Khan 

and Butt, 2016). For inslanc.e, emulsans display specificity for aliphatic ami aromatic 

hydrocarbons whereas rhamnolipids from Pseudomonas PO- t showed high degree of 

solubilization of pristine (Nwaguma et at, 2016). In addition to lugh substrate specificity, 

biosurfactants also show specifici ty in their mode of action. It has been reported that the 

specificity and selectivity of a biosurfactant molecule is due to their molecular structures 

and associated functional groups present (Saha and Rao, 2017). This property governs the 

broad spectnllTI use of surface active compounds in tbe process of de-emulsification of 

industri al emulsions, detoxitjcation ofhazurdous chemicals aud bioprocessing of cosmetics 

and dmgs. To overcome, bioprocess associated limitations, sc ientists are searching for 

microbial surfactanls with exceptional diversity. The presence of variety of functional 

groups in a single class of biosurfactants endow diversity to the surface active compounds 

(Mukherjee and Das, 2010). 111is is the reason why lab scale optimization experiments are 

necessary to ensure the maximal production of biosurfactants under different conditions. 
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The ability of these molecules to tolerate pH, temperatu re and high amount or NaCI can be 

attributed to the stntctural find chemica! diversity. 

2.2.4. Biodegradability 

The chemical surfactants being xenobiotic and recalcitrant in nature arc very resistant to 

the natural process of degradation. This results in accumulation of these chemicals in 

environment and cause eeo-toxicity. Microbial 5urfllClants, due to their natura] origin are 

prone to biodegradatjon and does not mount up in soi l and water (Rahman et aI., 2017). 

These surface active molecules are degraded by the enzymatic actions of different 

microorganisms which first cl eave and subsequently inactivate the surfactant monomers. 

Different enzymes have been reported for the degradation of surfactant monomers e.g. 

emulsan polymerase which breaks the polysaccharide backbone of emulsans, rendering the 

molecule jnactive (Santos et aI., 20 16). Moreover, these surfactant degrading enzymes 

could he easily isolated and purified fo r further studies. Biodegradability of so ph oro lipids 

produced by a non-pathogenic strain of C. bombico/a was checked and results revealed the 

immediate biodegradation of biosurfactants in comparison to syntheti c surfactants. as the 

latter remained active even after 8 days (Ahn et al. . 2016). It was observed that 

rhamnolipids biosurfactants were fully degraded under aerobic as well as anaerobic 

conditions whereas, the chemical surfactant Triton X-IOO were partially degraded under 

aerobic condit ions and did not degrade anaerobically (Liu et at, 2018). 

2.2.5. Dispel's ion 

BiosurFactants act as natural dispersants nnd find applications in petroleum and petro­

chemical industry. A dispersant is a chemical agent that reduces the cohesive forces 

between particles of similar kind. This prevents the interaction of insoluble particles and 

does not allow the FOl11lation of aggregates (Luna et ai. , 2015). The property of dispersion 

allows hydrophobic organic compounds like crude oil to easily desorb from the rock 

sulfaces and resu lts in enhanced recovery. The surface area of oil could be increased after 

being di spersed into smaller droplets (Si lva et at , 201 8). Many previous repOlis have 
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shown that glycolipids particularly rhamnolipids biosurfnctants exhibit excellent 

dispersion propel ties and can eas ily disrupt the biofilms of other bacterial species (Santos 

ct al., 20 17, Ma ct a1., 20 18). Zhang ct til ., (1 997) observed nn increase in the dispersion of 

octadecane after the addition of rhnmnolipids in the solution. According to Andrade et a1. . 

(2018) sophorolipids biosurfactants were able to disperse crude oil and was selected for 

field scale bioremediatioll studies. 

2.3. Types of biosurfoctauts 

The criteria for classification of microbial surface active compounds include diversity in 

their chemical and biological diversity (Bannt and Rengalhavasi, 201 8). Primarily, these 

compounds are being characterized as low molecular weight biosurfactants which include 

glycolipids. lipoproteins and phospholipids and, high molecu lar weight bioemulsifiers such 

as li popolysaccharides proteins, polymeric and particulate surfactants (Dc A1meida et a!., 

2016). 

2.3.1. G Lycoliplds 

Glycolipids nre some of the most frequently reported microbial surfactants. These include 

rhamnolipids, sophoroJipids, trehalolipids and manl1osylerythritol lipids. In these 

molecules, the hydrophobic portion is either long chain al iphatic or hydroxyal iphatic acids 

connected to the mono, di , tri and tetra-saccharide hydrophilic sugar through an ester or 

ether linkage (Mnif and Ghribi , 2016, Paulino et aI. , 2016). The role of glycol ipids in 

producer microorganisms has not been fully understood, however, some of the key cellular 

functions have been associated with these compounds. Physiologically. glycolipids are 

known to faci litate microbial mobility in complex environment. They reduce interfacial 

tension between cell and external environment thereby. help in promoting the growth, 

reproduction and colonization of microbial communities. Some of the microbial 

glycolipids nrc known to be used as energy sources and store extracel lular carbon (fnes and 

DhOllha. 20 J 5). Moreover, the complex carbohydrate-carbohydrate interactions within the 

SlIgar head-groups endow peculiar characteristics to these glyco l-conjugates. This 
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maintains the hydrophil ic-hydrophobic balance and helps these molecules tu achieve 

different sel f-assembly palterns (Corti et a1.. 2007). 

2 .3.1.1. RhtHnlloHpids 

Rhamnolipids contain a hydrophilic head composed of one or two rhamnose molecules, 

respectively known as mono-rhamnolipids (monoRL) and di-rhamnolipids (diRL) 

whereas. the hydrophobic tail can be either onc or two fatty ac id chains of varying length 

and complexity (Varjani and Upasani, 2017). Through different analytical techniques, 

approx.imately 60 homologues and congeners have been detected for rhamnolipids at 

varying concentrations in fennentation media. The djfjerent types and proportions of 

congeners usually depends upon the substrate composition, producer microorganisms. 

culture age, and media specific conditions (Kiran et al .. 2016). P. aerllginosa is known as 

the ch ief producer of rhnmnolipids and can produce tip to 100 giL of compound, making 

the production process quite cost-effective in comparison to many syntheti c surfactants. 

Other Pselldomonas species that produce rhaITUlolipids nre P. fluorescefls. P. plantarii. P. 

chlororaphis and P. pulida (dos Santos et al. 2016). In recent years, many other bucterial 

genera likeAcilletobacler, Blilkhorderia, Pseudoxallthomollas, MYXOCOCCIfS, Erllerobacter 

etc. have been reported as producers of rhamnolipids (Sekhon Randhawa and Rahman, 

20]4). RL molecules were first discovered by Johnson and Jarvis in 1949 who report ed the 

production of rhamnose containing glycolipids by P. aerugillosa whereas Kaeppeli. and 

Guerra-Santos, obtai ned their first patent (US 4628030) in 1986 for their work on 

Pseudomonas aeruginosa DSM 2659. To date, the highest number of patents and research 

publications have been reported for rhamnolipids (Kaskatepe nnd Yild iz, 2016). This is 

because ofth.e tremendous research that has been conducted on rhamnolip ids due to their 

eco-friendly properties and diverse biotechnological applications. 
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Figure 2.'2: Biochemical structures of RL congeners (Abdcl-Mnwgoud ct at, 2010) 

2.3.1 .1.1. Biosynthesis of rhamnoHpids 

The RL molecules nre reported as anionic in nature and the biosynthesis of both mono and 

di RL moieties involves the catalyt ic role of rharnnosyl transferase 1. The sugar component 

(L-rhamnose) is derived from 6-C glucose scaffold that yields deoxythymidine d i-phospo 

(dTOP) [...rhamnose. Genes involved in the synthesjs of these molecules are localized on 

rmlBDA operon. to the first s tep of the L-rhanUlose synthesis. rmlA transfers the thymidyl 

monophosphate nucleotide to glucose-i-phosphate. Then, rm/8 ca talyzes bolh oxidation 

and dehydration of tile OH group of C4 of D-glucose simultaneollsly which results in the 

production of dTDP-4-keto-6-deoxy-D-glucose. After that rmlC causes a dual 

epimeriz8tioll process at C3 and Cs of the glucose. Ultimately rmlD canies out reduction 

of C4-keto-6-deoxy L-rhamnose resulting in the final product. Biosynthesis of 

rhamnolipids cannot be accomplished without ,-IilA, rlilB and rhle genes. The enzyme 

produced by rhJA gene carries out synthesis of the fatty ac id port ion ofrhamnolipids aDd a 

free 3-(3-hydroxyalkanoyaloxy) alkanoic acid (HAA). Rhamnosyl transferases encoded by 

rhiB and rhlC are responsible for the transfer of dTDP-L-rhaml1ose to 3-(3-

hydroxyalkanoyloxy) alkano ic acid (Dobler et aI., 20 16, Chong and Li , 2017). 

Bloprocesslno of blosur{actants frolTlmlcrohial sources CUid tlieil' applications 20 



Chapter2 

D-g lucose-1-phosphate 

rmlA 1 
dTDP-D-glucose 

rmlB 1 
dTDP-4-dehydro-6-
deoxy-D-glucose 

rmlC l 
dTDP-4-dehydro-6-
deoxy-L-mannose 

rmlol 

Review of Literature 

~:~ 
Enoyl-ACP de novo 3-ketoacyl -ACP 

~yntV 
~-hydroxyacyl-ACP 

1 rhlA 
rhlB ~-hydroxyalkanoyl-~-

dTDP-L-rhamnose , hydroxyalkanoic acids (HAAs) 

rhlC !-mono-rhamnoIiPidS 

di-rhamnolipids 

Figure 2.3: Biosynthesis pathway ofrhamnolipids (Bahia et aI., 2018) 

2.3.1.1 .2. Properties ofrhamnolipids 

TIle physico-chemical properti es of rhamnolipids differ even with small changes in the 

molecular composi tion of congeners. In tel111s of surface active properties, rhamnolipids 

are considered as one of the most promising types ofbiosurfactants. They can effectively 

reduce the surface tension of water from 72 mN/m to 27 mN/m with a varying crit ical 

micelle concentration of 5-200 mglL (Mendes et ai. , 2015). The self-assembly patterns of 

rhamnolipids are significantly affected by slight change in pH of solutions. They fonn 

vesicles of 50· 100 run in diameter at pH 4.3-5.8, lamellar structures at pH 6.0-6.5, lipid 

particles at pH 6.2·6.6 and micelles at pH more than 6.8 (Penfold el aI. , 2012). 

Rhamnolipids producing hydrocarbon degrading bacteria normally grow at neutral pH and 

even a slightest change in media pH disturb their growth patterns. Under acidic conditions 

the extracellularly released rhamnolipids aggregates protect the bacterial cell membrane by 

adapting vesicle or lamellar assembly whereas, in neutral or alkaline environments, the 

regular cell associated physiological roles are being perfonned by these surface active 

compounds (Nitschke et a1. , 2005). These unique molecular attributes ofrhamnolipids are 
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due to the strong cohesive forces between the hydroxyl groups of the polar head groups, 

linked through H-bonds. This complex ity in interactions is responsible for diverse and 

dynamic structures of these glycolipids at differenl l empenlt~'reS, pH and hydration 

conditions (Shekhar et aI. , 201 5). 

2.3.1.J .3. PhysiologicnJ r oles of rb:UlUlolipids 

The physiological roles of rhamnolipids nrc best ex.ecuted at their critical micelle 

concentration. The extraceUular release of RL molecules in the medium is responsible for 

the emulsification of complex hydrophobic substrates by increasing their bioavailnbility 

for cellular metabolism. This process of substrate solubilization can be quite effective in 

the removal of contaminants and revitalization of age old brownfields (Rahman and 

Randhawa, 2015). However, an inhibitory effect was observed all biodegradation and 

microbial cellular metabolism for the exogenous supply of rhamnolipids above than emc. 

This might be due to the mass transfer of emulsified droplets into the microbial cell that 

proves to be toxic and disrupts growth. In addition, distinguishi ng biological roles BS in 

anti -microbial acti vily. ant i-proliferative activity aguinst human breast cancer cell lines, 

ZQosporicidal activity, anti-phytoviral acti vity and wound healing activities have been 

associated with mono and di RL molecules (Chen et aI. , 2017). 

2.3.1.1 .4. Production of rhamnolipids 

Media formulation plays a pivotal role in rhamnolipids production both at lab and industrial 

scalc. Various stud ies were performed in order to optimize different macro and 

micronutrients such as carbon, nitrogen, and phospllate nnd some multivalent ions and, 

their concentrations for enhanced production of rhamnolipids. It bas been reported that P. 

aem gillosa produces a mixture of RL molecules in the culture media with different molar 

mtio (Chong and Li, 20 17). The nature of fenTIentation substrate is considered as one of 

the most important variables that affects the production yield. In some previous attempts 

carbon substrates like waste frying oi l, oil refinery waste, molasses and distillery waste 

were used in batch scale experiments (Gudiiia et al., 2016). Moreover, simple organic 
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compounds like glucose, sucrose, alkanes, and glycerol have also bet:n reported for 

enhanced production of rhamnolipids (Bahia et aI. , 2018). 111 sOlne studies, concentrations 

of nutrients in the given fennentation process significantly affected rhamnalipids 

production (dos Santos et al., 2016, Nickzad et al. . 2018). For example, low C: N ratio was 

suggested to stimulate biosynthesis ofrhamnolipids by P. (teruginosa. Moreover, K j.I, p+1, 

Mg+2, Fe+2 , und Ca+2 ratios also influence cellular productivity of RLs (Moussa et aI. , 

20 14). However, in order to meet the increasing commercinl demands vo lumetric 

production ofrhamnolipids is still a challenge and requires more dedicated attempts. 

2.3.1.2. Sophorolipids 

Sophoroli pids, the second most studied class of glycolipids in terms of properties and 

applications, contain the disaccharide sophorose linked through p~glycosidic linkage to a 

long hydrox.y fatty acid chain (Van Bogaert et aI., 201 1). These molecules either exist in 

acidic form; where the fatty acid tail is free or Iactonic fonn; in which the carboxyl group 

of fatty acid chain is linked through an intra~molecu lar ester bond with the hydrox.yl group 

of sophorose sugar. In different studies, up to 40 difrerent types of struct-ufally identical 

isomers have been identified for sophorolipicJs in the fennelltation medium (Jonas et aI., 

2018). These differences in the structme arise due to the different acetaylat ion patterns of 

the hydroxyl group ofsophorose moiety, presence of either acidic or lactonic fonn or both 

in different proportions, length of the fally acid chain usually ranging between C6 to CIS 

and the p~glycosidi c linkage with tennillal or sub~tenninal C~atom of fatty acid chain 

(Claus and Van Bogaerl, 2017). 

Bioprocessing o[ blosur!actants fr om microbial sources ane! their app licati ons 23 



Chapter2 Review of Literature 

R,O , 
R,O I , 

, Ilell, I 
L:lctonic 

4' 0:10 
j' O"!!fll 

Acid ic 5' lIe lll 
o t o.Etu 

~' Oll 1 
(CIl,. (til,. 

" R,O 
lotU I R,O " .!" " '~H 

I 
, 0 

." on ,.. 0 I 
(CH,), 

I 011 
0 'co 

I. RJ : R, : eaCH, (M ain componenl) 
II. RJ : COCH" R, : fI 
iii. R, = fI, R, : COCH, 
vI.R, : R, : fI 

" , I~ H o " 
tOil 

, 
(til" 

110, " , I 
II 

'COOII 

v. R, : R, : COCH, 
vi. RJ : COCH" R, : II 
'il. R, : H, R, : eaCH, 
.iII.R, : R, : H 

F igure 2.4: Biochemical structures of SL congeners (Claus and Van Bogaert, 201 7) 

2.3.1 .2.1 . Biosynthes is of sophorolipids 

Sophorolipids were first reported to be produced by two yeast species; Cal/dida apicoia 

and Candida bombicola in 1961 and 1970, respectively. Within the lasl few years, 

biotechnological interest in these smface active molecules hos been increased 

exponentially, with more than 200 citations being indexed in the year 2016 and 2017 

(Rebello et aI. , 2018). Up to now, some new microbial species like Rhod%rula 

bogoriensis, J.Vickerhamiella domericqiae and Wickerhamomyces anomaltfs have been 

reported as prominent producers of SLs. The optimal yield of SL molecules has been 

reported up 10 400 giL (Van Bogaerl el aI., 2011). The biosyntllCSis of sophorolipids 

ini tiates with glucose as precursor molecules for hydrophilic P0l1ioll of SL whereas, 

alkanes or triglycerides or fatty acid methyl esters as precursors for hydrophobic moiety. 

The hydrophobic carbon sources yield fatty acid chain with 16 or 18 C-atoms. The fatty 

acids are subsequently oxidized into hydroxylaled fatty acids through cytochrome P450 

monooxygenase enzyme. The fatty acid chains are linked to the first glucose molecule 

through glycosyltransferase 1, whereas the second glucose molecule is attached t1uough 

glycosyltrnnsferase n. Afterwards, the acetylation of the sophorose head group is 
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accomplished by acetyl-CoA dependent acetyl transferase. This acidic sophorolipids, when 

released into the fermentation medium, is then esterified through extracellular esterase to 

the lactonic form ofSL (DeJbeke et aI. , 2018). 

• 

• J 

0,. tIAOPU..1 ,,, 
Hp. lv.op· 

Figure 2.S: Biosynthesis pathway of sophorolipids (Saercns et aI., 2015) 

2.3.1.2.2. Properties of sophoroHpids 

The physico-chemical properties of sophorolipids depend upon the mixture composition 

and the relative proportion of acidic and lactonic foons (Valotteau el aI., 201 7). Lactonic 

forms, due to structural modifications, are more hydrophobic and exhibit pro-
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inflammatory, cytotoxic, spermicide antimicrobial activities find lowers the surface and 

interfacial tension. On the other hand, acidic [oml ofSLS, have high water solubi lity and 

the resulting foaming activity is responsible for eHicien t biodegradation of hydrophobic 

contaminants and other industrial applications (Develter and Lauryssen, 2010). The 

presence ofacetyi groups signjficantly effects the properties ofSL molecules by loweri ng 

the hydrophilicity and stimulating cell proliferating activities. Sophorolipids when added 

in water, reduce the surface tension from 72 mN/m to 30-40 mN/m und possess a critical 

micelle concentration of 40-100 mglL (Hirata el aJ., 2009). Pure sophora lipids fonn a white 

colorless powder in their dry form, whereas the partially purified brown yellowish honey­

like viscous product might be due to the higll content of water and other impurities. 

However. to study the dynamic properties and advance scale applications, high level of 

purity is required which could be attained either through lyophil ization, flash 

chromatography or ice-water crystallizat ion (K Morya et aI. , 2013). 

2.3.1.2.3. Physiologicul l'o lcs of sopborolipids 

The luctonic sophoroiipids possess tissue repairing and restructuring properties as they 

stimulate the metabolism of dennis fibroblasts cells and help in synthesis of collagen (de 

Oliveira et al.. 2015). The.-.c molecules also exhibit depigmenting, melanogenesis 

inhib iting and desquamating activities by detaching the comeocytes. Moreover, the lise of 

SLs as anti-wrinkle, anti-dandmff and for the li polysis of adipocytes high lights the 

dennatological activity of sophorolipids (K Morya et fll., 2013). In one of the studies. 

spenllicidal and vin lcidal potential of SLs was reported. The ethyl ester SLs derivative 

showed significant vimcidal activity against HIV. Moreover, the spenn-immobi lizing 

activity against human semen was comparable with non-oxynol 9 (Shah et ai., 2005). 

2 .3.1.3. TrehaloUpids 

Trehalolip ids also represent a major portion of glycolipids and is composed of disaccharide 

trehalose att ached to myco ilic acid (a·branched J3·hydroxy fa tty acid chains). These 

molecules were first noticed by Anderson and Newman in 1933 (Franzett i el aI. , 20 I 0). 
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Mostly Gram positive bacteria with high ac content such as Mycobacleria, Nocarclia and 

species of Corynebacteria are considered as major producers of trehalose biosurfactants. 

These molecules exhibit varying degree of satmation along with various shapes and sizes 

and reveal promising physiological activities under extreme conditions. The trehalolipids 

produced by Rhodococcus fann emulsions and are known to be stable at extreme 

condi tions (PH; 2- 10), temperatures from 20 °C_1 00 °C and salt concentration of 5-25 % 

wtv (Marques et aI., 2009). The two molecular fomls ofTLs known as Trehalose mono­

corynomycolate (TL-l) and di -corynomycolate (TL-2) reduce the surface tension of water 

from 72 mN/m to 32 and 36 mN/m and interfacial tension ofwaterln-hexadecane system 

from 43 to 14 and 17 mN/m, respectively. The critical micelle concentration of these 

molecules has been detected in the range of 4-200 m!¥L (Jana et al.. 2017). The 

physiological rol e oftrehaliolipids is elucidated in temlS of their bioremediation potentials 

as these molecules increase the bioavailability of contaminants. Moreover, the signifi cant 

antimicrobial activity against Gram positive bacteria and some pathogenic fungal species 

are also some of the key attributes ofTLs (Shekhar et at., 2015). 

2.3.2. Lipopeptides 

Lipopeptides are produced by fungus, bacteria and yeast. Sunaetin, inturin, and fengycin 

are known to be most studied lipopeptides. They tend to reduce viscosity. enhance 

mobility, solubilisation and good metal sequestering agents. Their capability to fonn pore 

and disrupt biological membrane make them potential candidate to be used as haemolytic, 

anti-viral, antibacterial and anti - carcinogenic agents (Hamley, 20 15). Surfactin, a 

Iipopeptide was discovered from the culture broth of Bacillus subtilis. Surfactins are 

observed to be a blend of various isofonns A, B. C and D. Surfactin structure possess seven 

amino-acid ring structure linked to a fatty-acid chain by a lactone linkage. Surfactin-A 

contains L-Ieucine, surfactin-B has L-valine and surfactin-C has L-isoleucine in ring 

structure .The diversity in structure is because of alteration in culture conditions such as 

substrate i.e. amino acid. They have at least eight dipeptides with almost 13 16 carbon atoms 

arranged in a ring system (Mnif and Ghribi, 2015). Surfactin possess ability to inhibit fibrin 

clot fonnat ion and effecti vely lyse Red blood cells, protoplasts and spheroplasts. The 
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iiterahl re suggests that sur[actin call lower til t: ::;urface tension of media lip to 27 Nm/m 

therefore, proves to be an effective bioslIl'faClant (Mccn8 and Ki.lnwar, 20 15). Surfaetins 

are prod uced by non-ribosomal peptide system where multi-enzymatic thiD templates 

synthes izes surfactin SYlllhetase enzyme for surfactin formation . The surfactin synthetase 

complex has [our enzymatic subunits. SrfA, SrfB and SrfC and SrID are enzymatic 

subunits for surfactin production, srf D (40 kDa) plays major role in initiation cycle of 

surfactin production. l11e modules of the peptide synthetase has various domains which 

incorporates and modifi es specific amino acid into the growing peptide chain Hnd module' s 

sequence is compatible with the sequence of the peptide product. Srf A is an inducible 

operon for surfactin synthetase, which nlso activates sporulation and competence 

development (plaza et aI. , 2015). 

Lichenysin, another surfnctin lipopeptide was firstly found in the supclllatant of 8clcil/Ils 

Iichell!formis culhlrc and possess huge simi lnJ"ity to sllrfactin. There is minor difference 

between two flS li chenysin has Glutamine while surfactin has Glutamic acid at amino acid 

position I. The production of lichenysin is catalyzed by lichenysi ll synthelilSe complex 

(LeltA! Lie), encoded by liehienysin operon (32.2kb) (Grangemard et aI., 2Q(l1). 

Cytotoxicity of Jichenysin molecules is observed at a concentration more than I 0 ~1g/mL. 

This is the reason why lichcnysin and surfactin are used in phaml8Ceuticai industry as 

hemolytic, antimicrobia l and chelating agents (Coronel-Le6n et a1., 20 16). Pumilacidin, 

another lipopeptide surfactant exist in various forms i.e. A, 8 , C, D, E, F and G acyl 

peptide, and show resemblance with surfactin (Banat et aI., 2010). The optimization of 

media condit ions for maximal production oflipopeptides yielded 860 mglL of surf act ants 

frol11 Bacilllls licheniformis. lturin A, a Iipopeptide synthesized by Bacillus s/lb/ilis and 

possess antiviral act ivity. (tllrin is composed of beptapept ide attached with L-amino-acid 

ratty acid with carbon chain length from C I4 to C\1. Other inturin compounds are iturin C, 

bacillomycin D, F, Land mycosub tilin (Aranda et al. , 2005). Fengycin famiJy of 

Iipopeptides includes fCllgycins A and B, lipodecapcptides. They have different amino acid 

at position 6 i.e. Alanine and Valine. These molecules show remarkable fungitoxic and 

immuno-modulating act ivities (Plaza et aI., 2015). 
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2.3.3. Polymeric microbial surfactan ts 

Polymeric bio~surfactants are likewise important high molecu lar weight BS. Vllrious 

genera of microorganisms nre known for maximal production of these types of surface 

acti ve molecules which include; Artlu'obacler, Pselldomonas, AcillelobaCler, BacilLus, 

/Ja/omonas and C(mdida. Amongst different types, the most studied polymeric 

biosurfaclants are cOlulsans, liposans, mannoprotein aDd polysaccharide protein complexes 

(Rodrigues, 2015). The surfactant properties of particulate biosurfactants are responsible 

for reducing the fFT between two immiscible liquids that results in the formation of stable 

emulsions. However, comparat ively less reports are available on these molecules for the 

significant reduction in ST. Emu\snns, the hetero-tipopolysaccahrides microbial surthctnnts 

and contains a fatty acid linked through ester and amide bonds, are majorly produced by 

AcillelObacter c(I /coaceticlIs with a molecular weight of \000 kDa (De et aI., 2015). In a 

study conducted by Mercaldi , (2009) it was observcd that emulsans are comprised of80 % 

w/w Jipopolysaccahrides find 20 % w/w cxopolysaccahrides. Moreover, due to unique 

properties of substrate specificity and surfactant activity even in dilute concentrations, 

emulsans are usually considered for udvance bioteChnological applications. Liposan, 

nonn£llly produced by Candida /ipo/yUca is another effective emulsifier and belongs to the 

category of polymeric microbial smfactants, It contains 83 % carbohydrates and 17 % 

proteins, with the carbohydrate portion quite similar to that of emulsans. Other 

physiological func ti ons associated with these molecules are their roles as bio-nocculan ts 

and growth stimulators (Amnrnl et aLl 20 I 0), 

2.3.4. Particulate biosurfactants 

Parlic'ulale biosurfaclants ex ist ei ther as extracellular membrane vesicles like those 

produced by Acinetobacter or sometimes, the whole microbial cell acts as surfactants e.g. 

different species of CyallOb{lcteria and Aeromonas. There nre several baclelia that has the 

ability to fonn extracellular membrane vesicles with 20 to 50 11m diameter and form micro 

emulsions (Gharaei-Fathabad. 2011), 111ese micro-emulsions playa key role in uptake of 

alkanes by bactelia by fusing with cell envelope and transferring Ihe hydrocarbons to the 
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inclusion body. These extracellular vesicles when purified are composed of phospholipids, 

polysaccahrides and proteins. The major pllOSphol ipids were phosphatidylethanolaminc 

and phosph::t!idylglycerol. The protein components of these vesicles were quite similar to 

those present in outer membrane. The lipopolysaccharide content was detennined througb 

the quantification of 2Mketo-3-deoxyoctulosonic acid) nnd turned out to be 360-times 

enriched than the outer membranes (Bhardwaj et al., 2013). tn order to categorize a specific 

microorganism as surfactant, variolls techniques have been used to detennine the cell 

surface hydrophobicities of the whole cell. These include microbial adhesion to 

hydrocarbons (MATH), adherence to solid surfaces, saitingwout aggregation, hydrophobic 

interaction chromatography, binding of radiolabeled dodecanoic acid, two-phase 

partitioning and contact angle measurements (Hatha et al., 2007). In different microbial 

species, various cellular components are know n to contribute towards the surface active 

propel1ies and ensure high cell surface hydrophobicity . Some of the consolidated reports 

are available on the surface active roles of I) «A ]}fotein" of Staphylococclls (It/reus 2) " A 

layer" present in Aeromonas sa/mollicida 3) gramicidin S in the spores of B. brevis 4) 

lipoteichoic acid and M protein of f,,'TOUp A streptococci and 5) thin fimbriae ill A. 

calcollceliclls (Roy, 20 17). 

2.3.5. Fatty acids, phospholipids and neutral Lipids 

Few bacteria and some species of yeasts have been reported to produce huge quantities of 

fatty acids and phospholipids surfactants, when grown on n-alkanes substrates of varying 

complexity and nature. The synthesis of fatty acids surface active agents takes place 

through the tenninaJ or sttb-terminal oxidation of alkanes (Shekhnr et aI., 201 5). 

Phospholipids are one of the vital stntcturnl components of microbial membranes, When 

alkanes are utilized by certain hydrocarbon dependent bacteria or yeast, the yield of the 

phospholipids increases rapidly (Singh et al., 20 18). When hexadecane was used as a 

substrate by Acinetobacfer sp HOI-N it produces phospbatidyl ethanolamine type of 

phospholipids. Apart from these aliphatic acids, mkrobes also produce complex fatty acids 

comprising of OH groups and alkyl branches, example of such compounds are 

corynollll.loJic acids (Shah et al. , 2016), 
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2.4. Mttnbolic r~guhUioll of biosurfact'ants production 

Diverse metaboljc pathways are involved ill the bio.syntltesls of precursor metabolites for 

biosurfactants production. These pathways are solely dependent upon the nature of carhon 

sources provided in the culture medium. Amongst the variety of growth substrates 

available, hydrophilic compounds are specificnlly consumed by microorganisms for the 

synthesis of polar components of biosurfachmts whereas, the hydrophobic substrates flre 

uti lized to generate the fatty acid moiely of bio5urfaclants (Reis et al., 2013). Sydatk and 

Wagner suggested thai the biosynthesis of a biosurfactant molecule takes place through 

one of the four different approaches: (8) carbohydrate and lipid synthesis; (b) synthesis of 

the carbohydrate portion while the synthesis of the lipid portion depends upon the length 

ofthe chain of tile carbon substrate present in the medium; (c) synthesis of the lipid part 

while the synthesis of the carbon half depends on the substrate consumed; nnd (d) synthesis 

of carbon and lipid components, which are both dependent on the nature of growth 

substrate provided (Santos ct a1., 2016). The detai led mecJlanism of cell ular metabolism 

with respect to biosurfadants production has already been reponed. It has been observed 

that when carbohydrates are provided as the sale carbon source for glycolipids production) 

the carbon Row is maintained in sllch a way that both the lipogenic pathways (for the 

generation of lipophilic moiety) us well tI:s tll t:: glyt:o lytic pathways (for the generation of 

hydrophil ic moiety) ure restrained by microb ial metaboli sm. In the glyco lyt ic pllthway, the 

hydrophilic substrate) particularl y sugars are degraded til l the fO llllation of intennediates, 

Stich as glucose 6-phosphate. The presence of glllcose-6-phosphate triggers the fonnat ion 

of carbohydrates found in the hydrophil ic portion of biosurfactants. The complete 

oxidation of glucose results in the fonnation of pymvate. Pyruvate is then converted into 

acetyl-CoA, which after reacting with oxaloacetate produce malonyl-CoA. Malonyl-CoA 

through TCA cycle is convel1ed into fatty acid molecu le, the precursor of lip id moiety of 

biosurfactants. Besides, when hydrocarbon molecules are provided ns Ihe only carbon 

source, the microbial metabolism is primarily directed to gluconeogenesis (formation of 

glucose through different hexose precursors) and lipolytic pathways, which subsequently 

allows the synthesis of fatty acids and sugars. The gluconeogenesis pathway is 

nmctionalized to produce sllgars through the p-oxidation of fatty acids to acetyl-CoA (or 
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pl'opiOl1yl-CoA if faHy acids are present in odd number). The pathway of gluconeogenesis 

is generally considered as the reverse of glycolysis however, some of its enzyme catalyzed 

steps are irreversible (Kosaric and Sukml, 20 I 0). It has been suggested tbnt the chain length 

of lHllkanes not only induce alterations in cell surface hydrophobicity but also triggers 

different metabolic pathways ior biosurfactanls production. One of the Dielzia sp. has been 

reported to produce three different types of biosUlfactants when grown on three 

hydrophobic substrates of varying chain length (Wang et aI. , 2014). In another study, 

Kitmnoto et aI., (2001) has examined the production of manosilerythritol lipids (MELs) 

from the yeast C. antarctica in the presence of different n-alkanes and concluded that the 

strain could not grow and yield biosurfactants when fermentation medium was 

supplemented with 10 tu 18 carbon !,'Towth substrates. However, quite high yield of 

biosurfactants was obtained when the microbial species were grown in the presence OfCI2 

to CIS carbon substrates. The susceptibility of hydrophob ic organic compounds to 

microorganisms decrease with increasing chain length and complexity. The general order 

has been categorized ~IS linear alkanes> branched alkanes> small aromatics > cycli c. 

alkanes (Ye et aI., 201 7), Once biosurfnctants monomers are synthesized, the microbial 

mUlti-enzyme comple:xes are required for structural modifications of these bioproducts. 

The production of rhamnolipids was observed through the sequential catalysis of two 

different rhamnosyl transferase whereas, in (mother Shldy the production of sllrfactins was 

catalyzed through non-ribosomal peptide synthesis with the aid of enzyme peptide 

synthetase complex caBed as surfactin synthetase (Sober6n-Chavez et aI., 2005). 

2.5. Bioproccss optimization for biosnrfnctants production 

Biosurfactants are generally secreted by aerobic microorganisms in submerge fennentation 

system. The downstream processing of biosurfac tants costs up to 60 % of the total 

production cost. Moreover, the usage o f expensive substrates, formation of variety of side 

products and low quantity of purified end products are some of the constraints associated 

with bioprocessing ofbi osurfactants (Sharma et ai" 2016). To overcome these limitations, 

researchers have proposed different alternates in terms of util ity of cheap substrates, 

optimization of the cultivat ion conditions and improvement of the downstream recovery 
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processes. Amongst the variety of uptiuns. fUl1l1ulation of an optimized medium containing 

adequate nutrients in appropriate quantity provides an ideal micro-environment for the 

microbial specie to grow and continue bioslirfactants production (Singh et 31., 20 \9) 

2.5. 1. Media optimization 

Optimization of the cultivation condit ions using different statistical tools as in central 

composite design, Plackett-Bunnan design, factorial design and response surface 

methodology not only ensures the better productivity through higher cellular growth but 

also helps the biotechnological industries to overcome certain economic constraints (Singh 

et aI., 20 17). For bioSlufactants production various media components play an essential 

role. The varying concentration of macro and m icro nutrients in the medium directly or 

ind irectly affect the bacterial growth and metabolism (Rahman et lil. , 2017). The reason to 

lise Placket! Bunnan design is to find out best media composition for maximum yield of 

biosurfactants. Basic factors which are involved for ini ti al screening were identified by 

method of Bunnan (Ekpenyong et nl., 2017). Large scale production of glycolipids 

particularly rhumnolipids aud sophol'olipids is achieved lIsing different fermentation 

strategies. The faclors that affect the production have previously been optimized using 

conventional one dimensional approach. But drawback of these methods includes prolong 

lime periods and inabi lity to explain the interactiveef'fect of process variables (Banat et a1. . 

2010). On the other hand, computer assisted optimization methods particul arl y Response 

Surface M ethodology (RSM) is responsible for improving the competence of biological 

system. This is an outstanding stati st ical tool that offers better understanding of interaction 

betweelldifferent parameters with lowest time requirement. Another advantage ofRSM is 

the prov ision of optimum area where maximal results can be predicted (Saharan et aI., 

2011). 

In a study conducted by EI~Sersy. (2012) the Bacillus sub/iUs NIO strain was shKlied for 

production of biosUlfactants. The production media used for growth was LB and for 

increasing the productivity ofbiosurfactants Plackett-Bunnan design was ut ilized. Results 

of post opti mization analysis revealed that the em1.lIsification index increased up to 1.14 
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fold in contrast to basal media conditions. In another research, optimizat ion of fermentat ion 

condi tions was done to increase til e concentration ofbiosurfactants in production media, 

The statis tical software of Plackett-Burman design integrated in Millitflb J 7 lrial version 

was used in o rder to screen twelve trace Ilutrients in 20 ex.perimental sets. T he 

concentratioll of biosurfactants was studied as the o nly available response. In compmison 

lo un-optimized media, the yield of biosurfactants increased significantl y. The studies 

showed that highest concentration of biosurfflctants of 36.02g/L was obtained at lotll run. 

Moreover, the results indicated that amongst 12 nutrients, only 5 s ignificantly affected the 

gJyco lipids production from the selected microorganism. Statistical analysis of the 

remaining trace elements suggested that their contributio n in biosurfactants production was 

non-significant as p-value was more than 0.05. The optimal production of biosurfactants 

for their successful applications in phannaceutical industries have been reported in many 

studies. Scientists have encountered the process associated constraints in temlS o f 

expensive substrates through tbe optimization of cost effective and cheap raw material s 

using statistical tools (Kalyani ct aI., 20 14). In a study conducted by Mabrouk et aI., (2014) 

the maximum production of biosurfactants was obtained from B. slIbltILfi through the 

optimization of 12 different substrates. In another experiment. the effect of five selected 

variables including temperature, pH, inoculum size, moishJre and age of inoculum was 

studied using central composite design and response surface methodology. The slatisti caJ 

ana lysis of data depicted that inocul um size, temperature aud incubat ion period had 

beneficiary effect on biosurfactants producti on. Results showed that the optimal conditions 

for maximum production of biosurfactants were 37 OCt inoculum age of 14 h and 88 % 

moisture content (tA Haddad el aI., 20 14). In another sOOdy conducted by Hassan et aI., 

(2016), the experimental design developed through Plackett Bunnan revealed that glycero l, 

s ize of inoculum, watcr conten t and temperature play efficient ro le in biosurfactants 

production. Fontes et aI., (20 10) selected len different variables for production of 

biosurfactants by using central composite design. The p·value fo r every component was 

being analyzed. The sign ificant factors showed p-value of less than 0.05, whereas the 

results were fl.lt1h er analyzed by using response surface methodology. T he analysis of 

calcium, magnesium, arginine, and mal!ose showed thei r signifi cant effect o n 
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biosmfuctants production however, felTous sulphate had an illsignificant effecl. The 

production yield reached to a maximum leve l post media optimization howevCfj tile un­

opt imized media depicted less yield. 

2.5.1.1. Effect of carbon source on biosurfactants production 

The metabolic nature ofbiosurfactants prodtlcing mlcroorgmtisms favors the heterotrophic 

mode of nutrition. Since they specifically consume organic carbon SOUfces ror growth and 

secondary metaboJism therefore, in production economics 30·40 % of cost is consumed in 

the preparation of fennentation media. However. the production cost can be redl,lced 

significantly by using different kind of raw and cheap feedstocks. The rate of microbial 

growth and type of biosurfactants produced directly depends upon the carbon source 

provided in media (Md, 20J 2). Generally, three types of carboll sources has been reported 

tor the production of biosurfactants. These include carbohydrates, fats and oils and 

different complex: hydrocarbon compOlmds. Amongst the different carbohydrates, glucose 

is one of the most common sugar that is readily available and e:lsily utilized by 

microorganisms for biosurfuchlllts productiun through t:oergy yielding glycolytic pathway 

(Onwosi and Odibo, 2012). Santa Anna et al ., (2002) reported tbat a strain of P. nemgjnosa 

utili zed glucose and showed high production ofbiosurfactallts. growth, Eb-J and minimum 

surface tension in comparison to other carbon sOllrces. Glycerol is another substrate that 

enhances the production ofbiosurfactants and enters into central carbon metabolism in the 

fonn of glyceraldehyde-3-phosphate. Studies report the improved production of 

biosurfactants by treated Y. lipo/ytica NCIM 3589 with glucose, glycerol, nnd sodium 

acetate which were prescnt in media as soluble carbon source (Zinjarde and Pant, 2002). 

Conversely. Y. /ipo/yJica 1055 has been reported for production of biosurfactants 

independent of hydrocnrbon requirements (Saharan et al.. 2011). The role of fats and oil 

for the production of biosllrfactants has been reported, as well. 11 was observed that in the 

presence of 2 % waste frying coconut surface tension of the femlentation broth decreased 

considerably for P. aerlfgillosa (George and Jayaclmndrall, 2013). In case of K. marxiwlIIs 

increased production of mann an proteins was recorded when media was supplemented with 

fresh coconut-oil (Lukondeh el nl., 2003). It was also observed that the addition of7.5 % 
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cotton seed oil and 5.0 % glucose in the fermentat ion media produced 10 giL of 

bioemulsifiers in 5 days of incubation for one of the yeast specie. The strain of C. gklbral" 

yielded 7 giL biosurfaclanls all 5th day of incubation flOer the supplementation of 5 % 

vegetable fat waste in the cul ture broth (Asfora Sarubbo er aI. , 2006). Similarly, tbere are 

reports avai lable that state the production of biosurfactants from the diverse microbial 

species in the presence of hydrocarbons. These complex hydrocarbons of varying chain 

lengths can be easily degraded through emulsification and afe incorporated into the 

different metabolic pathways (Sanlos et aI. , 2016). Glycolipid biosurfactants li ke 

mannosylertluitol1ipids (MEL) was produced only whcn n-alkanes were present as carbon 

source in the fennentatioll broth. The length chain of n-alkanes also affected MEL 

production and n-octadecane was the hydrocarbon responsible for highest yield (Rnu et al. , 

2005). [11 another study, increase in the producti on of sophoroJipids from C. bombicoltl 

22214 was observed with the increasing complexity of n-alkanes. The yield of 

sophorolipids recorded up to 2 1 giL, wi th the surface reduction value up to 37 Nmlm at pH 

6 and 38 Nm/tn at pH 9 by adding soy molnsses supplemented wi th oleic acid. The cri tical 

micelle concentmtlon values were 6 mglL nt pH 6 und 13 mg/L ar pH 9 were also recorded 

(Cavnlero and Cooper, 2003). The exploitation of cheap carbon sources and waste 

materials like rice bran, corn steep liquor, rice husk etc. also increase the prodl-Iction of 

biosurfactants. These studies suggested tbe significant effect of carbon sources on different 

microbial species and the importance of curbon source in biosurFactants production cannot 

be overlooked. 

2.5.1.2. Effect of n itrogen source on bioslll'factants product ion 

Nitrogen plays an important role in microbial growth and synthesis of primary and 

secondary metabolites. The supplementation of appropriate nitrogen source in the 

fennentation medium cnsures max imum microbial growth and efficient production of 

surface acti ve compounds (Galltam and Tyagi. 2006). In the medium, nitrogen hclps in 

assimilation of essential protein components which are important for the structural and 

functional physiology of microorganisms. Nitrogen sources are categorized as organic and 

inorganic on the basis ofuni l sln lcture present in them. Meal extract, peptone, yeast ex tract, 
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tryptone, beef extract are the substrates having organic unit structures whereas, the 

inorganic salts like ammonium nitrate, potassium nitrate, ammonium sulphate etc. contain 

the inorganic unit structure of nitrogen (Bustamante et a1. , 2012). The most common 

nitrogen source involved in the production ofbiosurfactants is yeast extract however, it has 

varying effects on the metabolism of different microbial species. Studies have reported that 

the emulsification properties ofbiosurfactants usually increase in the presence of complex 

nitrogen sources however, it decreases the economic efficiency of process in case of 

MEOR applications (Amaral et aI., 20 I 0). Since the production of biosurfactants comes 

under the category of secondary metabolism therefore, maximum yield is attained during 

stationary phase of microbial growth when the nitrogen sources are depleted in the 

fennentation media. The microorganisms also show high affinity for nitrate based nitrogen 

sources. The nitrate would be first reduced to nitrite and then converted into ammonium 

ion which is then assimilated to form glutamate or glutamine (Gautam and Tyagi, 2006). 

In a study, the sub specie of L. paracasei showed maximum production of biosurfactants 

in the presence of yeast extract, followed by meat extract whereas, peptone turned out to 

be least significant (Gudina et aI., 2011). In another study, better production of 

biosurfactants was observed by the yeast R. g lutinis flP30 when potassium nitrate was used 

as nitrogen source however, the supplementation of urea and ammonium sulphate did not 

increase the yield (Vigneshwaran et al.). It was reported in some studies that K. marximllfs 

FIT 510700 produced 2 giL of biosurfactants while assimilating yeast extract whereas. the 

addition of ammonium sulphate enhanced the yield up to 5g!L (Lukondeh et aI., 2003). The 

production of biosurfactants has also been reported from the waste nitrogenous materials 

e.g. P. aeruginosa OG I yielded 7 giL ofbiosurfactants in the presence of chicken feather 

peptone (Ozdal et aI., 2017). SimiJar reports are available that show the production of 

biosurfactants through the utilization of com steep liquor along with NaND) (Novik et al., 

2018, L6pez-Prieto et aI., 2019). 

2.5.1.3. Effect of minerals on biosurfactnnts production 

It has been observed that both macro and micronutrients minerals affect the production of 

biosurfactants. Calcium (Ca2+:>. Potassium (K2+), Magnesium (Mg2+) and Iron (Fe2+) are 
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some afthe macronutrients that play pivotal role in cell wall communicatiun ami protein 

synthesis (De et a1., 20 15). Fen~'Cin and XiaoMei, (2012) reported that Mn2 .. , Fe2+ and 

Mgl-t act.as cofnetors of enzymes involved in the production of surfactin from B. sublilis. 

It has also been observed that the production of biosurtactants was improved when iron 

containing salt was supplemented jn the MSM. Moreover in another study. the presence of 

Ca2+ and Mg2+ ions sign ificantly enhanced the production ofbiosurfactants (Hogan, 2016). 

Calcium ions nonna ll y act as mediator and facilitntes the signal delivery processes from 

the ex.tracellular environment to intracell ular microbial cell (Dominguez, 2004). The role 

of potassium and calcium ions have been described to balance the osmotic pressure within 

the cell and monitoring the membrane potential so that cell lysis could be avo ided (Meena 

et al. , 2016). Magnesium ions specifically bind with ATP and fonn Mg-ATP complex. Tlus 

complex acts as an ind icator to measure the celJular metabolic activities. As high 

metabolism requires high ATP therefore, the amount of ADP and free Mg2+ ions would 

increase represent ing the microbial log phase (Swami nathan, 2003). Iron acts as a co-factor 

in microbial metabolism and is utilized illihe fonn of Pe2+ or Fe3+. However. mosl oflhe 

researchers have reported the utilization of irOIl as Fe1-+- for the enhanced production of 

biosurfactants (Muthusamy et aI., 2008). Micro-nutrients also affect the production of 

bioslIrfactants and thei r unavailability in the medium might reduce the yield. Some of the 

micro-nutrients or trace elements are zinc (Zn2+), cobalt (C02+), manganese (Mn2+), copper 

(C1I2+) and molybdenum (M02~. Different reports are available which show increase in 

biosurfactants production after the addition of trace elements in the fermentation medium 

(Makkar and Cameotra, 2002, Wei et aI., 2007). 

2.5.1.4. Effect of salts on biosurfnctants production 

Sali nity of the production medium is very important in order to optimize the microbial 

growth as well as to ensure the biosurfactants stability. NaCl is mostly used to adjust the 

sa linity of fhe fennentalion medium as it regulates the osmolarity for microbial growth. 

Most of the bacteria have been reported to produce maximum amount ofbiosurfactants in 

the presence of 2-5 % NnCI however, halo-tolerant bacteria have also been studied as 

cminent biosurfactant producers. In a study conducted by Ilori et a1. , (2005) Aeromollos 
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spp. produced maximum amount uf bius urfactants and with highest E.b4 and least S.T 

value in the presence of 5 % NaCL Simi larly. B(idl/lls spp. yielded maximllm amount of 

"bio5urfaciants in the presence of 4 % NuCl (Rivardo et 81., 2009) whereas, the 

Pseudomonas spp. produced biosmfactants when MSM was supplemented with 0.4 % of 

Nae] (Pornsunthorntawee- et aI., 2009). In another study, it was observed that the 

production ofbiosurfactants from a strain of yeas! was increased witll the increasing salt 

concentration up to 5 % however, further increase in salin ity reduced the emulsification 

and surface acti ve propert ies of the tested microorganism (Ruflno et aL, 2007). Besides, a 

strain of B. Iic/teni/ormis was able to tolerate 35 % NaCJ and reduced tbe surface tens ion 

of water up to 35 mN/m (Gudiiia et ai. , 20 12). This broad range of halo-to lerance ex.hibited 

by most of the biosurfadants producing microorganism make them promising candidates 

fo r celtain field scale applications like MEOR. 

2.5.1.5. Effect of pH ou biosudactants production 

pH is one oflhe most -important physio-chemical factor that affccts thc metabolic potential 

ofu"Iicroorgarlisms. l1lis is the rcasoll why its effect on bio~ur[actlUlt~ production hMs been 

studied in detail. It has been observed Olat pH 6-6.5 is the most effective range for 

maximum production of biosurfactants, however depending upon the phylogenetic origin 

of microorganisms, the tolerance-range varies from 4-8 (GallI am and Tyagi, 2006). Further 

increase in pH usually causes a significant decline ill the yield ofbiosurfactants. Similarly, 

acidic pH can be quite detrimental for microbial growth and very little or no biosurfactants 

production is mostly recorded (Shekhar et aI., 2015). In a study cond llcted by Amaral et 

a1. , (2010), pH range from 4 to 8 was investigated for sophoro lipids production from C. 

antractjea and a significant decrease in the yield was observed at basic pH. Similarly in 

another study tlle impact of pH was obselved on biosmfactants prod uction from Y. 

Iipolytica and the yield of biostllfactants was recorded till pH 8.0 (Fontes et aI. , 2012). 

Muthusamy et aI. , (2008) reported that changes in pH of production media resulted in 

acid ification of broth when checked for the quantification of g\ycolipids from C. mltracliea 

and C. apieola, The maximum yield of glycolip ids was observed at pH ranging from 5-
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5.5. Conclusively. significant reduction in the yield of biosurfactants due to lack of pH 

control system in the production medium stales its importance in fermentation kineti cs. 

2.5.1.6. Effect of temperature on biosurfactants production 

An optimum temperature is required for maximum microbial b'TOwth and stability of 

surface active compounds in the fennentatioll broth. in many studies, max.imum production 

of biosurfactants was achievcu within the temperature range of25 to 30°C. An increase 

in the production of rhamnolipids was observed between the temperatures of25 to 30°C, 

followed by • signifi canl decline al 42 "C (Rahman and Gakpe, 2008). The {IUanlily of 

biosurfactants produced from C. bombico/a was max.imum around the temperature range 

of25 to 30°C however. n difference was observed in the two fennentation processes as 

high utilization of gl ucose aJtd low quantity of biomass was detected at 25°C ruther than 

30 °e. In another study. C. bombicola shows maximum growth and efficient yield of 

biosu rFactants at 30 °C wllereas, in case of C. antarctica variation in biosurfactants 

production was recorded at different ranges of temperature (Amaral el al.. 201 0) . In nnother 

study. hioprocess optimization ofMELs showed thnt maximum yield ofbiosurfactants was 

observed al25 (Ie with those cells tbat were both in growing und res ting phnse (Kim et aI. , 

2002). 

2.5.1.7. Effect of aeration and agitation 011 biosurfactnnts production 

Aeration is associated with foam accwnulation in the fermentation broth whereas, the 

process of ngitation is responsible for mass transfer of media components and oxygen to 

and from the cell . Therefore, both these factors holds great importance in microbial growth 

and biosurfactants production particularly in case of aerobic microorganisms. It has been 

reported that the rate ofbiosurfnctants production decreases with the increase in shear stress 

however, the yield ofbiosurfactants from one of the yeast specie increases us aeration and 

stin'ing increases (Md, 20 12). For C. antarctica the aeration directly affected the 

production yield which reached to a maximum value of 45.5 giL wben the flow rate of air 

was I vvm and the dissolved oxygen concentration was reserved at saturation level of 50 
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%. However, when the flow rate vaJied up to 2 %, intense foam was formed lind 84 % 

reduction in biosurfactants yield was noted (Saharan ct al , 2011). In another study the 

effect of agitation speed wa~ stucliecl on growth of bioslIrfactants producing 

microorganisms. It was observed that increase in agitation rate from 50 to 200 rpm resulted 

in enhanced growth rate to O.72/hour. Moreover, the yield ofbiusurfactants WlIS increased 

up to 80 % under the aforementioned conditions (De et aI. , 20 t5). So far, various attempts 

have been made to reduce the product inhibition during biosurfactants production by 

separating the foam from aqueous phase through two phase cultivation technique. 

2.6. Downstream processing of biosurfactants 

Efficient and economic means of downstream processing are very important for the 

sllccessful accomplishment of a bioprocess. Once the maximum yield is obtained through 

the optimization of cultivation conditions, an efficient bio-recovery process ensures the 

collection of biological product from the fennenlation brotb without compromising its 

quality and quantity. In case of many microbiological products, 60 % of the total 

production cost is liable for the downstream processing (Wcbera et 01. . 2012). 

Biosurfactants being runphiphiJic in nature, shows affin ity for a number of polar and noo­

polar snlveots therefore, different downstream processing techniques have been reported 

for these molecules (Franzett i et aI. , 2010). Some of the convelltionaJ approaches that have 

been in use for recovery of biosurfactants from the production medium include acid 

p recipi tation, salt ing out ofbiosurfactants and organic solvent extraction. 1l1ese procedures 

are feasible for the recovery because of the ability of biosurfactants to form micelles or 

vesicles when present in the supernatant. This al so ensures the applicability of these 

conventional approaches at industrial scale for continuous recovery processes (Makkar et 

aI., 20 I ]). Some other latest techniques have also been reported for the biorecovery of 

biosurfactants. These include ultrafiltration, adsorption, fractionation, desorption on 

polystyrene resins, IOn exchange chromatography and High pressure Liquid 

Chromatography (HPLC). However, these tcclmiques require a great amount of monetary 

input which reduces the cost efficiency of the production process (Behrens et aI., 2016). 

Amongst the many aforestated methods, the most commonly used technique fOT the 
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recovery of biosurfactanls from batch mode process is the solvent ex traction. For this 

parti cular purpose a number of cheap, inexpensive and less toxic organic solvents are 

general ly used. Moreover, the compatibility of 11 particular type of biosUlfactants with 11 

particular soJvent is also very important. Some commonly used organic solvents involved 

in the ex traction ofbiosUifaclants are chloroform-methanol , ethyl acetate, hexane, pentane, 

diethyl ether etc (Varj ani and Upasani, 20 J 7). Fernandes et aI. , (20 16) separated the cn lde 

biosurfactants from the fennentation broth by using n mixhlre of hexane and ethyl acetate. 

Centrifugation is also one afthe common and pract ical approach to separate biosurfactants 

from the fennenlalion broth, parti cularly in continuous mode operations. In a study 

conducted by Satpute et aI. , (2016) precipitated biosurfactants molecules were collected 

through the process of centrifugation at J 0,000 rpm. High molecular weight compounds 

pnrticularly those of pro tei n in nature nre generally separated through the salt ing out 

process. In thi s process different sa lts like ammonium sulphate is directly added into the 

fCimentation broth without removing the microbial cell. The mixture is then inC\lbated 

overnIght followed by the addition of more saIl and then Ihe resultant solution is 

centrifuged and sl1pemntant is clarified . More ammonium sulphate is then added into the 

cuitme supernatant from which the biosurfactants-salt complex. is removed through 

centrifugation and solvent extraction (Chen et aI. , 20 15). The concentrat ion of ammonium 

sulphate depends upon the nature of surface acti ve compounds present. 1n the technique of 

adsorption-desorption, some biosurfactants molecules exhibit the potential to adsorb and 

desorb on certain polystyrene resins which subsequently helps in the purification of tile 

molecules. Di fferent organic solvents can be used for desorption ofbiosurfilctants from the 

polymer resin. This is One of the most effi cient technique for the high quali ty recovery of 

biosurfactants in a single step (Mni f and Ghribi, 20 16). 

2.7. Applicat ions of biosurfac lants 

Over the years, biosurfactants particUlarly glycolipids have become widely applicable i ll 

numerous industries, out-compet ing synthetic surfactants in tenns of advantages and 

safety. Before venturing into production economics, it is imperative to evaluate their major 
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appl ications which distinguish Ulcse surface acti ve molecules fi'om otber biosurfaclants. A 

list of major applications that caters to the wide range of industrial demands is as fo llows; 

2.7.1. Bioclegradntion of crude oi l 

Biosurfactants are suitable fo r both in-situ and ex-situ bioremediation studies. Due to 

ecofriendly nature, these molecules exhibit a unigue ability to emulsify orgamc 

hydrocarbons and enhance their degradation rate in environment. When used in low 

concentration with other surfaClaots for target remediation, biosurfactants improve the 

petfOm1ance of other surface active agents as well as economize the ir usage, saving costs 

without compromising their perfonnance (Das and Chandran, 201 1). In the recent era, 

exploration of natural resources has been increased to ful fill the increasing demand of 

energy and fuel. Thepreexist ing oil wel ls produces huge amount offossll water mixed with 

crude oil. The release of petroleum hydrocarbons along with produced water causes severe 

health related issues for the local populat ions, destroys the agriculture land and grollnd 

water reservoirs. The recalcitranl hydropbobic organic compounds (HOes) when release 

into the enviromncnt, are fi rst adsorbed on soi l particles through capillary forces induced 

kinetics and are finally entrapped in a water-hydrocarbon immiscible phase. This process 

of molecular entrapment reduces tbe water solubil ity and hinders the natural process of 

contaminant degradation (Santos et aI., 2016). To overcome these limitations, the 

indigenous microbial flora of contaminated sites have adapted different phys iological 

strategies that improvise the cell-surface contact with hydrophobic substrates (Ahmed et 

ai., 2014). The two conunonly observed phenomena for enhanced microbial-hydrocarbon 

interaction and ultimate substrate assimilation include 1) Biosurfactantslbioemulsifiers 

facilitated pseudo solubilization that employs the use of surface active compounds (SACs) 

for the emulsification of complex chemicals into simple monomers for cellular absorpt ion; 

and 2) Biosurfactants mediated enhanced Cell Surface Hydrophobicity (CS H) of the outer 

membrane that allows the adherence of whole cell to Ihe composite substrate followed by 

the terminallsub-tenn inal oxidation through membrane-bound oxygenases (Karlapudi et 

ai., 2018). 
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Figure 2.6: Diagrammatic representation of biosurfactants mediated biodegradation 

of crude oil (Santos ct al., 2016) 

Amongst bacteria, one of the best hydrocarbon degrader so far recognized is the 

Pseudomonas specie, which produces biosurfactants such as rhamno li pids. Some reports 

are also ava ilable on the yeast species that has the ability to produce biosurfactants. These 

molecules has the abi lity to decrease the surface tension, which depends upon the different 

types of interphases involved i.e. water/oil or water/air. In the interface of water/air, 

molecules of biosurfactants increases the surface area through fonnalioD of surfactants 

oriented monolayer across the particle of hydrocarbons with hydrophobic tail of surf act ants 

pointing out to the liquid phase. The primary interaction between microbes and oil droplets 

is achieved through direct contact (Lin et aI. , 201 7). This type of direct interaction depends 

upon the cell surface hydrophobicity. During direct contact, hydrocarbons penetrate into 

the cell as submicroscopic drops. Surfactants activity and hydrophobicity favor interaction 

between microbes and insoluble substrate, overwhelming diffusion limitation during 

substrate transport to the cell . Microbes that degrade crude oi l and produce biosurfactants 

in oxygen depleted environments are considered effective for the formation of methane in 

oil fields. The efficiency of biosurfactants to remove different hydrophobic organics like 

crude oil a lso depends upon the pH as well as the ionic content of solution. These factors 

significantly alter the aggregation patterns of micelles which further affects the rate of 

absorption of surface active molecules on the soil particles (Mnif et aI., 20 II) . This also 

limitize the biosurfactants induced mobility of hydrophobic organics. Many previous 

studies have shown the enhancement in biodegradation rate after the addition of glycolipids 
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biosurfactants. Rhamnolipicis, sophorolipids and trehaloselipids have been reported to 

significantly enhance the hydrocarbons emulsification through their micelles induced 

entrapment of the hydrophobic organics (Tahseen et al., 2016, Karlapudi et al., 2018).1n a 

study conducted by Kung et al., (20 I 0), beneficial effects of sophoroiipids were evaluated 

on biodegradation ofhexadecane and pristane. Similarly, an increase in biodegradatjon of 

hydrocarbons was observed when rhamno}ipids were introduced in the crude oil containing 

fermentation medium (Ma ct a1., 2016). Andrade Silva et aI., (2014) suggested the use of 

gJycoJipjd biosurfactants produced by a yeast strain in future bioremediation studies. The 

bioemulsions BS29 produced from it strain of GordOllia was fmmd to be a promising 

washing agents for tJle bioremediation of hydrocarbon-contaminated sO'ils (Franzetti et aJ., 

2009). 

2.7.2. Biorcmcdiation of heavy mctuls 

Unlike organic pollutants, the non-biodegradable nature and extremely toxic properties of 

heavy metals even at trace concentrations make them n constant threat to the public health 

"od sllrroundi ng cnvirorunent. These noxious heavy metals arc mostly released into the 

environment through different sources which include mines, tanneries, electroplating 

facilities and by manufacture of paints, metal pipes, batteries, and anUllUnition. The higher 

concentration of these inorganic pollutants is very letha1 as they cause oxidative stress 

through the formation of free radica ls (M.ahurpawar, 2015). Biosurfactants when present 

in solution facilitate desorption, solubilization and dispersion of heavy metal iOllS lUld 

metalloids therefore, allow the reuse of so il find water. The anionic nature, low toxicity, 

excellent surface active properties and biodegradability of glycolipids make them efficient 

bioremediation agents. The negatively charged biosurfactants form neutral complexes after 

binding to the positively charged metal ions (Santos el aI. , 2016). This property allows the 

use ofbiosurfactanls as metal sequestering agents therefore aiding in desorption of metals 

from the contaminated soil and water. 
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Figu r e 2.7: Mecha nism of heRvy metals r emovol by biosurfnctnnts (Santos et a l., 

2016) 

It has been observed that glycolipids i.e. rhamnolipids and sophorolipids considerably 

enhance the heavy metals solubility at high concentrations and particular clIle (Hogan, 

2016). The solubilization of heavy metals is accomplished through the process of 

bioleaching which is defined as the dissolution of the metals either by the action of 

microbial species or their biological products. In all these processes biosurfactants­

associated complexation is required for the effective removal of heavy metals from the 

contaminated soil (Mulligan et aI. , 2001). Wang and Mulligan, (2009) reported a number 

of rhamnolipids associated processes that might be involved in the removal of cationic 

heavy metals i.e. chromium and arsenic from the soi l. In another shldy, Mulligan, (2009) 

studied the effect of different concentrations ofbiosurfactants on the removal rate of heavy 

metals. Das et aI. , (2009) stated the feasibility of using biosurfactants produced by marine 

bacterium B. circillans fo r removal of heavy metals (lead and cadmium) from solutions. In 
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another srudy, slIlfactin and lichenysin were employed by ZoubouUs et aL, (2003) for the 

removal of zinc and chromium from the metal contaminated wastewater. In a1lO tJlet study. 

acid ic sophorolipids effectively removed 100 % zinc from the contaminated soil after 

washing treatments (Mul ligan et al., 2001). 

2.7.3. Biosurfactants in pharmaceuticals and therapeutics 

Glycolipids exhibit low toxicity, enhance sUlface active properties and act as potent 

antimicrobial agents against several pathogens depicting diverse applications in 

phannaceuticals and tberapeutks. Many studies have been conducted on anti-bacterial, 

anti-viral, fimgicidni and insecticidal applications ofbiosurfactants. In past few years, use 

of biosUifactants as the possible alternatives to control biofi lms has been scrutinized 

extensively (de Jesus Cortes-Sanchez et a1. , 2013). Biosurfactants aIter the membrane 

associated surface properties of bacterial cells and inhibit their adhesion to other substrates. 

Moreover, biosurfactants produced by Gram's negative bacteria have found to obstruct the 

development of biofihns and cell to cell communication in microorganisms (Muthusumy 

et al., 2008). An oi ntment containing rhamnolipids has beeu reporled in lreating i:I chrunic 

decubitus ulcer as these molecules significantly increased the amount of neutrophils and 

monocytes in bone malTOW, stimulated the proliferation ofkerat-inocytes, faci litated wound 

re-epithelialization and diminished fibrosis (Randhawa and Rahman, 20 J 4). In another 

experiment, sophorolipids derived from a strain of C. bombicola exhibited MIC of I mg/L 

ul1d inhibited the growth of many Gram negative and Gram positive bacteria (K Morya et 

aL, 2013). Similarly, the anti-adherent activity of biosurfactants has been reported which 

can significantly reduce severai llosocomial infections without the usage of nny chemical 

disinfectants. Meylheuc et ai., (2006) reported the anti -adherent property of glycolipids 

produced by P. jlllorescells whereas, Pirog et al. , (20 16) stated the ro le of yeast derived 

lunasan in inhibiting the attachment of P. aeruginosa, and S sanguis. 
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2.7.4. Biosurfactants in agricuJt urc and food Inliustry 

Due to high emulsification potentials, gJycolipids biosmfactants are used in food industry 

for processing of diffe rent raw materials. Consistency in fat based products, stability in 

aerated systems and molecular agglomeration can be easily controlled by the anionic 

biosurfactants (Mujumdar, 20 15). In some studies. rhamnolip ids were reported to improve 

the emulsifying properties of bu tter, desserts etc. In another example, sophoroJipids from 

Candida wilis were used in the salad dress ings (Campos et aI. , 2015). In the fi eld of 

agriculture, use of biosllrfuctants has been mentioned for remedhltion purposes in 

improving soil quality, p lant pathogen elimi nation, a idi ng the absorption of fert ili zers and 

nutrients through roots and. 8S bio pesticides. They are environmentall y safe Dnd act as 

effect ive alternative in agricu ltural pest and disease control (Md, 20 12). T hey can be \lsed 

for the protection of many fru its and vegetables crops as well as ornamental plants like 

grapevine and in U1 C composting of green waste for le rtii izer. In case of biological control, 

these surface act ive molecules are reported to control damping-off d isease as an nn ti-fungal 

agent (Saharan et aI., 2011). In horticulture, biosurfactants are used to increase the 

wettability anel hydrophi li city of deteriorated so il. It has been observed that their presence 

in pesticides ease QuI thc movement of tox icants to their respective target. In add ition, 

rhamnoiipids and sophorolipids produced by different microbial species have also been 

lIsed to s timulate immunity in plants and an imals and for washing the ultrafiltration 

membranes in dairy industry (Borsanyiov<l et al ., 2016, Chen et al., 201 7). 

2.7.5. Biosnrfactllnts in E nhanced Oil Recovery (EOR) 

Enhanced oil recovery (EOR) employs the usc of different physical, chemical and 

microbial processes to recover 50~65 % oil that has been trapped in microporous rocks due 

to high interfacial tension between hydrocarbons and aqueous phase. Recently, the hjgh 

lise of biosurfactants to reduce the interfacial tcnsion between di fferent phases has been 

reported . Amongst the various types of biosurfactants, glycolip ids arc preferentially 

app lied in EOR processes due to their broad thennal stability and peculiar surface acti ve 

properti es (Gao and Zekri, 2011). Rhamnolipids are used in different formulat ions along 
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with chemical surfactanls for decreasing the interracial tension (lFT) between water and 

crude oi l as well as altering the wettability of rocks. sand and bline (Patel et aI., 2015). 

Sophorolipids have been reported to enhance the sohlbility. penneability tU1U flu idity of 

crude oil in water; decreases the saline effect and emulsifies immiscible ojl in water 

(Rashedi et al., 2012). Different reports nre available thai show the successfill 

implementation of biosurfactanls in EOR field trials (Safd eJ ct al ' l 2017). 

2.7.6. Biosurfactants .15 detergents and clc.. .. lncrs 

Biosurfactants are natural emulsifiers and their surFace active properties nre responsible for 

their wide applications in detergents, laundry products, shampoos and soaps. Cleanup 

based on biosurfactants successfully removes oily sludge from tank bottoms and recovers 

more than 90 % of the hydrocarbon trapped in the sludge (Santos et 01., 2016). At the same 

time these biologically synthesized molecules also help in avoiding the harmful 

environmental impoct of toxic wastes as they significan tl y reduce its volume al the end of 

the cleaning process (Marchrutt and Banal. 2012). Besides. broad thermal and pH stabi lity 

rangcs allows biosurfaClu.nts to be used instead of chemical surfnctants at industrial level 

without losing surface dynamic properties. In one oftJle study strength of these molecules 

ns clothing cleaners has 0 150 been reported (Sajna et a1., 2013). 

2.7.7. Applications in cosmetics in dustry 

Comprehensive studies of glycolipids demonstrated their excellent surface active 

properties for applications in VariOllS cosmetics formulat ions. The role of sophorolipids 

and rhamnoli pids us act ive inhrredients for several skin treatments like wound healing with 

reduced fibrosis nnd cure of burn shock has been reported time and again (Lotlrith and 

Ka111ayavattanaJ<l.l1 , 2009). Moreover, these molecules have also been used fo r the 

treatment of wrinkles. Their proliferative and hygroscopic properties help Ihem to intemlpt 

the dennal fibrobl ast metabolism and prevent the fOl11Jutioll of free radicals that can 

damnge skin (Pilj.c and Piljnc, 2007). 
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2.7.8. Applications in nanotechnology 

Recent studies have enlightened the role o fbiosurfactants in the field ofnanoscicnce. The 

synthesis of nanoparticles has been facilitated through the diverse micellizalion pattems of 

different types of surface active compounds especially glycolipids (Rangarajan et aI. , 

2014). [n one experiment, rhamnolipids mixture was employed for the synthesis of nickel 

oxide (NiO) showing excellent antimicrobial activities against some human, pI ants and 

animals pathogens (Motahuri et aI., 20 14). Moreover, the discrete polymeri c 

microstructures of sophorolipids have been successfully used as DNA delivery agents into 

host cell (de Oliveira et aI., 201 5). 
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3.1. Crude oil and soil sampling 

The crude oil and sojj samples were collected from the oil field ofChak Naurnng, Distri ct 

Chakwai, Punjab, Pakistan with the co-ordinates 32°59'JO"N tUl(] 72°55'41 "E. TI lis field 

was discovered in 1986 and started regular produclion in July, 1987. Accord ing to the data, 

the field produces heavy crude oil al so known as black crude oil. The crude oil was 

collected from well no. J -A and stored in sterile Duran bottles. The erucle oil contaminated 

soi l samples were collected from the wasle pit of the same fi eld at the depth of abol1t 10-

30 em. The controVuncontaminated soil sample was obtained from the agricultural land 

adjacent to the oil field. All soil samples were placed in steri le zipper plastic bags, labeled 

and kept in the ice box and brought into the lab where they were stored at 4 °C till nlrther 

process mg. 

3.2 . Soil analys is 

The contaminated and uncontaminated soi l samples were analyzed for th ei r 

physlcochemical properties. Pre-analysis, the soi l samples were air dried and filtered 

through mesh sieve to remove any kind of stones and debris. Soi l texture was detennined 

using hydrometer method proposed by Kettler et a!. , (200 I), pH find Electrical 

Conductivity-E.C (dS/m) through a digital pH and conductiv ity mcter, water conrent (%) 

by the oven drying method, Total Petroleum Hydrocarbons-TPH (glkg) with the help of 

grav imetric method, Total Organic Carbon-TOC (glkg) through the heat colorimetri c 

method of potassium dichromate dilution used by Wang et aI., (2013), total Nitrogen-N 

(mglkg) by applying KjeldahJ metllOd (Sainju, 20 17), avai lable Phosphorous-P (mglkg) as 

extractable phosphorus lIsing sodium bicarbonate (NaHCOJ) (Uddin ct aI. , 20 12) and 

avai lable Potassium-K (mglkg) using suitable extractnnts and flame photometer (Sehera et 

aI., 2011). All readings were taken in tripUcates. 

3.3. Soil enrichment 

Soil enrichment technique was used for the isolation of microorganisms from the samples. 

For this purpose, I g of contaminated soil sample was inoculated in the steril ized 100 m! 
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MSM (minimal salt med ium) with the fo llowing compos ition; K:z HP04 (I 0 giL), NaH2PO-l 

(5 giL) , NaNO, (2 giL), MgS04,7H,O (0,2 giL), CaCh,2H,O (0,0 1 giL), FeS04,7H,O 

(0,08 giL) .nel I % (v/v) cmde oil (carbon source) (Song eJ aI., 2006), The flask containing 

culture medium was incubated at 37 uC and J SO JtfM for a tune penod of 30 days. After 

every 5 days, J m l of inoculum was transferred into the freshly prepared mil]imal salt 

mediwn containing I % (v/v) crude oil as sole carbon source and then re-incubated at 

aforementioned conditions. During the process of soi l enrichment, pH of the medium was 

kept neutral. 

3.4. Isolation of cl'ude oil degrading and biosnr factants p rodu cing microorganisms 

After enriclunent, the microorganisms were isolated by the npplication of serial dilution 

method also llsed by Maddela et at , (20 16). The inoculum was spread 011 already prepared 

nutrien t agar (NA) and saboll raud dex trose agar (S DA) plates followed by incubation at 37 

lie and 25 "C, respectively. The bacteri al colonies appeared 0 11 NA plates after nhnost 48 h 

of the -incubation period. The bacteria w ith different colony morphology and pigmentation 

were considered as a distinct bacterial type Rnd were furth el purified using sub-clllt\1fing 

technique. Same was the case for fungi as discrete colonies of distinct color and different 

morphologies started appearing on SOA plates after 96 h. Replica Plate Method was llsed 

for fu rther purification of fungal colonies (Walter et aI., 20 I 0). 

3.5. SCI'cening of biosur fac tnnts p roducing microorganisms 

The isolated bacteri al and fungal strains were initially screened quali tatively for the 

p roduction of biosurfactants o n the basis of different tests. 

3.5.1. Qualitat ive sc.-eening of biosurfactants producing microorganisms 

For qualitative screening of biosurfactants producing microorganisms, following plate 

assays were perfonned. 
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3.5. 1.1. B lood Agar Hemolysis Assay 

In blood agar hemolysis assay, blood agar plates were prepured Ihut contained 5 % fresh 

sheep blood. Afterwards, individual bacterial and fungal colonies were inoculated on these 

plates using spot inoculation method. After incubation of 24·96 h, visual inspection of 

plates was done and the observed hemolytic activity was designated as CL (alpha), r5 (beta) 

or y (gamma) depending upon the diameter of zones of hemolysis (Ymjani et a1., 2014). 

3.5.1.2. CTAB Methylen. Blue Agar Assay 

This assay is a priOlity screening method to delect the productioll of anionic surfactants 

specifically glycolipids produced by different microbial species (Roy. 2017). CTAB 

Methylene Blue agar plate contains the cationic surfactant cetyltrimelhylarrunonium 

bromide and the basic dye methylene blue mixed with I % nutrient agar. After inoculation 

aod incubation, iflhe strain produces anionic surfactants, an insoluble complex is form ed 

around the microbial colony due to bonding between anionic and cationic moiet ies and, is 

visible in the fonn of a dark blue halo. Post incubation of the phltes for approximately 72-

96 hJ zones of clearance were observed. 

3.5. 1.3. C nlde Oil Overlay Agar Assay 

Mueller Hinton Agar plutes were prepared und coated with I % crude oi l. Individual 

bacteria] and fungal strains were s t.reaked over the plates followed by an incubat ion period 

of 72-96 h. An emulsified zone of clearance was observed llfound the colony of 

biosurfactants producing microorganisms and resu lts were recorded (Shocb ct aI., 20 15). 

3.6. Identification of potentia l biosurfactants producing microorganisms 

The initi al screening assays resulted in the selection of potent ial biosurfactants producing 

bacteria, yeast and fungi. These selected microorganisms were then subjected to 

morphological, biochemical and molecular identificat ion studies. 
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3.6.1. MOI'phological identification 

For morphological identification, the bacterial and fungal struins were !'ub-culftlred 011 

nutrient agar and snbouraud dextrose ~gar plates, respectively. The bacterinl iso lates were 

observed for theu- morphological characteristics mentioned in Table 3.1. Similarly, for 

fungal spe;:cies, the color, margins and tcxhlre was noted after the colonies attained mature 

growth on sahouraud dextrose agar plates. 

Table 3.1 : Morphological churacteristics of bacterial strains 

Size Pinooint, small , medium, lar.e.e 
P igmentation! Color White, Creamish, other 

Shape Circular, Irre£ular 
Opacity Opaque, Translucent, Transparent 
Marein Regular, lrre~lI l ar IT abate, Undulate, Filamentous) 
Textures Smooth, Mucoid 
Elevation Flat, Sli~ht l y Raised, Raised 

3.6.2. Microscopy 

The 24 h old cultures of bacterial strains and yeast species wns subjected to Gram 's stll ining 

technique in order to examine the microbial cells microscopically. For fungal isolates, 

Lactophenoi Hlue staining was done and the characteristics patterns offunga! hypJwe were 

observed. 

3.6.3. Biochemical identitication 

The potential biosurtactants producing bacterial iso lates were further checked for oxidase, 

catalase, urease, H2S and indole production, motili ty, sugars fermentation and ci trate 

utilization. Methyl Red and Voges Proskauer tests were also perfomled. 

3.6.4. Molecula.· identification 

The selected bacterial and fungal isolates were identified lhrough sequencing of the 

conserved 16S and 18S rRNA seq uences by following the protocol of Wilson (2001). 
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3.6.4.1 . Gel E lectrophoresis 

Isolated genome was stored at -4 'C for 24 hours and then gel e lectrophoresis was 

perfonned. Gel was made by dissolving 1% agarose in TBe bllrrt.1 tiUlI.shlined byethidium 

bromide (I ~g ml- i ill TBE buffer) (Wilson, 200 I) . 

3.6.4.2. Sequencing nnd phylogenetic annlysis 

Extracted DNA samples were sent to Macl'Ogen Seq uencing Service, Korea for sequencing 

purposes. After sequencing, similarity of the sequences was detennined through BLAST 

search tool. Phylogenetic tree was made using MEGA 7 software. AfielwHrds, the 

sequences were submitted in NCBI database and accession number for each sequence was 

obtained. 

3 .7. Quantitative screening of potent in I biosurfactants producing microorganisms 

Quantitative estimation ofbiosurfactunts was carried out through various assays frequenlly 

reported in the lilernnlre. For this purpose, the identified strains were inoculated separately 

in 100 ml or MSM medium (section 3.3) containing I % (v/v) Glycero l as sole carbon 

source. For this purpose, flasks containing the media was inoculated with isolated 

microorgan.isms and incubated in orbital shaker at 150 RPM and 37°C for 72-96 h. After 

incubation, culture medium from each flask was centrifuged at 10,000 RPM for 20 min. 

Pellet was discarded and supematant was collected and further tested through following 

assays to enumerate production capabili ty ofbiosurfactants from the tested strains. 

3.7.1. Em ulsification Index (E.I 1") Analysis 

The culture supernatant of every strain was studied for emulsification properties using 

kerosene oil <IS strmdard (Walter ct al. 2010). For this purpose equal volume of supematant 

and kerosene oil was added in the test tube, vortexed for 1 minute and placed at room 

temperature for 24 h. After 24 h, the emulsification index was calc1.llnted by the fo llowing 

equation: 
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E I _ Height of em u lsion lay er (em) 100 E . 3 
• 24 - X . ...•. ~q llallon .1 

. To tCll Heig ht of t he liquCd col'um n (em) 

3.7.2. Surface Tension Mensurcrnent 

Surface tension of the culture supernatant was measured using plate method as reported by 

Marajan et a1. , (20 15). In plate method, Easy Dyne K20, KROSS GmbH Tensiometer 

(Germany) was sel on surface tension mode. the platinum plate was carefully cleaned and 

attached to the hook. The plate was then inserted into the liquid and sur f.:'1.ce tension was 

automatically calculated. All readings were taken in triplicates. 

3.7.3. Oil Displacement Assay (ODA) 

The oil di splacement acti vity ofbiosurfactants presenlin culhlre supernatant was detected 

through oil displacement assay reported by Youssef et a1., (2004). 20 ml of distilled water 

was taken in a petri plate and 20 pi of crude oi l was gently added on the surface of water. 

After that, 20 pI of supernataut was dispensed onto the oil fi lm. After 30 seconds, ZOne of 

displacement was ohserved and measured accordingly. 

3.8. Selection of tlle most efficient biosurfactnnts producing microorg:lOisms 

On the basis of results obtained from various assays employed for the qualitati ve ul1d 

qualitative detennination of the biosurfactants, two strains i.e. RB 27 and RF 38 were 

considered as the most productive biosurfactants producers and selected for further study. 

The identification confirmed RB 27 as Pseudomollas aerugillosa MF069 166 whereas, the 

yeast species was named as A1eyerozyma spp. MF 1381 26. 

3.9. Effect of fermentation media on growth aud bioSlll'factants production fl'om P. 

m!l'lIgillos11 MF069166 and MeyeJ'ozymo spp. MF138126 

In order to evaluate the ro le of media composition on growth and biosurfactants production, 

fi ve different types of fennentation media were used (Table 3.2). For each fonnulation, 

ingredients were mixed and homogenized using stir plate. After m ixing, each medium was 
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supplemented with 0. 1 ml of the micronutrients solution. The solution of micronutrients 

was prepared separately and then fil ter stcli li zed. After au toclaving the medium, 1% 

inoculum was added and flasks were incubated for 96 h at 37 °C and 150 RPM, The 

experiment was rUll in triplicates and, microbial growth and biosurfactants production was 

calculated after every 24 hours. 

Table 3.2: Formulations of different fermentation media 

Media Medium 1 Mcdium 2 Mediu m 3 Medium 4 MediumS 
Components (giL) (giL) (giL) (gIL) (giL) 

CaCb.7H,O 0.0 1 0.01 0.01 0.01 -
FeSOS •. 7H, O 0.04 0.08 0.04 0.08 -

Glucose 20 10 20 20 2.5 
Glycerol 10 20 10 10 5 
K,HPO. 10 5 5 10 0.4 

MgSO • . 7H,O 0.1 0.2 0.1 - 0.2 
NaCI I 1 I - 0.5 

NaH,PO, 5 5 2.5 2.5 1.4 
NaNO, - 2 - 2 -

(NH.),SO. - - 2 2 -
. Peptone 20 10 20 - 20 

Yeast Extract - I - I I 
Distilled H2O 1000 1000 1000 1000 1000 

pH 7 7 7 7 7 

The composition of microl1l1trients so lution is as follows; 

CoC\z.6H,O 1.2 mglL 
1.2 mwL 
0.8 mg/L 
1.4 mwL 

3.9.1. Meas urement of growth 

Growth of P. aerugillosa MF069 166 and Meyerozyma spp. MFJ 38 126 was deteml ined by 

measuring the absorbance o f culhlfe medium at 600 nm using UV-visible 

spectrophotometer. Brie fl y, 150 ml of production media was poured in 250 .. m! of 
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Erl enmeyer flasks [lnd autoclaved at 121°C for 15 minutes at 15 1bs pressure. After cooling, 

the flasks were inoculated with 1 % of inoculum and the microbial cultures were placed in 

shaking incubator at 37°C. Samples were collected after every 24 hand feHdings were 

taken in triplicates. 

3.9.2. Qunntification of gJycoUpids biosuriactunts 

Since, bacterin and yeast produce cht:mically different types of glycolipid biosurfactanlS, 

therefore, two previously reported methods were employed for their quant.itative 

detennination. For biosurfactants from Pseudomonas aeruginosa MF069 I 66 orcinol assay 

was used. In case of, Meyerozyma spp. MF 138126, anthrone assay was applied for the 

estimation of extracellular biosurfactants. 

3 .9.2.1. Orcinol Assay 

Method of Smyth et aI., (20 10) was used to quantitY the rhamnolipids produced by bacterial 

isolate. Briefly, 1 00 ~Ll of the culture supernatant taken after every 24 h was mixed with 

900 III of orcinol reagent in a 2 ml eppendorf tube. The tube was then mcnbflted at 80 °C 

for 30 min. The mixture was then allowed to cool at ambient temperature and absorbance 

was detected at 421 mn using UV-visible spectrophotometer. Readings were taken in 

triplicates. 

3.9.2.2. Prepara tion of orcinol reagent 

0. 19 g of orcinol (5-methyl resorcinol), purchased from Sigma Ald ri ch, was dissolved in 

47 mt of distilled autocJaved water. To prepare the orcino l reagent, O. t 9 % orcinol solut ion 

was added carefully in 53 % H2S0;J within an ice box and few 011 at a time. 

3.9.2.3. Prepllration of standnrd rh :mm olipids solution 

The standard "Rhamnoli pids" was purchased from Sigma Aldrich. To prepare the stock 

so lution, 0.5 mg of the standard was dissolved in 100 ml of distilled autoclaved water and 

standard curve was prepared by making different di lutions of the stock so lution. 

Bioprocesslng of blosurfactants ff"Om microbial sources and t heir alJpllcatlons 58 



Chapter3 Materials and Methods 

3.9.2.4. Preparation of standard curve 

The standard curve ofrhamnolipids was made using orcinol reagent. For this purpose, the 

stock soilltion ofrham11Olipids wa~ seriall y diluted to attain 5, 10, 15,20,25,30,35,40, 

45 and 50 ~I/ml concentrations. I 00 ~Il of each dilution was treated wi th 900 III of orcinol 

reagent and incubated at 80°C for 30 min. The mixture was then allowed to cool at room 

temperature and the absorbance was detected at 421 nrn . Readings were taken in triplicates. 

The concentrations of rhamnolipids in the bacterial cuihlrcs were detenninccl by the 

cal ibrated standard curve. 
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Figure 3.1: Standard curve of rhamnose 

3.9.2.5. Antbroue Assay 

50 

The sophoroiipids produced by the yeast species were quantitatively estimated lIsmg 

Anthrone assay reported by Smyth et al ., (20 I 0), 200 ~II of cel l free supernatant taken after 

every 24 h was mixed with 1000 I.d of anthrone reagent in 2 ml eppendorf rube. After 

mixing, the tube was heated in the boiling water for 9 min. After cooling the reaction 

mixture, absorbance was measured at 625 nm through UV-visible spectrophotometer. All 

readings were taken in tliplieates, 
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3.9.2.6. Pl-cpal'ation of :lntluoue reagent 

The anthrone reagent was prepared using 200 mg of anthrone (9, IO-dihydro-9-

oxoanthracene) dissolved in 5 !TIl of absolute elhllnol in a 100 ml flask. The VOllllllf: W.IS 

raised up to 100011 through the addition of75 % fhSO~ in an ice box and few ml ut fL time. 

3.9.2.7. Preparation of standard sopliol'olipids solution 

The standard "Sophorolipids" was purchased from Sigma-Aldrich. To prepare the stock 

solution, 0.5 mg of the standard was dissolved in 100 m! of distilled autocJaved watef and 

standard curve was prepared by making different dilutions of the stock solution. 

3.9.2.S. Preparat ion of standard curve 

The standard curve of sophorolipids was made using anthrone reagent. For this purpose, 

the stock solution of so pharo lipids was serially diluted to auain 5, 10, 15,20,25,30,35, 

40, 45 nnd 50 J.tVm1 concentrations. 200 J.tl of each dilution was treated with I 000 ~Il of 

anthrone reagent and incubated Ilt 100 °C for 1 0 min. The mixture was then allowed to cool 

at room temperature and the absorbance was detected at 625 nm. Readings were taken in 

triplicates. The concentrations of sophorol.ipids in the yeast cultures were detennined by 

the calibrated standard curve. 

1.2 
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3.10. Optimization of mcd.ia components through J' lnckctt-Burman design for growth 

and biosurCactants production from P. ael'lIgi"oslt MF069166 and NJeyerozyma spp. 

MFJ38126 

Results suggested that medium no. 2 showed maxmlUm growth and biosurfactants 

production for P. aerugillosa MF069166 whereas medium no. 5 was found 10 be the most 

suitable for Meyerozyma spp. MF138 126. In order to further consolidate these finoings, 

Plackett-Bunnan design was used to select the appropriate media components and their 

concentration. The non-coded and coded values of media components 8rc presented in 

Table no. 3.3 and 3.5. Factorial design was made by selecting the option of Plackctt­

B UnTIan design using Minitab sothvare (version 16.0). In the software, names of the media 

elements were written lind in the adjacent columns, their maximum and minimum ranges 

were added. After data input, the software generated a design with 16 experimental runs 

having dif ferent combinations of the factors (Table 11 0. 3.4 and 3.6) . Similar design was 

made for both microb iul candidates however, the reaction conditions/variables were 

different with different levels. The experiments were performed according to tbe prescribed 

design and, microbial growth WId concentration of biosurfactants (giL) were selected as 

responses. Each experiment was perfonned for 96 hand the values of both responses were 

recorded at the end of experiment. The experiment was perfonned in triplicates and results 

represented the mean reading. Ailer conducting the experiments, the data was statis tically 

analyzed using the same software. Plackett-Burman' s teclmique is based on the princ iple 

of Hadamard metrics in which N variables nre renecred at two levels (+ I and ~ I). These 

variables are presented in orthogonal arrangement in such a way that the entries of + 1 in 

the column are equal to those of - I . For screening of N number of variables, this design 

s trategy is very effective and comprehensive to cnlculate main effects. The design based 

on the fact that it undennines the intenlctive effect between the variables while considering 

only linear trends. 

Y = flo + '[. fl, X, (i = 1, ...... , K) ........... . Equatioll 3.2 
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Where Y is the response and ~i represents the regress ion coefficients. Tn order to screen N 

variables, N+ 1 experiments are required enabling screening up to 100 factors at a time 

with high level of accuracy using Ulis ractorial design. The effect of individual parameters 

on growth and concentration of biD surf act ants was estimated by equation 3.3. 

Effect = 2 [E R (H) - E R (L)] IN ..................... Equalioll 3.3 

In the above equation, R (H) represents responses when variables were at + 1 and R (L) 

denotes variables at -I level, Where N is the total experimental runs. The standard error 

and significance level cfeach variable (p-value) was deteffilined by (-test (Equation 3.4). 

(X) .(X, ) E· 3 t I ;;;; -s ".......... ..... ... quatlOn .4 
.E 

In the above equation, E (Xi) represents effect of variab les Xi on the factors with their levels 

(high or low) have been presented. 

Table 3.3: Input variables with their coded and non-coded values along with their 

levels for P. llerllg;lIosll MF069166 

Variables Variable code Low level (-1) Higb level (+1) 
(giL) (giL) 

Glycerol XI 10 20 
Olucose X2 10 20 
K,HPO, )(J 5 10 

NaH,pO, X4 2.5 5 
Peptone x, I 2 
KNO, x, I 2 
NaC! X7 0.5 I 

Yeast Extract X8 0.5 I 
MgSO, X9 0.1 0.2 
FeSO, XI. 0.004 0.008 
CaC!, X II 0.001 0.005 
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Table 3.4: Plac"ett-Burman design for media formu lation for P. aerllgillo:m 

MF069J66 

Run Xl Xl X3 X4 X5 X6 X7 X8 X9 XIO XIl 
Order 

1 1 1 1 -I 1 -I -I -1 -I 1 1 
2 -I 1 -I -I -I -I 1 1 1 -I -I 
3 1 1 -I -I -I 1 1 -I 1 1 -1 
4 1 -1 1 1 1 1 -I -I 1 -I -I 
5 -I 1 1 1 -I 1 -1 -I -I -I -1 
6 -I -1 - I 1 -I 1 1 1 -I 1 -I 
7 -I 1 -I 1 1 -I 1 -I I -I I 
8 I -I I -I - I I -I I I -I 1 
9 I I -I I 1 1 I I I I I 
10 I - I I I -I - I 1 -I -I - I I 
11 -I I - I -I I I -I I - I -I I 
12 -I -I -I - I - I - I - I - I I I -I 
13 -I - I I I I - I - I I I I -I 
14 I 1 - I 1 -I -I -I I - I 1 -I 
15 -I -I -I -I 1 I I -I -I I -I 
16 I - I -I -I I -I I I -I -I -I 

Table 3.5: Input variables with their coded and non-coded v~lIucs along with their 

levels for Meyerozyma spp. MF138126 

Val"iables Variable Low Level (-I) lligh Level (I) 
code (gIL) (gIL) 

Peptone XI \0 20 
Glycerol X2 2.5 5 
Glucose XJ 1.5 3 

NaH,PO, x, 0.7 1.4 
Yeast Extract xs 0.25 0.5 

K,HPO, X6 0.2 0.4 
MgSO, X7 0. 1 0.2 
Nael X8 0.1 0.5 
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Table 3.6: Plackett-Burman design for media formulation fOl' JvJeyerozyma spp. 

M,138126 

Rlln Order XI X2 X3 X4 X5 X6 X7 X8 
1 1 1 -1 1 1 -1 -1 1 
2 -1 1 -1 -1 -1 1 -1 1 
3 -1 1 1 1 -1 1 -1 -1 
4 1 1 -1 -1 1 1 1 -1 
5 1 -1 -1 1 1 1 -1 -1 
6 -1 -1 1 1 1 -1 -1 1 
7 1 -1 1 -1 -1 1 -1 1 
8 -1 1 -1 1 1 -1 1 -1 
9 -1 -1 1 -1 1 1 1 -1 

10 1 1 1 -1 1 -1 -1 -1 
11 -1 1 1 -1 -1 -1 1 1 
12 1 -1 -1 -1 1 -1 1 1 
13 -1 -1 -1 -1 -1 -1 -1 -1 
14 -1 -1 -1 1 -1 1 1 1 
15 1 -1 1 1 -1 -1 1 -1 
16 1 1 1 1 1 1 1 1 

3.11. Optimization of cultivation conditions through Response Surface Methodo)ogy 

(RSM) for growth and biosurfactllnts production from P. aerugillosa MF0691 66 and 

NJeyerot.yma spp. MF138126 

After selecting the appropriate media components through Plackett-Burman design, 

cultivation conditions were optimized using central composite design (CeO) and response 

surface methodology (RSM), For thi s purpose four bioprocess variables vis pH, 

temperahlre (T), size of inoculum (SOl) and agitation speed (RPM) were selected for both 

microorganisms. However, the ranges selected for each variable was different for bacterial 

and fungal strains (Table 3.7 and 3.8). For this purpose, the data was input in the Minitab 

software (version 16). The response surface with fom factors was selected as an option. 

The minimum and maximum ranges of each parameter were adjusted and software 

generated a full factorial design with 30 experimental runs for each microbial strain. 

Growth and concentration of biosurfactants were selected as responses. As there was no 

increase in biosurfactants production from both P. aerllgillosa MF069 I 66 and Meyerozyma 

spp. MF 138126 after 96 h therefore, all results were recorded for 96 hours of the 
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fermentation peri od. After perfonning experiments, results were obtained and analy..:cd 

statistically using the same software. Equation 3.5 was used for estimation of results. 

Table 3.7 : Layout of central composite design for optimization of cultivation 

conditions for P. aem g iIJOSfl MF069166 

No. of Runs pH T SOl RPM 
1 6 20 5 120 
2 7.5 30 3 210 
3 7.5 30 3 150 
4 7.5 30 3 150 
5 6 20 5 120 
6 9 40 I 120 
7 10.5 30 5 150 
8 9 40 I 180 
9 7.5 30 3 150 

10 9 40 I 180 
11 7.5 30 3 150 
12 9 40 I 180 
13 6 20 5 180 
14 4.5 30 3 150 
15 7.5 30 3 150 
16 9 40 I 120 
17 9 40 I 180 
18 7.5 10 3 100 
19 7.5 30 7 150 
20 7.5 30 2 150 
21 7.5 50 3 150 
22 6 20 I 180 
23 6 20 I 180 
24 6 20 5 180 
25 9 40 I 120 
26 7.5 30 3 150 
27 6 20 I 150 
28 7.5 30 3 150 
29 9 40 5 100 
30 6 20 I 120 
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Table 3.8: Layout of central composite design for optimization of cultivation 

conditions for MeyeroZjJma spp. MF138126 

Run A:pH S :T C:SOJ D:RPM 
I 8 45 I 180 
2 5.5 32.5 3 150 
3 3.5 20 1 180 
4 5.5 32 3 150 
5 3.5 57.5 I 120 
6 5.5 7.5 3 120 
7 5.5 32.5 7 150 
8 8 45 2 120 
9 5.5 32.5 3 150 
10 8 45 I 120 
II 8 45 5 180 
12 5.5 32.5 3 150 
13 8 45 5 210 
14 5.5 32.5 3 150 
15 5.5 32.5 3 150 
16 3.5 20 5 180 
17 8 45 1 180 
18 3.5 20 5 120 
19 5.5 32.5 3 150 
20 3.5 20 5 120 
21 8 45 5 120 
22 3.5 20 5 180 
23 10.5 32.5 I 180 
24 0.5 32.5 I 150 
25 8 45 I 180 
26 8 45 I 120 
27 5.5 32.5 3 150 
28 5.5 32.5 3 150 
29 3.5 20 I 100 
30 5.5 32.5 3 150 

3.12. Extraction and recovery of biosurfactants 

The extraction of biosurfaclants was carried Qut through solvent extraction method 

proposed by De Rienzo et a1. , (2016). Briefly, after inoculating nnd incubating the two 

strains in previollsly optimized femlentation medium under optimized conditions, culture 

medium was centrifuged at 10,000 RPM for 20 mi n. Pellct was discarded and pH of the 
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supenmtan t was adjusted at 2 by the addition of 6 N He !. This suspension was then 

incubated at 4 °C for 24 h to precipitate out the surface active compm.mds. Initia lly, the 

precipj tat es were separated through centrifugation fit J 0,000 RPM for 20 minutes followed 

by the treatment of acidified supematant with ethyl acetate to ensure maXiml.lm recovery. 

From the surfactallts-cthyl acetate mixture, organic phase was co ll ected and air dried to 

remove any traces of solvent. The partially purifi ed biosurfactants were used for chemical 

charactctization studies. 

3.12. Cbaracterization of biosu r ractants produced by P. uerug;nosa MF0691 66 and 

Meyero7Jll1l a 5pp. MF1381 26 

3.12.1. T hin Layer chromatography (TLC) 

TLC analyses of biosurfactants was perfonned on siljca gel 60 TLC plates through lhe 

method reported by Kumar and Das, (2018). For rhrun nolipids, the solvent system of 

chlorofonn :methanol:acetic acid in the ratio of 6.5 : 1.5:0.2 (v/v/v) was used whereas, for 

sophorolipids, chlorofonn:methanol :wlIter 6.5: 1.5:0.2 (v/v/v) was applied. The extracted 

rhamnolipids and sophoroJipids were spotted near the bottom of plates at the point of origin 

and, then dipped in the solvent systems for 15 minutes. Once the plates were developed 

and alr drit;:d, anthrone reagent was :sprayed un lhe plates ,md bands were visualized under 

UV light. For every sample Rf values were recorded. 

3.12.2. Frill Spectro,cop)' 

FTIR spectroscopy was l.lsed to elucidate the variety of functional groups present in the 

pal1ially purified biosurfactants extracted from P. aerliginoslI Mf069166 and lvfeyerozyma 

spp. MF 138126. The compounds were analysed in a Thermoscientific 4700 FTIR 

spectrometer. The samples were analyzed whereas, results were shown in tl1e fonTI of 

spectra with peaks ranging between 400~4000 em-I flt fl resolution of 4 cm·1 (Talukdar el 

al., 20 17). The resultant peaks of microbial biosurfactants were compared with the standard 

rhamnolipids and sophoroli pids, respectively. 
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3.12.3. Reverse Phase HPLC 

The partia ll y purified aliquots of biosurfactan ts were further analyzed througl, reverse 

phase HPLC by the method proposed by Gupta and Prabhune, (2012). For .his pllLpose 

samples were run on an Agilent series HPLC instrument with Eclipse Plus C I8 column 

(3.5 Ilm solid support size and dimensions of 4.6 mm width X 150 mm length) eqllipped 

with a UV detector system. The peaks were detected at 220 nm wavelength. The gradient 

elution profile ror the molecules and their respective standards WaS!lS fo llows: acetonitrile 

(solution A) and 0.05 % Fonnie acid (solution B) in the ratio of 30:70 v/v holding for 10 

min to a final composition of 70:30 v/v with a linear gradient for 30 min at a flow rate of 

0.8 mllmin. 

3.J2.4. Nuclear Mngnctic Resonance (NMR) 

The NMR spectra of samples were acquired on a Bruker Advance 1I1 HD spectrometer 

equipped with an inverse detected Tel probe with cryogenic enhancement on 1 H and DC, 

operating at 599.90 MHz and 150.86 MHz for lH and DC, respectively. Samples were 

prepared in c111orofonn·d and methanol·d." and recorded at 298 K (Perinelli et aI., 2017, 

Konishi et aI., 2016). 

3.12.5. Liquid Chromatogrllphy Electrospray IOJlization~M:tss Spcctl·oJUctry (LC­

ESI-MS) 

Biosurfactants from P. aemgiflosa MF069166 and Meyerozyma spp. !v1F 138126 and, their 

respective standards were analyzed through LC-MS using a Dionex Ultimate 3000 UHPLC 

coupled to a BlUker Maxis bnpact QTOF in negative ESJ mode. I ~d of each sample was 

separated on a Phenomenex Luna C IS (2) column (5 pM 100A 2.0 X 50 mm) using a 

gradient of98 % mobile phase A (o.] % formic acid in water) and 2 % mobile phase B (O. l 

% fonnic acid in acetoni tril e) to 20 % mobi le phase A and 80 % mobile phase B in 9 

minutes, then kepi at 100 % mobi le phase B for 2 minutes at a flow rate of 0.3 ml/min 

(Mainez et aI., 2017). The data was processed lIsing the Bruker Data Analysis software 

version 4.2. 
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3.13. Stabil ity of biosurfactants produced by .P. aerug ;nostl MF069166 and 

Meyero1J1ma spp. MF138126 

The stability ofbiosurfaclants produced by r. aerugil10sa MF069 166 ;md MeyerozY11ln 

spp. MF138 126 was checked under varying effects of temperature, pH and sa1inity. After 

trcatment, Emulsification Index (E.h4) and Surf.1ce Tension (mN/m) was detected for every 

trentment through the methods described in section 3.7. All readings were taken jo 

tri plicates. 

3.13.1. Preparation of biosurfactants solution 

A loop full of bacterial and yeast culture was inoculated in 250 ml of their aforementioned 

optimized media, respectively. The fiasks were then kepI under optimized conditions to 

ensure optimal production of compounds. Post incubation, the culture media was 

centrifuged at 10,000 RPM rOf 20 min at 4°C to obtain the cell free supernatants, 

3.13.2. Thermal stability 

The thermal stability of rhumnolipids and sophorolip ids was evaluated by incubating the 

culture supernatants fro m both the isolates at varying temperatures between 5 °C to 115°C 

ror one hOllr. In addition, both the supernatants were tested after olltoclaving conditions 

(1 2 1 °C, 15 psi for 20 min) . The samples were then allowed to cool at room temperature 

and then tested for their emulsifica tion and surface active properties (Almeida et aI., 20 17). 

The experiment was nm in triplicates, 

3.13.3. pH stability 

The e ffect of both acidic and basic condi tions was checked on the stability of rhamnolipids 

and sophorolipids. For tlus purpose, the pH of cell free supernatants was adjusted from 1-

14 using IN HCI and IN NaOH and then incubated at 37°C for one hour. E.l24 and S.T 

was recorded for every sample (Almeida et aI. , 2017). 
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3.13.4. Stability under ""rying NaCI concentrations 

Tl) evaluate the eFfect of salts on stabili ty of rhamnol ipids and sophoroJipids, the 

supernatants from both strains were treated with 2-14 % wtv concentrations ofN<lCl. A fief 

treatment, the triplicate nms of every sample was checked for emulsificat ion indices and 

surface tension measurements (Almeida et a1., 2017). 

3.14. Properties of biosurfactants produced by P. ael'ugillosa MF069166 and 

MeyeroT.yma spp. MF138126 

3.14.1. Determination of critical micelle concentration (cmc) 

CtllC is defined as the particular concentration of surfactants at which micelles are formed 

and is one of the most important property of surfactants. The cmc of rhamnolipids and 

sophorolipids was determined by making different dilutions (in autoclaved distilled water) 

fi·om 250 mg/L stock solutions of the purified biosurfaClnnts. Surface tension of each 

dilution was recorded through Whimley Plate Method using Easy Dyne K20. KROSS 

GmbH Tensiometer (Germany) according to the protocol of Garcia-Reyes et aI., (2017). 

After obtaining the results, a graph was plotted for ST values against different surfactant 

concentrations and cmc was noted. 

3.14.2. Size distribution through Dynamic Light Scattering (DLS) 

The size of particles and poiydispersity index was measured using a NanD S90 (model ZEN 

1690) from Malvern Instruments (U.K.). The solution ofrhamnolipids and sophorolipids 

were prepared in ultrapure water and the variability in size of micellar aggregates was 

observed at Y2 cmc. cmc and 2 cmc; different pH and. 250 mM, 500 mM and 1000 !TIM 

concentrations ofNaCI. Post treatment, 1 mL of sample was loaded to the cell and analyzed 

through DLS at 632.8 nm with Red laser at 25°C. The scattered light was collected by 

receptor at angle of 90° from light path. Every sample was analyzed 10 times and readings 

were recorded. The size of the aggregates was expressed in terms of hydrodynamic 
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diameter calcuJated by using the Zetasizer software associated wi th the instrument (Zhong 

el aI., 2016). 

3.15. Environ ment!t1 !lpplicatiolls of biosurfac tnnts ;mc1 BS producing r. ael'uginos(/ 

MF069166 and MeyertllJ'UltI spp. MF138126 

The potentinl role of P. aerllgillosa MF069166 and Meyerozyllu/ spp. MFI38 126 and their 

biosurfactants Le. rhamllolipids and sophorolipids was monitored in the biodegradation of 

crude oil and bioremedintion of heavy metals. 

3.15.1. Role of biosurfactants and BS producing P. aerllginosa MF069166 and 

Meyeror.YIIUI spp. MF138126 in biodcgrndatio" of crude oil 

fll order to check the effi cacy of P. aerllginosa MF069166 and Meyero=yma spp. 

MF13 8126 ruld their biosurfactants for biodegradation of cmde oil, cell surface 

hydrophobicity and emulsification activity of biosurfactants was detennined. This was 

fo llowed by the cmde oil degradation cxperi ment of three weeks during which microbial 

growth, biosurfaclants production and crude oil removal percentnge Wfi S noted . 

3.\5.1.1. Ootonnination of Cell Surface Hydrophobicity (CSll) 

Biosurfactants production and degradation of hydrocarbons is strongly associated with the 

cell surface hydrophobicity of microorganisms. Therefore, the cell surface hydrophobicity 

of both the isolates were assessed against crude oil , n-Hexadecane, Dodecane and Toluene 

using MATH (Microbial Adhesion to Hydrocarbons) assay reported by Obuekwe et aL , 

(2009) with slight modifications. Briefly, microbial cells were separated from the culture 

medium through centrifugation at 5000 RPM for 15 min. The collected pellet was rc­

suspended into 10 mm diameter test tubes containing 5 ml sterile MSM. Absorbance of 

cell suspension was recorded at 600 om lIsing UV-visible spectrophotometer. Afterwards, 

0.51111 aliquo t of hydrocarbons was added to this suspension and vortexed for 2 min. The 

mixture was allowed to sellle at room temperature for hydroc<trbon separation. Turbidity 

of aqueous phase was recorded by measuring the absorbance at 600 nlll. MATH is 
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expressed us the percent loss in the absorbance of aqueous phase in compari son to the 

absorbance of initial cell suspension (Equation 3.6), 

MATH - (1 - (A600 of th e aqueous phase/AWJ of the initial cell suspension)) ... Eqllation 3.6 

3.1S.1.2. Effect of hydroc;.1fbons on cmuJsificMion :lctivity of biosurfactnnts 

The emulsification properties of rhamnolipids and sophorolipids obtained from P. 

oeruginosaMF069 166 and Meyerozyma spp. MF138126 were evaluated lInder the effect 

of differen t hydrocarbons. For this purpose, 2 ml of different oils including crude oil. 

kerosene oil, diesel, petrol, mllstnrd oil. caneJa oil lind ol ive oil were added into equal 

voh.lme of cell free supernatants obtained from hath microbial isolates, separately. 

Experiment was perfonned in triplicates and emulsification index values were recorded 

after 24 h (Mendes eJ aI., 2015). 

3.15.1 .3. Biodegradation studies 

in order to evaluate the potential role of P. ncrllginnsa MF069166 Hnd Meycl'ozyma spp. 

MF 138126 in biodegradation of crude oil, shake flask experiments were conducted. Seed 

cultures of P. aerugillosa MF069166 and Meyerozynw spp. M"F138126 were inoculated in 

I % v/v concentration in 250 !TIl Erlenmeyer flasks containing 100 ml of sterilized minimal 

salt medium (MSM) with 1 % cnlde oil as sole carbon source. Uninoculated flasks were 

kept as control. All the flasks were incubated at 37°C 0 11 150 RPM for 2 1 days. Samples 

were withdrawn on 71h
, 141h and 21 st day of incubation for the estimation of biodegradation 

rate through the assays reported by Patowary et al., (2017). 

3.15.1.3.1. Biomass estimation 

The effect of cnlde oil on microbial growth was estimated throllgh calculation of the dry 

biomass in giL. Samples were collected at regular intervals and centrifuged at 10,000 RPM 

for 20 min at 4 °C. Post centrifugation, supernatant was discarded and pellet was washed 

fi rst with distilled wolter and then with chlorofonn to remove any traces of hydrocarbons. 
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Pellet was then dried Ht 100°C till constan t weight was achieved. Read ings were taken in 

llipiicates. 

3.15.1.3.2. Surface tension measurement 

To examine the production of biosurfactants in fermentation bro th, samples were 

withdrawn after every 7, 14 and 2 1 days. Surface Tension oflhe cell free supernatants was 

measured by the method already described in scclion 3.7.2. 

3.15.L3.3. Gravimetric analys is of residual crude oil 

Percentage concentrations of residual crude o il in the test flasks were determined after 7. 

14 and 2 1 days through grav imetric analysis. T he crude oil from cultu re broth of P. 

aerugillosa MF069166 and Meyerozyma spp. MF138126 was extracted in ratio of 3 

sample: 1 n-hexane. Whole content of the flask was placed in a separating funnel along­

with a known concentration of solvent. After continuous shaking for 5- 1 0 min, the mixture 

was al lowed to sett le and the layer of solvent containing residual cmde oil was collected in 

a pre-weighed beaker. Extraction was repeated twice to ensure complele recovery of crude 

oil. After extract ion, n-hexane was evaporated in an oven al70-75 tiC andl the beaker was 

cooled down and fe-weighed. The sterile control was processed under simi lar conditions. 

Percentage degradat ion was calculated by using Ihe fo llowing fomlUla. 

(Weight o[ Crude oil degraded/Weight o[ Cr·ude Oil added i1l the medium) X100 .. Equation 3.7 

3.1 5.1.3.4. GC-MS analysis of residual crude oil 

After an incubation pedod 01' 2 1 days , crude oil extracted from the control and test flasks 

were subjected to Gas Chromatography-Mass SpectTOmetric analysis using SCHIMADZU 

instrument model QP5050 having an EJite-5M S with specifications 30 m X 0.25 mm 1.0 . 

fused silica, 0.25 ~un diameter and DB-5. Heli·u l11 was lIsed a" the carri er gas with a flow 

rate of 1.0 mU m in. I ~t1 of sample was injected via split less injection. The injection 

temperahlre was mainta ined at 250 tiC whereas, the oven temperature was set at 60 tiC with 
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an initial hold time of 5 min. The temperature was further increased uplo 300°C \VitJl the 

final hold of 30 min. 111e electron ion ization mode was used to obta in the mass 

spectrometric datB with the mass range (m/z) of 50-650. GC-MS solution software was 

used for the analyses of chromatograms whereas, the cnlde oil components were identified 

using the NIST II li brary database. The percentage Biodegradation Efficiency wns 

calculated by the method described by Michaud et aI., (2004) 

3.15.2. Role of biosurfactants and ns producing P. llerugillosll lVW069166 and 

Meyer01;ymo spp. MF138126 in biorcmediation ofhcavy metals 

111e potential of P. aerugillosa MF069166 and Meyerozyma spp. MF138126 and their 

biosurfactants i.e. rhalllilolipids and sophorolipids was detennined in the bioremediation 

ofhenvymetals throl1gh follow ing assays . 

3.15.2.1. Heavy metals tolerance through Plate Diffusion Method 

The preliminary tests for henvy metals tolerance of P. aenlgillosa MF069166 and 

Meyel'ozyma spp. MFI38126 was carried out thrmlgh plate diffusion method proposed by 

Neethu et aI., (2015). For this purpose, 100-1000 ppm dilutions (in sterile deionized water) 

offive heavy metal salts i.e. cadmium chloride, chromium sulphate, copper su lphate. lead 

nitrate and zinc chloride were tested against the two strains. 500 ,.11 aliquot of each 

concentration of metals was dispensed into central wells of 1 em in diameter and 4 mm in 

depth. The well s were sealed at the bottom with soft agar on Mueller Hinton Agar (MHA) 

plates. The two strai ns were streaked onto the plates followed by incubation at 37 °C for 

96 h. The metal resistance activity was measured in terms of Minimal lnhibitory 

Concentration (MIC). MJC was estimated through measuring the diameter of zones 

appeared on MHA plates after incubation. Sterile deionized water was lIsed as control. 

3.15.2.2. Bjosurfactants llctivity in the presence of heavy meta ls 

To eVfliuate the surface active potential ofbiosurfactants in the presence of heavy metals, 

i 00, 500 and 1000 ppm concentrations of the aforementioned heavy metals salts were 
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added in MSM containing I % glycerol as sole carbon source. The two sets of flasks were 

inoculated with the two strains separately and, incubated at 37°C nt ISO RPM for 72 h. 

Post incubation, samples were withdrawn and E.h4 of cultme supernatant was measured 

using kerosene oil as standard. Flasks withollt heavy metals were used as negative control. 

All readings were taken in triplicates. 

Results of above mentioned assay suggested that rhamnolipids from p, aerllgillosa 

MF069166 showed maximum resistance against zinc chloride followed by lead nitrate 

whereas, sophorolipids from Meyerozymo spp. MF138J26 exhibited maximum activity 

against lead nitrate followed by zinc chloride. Therefore, the following experiments were 

conducted with respect to lead nitrate and zinc chloride to eva luate their maximum 

percentage removal thtotlgh biosurfactants. 

3.15.2.3. Metal cbelatillg activity of biosurfactants 

The metal chelat ing aoti vity of biosurfactants was checked through overnight incubation 

of y~ ewe, cmc and 2 cme concentrations ofbiosw-factants with 100, 500 and 1000 ppm 

solutions of lead nitrate and zinc chloride. AfteJ' incubation, the solution was centrifuged 

at 10,000 RPM for 10 min to separate the metal-biostufactant precipitates and the resulting 

supernatant was checked for the presence of unbound metals through atomic absmptioll 

spectrophotometer. The percentage removal of heavy metals in the biosurfactants treated 

solutions was detennined through running the appropri ate blanks and standards on atomic 

absorption spectrophotometer. All readings were taken in triplicates (Luna et ai., 2016). 

3.15.2.4. Conductivity measurements 

To evaluate and compare the metals removal efficiency and ionic content ofbiosurfactants 

and chemical smfactants treated samples, electri cal conductivity was measured. The 

solutions of biosurfac tants and chemical surfactants i.e. SOS, Tween 20 and Tween 80 

were prepared in Yl cmc, cllle and 2 emc concentrations. The ellle of SOS, Tween 20 and 

Tween 80 is 0.234 %, 0.007 % and 0.012 %, respectively. The prepared concentrations of 

surface aclive compounds were mixed with 500 ppm solutions of lead nitrate and zinc 
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chloride followed by 24 h incubation at room temperature. The metal­

biosurfactants/surfactnnts complex was then removed from the samples through 

centri fugation. The conductivity meter was first calibrated witb deionized water Hnd then 

used to measure the conductivity of the resulting slipematants. All readings were taken in 

tripl icales (Luna el ai. , 2016). 

3.15.2.5. 'Vashing of heavy meta ls contaminated so il using biosu .. faclants 

3,15.2.5.1. Soil spiking 

The unaffected and pre-characteri zed soi l obtained from the agricultmal fi eld of Chak 

Naurang, Punjab, Pakistan was &1ificially spiked with 1000 ppm solutions of lead nitrate 

and zinc chloride. I kg of soil was filtered through mesh sieve to remove any stones and 

debris, autoc1aved and contaminated with metals solutions and, finally placed in a shaker 

incubator at 150 RPM for 96 h to allow the homogenous mix ing of metals in soiL Soil 

samples were then air dri ed to remove any traces of solvent (water) so that predetenn ined 

concentration of metals could he achieved. 

3.15.2.5.2. Soil washing 

A series of soil welshing experiments were conducted llsing the Yl cmc) cmc Hnd 2 cmc 

concentrations of biosurfnctants extracted from the culture supematant of two strains 

through the method reported by Luna et aI., (2016). Deionized water was used as controL 

5 g of the spiked soil was transferred into 250 011 Erlenmeyer fl asks followed by the 

addition of 50 ml biosurfactants solutions of aforestated concentrations. The flasks were 

then kept under shaking conditions at 150 RPM for 24 h at 30 °C. After 24 h, the whole 

content of each flask was subjected to centrifugation at 10,000 RPM for 10 min. This 

procedure was repeated thrice to ensure the complete removal of soil part icles fi'om 

supernatant. The resulting supematant was then analyzed through Atomic Absorption 

Spectrophotometer to dctennine the concentration of heavy metals in each run. 
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In another set of experiment, the kinetics of heavy metals removal was studied us ing the 

cell free broth (crude biosurfactants) of the two isolates. 50 ml of culture supernatant was 

added 10 250 ml Erlenmeyer flasks containing 5 g of artificjally spiked soil followed by 

incubat ion of flasks under shaking conditions for 15 days. Flask without the cultllre 

supematant was run as control. Samples were withd rawn every second day and the 

percentage removal ofm ctals was calculated tlrrough atomic absorption spectrometry. All 

readings were taken thrice. 
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A~ Isolation and screening of biosltrfnctnul,s producing microorganisms (I'om crud e 

oil contaminated soil 

In the tirst phase of shldy. isolat ion and screening of biosurfnctants producing 

microorganisms was done from the cmde oi l contaminated soil. For this purpose soi} 

samples were collected from a crude oil contaminated site located near the Chak NUlilang 

oil field, District Chakwal, Punjab. The isolation of biosurfactants producing 

microorganisms was done thro ugh a n umber of qualitative und quantitative screening 

assays. The efticient biosurfactants producing isolates were selected and subsequently 

identified using mOlphological , biochemical and molecular identi fication tools. 

4.1. Soil analysis 

The cmde oil contaminated soil samples taken from Chak Naurang oi l field were analyzed 

in order to estimate Ule effect of petroleum hydrocarbons on soil properties in comparison 

with the contro l (F ig, 4.1). The results of soil analysis have been summarized in Fig. 4.2. 

It was observed that the ..:rud!;; o il contaminated soil was c1ny~ loam in texltlTe with slightly 

alkatine pH. The moisture content was found to be 46 % in the control (unaffected) soil 

which significantly decreased up to 18 % in the crude oil contaminated soil. Crude oil 

contaminated soil showed I~:s dectrical conductivity (4.3 dS/In) as compared to the 

agricultural soi l (24,81 dS/Ol). However, considerably high quant ity of Total Petroleum 

Hydrocarbons (lip to 22.56 glkg) and Total Organic Content (23. 11 glkg) was detected in 

the contaminated soil as the recorded value of TOC for agricultural soil was 4.03 g/kg. 

Contrary to aforestated parameters, reduced concentration of nitrogen (0.644 glkg), 

phosphorous (12,46 mglkg) and potass ium (20 mWkg) was detected in the soi l samples 

collected from crude oil affected brownfield. 
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Figure 4.1: Different regions of crude oil affected and unaffected agricu ltural land 

of Chak Naurang 

• Sample _ Control 
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E.C (dS/m) ~;;:~ __ 
Moisture (%) J 

pH 
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Figure 4.2: Comparative analysis of physicochemical properties of crude oil affected 

and unaffected soil 

4.2. Isolation of crude oil degrading and biosurfactants producing microorganisms 

After soi l analysis, the crude oil contaminated soi l was used for the isolation of crude oil 

degrading and biosurfactants producing microorganisms. After enrichment of so il for 30 
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days, th i rty~ four bacterial and six fungal strains including one yeast species was obtained 

that were able to use crude oil as sole source of carbon and energy. Isolated microbial 

strains were further purified on nutrient agar and sabouraud dextrose agar plates and, 

codded as RB and RF for representation of bacterial and fungal species, respectively. In 

the next step, all purified isolates were tested for their metabolic capability to produce 

biosurfactants using fo llowing assays. 

4.3. Qualitative screening of biosurfactants producing microorganisms 

ln itially, the isolated microorganisms were qualitative ly screened for biosurfactants 

production. For this purpose, three plate assays were used which include blood agar 

hemolysis assay. CTAB methylene blue agar assay and crude oi l overl ay agar assay. 

4.3.1. Blood Agar Hemolysis Assay 

The inoculation of isolated microorganisms on blood agar plates resulted in the lysis of 

erythrocytes present in the medium. After incubation of 72-96 h, different zones of lysis 

were recorded in order to differentiate biosurfactants producing and non-producing 

microorganisms. The results are presented in Fig. 4.3. It was noted that amongst fOlty 

isolates, 45 % of strains showed a-hemolysis, 37 % of strains showed p-hemolysis and 18 

% of strains showed no hemolytic activity on blood agar plates . 

• Cl Hemolysis 

. p Hemolysis 

. No Hemolysis 

Figure 4.3: Blood agar hemolysis assay of biosurfactants producing microorganisms 
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4.3.2. CT An Methylene Blue Agar Assay 

eTAB Methylene blue agar assay displayed varymg percentages of biosurfactants 

producing and non~producing microorganisms with respect to thei r ability to release 

charged biosurfactants molecules in the medium. Results showed that 32 % of strains 

produced a dark bl ue halo around the point of inoculat ion, 38 % of strains produced a 

comparatively lighter zone whereas the remaining 30 % of strains di splayed no zone after 

72-96 h of incubation (Fig. 4.4) . 

• Dark Zone 

• Light Zone 

. NoZonc 

Figure 4.4: eTAB methylene blue ag:lr nssay of biosur factants prod ucing 

microorganisms 

4.3.3. Crude Oil Overlay Agar Assay 

The abil ity of isolated microorganisms to degrade crude oil through the production of 

biosurfactants was checked in crude oi l overlay agar assay. Results of the assay revealed 

that 65 % of strains fanned emulsified halos around their colonies whereas, no 

emulsi fi cation activity was observed on MHA plates for the remaining 35 % of isolates 

(Fig. 4.5). 
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• Emulsified Halo _ No Emuls ified Halo 

Figure 4.5: Crude oil overlay agar assay of biosurfactants producing 

microorganisms 

4.4. Identification of potential biosurfactants producing microorganisms 

On the basis of quali tative plate assays, potential biosurfactants producing microorganisms 

were enlisted and subsequen tl y subjected to iden tification stud ies. The selected fourteen 

microorganisms were initially identified through morphological, biochemical and 

microscopic tests and later on, their percent homology was confirmed through molecular 

tools. Init ial studies revealed diverse phenotypic propert ies of the microorganisms. Most 

of the bacterial isolates formed off white to cream colored colonies on nutrient agar plates 

and were positive for Gram staining, catalase, oxidase and moti lity tests. However, two of 

the isolates showed characteristics of a typical Gram negative bacteria. In case of the two 

fungal isolates, the colony morphology and cellular staining exhibited characteri stic 

eukaryotic properties (Table 4.1). 
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Table 4.1: Morp hological identificatioll of potential biosurfact:tuts producing 

microorganisms 

BACTERlAL ISOLATES 
Isolates Colony Grant Biocht'mical Tl'sts 

RBJ 

RB5 

ru;6 

RB7 

RB9 

RBII 

RBI2 

RB27 

RB29 

RBJI 

RBJ2 

RDJ3 

RF36 

RFJ8 

l\1 olopllology Staining CAT OX err URE MI! VP IND !\,Iotili ty 

White color colony +ive +ive -ive +ive -ive -ive +ive -ive +i~·e 

orr white color +ive +ive + ivc -ive +ive -ive -ive -lye +ive 
rough 

Greenish color -ive +ive +ivc +lve -iYe -,ve -lve -lye +ive 

rough 

Off while color +ive + j\'e -ive +ive -ive -ive +lve -lye +ive 

smooth 

White color rough +ive +i\'e -ive +ive -ive -ive +ivc -lye +ivc 

threadlike 

Cream color -ive +ive + ivc +ive +ive -ive -lve -ive +ive 
irregular 

Light yellow color + ive +ive -ive +ive -ive -ive +lve -ive +ive 

smooth 

Olive green color -lve +ive + ive +ivc -ive ·ive -ive ·jve +ive 

smooth 

Offwhitecolor +ive +jve vanab +ivc -ive -ive +ive -we +ive 

fil amentous Ie 
White color rough +ive +ive · ive +ive -ive -ive +ive -ive +ive 

Light yellow color + ive +ive -ive +ive -ive -ive -live -ive -t- ive 

rough 
Light green color -ivc +ive +ive +ive -ive -ive -ive ·ive + jve 

smooth 

FUNGAL ISOLATES 

Mor p ho logy Staining 
Yellow color colony Laclophenol Blue staining showed the characteristic fullgal hyphae 

orr white sticky, creamish and slimy Grams's staining showed round Gram positive cells 

Molecular identification of the selected microorganisms was carried out through the 

isolation and characterization of conserved 16S and 18S rRNA sequences. Results revea led 

divers ity in their phylogenetic origin. Amongst bacterial isolates, six strains belonged to 

the genus Bacilills, two to Pseudomonas, one to Paellibacilllls and one to Achromobacter. 

The yeast species showed 99 % bomology with the members of genus Meyerozyma 

whereas, the other nmgai isolate was a member of genus Aspergillus, Accession number 

of every strain was obtained after submitting the charactetized sequence in NCBl. TIle 
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scientific names and respective access ion numbers of microorganisms have been enlisted 

in Table 4.2. The phylogenetic tree was constructed using MEGA 7 software (Fig. 4.6 a 

and b). 

Tflblc 4.2: Molecular identification of potential biosurfactnnts producing 

microorganisms 

Strain Nome Scientific Name Accession # 
RB3 Bacillus pumillis MF13811 6 
RB5 Paellibacilills azoredllcens MF138117 
RB6 Pseudomonas silitzeri MFI381 18 
RB7 Bacilfus Iicheniformis MF1381 21 
RB9 Bacillus tJlllrilJgiensis Ml'138122 

RB II Achromobacter xylosoxitlans MF138123 
RB 12 Bacilliis cereus Ml'138124 
RB27 Pseudomonas aeruginosll MF069166 
RB29 Bacillus slIbtilis MF138125 
RB3 1 Bacilllls spp. M:F138130 
RJ332 Bocil/IIS amyloliqllc/aciens Ml'138127 
RB33 Pseudomonas spp. MF099829 
RF36 Meyerozyma spp. MF138126 
RF 38 Aspergilil/s ten-ellS Ml'138128 
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Figure 4.6 a: Phylogenetic characterization of potential bacterial biosurfnctants 

producing microorganisms 
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Figure 4.6 b: P hylogenetic characterization of potential fungnl biosurfactnnts 

producing microorganisms 

4.5. Quantita tive screening of potential biosurfnctants producing microorganisms 

Followed by identification studies, the quantitative analyses of biosurfaclants production 

was performed for fourteen isolates. The culture supematant from each stra in was tested 

for the presence of surface active compounds through detennination of emulsification 

index, surface tension measurement and oil displacement assay. 
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4.5.1. Emulsification Index (E.h,) analys is 

Emulsificat ion index of the se lected microorganisms was determined using kerosene oi l as 

standard. All the characteri zed strains di splayed more than 70 % emulsification of kerosene 

o il. P. aerllginosa MF069166 turned out to be the best emulsifier with 84 % E.124 fo llowed 

by Meyel'ozyma spp. MF138 126 which showed 82 % E.l2<\. Besides these strains, 

Pseudomonas spp. MF099829, B. amyloliquefadens MF138J27. B. thuringens;s 

MF 1381 22, Bacillus spp. MF 138130, P. sllllzer; MF138 11 8, A. lereus MFI 38 128 and B. 

Iicheniformis MF138121 also stabi li zed oi l in water emulsion and showed promising 

emulsification activities of 79 %, 77 %, 75 %, 72 %, 70 % and 69 %, respecti vely (Fig. 

4.7). 
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Figure 4.7: Emulsification Index (E.l24) of potential biosurfactants producing 

microorganisms 

4.5.2. Surface Tension Measurement 

The surface tension (ST) of culture supernatant is also considered as one of the best 

confinnatory assay for the identification of biosurfactants producing microorganisms. 
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Results showed a substanti al decrease in the surface tension which confinned the presence 

of surface active compounds in the culture supernatant. The least ST value of 25 mN/m 

was recorded for Meyerozyma spp. MFI38J26 whereas, B. amyloliquefadens MF138127 

reduced the ST of culture media from 72 mN/m to 39.8 mN/m. Other strains like P. 

aerllginosa MF069 I 66, P. azoredllcens MF I59559 and P. slutzeri MF 138 118 significantly 

reduced the surface tcnsion of fennentation broth and the recorded ST va lues were 26.6, 

33.7 and 34.3 mN/m, respectively (FigA.8). These results suggested that amongst 14 

strains, P. aeruginosa MF069 166 and Meyerozyma spp. MFJ38126 were comparatively 

more effective in reducing the surface tension of culture medium. 
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Figure 4.8: Surface Tension (ST) of potential biosurfactants producing 

microorg:lnisms 

4.5.3. Oil Displacement Assay (ODA) 

In oil displacement assay, biosurfactants from the isolated strains exhibited varying degrees 

of surface active properties and displaced crude oi l layer from the surface of water. P. 

aeruginosa MF069166 displaced the thin fihn of crude oil up to 8 em whereas B. pumifus 

MF 138 116 produced a zone of 3.5 cm. Other strains di splayed remarkable surface active 
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properti es by forming di splacement zones rangi ng hetween 3.9 em to 7.4 em. However, P. 

aeruginosa MF069166 and Meyerozyma spp. MF 138 126 were able lo di splace oi l film 

much better than remaining isolates (Fig. 4.9). 
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Figure 4.9: Oil Displacement Assay (ODA) of biosurfactants producing 

microorganisms 
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B- Optimization of bioprocess using des ign of experimental npPl'onch 1'0 1' 

biosurfact:mts production frol11 selected mkrobi;ll iso lates 

In the second phase of study, one bacterial strain i.e. P. aertfginosa MF069166 nnd one 

fungal strain i. e. Meyerozyma spp. MF t 38 J 26 was selected amongst the fourteen potential 

biosurfactants producing microorganisms. For tht! two isolates, optimiziltion ofbioprocess 

was done through design of experimental approach. Plackett· BlIlman design was used to 

optimize the media components whereas, the physico-chemical conditions were opt imized 

using Response Surface Methodology (RSM). Post optimization studies. high microbial 

growth and improved yield ofbiosurfac tants was ob tained. 

4.6. Selection of the most effic ient biosUl'factants p roducing microorganisms 

On the basis of various testes applied for qual itative and qualitative determination of the 

biosurfactnnt production, the bacterial strain P. aerllgillosa MF069166 lmd the fungal strain 

Meycrozyma spp. MFJ38 126 were found to be the most productive and selected for further 

studies. 

4.7. Effect of fermentation media on growth and biosurfact:mts production from P. 

aerugilloslt MF069166 and Meyerozyma spp. MF138 126 

After selection oftlle most productive strains, the appropriate media fonnulation for growth 

and biosurfactants production was screened. For this purpose, five different previously 

reported fermen tation media with varying combination of nutrients were tested for P. 

ae1'llginosa MF069166 and Meyel'ozyma spp. MF 138126 (Table 3.2). The experiments 

were conducted in triplicates and microbial growth and biosurfactants prociuction was 

monitored for 96 h. 

4.7.1. E ffect of fermentMioll media on growth and I'hnnmol1pids production from P. 

ael'lfgill oslI MF069166 
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In case of P. aeruginosa MF069 166, a gradual increase in growt.h and rhamnolipids 

concentration was observed after every 24 h which reached up to its maximum value after 

96 h of incubation period. Highest bacterial growth (2.53) and rhamnolipids production 

(2.31 giL) was obtained in M 2 followed by M 4 (2.0 1, 1.86 giL), M 3 (1.54, 1.66 giL), M 

1 ( 1.16, 0.72 giL) and M 5 (1.03, 0.64 giL). These resu lts suggested that M 2 was the most 

effective medium for growth and biosurfactants production from P. aeruginosa MF069166 

(Fig. 4.10). 
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Figure 4.10: Effect of different fermentation media on growth and rhamnolipids 

production from P. aerugillosa MF069166 

4.7.2. Effect of fermentat ion media on growth and sophorolipids production from 

Meyerozyma spp. MF138126 

In another set of experiment, the effect of five different media fonnulations was checked 

on growth and sophorolipids production from Meyel'ozyma spp. MF138 126. Highest 

growth and yield of sophorolipids was obtained in M 5. After 96 h of incubation. the 

recorded values for growth and SL concentration were 2.94 and 2.88 giL, respectively. 
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Almost similar type of growth was observed in M I and M 2 however, better yield of SLs 

was obtained in M 2. M 3 was also quite effecti ve in increasing the yield of sophorolipids 

up to 2.0 1 giL whereas 1.98 giL of SLs were produced in M 4 (Fig. 4.1 1). These 

observations suggested that M 5 was the most productive fermentation medium for 

Meyerozyma spp. MF 138126. 
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Figure 4.11: Effect of different fermentation media on growth and sophorolipids 

production from Meyerol.JlI1W spp. MF138126 

4.8. Optimization of media components through Plackett·Burman design for growth 

and rhamnolipids production from P. aerllgillosa MF069 I 66 

After selection of the appropriate media (M 2) for rhamnolipids production from P. 

aeruginosa MF069166, the optimum concentrations of the nutrients was detennined using 

Plackett-Burman design. For this purpose, randomized design was generated with different 

concentrations of nutrients. After performing experiments for 96 h the effect of different 

media components on growth and rhamnolipids production from the bacterial strain was 
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determined (Table 4.3). TIle statist ical analys is of resLllts indicated that media composition 

and concentrations of the variables had signjiicrmt effect on bacterial growth and 

rhamnolipids production. 

In case of growth, the experimental design was statistically significant with 8 p-value of 

0.001 incUcating that the design explains significant variabili ty in the factors, Glycerol, 

NaH2P04, peptone, KNO), Nael, ye.\st extract, MgSO~ and FeS04 were found to be 

significant model tenns with thep-values of 0.001 ,0.027,0.003,0.003,0.003,0.001,0.009 

and 0.014, respectively. Whereas, glucose, K2HPO" nnd CaCb were stutistically non­

significant model terms as their obtained p-values were greater than 0.05. Regression 

analysis indicated that glycerol, NaCl, yeast extract and PeSO" had positive effect on 

bacterial growth at high concentrations whereas, NaHzPO:1, peptone, KN03 and MgSO" 

were effective at low concentrations (Equation 4. 1). The R2 value obtained for growth of 

P. aerugillosG M"F069166 was 0.99 which depicts that the experiments were perfonned 

with reasonable accuracy and lies in close conforulity wi lh the predicted values (Table 4.4). 

This confinns that 99 % variability m bacterial growth can be explained by the model. On 

the basis of p-values and regression analysis, the optimum medjul11 composi tion for 

maximum growth of P. aCl'IIginosG MP069166 was found to be; glycerol (2 %). NaH2PO" 

(2.5 giL), peptone (I giL), teNO] ( t giL), Nael (I giL), yeast extract (I giL), MgSO, (0.2 

giL) and FeSO, (0.008 giL) (Fig. 4. 12). 

]11 case ofrhamnolipids production; glycerol, K2HPO ... peptone, KNOJ, Nnel, yeast extract 

and MgSO, were significant model terms with the p-values of 0.001, 0.032, 0.008, 0.022, 

0.032, 0.001 and 0.005. The remaining nutritional parameters i.e. glucose. NaH2P04, 

FeSO" and eaCh were statistically non-significant with the p-values of 0.290, 0.069, 0. 149 

and 0.193, respectively. Furthennore, 0.99 R2 depicted reliability and adequate precision 

ofthe experimental setup and showed that 99 % variabili ty in product ion of rhamnolipids 

from P. aerugillosa MF069166 can be precisely elucidated by the model (Table 4.5). These 

observations also suggested that the predicted and experimental values were closely 

related. p-valucs and regression analysis showed that glycerol. l<2HP04, NaCI and yeast 
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ex tract enhanced rhnmnolipids production from P. aem gillosa MF069 166 when added in 

high concentrations whereas, peptone, KN03 and MgS04had a positive effect on RLs yield 

when added in low concentrations (Equation 4.2). The rnaximwn yield of 3.51 giL of 

rhmnnolipids was obta ined in the presence of 2 % glycerol, )0 giL ofK:2HPO~, J giL of 

peptone, I giL ofNaCI, I giL of yeast ex tract, I giL ofKNO, and 0.2 giL ofMgSO, (Fig. 

4.1 3). 

Taking together, Ilpplication of the Plackett- Burman design provided significant media 

components along with their relevant concentrations where maximum growth and 

rhamnolipids production was achieved. Furthermore. Plackett-Burrnan design also pointed 

out the patJl of steepest ascent and center point for maximum growth and improved yield 

of rhamnolipids from P. aerugil10sa M_F069166. 

Table 4.3: Experimental design and results of Plackett-Burl1l an design in terms of 

responses (growth and rhamnolipids production) for P. tlerugillostl MF069166 

Run XI X2 X3 X4 XS X6 X7 X8 X9 XIO X ll Growth RL 
Order (WL) 

J I 1 I -I 1 -I -J - I - I I 1 3.05 3.45 
2 - I I -J - I -1 - I I 1 I -1 -I 2.32 2.84 
3 I I - I - I - 1 I 1 - I I I - 1 3.0 1 3.46 
4 I - I 1 I 1 I - I -I I - I -I 1.98 2.42 
5 - I I 1 1 -1 1 - I -1 - I -1 - I 1.03 1.52 
6 - I -I -I I -I 1 I 1 - I I - I 1.89 2.59 
7 - I I - I I I - I I -1 I - I 1 1.06 1.53 
8 I -I I - I -1 I -1 I I -1 1 2.77 3.13 
9 I I -I I J I 1 I I I J 3.02 3.46 

10 I - I I 1 -1 - I I -1 - I - I 1 2.8 1 3. 16 
11 - I I - I -I 1 I -I I -I -1 1 1.19 1.42 
12 - I - I -J -I -1 - I - I - I I I - I 0.91 0.51 
13 -I -1 1 1 1 -I -I I 1 I - I 1.02 0.48 
14 I I -I 1 - I - I - I I -I I - I 3.02 3.51 
15 -I - I -I -I I I I - I -I I - I 0.72 0.23 
16 I -I - I - 1 I - I I 1 - I - I - I 2.85 3.1 2 
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Table 4.4: ANOV A of selected model terms for growth of P. aerugillos(1 MF069166 

Source DF Seq SS Ad.i SS AdjMS F p 

Main Effects II 11.8068 11.8068 1.07334 330.50 0.001 
A:Glycerol I 9.2039 7.25 10 7.25095 2232.69 0.001 
B:Glucose I 0.2262 0.0295 0.02952 9.09 0.057 
C:K,HP04 I 0.4225 0.0006 0.00057 0. 17 0.704 
D:NaH, pO, I 0.0024 0.0535 0.05350 16.47 0.027 
E:Peptone I 0.34 11 0.2427 0.24266 74.72 0.003 
F:K.NO, I 0.2 198 0.261 2 0.261 25 80.44 0.003 
G:NaCI I 0.1570 0.2414 0.24 138 74.32 0.003 

H: Yeast Extract I 1.0305 1.1218 1.12181 345.42 0.001 
J:MgSO, I 0.1167 0.1153 0.11526 35.49 0.009 
K:FeSO, I 0.0800 0.0859 0.08586 26.44 0.014 
L:CnCh I 0.0067 0.0067 0.00668 2.06 0.247 

Residual Error 3 0.0097 0.0097 0.00325 
Total 15 12.5309 

R-Sq - 99.92 % R-Sq (adj) - 99.61 % I 
Table 4.5; ANOVA of selected model terms fo r rhamnolipids production from P. 

aerugillosa lVrF069 166 

Source DF SeqSS AdjSS Adj MS F P 
Main Effects II 17.7477 17.7477 1.6 134 141.70 0.001 
A:Glycerol I 12.3841 10.7462 10.7462 943.77 0.00 1 
B:Glucose 1 0.7224 0.0187 0.0187 1.64 0.290 
C:K, HPO, I 0.8806 0.1627 0.1627 14.29 0.032 
D:NaH,pO, I 0. 1933 0.0881 0.088 1 7.74 0.069 
E:Peptone I 0.6934 0.4709 0.4709 41.36 0.008 
F:KNO, I 0. 1258 0.2206 0.2206 19.37 0.022 
G:NaCI 1 0.231 1 0.1627 0.1627 14.29 0.032 

H:Yeast Extract I 1.8234 1.8207 1.8207 159.90 0.001 
J:MgSO, I 0.6025 0.6214 0.6214 54.58 0.005 
K:FeSO, 1 0.0592 0.0425 0.0425 3.73 0.149 
L:CaCh 1 0.0319 0.03 19 0.0319 2.80 0.193 

Residual Error 3 0.0342 0.0342 0.0114 
Total 15 20.7458 

I R-Sq 99.84% I R-Sq(adj) - 99.1 8% I 
-
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Figure 4.12: Main effect plots for growth of P. aemgillosa MF069166 
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Figure 4.13: Main effect plots for rhamnolipids production from P. aerugillosll 

M]'069166 
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4.8.1.1 Regression equation fell' growth of P. ael'ltgillosfI MF069166 

Growlh ~ - 1.88 + 0. 146 A: Glycerol + 0.0429 B: Glucose + 0.0703 C: K,t-rPO, - 0.0847 

D: NaH,PO, - 0.361 E: Peplone - 0.179 F: KNO, + 1.03 G: NaCI + 1.05 Ii: Yeasl Extracl 

- 0.59 J : MgSO, + 42.3 K: FeSO, + 2.5 L: C.Ct, . ... Eqlll//ioll 4.1. 

4.8.1.2. Regression cquntion for r hamnolipids production f .. om P. llel'lIgil1ostl 

MF069166 

RL ~ - 2.49 + 0.174 A: Glycerol + 0.0770 B: Glucose + 0.065 C: K,HPO. - 0.007 D: 

NaH,PO. - 0.581 E: Peptone - 0.046 F: KNO, + 1.31 G: NaCI + 1.23 H: Yeast Extract -

1.46 J: MgSO. - 23.9 K: FeSO, + 5 L: CaCb .... Eqlla{ion 4.2. 

4.9. Optimization of cultivation conditions tlu-ough Response Surface Methodology 

(RSM) for growth and rhflnlnolipids production from P. aemg illosa MF069166 

After selecting optimum media composition , growth find production of rhamnolipids frOI11 

P. aeruginosa MF069166 was furt11er improved by using Response Surface Methodology 

(RSM) and Central Composite Design (CeD) with four bioprocess variables i.e. pH, 

temperature (T), size of inoculum (SOl) and agitat ion speed (RPM). The experiments were 

performed in line with the prescribed design nnd results/responses were evaluated after 96 

h of incubation period (Table 4.6). Results indicated that Ibe model for cel lular growth and 

production of rhamnolipids was fitted reasonably with a confidence level of 99.9 %. 

Significance of the process variables was detennined after statistical analyses Witll 

reference to obtained p-values. The resu lts revealed that for growth and rhamnolipids 

production fi'om P. aerugillosa MF069 I 66; pH, T, SOl and RPM were significant model 

tenns with the p-values less than 0.05 (Table 4.7 and 4.8). 

Analys is of variance test (ANOV A) was perfomled in order to estimate the role of each 

selected model lelm. Our results indicated that overaJl the model was stat istically 

signHicant with a p-vaille of 0.00 I (Table 4.7 and 4.8). The adequacy of the hioprocess was 
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estimated with reference 10 the coefficient of regress ion R 2. The R2 value for both cellular 

growth and rhnmnolipids production was fouod to be 0.99, which suggested that the 

predicted and experimental responses were in close confonnity with eflch other. Similarly, 

it shows that 99 % oflhe variability in the selected responses can be explained by the given 

model. Response surface graphs demonstrated the co-relation between the nctual and 

predicted values for growth and sophorolipids production. Besides individual model tenns, 

the interactive effect of bioprocess variables was also significant. For growth of P. 

aerllginosa MF069 166. AD, SO, CD, A2, S2, C2 and D2 were significant model terms with 

p-value less than 0.05 whel'eas, AS was non~significant model tenn with p~value of 0 .1 6 

(Table 4.7). Similarly, for RL production, the interactive and quadratic effect i.e. AD, BD, 

A2, 8 2, C2 and D2 were found to be significant (Table 4.8). 
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Table 4.6: Experimental design and resu lts of central composite design in terms of 

responses (growth and rh:milloJipids production) for P. (lerugiJlosa MF069166 

No. of Runs pH T SOJ RPM Growth RL 
(gIL) 

I 6 20 5 120 2. 17 2.82 
2 7.5 30 3 210 1.84 1.58 
3 7.5 30 3 150 2.65 3. 13 
4 7.5 30 3 150 2.66 3.14 
5 6 20 5 120 2. 16 2.85 
6 9 40 J 120 0.59 0.12 
7 10.5 30 5 150 0.09 0 
8 9 40 1 180 0.55 0.15 
9 7.5 30 3 150 2.65 3. 13 
10 9 40 1 180 0.61 0.21 
11 7.5 30 3 150 2.65 3.12 
12 9 40 1 180 0.56 0.16 
13 6 20 5 180 2. 15 2.85 
14 4.5 30 3 150 1.52 1.01 
15 7.5 30 3 150 2.64 3. 13 
16 9 40 1 120 0.48 0.19 
17 9 40 1 180 0.44 0.18 
18 7.5 10 3 100 0.86 0 
19 7.5 30 7 150 1.32 1.43 
20 7.5 30 2 150 2.62 3.15 
21 7.5 50 3 150 0.23 0.1 
22 6 20 1 180 2.76 2.12 
23 6 20 1 180 2.75 2.85 
24 6 20 5 180 2.24 2.87 
25 9 40 1 120 0.54 0.22 
26 7.5 30 3 150 2.65 3.15 
27 6 20 1 150 2.16 2.85 
28 7.5 30 3 150 2.66 3.15 
29 9 40 5 100 0.52 0.23 
30 6 20 1 120 2.15 2.85 
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Tahle 4.7: ANOVA of selected model terms for growth of P. aerugiltostt MF069166 

Source DF Snmof Menn F p 
Squares Square 

Model 12 27.02 2.25 189.88 < 0.000 1 
A:~H I 1.44 1.44 121.15 < 0.0001 
B-T I 0.45 0.45 37.99 < 0.0001 

C-SOI I 0.064 0.064 5.38 0.0330 

D-RPM I 0.088 0.088 7.38 0.0146 

AB I 0.026 0.026 2.15 0.1606 
AD I 0.085 0.085 7. 17 0.0159 
BD I 0.26 0.26 21.59 0.0002 
CD I 0.3 1 0.31 25.74 < 0.0001 
A' I 4.36 4.36 367.71 < 0.0001 
B- I 0.62 0.62 52.57 < 0.0001 
C' I 0.82 0.82 69.28 < 0.0001 
0' I 0.47 0.47 39.23 < 0.0001 

Res idual 17 0.20 0.012 
Pure Error 14 0.026 1.850E-003 

Total 29 27.22 

I R-Sq - 99.26 % I R-Sq (adj) - 98.74 % I 
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Table 4.8: ANOVA of selected model terms for rhanUiolipids productiuu from P. 
lIemgillosa MF069 166 

Source DF Sum of Mean F p 
Squares Square 

Model 12 52.70 4.39 157.00 < 0.0001 
A-pH I 5.02 5.02 179.46 < 0.0001 
B-T I 1.92 1.92 68.51 < 0.0001 

C-SOI I 0.2 1 0.2 1 7.51 0.0 139 

D-RPM 1 1.22 1.22 43.45 < 0.0001 

AS I 0.018 0.018 0.65 0.4327 
AD I 1.27 1.27 45.48 < 0.0001 
BD I 1.47 1.47 52.45 < 0.0001 
CD I 2.153E-003 2. I 53E-003 0.077 0.7848 
N I 9.76 9.76 348.80 <0.0001 
B' I 0.50 0.50 17.87 0.0006 
C< 1 2.50 2.50 89.22 < 0.0001 
D' I 1.53 1.53 54.84 < 0.0001 

Residual 17 0.48 0.028 
Pure Error 14 0.28 0.020 

Total 29 53. 18 

I R-Sq - 99.1 1 % I R-Sq (adj) - 98.47 % I 

4.9.1. Effect of bioprocess variables on growth of P. lU!J'lfg iIlOSll MF069166 

The effect of bioprocess variables on growth of P. aeruginosa MF069 I 66 was estimated 

with the help of regression equation. A second order polynomial equation was generated 

by the software (Equation 4.3). It was observed that temperature had positive effect on 

growth of the bacterial strain whereas. negati ve effect of pH, size of inoculum and RPM 

was noled when their value was fluctuated from an optimum central point. To further 

consolidate these, results 30 response surface and contour plots were made in order to 

demonstrate the role of significant parameters on bacterial growth. 
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4.9.1.1. Regression equation for growth of P. aCl'llgillosa MF069166 

Growth ~ + 2.12 + 1.34 A ·0.77 S ·0.084 C· 0.45 D· 0.25 AS + 0.43 AD • 0.52 BD· 

0.16 CD • 1.15 A' • 0.44 S ' . 0.29 C' . 0.18 D' ..... Equaliou 4.3. 

4.9.1.2. Effect of pH 

The effect of pH on growth of P. aemgillosa MF069166 was noted. Our results indicated 

tllat at pH 4.5, the optical density of the culture medium was 1.01 which significantly 

increased up to n maximum value of2.65 at pH 7.5. This increase in culture turbidity was 

due to high growth of bacterial strain at neutral pH. Afterwards, a significant decrease in 

culture turbidity wns witnessed at pH 9 whereas, at pH to.5, no growth was observed 

(Table 4.6 and 4.7). These results showed tbat P. aeruginosa MF069166 can show 

optimum growth at a pH range of 4.5·7.5 and slight fl uctuation in values negatively 

affected the bacterial growth (Fig. 4. 14). 

4.9.J.3. Effect of temperature 

The effect of temperature on bacterial growtb was demonstrated through statistical 

analysis. Results indicated that significant growth of the bacterinl strain was observed in 

the temperature range of 20-40 DC. Maximum optical density of 2.65 was recorded when 

culture medium was incubated at 30°C for 96 b (Table 4.6 and 4.7). However, 

comparatively less bactelial growth was observed at the two extremes of 10 and 50 °e. 
These findings confirmed that P. aeruginosa MF069 J 66 was mesophilic and cnn !,'1'OW best 

at moderate temperatures (Fig. 4. 14). 

4.9. ] .4. Effec t of inoculum size 

It was observed that an increase in inocul um size significantly affected the bacterial 

growth. At I % concentration of inoculum, average optical density of 0.5 was recorded 

which reached lip to a maximum value of 2.65 at 3 % concent rati on of inocul l1lTI (Table 

4.6 and 4.7). Further increase in inoculum size resulted in comparat ively less bacterial 
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f,'Tow th. 3-D response surface and contour plots further confirmc::d that the opt imal value of 

SOlIVas around 2-3 % (Fig. 4.14). 

4 .9 .1.5. E ffect of agitation speed 

'nle e[fecl of agitation speed on growth of P. aeruginosa MF069 J 66 was moni tored at 

different RPM provided to the experimental runs. A linear increase in bacteri al growth was 

observed with an increase in agitat ion speed upto J 80 RPM whereas, maximum bacterial 

growth wns recorded at 150 RPM (Table 4.6 and 4.7). It was fmiher noted thnt very low 

and high RPM negatively affected the bacterial growth (Fig. 4.14). 

4.9.1.6. Interactive or quadratic effects 

The quadratic and irHeracti ve effect of bioprocess variables was evaluated through 

regression equation (Equation 4.3). It was observed that the interactive effect of pH and 

RPM and, temperahlre and RPM was significant with p .value less than 0.05 (Table 4.6 and 

4.7). Therefore these factors must be controlled efficiently in the bioprocess for optimal 

grOWtil of P. aerllgillosa MF069166 (Fig. 4. 14) . 
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Figure 4.14: 3-D response surface and contour plots for tbe effect of different 

bioprocess variables on growth of P. aerugillosa MF069166 

4.9.2. Effect of bioprocess variables on rhamnolipids production from P. aerllgillosa 

MF069166 

The effect of bioprocess variables on rhamno lipids production from P. aeruginosa 

MF069166 was estimated with the help of regression equation. A second order polynomial 

equation was generated by the software (Equation 4.4). It was observed that pH and size 

of inoculum positively affected rhamnolipids production from P. aeruginosa MF069166 

however, negative effect of temperature and RPM was noted when their values were 

fluctuated from an optimum central point. To further consolidate these results 3-D response 
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surface and contour plots were made that depicted the role or selec ted parameters on 

rhamnoli pids production from the bacterial strain (Fig. 4.15). 

4.9.2. 1. Regression equation for rhamnolipids production from P. (wmginosn 

MF069166 

RL (giL) =+ 1.97 +2.5 1 A - 1.60 B + 0.15 C - 1.66 D + 0.2 1 AB + 1.67AD - 1.26 8D -

0.013 CD - 1.7 1 A' - 0040 8 ' - 0.50 C' - 0.33 D' .... EqllatjoIl4.4. 

4.9.2.2. Effect of pH 

The effect of pH on rhamlloiipids production was studied trough RSM. After 96 h, more 

than 3 giL yield of rhamnolipids was detected at pH 7.5 whereas, no RL production was 

witnessed at pH 9 and 10.5. Significant production of rhamnolipids was also observed at 

pH 6 (Table 4.6 and 4.8). These results showed tbat the optimum pH range for maximum 

rhamnolipids production was neutral (Fig. 4.15). 

4.9.2.3. E ffect of tempernture 

The effect of temperature on rhamnolipids production from P. aerugillosc/ MF069166 was 

demonstrated by constructi ng response surface nnd contour plots (Fig. 4. 15). A sib'lli ti callt 

increase in rhamnolipicls production was observed at temperature from 20-40 °e. However, 

no RL production was witnessed at 10 and 500 e which shows the negative effect of low 

and high temperatures 0 0 biosynthesis of RL molecules. Maximum RL production of3. 1 5 

giL was recorded when culture medium was incubated at 30 °e for 96 h (Table 4.6 and 

4.8). 

4.9.2.4. Effect of inoculum size 

Increase in inoculum size pos itively affected rhamnol ipids production from P. aerllgil10sa 

MF069166. Minimum rhanmolipids product ion was detected in the culture medium 

administered with 1 % concentration of inoculum (Table 4.6 and 4.8). The experimental 
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nms thaI were provided with 3 % SOl showed more th3Jl 3 giL yield of rhamnolipids 

whereas, further increase of5 nnd 7 % SOl negatively affected the bioproccss (Fig. 4.15). 

4.9.2.5. Effect 01 agitation speed 

The effect of agitation speed on rhElmllolipids production was monitored through RSM. 

Maximum yield of 3. 15 giL of rhamnolipids was detected at ISO RPM whereas, 

comparatively less RL production was observed at low and high RPMs (Table 4.6 und 4.8). 

Response surface and contour plots showed that the optimum ilgitation speed for maximum 

production ofrhamnolipids was around 150 RPM (Fig. 4.15). 

4.9.2.6. Interactive or quadratic effects 

The interactive and quadratic effect ofbioprocess variables was detenn ined by regress ion 

equat ion (Equation 4.4). TIle interactive effect of pH and RPM Dnd. temperature and RPM 

was found to be significant with p·values less than 0.05 (Table 4.6 and 4.8). Therefore, 

these parameters must be monitored efficiently in order to obtain maximum yield of 

rhamnolipids from P. (l(~rJtgillosa MF069166. Moreover, the quadratic effect ofbioprocess 

variables was also fO Wld to be significant and affec ted rhamnolipids production in 

fermentation medium (Fig. 4. 15). 
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Figure 4.15: 3-D response surface and contour plots for the effect of different 

bioprocess variables on rhamnolipids production from P. aerugillosfl MF069166 

4.9.2.7. Numerical optimization ortbe bioproccss 

After conducting the experiments according to Response Surface Methodology. the 

optimum values of each factor was also determined through numerical optimization. The 

criteria for finding the optimal conditions was set for microbial growth and rhamnolipids 

production. The software predicted a pH value of6.5, T of35 °C, SOl of3.4, and RPM of 

120 as the most suitable conditions for growth and rhamnolipids production from P. 

aerllg inosa MF069166. In order to consolidate the aforesaid predicted conditions, a 

confi rmatory experiment was run in triplicates where a yield of 3.97 giL of rhamnolipids 
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should be produced. It was noted that under these conditions. 4.31 giL ofrhrunnolipids was 

produced tbnt was nlirly higher than the prediction of software. This suggested that tbe 

VA l lies (If the parameters were reasonably selected and had a signi ficant effect on growth 

and rhamnolipids production from P. nerugillosa MF069166. Moreover, our results 

suggested that the application of mathematical modelling techniques were proved to be 

very e fficient to enlulI1cc the productivity of a particular microbial metabolite in the 

rermentation process. 

4. J O. Optimization of mcdhl components tJlrough PJncJ.:ett-BurmaJl design for growth 

and sophoJ'olipids product jon from Meyerozyma spp. MF138126 

The medium composition for growth and sophorolipids production from Meyerozyma spp. 

MF138 126 was evaluated by the application ofPlackett-Bunnan design with 8 variables 

(Table 4.9). After performing experiments in triplicates, results were analyzed using 

Minitab 16.0 software. Stati st ical analysis of results indicated that media composition and 

concentrations of the variables had significan t effect on growth and sophorolipids 

production. 

In case of growth, the experimental design was statistically significant wi th a p-valuc of 

0.001 indicating that the des ign explains significant variability in the factors. Peptone, 

glycerol, NaH2P04, NaCi, and MgS04 were significant model terms with p-values of 

0.001, 0.001 , 0.040, 0.D35 and 0.045, respecti vely. Whereas, glucose, l(,HPO, and yeast 

extract were statisticall y non-significant model tenns as their obtained p-values were 

greater than 0.05 (Table 4. 10). The analysis indicated that all the significant factors had 

positive effect on growth at high concentrations (Fig. 4.16). The R2 value obtained for 

growth was 0.96 which depicts that the experiments were perfOimed with reasonable 

accuracy and lies in close confomlity with the predicted values. This confimls thai 96 % 

variability in the growth of Meyerozyma spp. M.F 138 126 can be explained by the model 

(Table 4.10). On the basis of p-values and regression analysis, the optimum medium 

composit ion for maximum growth of Meyero=yma spp. MFI38126 was fmmd to be; 
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peplone (20 giL), glycerol (5 %), NaH, PO, ( 1.4 giL), NaCI (0.5 gIL) and MgSO, (0.2 giL) 

(Equal ion 4.5). 

In case of sophoro li])ids produclion. peptone, g lycerol, NaH2PO-\, yeast extract and MgSO .. 

were significant model tenTIS with thep~values of 0.001 , 0.003, 0.049,0.0 11 and 0.036, 

respectively_ The rema in ing nutritional parameters i.e. glucose, 'Kl1-IP04 llnd NnCl were 

statistically non-significant as thei r p-values were greater than 0,05. Furthermore, 0.94 R2 

depicted reliability and adequate precision of the experimental setup and showed that 94 

% va ri abili ty in the production of sophorolipids from Meyerozyma spp. MF 138 126 can be 

precisely elucidated by the model (Tabl e 4.1 1). These observations also suggested that the 

predicted and experimental va lues were closely related. p.values anel regression analysis 

showed that peptone, glycerol, and yeast extract enhanced sophoro li pids production from 

Meyerozyma spp. MF 1381 26 when added in high concentrations whereas, NaH2P04 and 

MgS04 had a positive effect on SLs yield when added in low concentrations (Fig. 4.17). 

The maximum yield of 4.01 giL of sophorolipids was obtained in Ole presence of 5 % 

glycerol, 20 gIL of peplone, 0.5 giL of yeasl exlmcl. 0.7 giL of Nal·hPO, and 0.1 giL of 

MgSO" (Equalion 4.6). 

Taking together, application of the Plackett- Bunnan design provided significan t media 

components along with their relevant concentrations where maximum growth and 

sophorolipids production was achieved. Furthennore, Plackelt- Bunnan design also 

pointed out the path of steepest ascent and center point for maximum growth <loel improved 

yield of so ph oro lipids from Meycrozyma spp. MF 138 126. 
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Table 4.9: Experimental design and results of Plackett-Burrnan design in terms of 

responses (gl-owth and sopborolipids production) for Meyerotyma spp. MF138126 

Run Xl X2 X3 X4 X5 X6 X7 X8 Growth SL (giL) 
Order 

1 1 1 -I 1 1 -I -I 1 2.48 3.95 
2 -1 1 -I -I -1 1 -I 1 1.96 2.88 
3 -1 1 1 1 -I 1 -I -I 1.92 2.96 
4 1 1 -I -I 1 1 1 -I 2.47 3.95 
5 1 -I -I 1 1 1 -I -I 1.88 3.58 
6 -I -I 1 1 1 -I -I 1 1.35 2.65 
7 1 -I 1 -I -I 1 -I 1 1.88 3.55 
8 -I 1 -I 1 1 -I 1 -I 1.97 2.87 
9 -I -I 1 -I 1 1 1 -1 1.27 2.65 
10 1 1 1 -I 1 -I -I -I 1.90 4.01 
11 -I 1 1 -I -I -I 1 1 1.85 2.87 
12 1 -I -1 -1 1 -1 1 1 2.02 3.57 
13 -1 -1 -1 -I -I -I -I -I 1.23 2.55 
14 -I -I -I I -I I I I 1.53 1.55 
15 I -I I I -I -I I -I 1.89 2.55 
16 I 1 I I 1 I I I 2.76 4.00 

Table 4.10: ANOVA of selected model terms for growth of Meyero{J'Jlla spp. 

MF138126 

Source DF Seq SS Adj SS AdjMS F p 
Main Effects 8 2.61108 2.61108 0.32638 22.48 0.001 
A:Peotone I 1.10250 0.96469 0.96469 66.45 0.00 1 
B:Glycerol I 1.13422 1.1 2525 1.1 2525 77.51 0.001 
C:Glucose I 0.03240 0.03417 0.03417 2.35 0.169 

D:NaH,pO, I 0.09000 0.092 19 0.09219 6.35 0.040 
E:Yeast Extract I 0.00718 0.00220 0.00220 0.15 0.709 

F:K,HP04 1 0.05544 0.05559 0.05559 3.83 0.091 
G:MgS04 I 0.09013 0.08628 0.08628 5.94 0.045 
H:NaCI I 0.09920 0.09920 0.09920 6.83 0.035 

Residual Error 7 0.10162 0.10162 0.01452 
Total 15 2.71270 

R-Sq - 96.25% R-Sq (adj) - 91.97% I 
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Table 4.11 : ANOVA of selected model terms for sopboroUpids production from 

Meyerozymll spp. MF138126 

Source DF Seq SS Ad; SS Ad; MS F p 

Main Effects 8 6.90845 6.90845 0.86356 14.01 0.001 
A:Peptone I 4.20250 2.38472 2.38472 38.68 0.001 
B:Glycerol I 1.47623 1.16942 1.1 6942 18.97 0.003 
C:Glucose I 0.008 10 0.044 19 0.04419 0.72 0.425 

D:NathPO. I 0.22563 0.34960 0.34960 5.67 0.049 
E:Yeast Extract I 0.55913 0.7 1908 0.71 908 11.66 0.011 

F:K, HPO, I 0.0185 1 0.02275 0.02275 0.37 0.563 
G:MgSO. I 0.40809 0.4 1057 0.41057 6.66 0.036 

H:NaCI I 0.01027 0.01027 0.01027 0.17 0.695 
Residual Error 7 0.43 155 0.43 155 0.06165 

Total 15 7.34000 

I R-Sq-94.12% I R-Sq(adj)-87.40% I 
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Figure 4."16: Main effect plots for growth of Meyel'ozYlIlu spp. MFJ381 26 

Main Effects Plot for SL 
Data Means 

~ :: j ~"'= I 2 I ,., ... ,." ,." 

1 0,."0' I ',"Ie> I ::, ,,:= : : , .. ,., 0.1 0.5 

C:GU:oM 

: : 
1.S l.O 

F:K2HPQ4 

: 
0.2 0 .4 

Figure 4.17: Ma in effect plots for sophorolipids production from MeyeJ'ozyJllu spp. 

MF138126 
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4.10.l.J. Regress ion cqunt ion for growth of lYJeyerozyma spp. MF138126 

Growth ~ - 0.277" 0.0535 A: Peptone + 0.2 14 B: Glyccrol - 0.0623 C: Glucose + 0.219 

0: NaH,pO, - 0.J08 E: Yeast Extract + U.596 F: K,HPO, + 1.48 G: MgSO, + 0.398 H: 

NaCL..Eqllolioll 4.5. 

4.]0.1.2. Regnss ion eq uation for sophorolipids production fJ'om kJeyero'!.j'lIlfl spp. 

MF I38126 

SL ~ 0.910 + 0.0841 A: Peptone + 0.219 B: Glyceml + 0.0708 C: Glucose - 0.427 D: 

NaH,PO, + 1.96 E: Yeast Extract + 0.381 F: K,HPO, - 3.24 G: MgSO, + O. 128 H: NaCI... 

Equation 4,6. 

4.11 . Optimization of cultivation co'nctitions through Response Suyfncc Methodology 

(RSM) for growth and sopboJ'olipids productiou from NleyerOfJ'IIUl spp. MFI38126 

Tbe effect of different reaction conditions for growth and sophorolipids production from 

Meyerozyma spp. MFI38126 was evaluated by using Response Surface Methodology 

(RSM) nnd Central Composite Design (CeO) with four bioprocess variables Le. pH, 

Temperature (T), siz~ ofinoculum (SOl) and agi tation speed (RPM). The experiments were 

perfom1ed in line with the prescribed design and results/responses were evaluated after 96 

h of incllbation period (Table 4. 12). Resu lts indicated that the model for cellular growth 

and production of so pharo lipids was fitted reasonably with a confidence level of99.9 %. 

The significance of the bioprocess variables was determined after statistica l analyses with 

reference to obtained p-values. The results revealed that for growth and sophorolipids 

production from .Meyerozyma spp, MFI38126; pH. T, SO] and RPM were significant 

model tenns with the p-values less than 0,05 (Table 4.13 and 4. 14). 

Analysis of variance test (ANOV A) was perfonned in order to estimate the role of each 

selected model tenn, Our results ind icated that overall the model was statisticall y 

significant wi th a p-vnlue of 0.001. The adequacy of the bioprocess was estimated with 
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reference to the coerficient of regress ion R2. The R2 values for cellu lar growth and 

sophorolipids production were found to be 0.992 and 0.994, respectively, which suggested 

that the predicted and experimental responses were in close confonnity with each other. 

Similarly, it further shows that Q9.2 % and 99.4 % vnriahi lity in the selected responses can 

be explained by the given model (Table 4.13 and 4.14). Response surface graphs 

demonstrated the co-relation between the actua l and predicted values for growth and 

sophorolipids production (Fig. 4.18). Besides ind ividual model tenns, interactive effect of 

the bioproccss variables was also significant. For growth of Meyerozyma spp. MF138126 

AB, Al, 8 2, C2 and 0 2 were the significant model tenns with p.values less than 0.0001. 

However, Ole factors SO and CD were non·signi ficant with p·values of 0.325 and 0.101, 

respectively (Table 4.13). Similarly. for SL production, the interactive and quadratic effect 

i.e. AB, CD, A2, a2, C2 and D 2 was found to be significant whereas, the interaction ofBD 

was found to be non·significant (Table 4.14). 
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Table 4.12 : Expcdmcnta l des ign and resul ts of ccntl"al composite design in terms of 

responses (growth and sophorolipids production) fOT Meyerozymcl spp. MFJ38126 

Run A:pH B:T CoSO! D:RPM Growth SL 
(WLl 

1 8 45 I 180 1.23 0.5 1 
2 5.5 32.5 3 150 3.05 4.15 
3 3.5 20 I 180 1.26 1.0 I 
4 5.5 32 3 150 3.02 4.17 
5 3.5 57.5 I 120 0.25 0.09 
6 5.5 7.5 3 120 0.12 0.15 
7 5.5 32.5 7 150 2.02 2.28 
8 8 45 2 120 1.58 0.51 
9 5.5 32.5 3 150 3.06 4.14 
10 8 45 I 120 0.98 0.25 
II 8 45 5 180 1.63 1. 12 
12 5.5 32.5 3 150 3.04 4. 16 
13 8 45 5 210 0.96 1.02 
14 5.5 32.5 3 150 3.06 4. 15 
15 5.5 32.5 3 150 3.07 4.17 
16 3.5 20 5 180 1.22 1.52 
17 8 45 I 180 1.21 0.27 
18 3.5 20 5 120 0.95 0.96 
19 5.5 32.5 3 150 3.05 4.15 
20 3.5 20 5 120 0.95 0.97 
21 8 45 5 120 0.92 0.2 
22 3.5 20 5 180 1.22 0.9 1 
23 10.5 32.5 I 180 0.05 0.02 
24 0.5 32.5 I 150 0. 17 0.05 
25 8 45 I 180 1.2 1 0.2 1 
26 8 45 I 120 0.95 0.22 
27 5.5 32.5 3 150 3.01 4. 15 
28 5.5 32.5 3 150 3.05 4. 17 
29 3.5 20 I 100 0. 16 0.23 
30 5.5 32.5 3 150 3.16 4. 18 
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Table 4 .13: ANOVA of selected model terms for growth of Meyerozyma spp. 

MF138126 

Source DF Sumof Mean F p 
Squares Square 

Model II 34.97 3.18 216.12 < 0.0001 
A:pH I 0.079 0.079 5.37 0.0325 
B:T I 1.63 1.63 110.54 < 0.0001 

C:SOJ I 0.087 0.087 5.93 0.0255 

D:RPM I 0.45 0.45 30.61 < 0.0001 

AB I 0.33 0.33 22.61 0.0002 
BD I 0.015 0.015 1.02 0.325 1 
CD I 0.044 0.044 2.99 0.1010 
A' I 6.72 6.72 456.80 < 0.0001 
B' I 5.13 5.13 348.96 < 0.0001 
C· I 1.24 1.24 84.40 < 0.0001 
D' I 0.64 0.64 43 .74 < 0.0001 

Residual Error 18 0.26 0.015 
Pure Error 14 0.016 1.l09E-003 

Total 29 35.24 

R-Sq - 99.25 % R-Sq (adj) - 98.79 % 
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Table 4.14: ANOVA of selected model terms for sophorolipids production from 

NleyetozYlllo spp. MF138126 

Source DF Sum of Mean F p 
Squares Square 

Model II 89.32 8. 12 279.91 < 0.0001 
A:pH I 0.69 0.69 23,65 0,0001 
B:T I 1.29 1.29 44.47 < 0,0001 

C:SOJ I 0.46 0,46 16.01 0.0008 

D:RPM I 0.53 0.53 18.41 0.0004 

AB I 6.92 6.92 238.41 < 0.0001 
BD 1 0.13 0.13 4.59 0.0562 
CD I 0.16 0.16 5.61 0.0292 
A' I 12.27 12.27 423.13 < 0.0001 
B' I 16.44 16.44 566.7 1 < 0.0001 
C' I 3.89 3.89 134.03 < 0.0001 
D- 1 0.25 0.25 8.68 0.0086 

Residual En'or 18 0.52 0.029 
Pure Error 14 0.24 0,0 17 

Total 29 89.84 

R-Sq - 99.42 % R-Sq (adj) - 99.06 % 

4.11 .1. Effect of bioprocess variables 011 growUI of Meyero1J'lItu spp. MF138126 

The effect of bioprocess variables on growth of Mcyerozyma spp. MF138126 was 

estimated with the help of regression equat ion. A second order polynomial equation was 

generated (Equation no 4.7). It was observed that pH, temperature. size of inoculum and 

RPM bad positive effect on growth however. their negative effect was noted when their 

concentration fluctuated from an optimum centraJ vahle. To further conso lidate these 

results 3-D response surface and contour plots were constructed that showed the role of 

selected parameters on growth of Meyerozyma spp. MF 138 126, 

4.11.1 . 1. Regress ion equation for th e growth of Meyerozymu spp. MFJ38J26 

Growth ~ + 3,00 + 0.096 A+ 0.48 B + 0.084 C+ 0, t 6 D - 0,30 AB + 0.036 BD + 0.062 CD 

- 0,61 A' - 0.79 B' - 0.32 C' - 0.32 D2 ... Equation 4,7. 
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4.11.1.2. Effect of pH 

The effect of pH on growth of Meyero;:yma spp. Mf 138126 was monitored throllgh RSM. 

OUf results showed that there was no microbial growth at the two pH extremes i.c. 0.5 and 

J 0.5. However, when the pH was increased up to 3.5, a slight increase in medium turbidity 

was witnessed and culture density was recorded up to 1.26. Maximum growth was detected 

at pH 5.5 and optical density of the femlentation medium was morc than 3.0. This was 

followed by a gradual decline in the 0.0 of grow th medium at pH 8.0 (Table 4.12 and 

4.13). Therefore, it can be concluded that the optimum pH range fol' maximum growth of 

Meyerozyrna 'pp. MF 138126 wa, from 4.5-5.5 (Fig. 4.18). 

4.11 .1.3. Effect of temperature 

The effect of temperature on growth of Meycrozyma spp. MF 138126 was demonstrated 

through statistical analysis. Results indicated that significant growth of the yeast species 

was observed in the temperature range of20-45 °e. Maximum densityof3.16 was recorded 

when culture medium was incubated at 32.5 °C for 96 h. However, very low turbidity in 

culture medium was witnessed at 57.5 °C (Table 4.12 lUld 4.13). Similnrly. the temperature 

7.5 °C did not support rue growth of yeast hence, very low culture density was recorded 

(Fig. 4.18). 

4. 11 .1.4. Effect of inoculum size 

[ncrense in inoculum size affected the microbial growth and an increase in density of 

culture medium was observed. I % concentration of inoculum resulted in the average 1.22 

0.0, which attained a maximum value of3 .16 in the presence of3 % SOL However, further 

increase in inoculum size resulted in a gradual decrease in turbidity of culture medium and 

5 % SOl resulted in comparatively less microbial growth (Table 4.12 and 4.13). These 

findings indicated that an adequate inoculum size is necessary for efficient growth of 

Meyerozyma 'pp. MF 138126 (Fig. 4.1 8). 
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4.11.1.5. Effect of agitation speed 

The effect of agitation speed on growth of Meyerozyma spp. MF138 126 was monitored 

through RSM. Results suggested significant increase in the growth of yeast species with 

an increase in RPM. Maximum optical density of 3.16 was recorded at 150 RPM whereas 

min imum growth was witnessed at the two extremes of 100 and 2 10 RPM (Table 4.12 and 

4.13). Significant microbial growth was also observed at 180 RPM (Fig, 4. 18). 

4.11.1.6. In teractive or quadratic effects 

The quadratic and interactive effect of the bioprocess variables was evaluated through 

regression equation (Equation 4.7). It was observed that the combinatorial effect of pH and 

temperature was significant with the p-va!ue Jess than 0.05 (Table 4.12 and 4. 13). These 

findings suggested that these factors must be controlled effi ciently in the bioprocess for 

maximum growth of Meyerozyma spp. MF138126. Moreover, the quadratic effects were 

also found to be significant and affected the microbial growth in fermentation medium 

(Fig. 4. 18). 
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Figure 4.18: 3-D response surface and contour plots for the effect of different 

bioprocess variables on growth of Meyerozyma spp. MF138126 
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4.J 1.2 . Effect of bioprocess variables on sopboroJipids production from iHeyero4,YlJlfI 

'pp. MF138126 

The effect of bioprocess variables on sophorolipids production from A1eyero=Jmw spp. 

MF 138 126 were estimated with the help of regression equation. A second order polynomial 

equation was generated by the software for the description of bioproccss vari ables 

(Equation no. 4.8). It was observed that pH, temperature, size of inoculum and RPM had 

positi ve effect on sophorolipids production ITam Meyerozymo spp. MFI 38 126 however, 

negative effects were observed when parameters we re fluctuated from an optimum central 

value. To further consolidate these results 3-D response surface and contour plots were 

made in order to demonstrate the role of selected parameters on sophorolipids production 

from the yeast species (Figure 4.19). 

4.11.2.1. Regression equation for sophorolipids production from strain MFJ38126 

SL (giL) ~ + 4.1 2 + 0.28 A + 0.43 B + 0.19 C + 0.18 D . 1.35 AB + 0. 11 BD + 0.1 2 CD -

0.82 A' - 1.42 8 ' - 0.57 C' - 0.20 D' .... Equatioll 4.8. 

4.11.2.2. E ffe ct of pH 

The effect of varying pH 011 sophorol ipids production was studied trough RSM. Minimum 

SL production was witnessed at the two pH extremes (0.5 and 10.5) however, significant 

increase in the yield was observed at-pH 3.5. Maximum yield of 4.28 giL of so ph oro lipids 

was obtained at pH 5.5 and an increase in the concentrat ion of SL molecules was detected 

wilh an increase in pH up 10 a certain point (Table 4.1 2 and 4.14). These results showed 

that the optimum pH for maximal yield of sophorolipids from the yeast species was around 

5.5 (Fig. 4.19). 

4.11.2.3. Effect oftempCratlLre 

The effect of temperature on sophorolipids product ion from Meyerozyma spp. MF 138126 

was demonstrated through statistical tools. Results showed that significant production of 
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SLs was obtained at temperatures ranging between 20-32.5 DC. However, no SL production 

was witnessed at 7.5 °C and 57.5 °C that reflected the negative effect of extremely low and 

high temperatures on the sophorolipids biosYIHhesis pathway (Table 4, 12 and 4.14). 

Maximum SL production of 4.28 giL was recorded when culture medium was incubated at 

32.5 'C for 96 h (Fig. 4.19). 

4.1l.2A. E ffect of inoculum size 

Increase in inoculum size positively affected sophorolipids production from Meyerozyma 

spp. MF138J26. Minimum production was detected in the culture flasks that were 

administered with I % concentration of inoculum whereas, an increase in inoculum size 

significantly enhanced SLs production in fcnncntation medium. For the experimental nms 

provided with 3 % SOlI more than 4 giL production of so ph oro lipids was detected (Table 

4. 12 and 4.14). These results suggested that the optimum percentage of inoculum for 

maximum SLs production was around 3 % (Fig. 4. 19). 

4.11.2.5. Effect of "git.tion speed 

The effect of agitation speed on sophorolipids production was monitored in the current 

study. Very low yield of sophorolipids was obtained at 100 RPM whereas, maximum 

product ion of 4.28 gil was witnessed at 150 RPM. Significant amount of SLs was also 

detected in the experimental runs that were provided with an agitation speed of 180 RPM 

for 96 h. However, further increase in RPM caused reduction in the production of 

sophorolipids (Table 4.12 nnd 4.14). The optimum level of shaking speed for maximum 

production of sophorolipids could be observed at tlle central point of response surface and 

contour plots near 150 RPM (Fig. 4.19). 

4.11.2.6. Interactive 0)" quadratic effects 

The interactive and quadratic effect ofbioprocess variables was detennined by regression 

equation (Equation 4.8). It was observed that the interactive effect of pH and temperature 
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and, size of inoculum and RPM was significant. Therefore, these parameters must be 

monitored efficiently in order to obtain maximum yield of sophorolipids from Meyerozyma 

spp. MFI 381 26 (Table 4. 12 and 4. 14). Moreover, the quadratic effect was also found to be 

significant and affected the production of sophoroJipids in fermentat ion medium (Fig. 

4.19). 
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Figure 4.19: 3-D response surface plots for the effect of different hioprocess 

variables on sophorolipids production from Meyerozyma spp. MF138126 
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4.11.2.7. Nume .. ic~tl optimization of the bioproccss 

After conducting the experiments according to Response Surface Methodology, tile 

optinllml values of each factor was also dctcnnined through nwnerical optimization. The 

criteria for finding the optimal conditions was set for microbial growth and sophoroJipids 

production. The software predicted a pH value of 5.5, T of33.2 °C, SOl of3 .3, and RPM 

of 161 as the most suitable conditions for growth <Uld sophorolipids production from 

Meyero'Z)'n/G spp. MF 138126. In order to consolidate the aforesaid predicted conditions, a 

confirmatory experiment was run in triplicates where a yield of 5.5 giL of sophorolipids 

should be produced. It was noted that under these condit ions, 6.9 giL of so ph oro lipids was 

produced that was fairl y higher than the prediction of software. This suggested that the 

values of the parameters were reasonably selected and had a significant effect on growth 

and sophorolipids production by Meyerozyma spp. MF 138126. Moreover, our results 

suggested that the application of mathematical modelling techniques were proved to be 

very efficient to enhance the productivity of a particular microbial metaboli te in the 

fennentation process. 
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c- Downstream processing and Ch<lf<lctcrizil tioll of biosurfactauts 

In the third phase of Shldy, the biosurfactants produced by P. (Jerl/gil/osa M F069166 and 

Meyerozyma spp. MF138126 were extracted a.nd purified t1u'ough solvent extraction 

method. The purified biosurfactants were chemically characterized through Thin Layer 

Chromatography (TLC). Fourier Transform Infrared Spectroscopy (FTIR Spectroscopy), 

Reverse Phase~ High perfonllllnce Liquid Chromatography (RP-HPLC). Nuclear Magnetic 

Resonance (NMR) and Liquid chromatography Eleclrospray Ionization-Mass 

Spectrometry (LC-ESI-MS). Stability of the biosurfactants was checked at varying pH, 

temperature and Nael concentrations. Furthcll11ore, the properties of biosurractants were 

studied through cmc (critical micelle concentration) determination and DLS (Dynamic 

Light Scatteri ng) analysis. 

4.12. Characterization of biosurfactants produced by P. aerllgillosa MF069J66 nnd 

Meyel'0T.Yllla 'pp. MF138126 

4.12.1. Tbin Layer chromatography (TLC) 

The chemical characterization ofbiosurfactflnts prodUCed by P. aemginosa MF069166 and 

Meyerozyma spp. MF 138126 was done t1u'ough TLC. Results showed that the partially 

purified rhamnolipids produced by the bacterial strain contained two major congeners as 

two bright spots were detected Oll TLC plate. TIle Rfvalues of the two spots were found to 

be 0.36 and 0.84. Similarl y for sophorol ipids produced by the yeast, five spo ts were 

detected on TLC plate tbat showed the presence of various structural isomers ofSLs in the 

extract. The Rf values of the bioproduct ranged between 0. 17 to 0.65 (Fig. 4.20 a and b). 

Blopl'ocess lng of biosurfactants from mlcnbial SOIlTces and thefT uppliclftions 124 



Chapter4C Results 

a b 

0.65 ~ 

0.52 - . 
0.84 • 

0.45 

0 .2 1 - . 
0.17 • 0.36 • 

Figure 4.20: T hin Layer Chromatography of a) rhamnolipids from P. aerllgi llosa 

MF069166 b) sopborolipids from Meyerozyma spp. MF138126 

4.12.2. FTIR Spectroscopy 

FTIR analysis was done in order to confirm the chemical nature of biosurfactants. FTIR 

spectroscopy of rhamnolipids from P. aerugil10sa MF069166 revealed correlation between 

absorbance bands and abso rbance frequencies of the functional groups (F ig. 4.21 a and b). 

Both the test and standard RL molecules showed similar bands at 3200-3300, 2927 and 

2853 em -I due to symmetric C-H stretching vibrations of aliphatic groups, particularly 

those present in the hydroxydecanoic acid chain tai ls ofrhamnolipids. A carbonyl (C=O) 

stretching band at 1728 cm-] is a characteristic of carboxylic acid groups and ester bonds_ 

In the fingerprint region of the spectra, the area between 1239- 1457 cm-] represents C-H 

and O-H deformation vibrations, typical for carbohydrates present in the rhamnose 

moieties of the molecules. The lower range of the fingerprint region i.e. below 1200 cm-] 

represents different kinds ofC-H, C-O and CH) vibrations. 
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Figure 4.21: FTIH. spectrum of a) standard rhamnolipidsj b) rhamnolipids extracted 

from P. aeTliginosa MF069166 

Sophorolipids from Meyerozyma spp. MF 138126 displayed the absorption bands quite 

similar to the standard SLs (Fig. 4.2 1 e and d). The broad peak observed at 3250-3450 em' 

I relates to the characteristic O-H stretch of SLs. The peaks in the range of 2800 em-I and 

2900 em-] represents the symmetrical and asymmetrical stretching of methylene groups, 

respectively. The strong absorption hands from 1720-1740 em-I arise due to c=o 
stretching in the molecules and might contain contributions from lactones, acids or esters. 

The stretch at 14 10 cm-] is due to the characteristic C- O- H group of carboxylic acid 

(COOH) and indicates that a portion of extracted compound from the yeast strain is 
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comprised of acid ic S.Ls. The absorption band at about 1200 em' l for both tesl and standard 

molecules corresponds to the stretch uf C-O group from C (-O)-O-C present in lactones . 
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Figure 4.21: FfIR spectrum of c) standard sophorolipidsj d) so ph oro lipids 

extracted from Meyerozyma spp. MFI38126 

4.12.3. Reverse Phase HPLC 

The chemical structure of biosurfactants produced by P. aeruginosa MF069166 and 

Meyerozyma spp. MFI38126 were studied through reverse phase HPLC. Elution profiles 

of rhamnol ipids and sophorolipids were compared with their respective standards (Fig. 

4.22 a and b). I-lPLC chromatogram of rhamnolipids from bacterial strain displayed fi ve 
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major fractions eluting at the retention times: 2.59, 2.85, 16.13, 18.45,20.50, 22.59 and 

24.30 min . 
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Fig. 4.22: Reverse Phase HPLC analysis of n) standard rhamnolipids b) 

rhamnolipids extracted from P. aerligillosil MF069166 

For Meyerozyma spp. MFI38126, chromatograms of standard and test SLs displayed 

comparable elution profile. The extracted sophorolipids of yeast species yielded seven 

fractions at 1.69, 1.98, 2.75, 6.18, 13.26, 15.48 and 19.16 min as illustrated in Figure Fig. 

4.22 c and d. All the purified fractions were stored in separate vials and then used for 

detailed characterization ofbiosurfactants through further techniques. 
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-Fjg. 4.22: Reverse Phase HPLC unil lysis of c) standard sopboroLipids d) 

sophoroUpicis extrac ted from il-JeyeroZYllw spp. MF138126 

4.J2.4. Nuclear Magnetic Resonance (NMR) 

4.12.4.1. RhamnoUpids 

The chemical structure of rhal1lnolipids from P. aer/lginosa MF069166 was further 

con finned through I Hand IJCNMR. Peaks were identified through previous repOlis. The 

characteristics chemical shifts indicated the presence of both mono and eli rhanmoiipids 

(Table 4.15). In 'HNMR spectrum, the chemical shifts detected at 0.88 ppm, 1.27 ppm, 

2.55 ppm, 4. 14 ppm, 4.90 ppm and 5.47 ppm displayed the resonated protons of rhamnose 

and fatty acid moiet ies (Fil:,'l.lre 4.23 a). The t3CNMR spcctnllTI indicated that the chemical 
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shifts observed at 17.22, and 17.42 ppm were due to the methyl groups present on rhamnose 

moieties whereas, the methyl groups on f.1tty acid chains resonated at 13.57 ppm. Next to 

methyl groups, the methylene groups affatty acid chains resonated within a range of22.4-

33.9 ppm. Ihe Signals from 68.84·71.01 ppm were due to the carbon atom attached to 

oxygen atom of rhnmnose head group. Moreover, the peaks obtained at 95.30 ppm 

belonged to RLJ molecules whereas, those at 94.88 ppm and 102.72 ppm showed the 

presence ofRL2 molecules (Figure 4.23 b). 

Table 4.15: IH and 1JC NMR assignments for l'hunlliolipids extracted from P. 

aerugillosa MF069166 

Assignment IB chemicul DC chemica l shjft 
shift (ppm) (ppm) 

-CHJ (011 ~-hydroxyfatty acids) 0.88 13.57 
-CHJ (on rhamnose moiety) 1. 18, 1.19 17.22, 17.42 
-(CI-b),- (011 ~-hydroxyfnlty acids) 1.27 22.4-33.9 
- (CH,}-CH(O}-CH,COO (on p-hydroxyfnlty 1.57 36.1-38.9 
acids) 
-CH(O}-CH,COO (on ~-hydroxyfatty acids) 2.55 39.5 
-(CH,}-CH(O-Rha}-CI-I,COO (on ~- 3.4 68.84 
hydroxyfatty acids) 
-(CI-b}-CH(-O-C-O}-CH,COO (on ~- 4.14 71.15 
hydro;yfatty acids) 

CH OH (on rhamnose moiety) 4.9 94.88,95.30,102.72 
-CH- O-C (on rhamnose moiety) 5.47 71.01 
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Figure 4.23 : a) IHNMR spectrum and, b) IJCNMR spectrum of rhamnolipids 

extracted from P. aerllgillosa MF069166 
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4.12.4.2. Sophorolipids 

The IH and IlC NMR ana lysis of sophorolipids from MeyeJ'ozyma spp. Mf'138126 

displayed characteri"tic chemical sllifts of a typical glycolipid molecule (Table 4.16). Peaks 

were assigned on the basis of aforementioned data. In IHNMR spectrum, the protons H-I ' 

and H-l " of sophorose moiety were resonated within the region of 4.14-4.29 ppm whereas, 

the other protons of sugar molecule were detected between 3.7-3.92 ppm. Protons of-CHJ 

f,lfOUp of fatty acid moiety and the -CH2 group attached to carboxylic ,group of fatty acid 

moiety resonated at 1.26 find 1.84 ppm, respecli vely. Moreover, multiple signals of protons 

were also obtained between 1.26 and 1. 55 ppm (Fig. 4.23 c). The 13CNMR spectrum 

revealed that the peaks a12 1.73 - 38.81 ppm belonged to -CH, groups in ratty acid moiety 

whereas, the two =CH- groups in fatty acid chain were resonated at 129. 18 and 130.31. 

The multiple peaks observed at 170.61 - 174.08 were the characteristics of carbonyl groups 

(-CO-) present. The -C-J' and -C-J" of sugar molecule were detected at 102.72 and 

J 03.S 1 ppm whereas, the o ther carbon atoms of sugar resonated between 60.49·73.24 ppm 

(Fig. 4.23 d). 

Table 4.16: 18 nnd IJC NMR aSSignmen ts for sophorolipids cxtrncted from 

MeyeJ'oT.YflJa spp. MF138126 

Assignment IH chemical shift (ppm) lJC chemical sbift (ppm) 

C\8-0-H of Hydroxy oleic acid 1.26- 1.55 28.99-3 1.61 
-COOl, 2.063 26.52 

D-Glu 1", I" 4.25, 4.29 102.72, 104.36 
D-Glu 6', 6" 4.39,3.88 63.16, 60.49 

-co- or ratty acid 4.14 170.6 1-174.08 
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Figure 4.23: c) IHNMR spectrum and d) IlCNMR spectrum of sophorolipids 

extracted from Meyerozyma spp. MF138126 
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4.12.5. Liquic..l chl'omatography Electrosp,'ny IOllization-Mliss Spectromefry (LC­

ESI-MS) 

4,'12.5.1. Rh:mmolipids 

The chemical structure ofrhamnolipids from P. aenfgillOs(I MF069166 was compared with 

the standard RL molecules through mass spectrometric analys is. Test und standard 

molecules were subjected to LC-ESI·MS technique that was run in positive mode. Standard 

RL molecules displayed mnj ol" peaks at 679.421 506.33 and 360.27 mlz that corresponds to 

the pseudomolecular ions of Rha-Rha-CIO-CI2, Rho-Rha-e !::!:1 and Rha-CI2:2 . ]n addition, 

minor quantities of other mono and dirhamnolipids congeners were also present (Fig. 4.24 

a). In case ofRL molecules extracted from P. aemgillosa MF069166, peaks representing 

ditTerent structural homologues of mono and dirhamnolipids were detected in the 

chromatogram. Amongst the identified congeners, the predominant protonated molecular 

ions belonged to Rha-RJul-ClO-CI2 (679.42 IIIlz), Rha-Rha-C12:! (506.33 mlz). Rha-CI2:2 

(360.27 mlz) and Rha-Rha-CI2"-CIO (677.83 mlz) (Fig. 4.24 b). Moreover, 101Y relative 

abundance OfRJul-Rha-Clo-Cl0 \VtlS f11so detected 01 mlz of 651. 79 (Table 4.17), 
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Figure 4.24: LC~ESI-MS profiJe of n) standard rh:1l11flOlipids b) rhamuolipids 

extracted from P. llel't1gillo:m MF069166 
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Table 4.17: Identification and relative abundance (%) of major rhamnolipids 

congeners using LC-ESI-MS 

Rhamnolipids congeners Pscudomolecular Relative Ionic 
ion (flu'Z) abundance (%) Fra2ments 

Rha-Rhn-C IO-Cll 679 24.5 
Rba-Rha-Cl z: l-CIO 677 22.4 3 12, 293, 

Rha-Rha-Clo-CIO 651 5.61 189, 171, 

Rha-Rha-CI2: I 506 22.7 153 

Rha-CI2:2 360 24 

4.12.5.2. Sophorolipid, 

The mass spectrum of sophorolipids produced by Meyerozyma spp. MF 138126 showed the 

corresponding ionic fragments ofprotonated and sodiated SL molecules. LC-ES J-MS was 

applied in the positive mode. The obtained pseudomoJecular ions were compared with 

commercially avai lable standard as well as previously reported molecules. TIle mass 

spectmrn of standard SLs represented major fragments of diacetylated acidic (CIS: !), 

diacctylated lacfonic (CI8: 1) diacetylated lactonic (CI6:0) and monoacetylated lactonic 

(e",,) fragment' at mlz v,iues of 706, 7 11. 685 and 669 (Fig. 4.24 c). In case of 

sophorolipids extracted from Meyerozyma spp. MF 138 126, major fragments obtained at 

7 11 and 689 mlz were identified as sodiated and prolonaled fonns of diacetylated lactonic 

(CI8:]) SLs whereas, the peak at 5 15 mit represented the protonated ncidic form (C'I:O) of 

SLs. The minor fractions at 788, 623, 60 J and 535 IIIl z correspond to enD diacetylated 

lactone, sodiated C18:2 lactone, protonated CI8:2 lactone and CJJ:I lactone present in the 

fungal SLs. The signals at 432 and 409 mit were the characteristic peaks ofsodiAted and 

protonated fonn of diacetylated disaccharide sophorose after losing hydroxylated fatty acid 

moiety from diacetylated lactone SLs of mlz 689 (Fig. 4.24 d). The fragment at 373 mit 

was the protonated ion generated after the loss oftenninai hexose from acidic SLs whereas, 

the peak at 325 mit was obtained due to the presence of non-Iactonized sophorose ions in 

the extract. The other prominent peaks at 227 and 188 mlz represented the hexose fragments 

created due to molecular ionization (Tuble 4.18). 
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Figure 4.24: LC·ESI-MS profLlc of c) standard sophorolipids b) sophorolipids 

extracted from Meyerozyma spp. MF138126 
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Table 4.18: Identification and relative abundance (%) of major sophorolipids 

congeners us ing LC-ESI-MS 

Sophorolipids congeners Pscudomolecular Relative Ionic 
iOIl (m/x) abundance (%) Fl'aeruen ts 

Diacetylated Lactone (C",o) 788 1.55 432,409, 
Diacetylated Lactone (CIS:I) 711 31 373 , 325, 

Diacetylated Lactone (CIS: ]) 689 29.4 305,273, 

Deacetylated Lactone (CI8:2) 623 7.7 227,118 

Deacetylated Lactone (CI 8:2) 601 2.32 
Lactone (C",,) 535 4.65 
Acidic (ell,o) 515 23.2 

4.13. Stability of bioSlirfact:lIIts produced by P. !ll!1"lIgillosa MF069166 and 

Meyerozyma spp. MF138126 

In order to detennine the industrial efficacy of rhnnmolipids and sophorolipids obta ined 

from P. aerugillosa MF069166 and Meyerozyma spp. Mf138126. stabil ity in their surface 

active properti es was checked under varying conditions of pH, temperature and saliluty. 

For every treatment, emulsification index (E.12-1) and surface tenSIOn was recorded thrice. 

4.13.1. Thermal stability 

The effect of temperature on cmde biosurfactants produced by P. aerllginosa MF069166 

and Meyel'ozyma spp. MF138126 was studied at a temperature range of 5°C to 12 1 °C. 

Results ofST and E.l24 assay demonstrated that rhamnolipids produced by bacterial strain 

were stable at a temperature range of 15°C to 100 °C. Maximum E.124 of 82 % and 

minimum ST of29.3 mN/m was recorded at 35°C followed by a gradual decline in slrrface 

acti vity at high temperatures. Post autoclaving, very low emulsification activity was 

observed, however, no significant change in surface tension was detected (Figure 4.25 a). 
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Figure 4.25 a: T hermal stabili ty of rhamnolipids from P. aerllgillosa MF069166 

Sophorolipids produced by Meyerozyma spp. MF138 126 showed significant thermal 

stabili ty at a wide range of temperature. Highest E. I24 of86 % and lowest ST of 27 mN/m 

was recorded at 35°C however, satisfactory surface acti ve properties were also witnessed 

at 25 °C and 45°C. The molecules were effecti ve even at 115°C with 61 %ofE.h4 and 35 

mN/m of ST. Moreover after autoclaving the culture supernatant, no sudden decline in the 

surface active propel1ies ofSLs was recorded (Fig. 4.25 b). 
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Figure 4.25 b: Thermal stability of sophorolipids from Meyerozyma spp. MF138126 
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4.13.2. pH stability 

The stability of biosurfactants at was evaluated 8l acidic and basic conditions. For this 

purpose, a pH gradient of 1-14 was selected. Emulsification and surface acti ve propert ies 

of biosurfactants was evaluated through the analysis of E.l24 and surface tension 

measurement. H was observed that rh8mnolipids exhibited more than 50 % of E.l24 at pH 

4-11, however. very low emulsification activ ity was noted at both acidic and basic 

extremes. Likewise, the molecules effectively reduced ST of water from 72 mN/m to less 

than 30 mN/m when incubated at pH 4-1 1 whereas, no significant reduction in surface 

tension was witnessed at extremely high and low pH (Fig. 4.25 c). 
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Figure 4.25 c; pH stability of rhamnolipids from P. aerugi"osa MF069 J 66 

The stability of sophorolipids produced by Meyerozyma spp. MF1 38 126 was checked at a 

pH range of 1-14. The molecules were able to effect ively emulsify kerosene oil and reduce 

surface tension of water from pH 3-10. Highest emulsi fication activity was observed at pH 

5 and 6 followed by a continuous decline in E.l24 after pH 8. In case of surface activity, 

sophorolipid molecules significantly decreased the surface tension of water from 72 to 28 

mN/m at pH 4, whereas comparative ly higher ST of34.5 and 35.5 mN/m were recorded at 

pH I and 14, respectively (Figure 4.25 d). 
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Figure 4.25 d: pH stllbility of sophorolipids from Meyerozyma spp. MF138126 

4.13.3. Stability under varying NaCI concentrations 

The stability of biosurfactants produced by P. aerllginosa MF069 166 and Meyerozyma 

spp. MF138 126 was determined at different concentrations of NaC I. Results ofE.b4 and 

ST showed that rhamnolipids were able to withstand a broad range of salt concentrations, 

and retained thei r surface activity till 10 % w/v NaCI however, comparatively low salt 

concentration was effective in maintaining the stability ofrhamnolipids (Fig. 4.25 e) . 
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Figure 4.25 e: Stability of rhamnolipids from P. aerugillosa MF069166 under 

varying NaCI concentrations 

Sophorolipid molecules produced by Meyel'ozyma spp. MF138126 effectively reduced the 

surface tension of water and displayed promising emulsification activity in the presence of 
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2- 12 % NaCI. No signi fi cant decline in surface ativity of so ph oro lipids was witnessed upto 

12 % increase in salt concentration however, minimum surface act ivity of SLs was 

witnessed at the highest concentration of 14 % (w/v) (Fig. 4.25 f) . 
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Figure 4.25 f: Stability of sophoroHpids from Meyer01.Ynra spp. MF138126 under 

varying Nael concentrations 

4. 14. I'ropcrtics of biosurfactants produced by P. aerugillosa MF069166 and 

Meyerozyma spp. MF138126 

4.14.1. Determination of critic~ll micelle concentration (cmc) 

erne of rhamnolipids and sophoro lipids was determined by making different dilutions of 

purified biosurfactants in di stilled water. The erne of rhamnolipids from P. aeruginosa 

MF069166 was found to be 40 mglL after which no signjficant decrease in surface tension 

was detected and the solution rettained a constant ST value of 29 rnN/rn (Fig. 4.26 a) . 
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Figure 4.26 a: cmc of rhamnolipids extracted from P. flerllg ill osa MF069166 (mgIL) 

The cmc of sophorolipids from Meyerozyma spp. MFI 38126 was calculated as 50 mg/L. 

The surface tension of solution reduced up to a constant value of 33 mN/m of ST from 

65.76 mN/m after this particular concentration of sophorolipids was achieved. No 

significant decline in surface tension of the solution was witnessed afterwards (Fig. 4.26 

b). 
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Figure 4.26 b: cmc of sophol'olipids extracted from Meyerozyma spp. MF138126 

(mgIL) 
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4.14.2. Size distribution through Dymlmic Light Scattering (DLS) 

The glyco lipids se lf-assemble into variety of supra molecular forms having di ffe rent shapes 

and sizes. These properties have direct connection with the application ofbiosurfactants in 

the field of biodegradation and bioremediation. Therefore, in present study the self­

assembly and micellization behavior of the extracted biosurfactants was evaluated using 

Dynamic Light Scattering technique under the effect o f concentrations, pH and 

electrolytes. 

4.14.2.1. Effect of concentration on micellar size distribution 

The effect of concentrat ion on size of purified biosurfactants was monitored using dynamic 

light scattering. pH of rhamnolipids so lution was maintained at 7. The diameter of average 

micell ar aggregates of rhamnolipids ranged between 300-350 11m at Y2 cmc and cmc. 

However, when the cri tica l micelle concentration was doubled, an increase in micellar size 

was witnessed and 7 12 11m of z-average diameter was recorded. The heterogeneity in 

samples was detennined through the evaluation of polydispers ity index. The minimum PDI 

of 0.027 observed at 2 cllle of RLs whereas, maximum POI of 0.192 was observed al cmc 

(Fig. 4.27 a). 
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Figure 4.27 3: Size distribution of RLs aggregates at different concent rations 
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The size of purified sophorolipids was checked with respect to the varying concentration 

of molecules. pi-l of sophorolipids solution was maintained at 5. The z·average diameter or 
SLs micellar aggregates was increased with an increase in their critical micelle 

concentration. Average size of purified molecules was found to be 309 11m and 380 nm for 

Y:r: cmc and cmc, which drastically increased up to 12 17 11m at 2 cmc ofSLs. Maximum POI 

of 0.296 was observed when the cmc was doubled whereas, minimum POI of 0.1 09 was 

witnessed at YJ of cme (Fig. 4.27 b) . 
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Figure 4.27 b: Size distribution of SLs aggrcg:ltes at different concentrations 

4.14.2.2. Effect of pH on micellar size distribution 

It was observed that increase in pH affected the molecular assembly of purified RLs by 

causing a decrease in the size of structural aggregates. In solution form, rhamnolipids were 

present in a concentration above than cmc. For pH 5, z-average diameter of 388 nm was 

recorded which decreased up to 225 run at pH 7 and 154.5 run at pH 9. Varying POI values 

of 0. 174, 0. 179 and 0.247 were recorded for pH 5,7 and 9, respecti vely (Fig. 4.27 c). 
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Figure 4.27 c: Size distribution of RLs aggregates at different pH 

The self-assembly properties of sophorolipids extracted from Meyerozyma spp. MF138 126 

were checked al pH 3, 7 and II . In solution, sophorolipids were present in a concentration 

above than emc. AI pH 3, the z-averagc diameter of molecules was 1154 nm suggesti ng 

the formation of large SL aggregates under acid ic conditions. When the pH was raised to 

7, a sudden decl ine in size was noted and maximum number of molecular aggregates 

exhibited the diameter of 727 run . Further increase in pH was responsible for producing 

the micellar structures of average 240 nm diameter in so lution (Fig. 4.27 d). 
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Figu rc 4.27 d: Size distribution of SLs uggregatcs at different I)H 

4.14.2.3. Effect of electrolytes on miccllur size distribution 

The increasing concentration ofNael significantly affected the assembly of RL molecules. 

Low amount of NaCI favored the molecular assembles of smaller size. For 250 mM 

concentration of salt, the z-average diameter of RLs at their critical micelle concentration 

was 180 nm with a POI val ue 0[0.245 whereas, for 500 mM salt, the z-average diameter 

increased up to 465 nm. Finally for 1000 ruM NaCl, very large aggregates of approximately 

2000-2500 nm diameter was detected in the solut ion. PDI value of I confirmed the 

heterogeneity of sample (Fig. 4.27 e). 
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Figure 4.27 c: Size distribution of RLs aggregates at d ifferent NaCI concentrations 

The effect of high concentrations of Nael on self-assembly patterns of sophorolipids was 

monitored. At 250 mM NaCl, majori ty of molecular aggregates of SLs were 11 75 om in 

diameter. Likewise RLs, an increase in salt concentration was responsible for producing 

large molecular aggregate of diameter up to 4800 nm. Heterogeneity was detected in the 

samples as PDI value reached up to I (Fig. 4.27 I). 
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Figure 4.27 f : Size distribution of SLs aggregates at different Nael concentrations 
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D- Investigation of environmental applications of biosuJ"factants 

In the fourtb and final phase of study, the rhamnolipids produced by P. (lerltginosa 

MF069166 imd sophorol ipids produced by Mcyerozyma spp. ND? 138126 were invest igated 

with respect to environmental applications. For tbls purpose, role of rhamnolipids and 

sOI>horo lipids was studied in the biodegradation of cmde oil and bioremediation o f heavy 

metals. 

4.15. Role of biosurf.)ctants and BS producing P. aem gillosa MF069166 and 

Meye"olJ'lIla spp. MF138126 in biodegradation of crude oil 

The potentia1 role of P. aemgillosa MF069166 and Meyerozyma spp. MF 138 126 und their 

biosurfactan ts i.e. rhamnolipids and sophoroJipids was studied in biodegradation of cntde 

oil. 

4.1 5.1. DetenlljUlltioll of Cell Surface Hydropbobicity (CSJJ) 

In order to check the efficacy of P. aertlginosa MF069166 and Meyerozyma spp. 

MF138126 for biodegradation of crude oi l. microbial cell surface hydrophobicity (CSJ-l) 

was evaluated through MATH (Microbial Adhesion to Hydrocarbons) assay. Both isolates 

were individually treated with hydrocarbons of varying complexity and hydrophobicity. 

A fler treatment, percentage adherence for every hydrocarbon was recorded. The bacterial 

strain showed maximum adherence of 70 % to Toluene followed by 65 % affinity for 

hexadecnne, 62 % for crude oi l and 57 % for dodecane. Whereas, the yeast specied 

exhjbited 64.66 % adherence to cmde oil and 41 % to toluene. Besides, 63.66 and 52 % 

affinity was also notcd for hexadecane and dodecane (Table 4. 19). 
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Table 4.19: Adherence (%) of P. aerllc;uosa MF069166 aDd Meyerozyma spp. 

MF138126 agaiost different hydrocarbons estimated through MATH assay 

M icroorganisms Hydrocarbons 

Toluene Dodccanc Hexadecane Crude Oil 

P. aeruginosa MF069166 70±0.694 57.33± IA4 65.33 ± 1.06 62.66±0.40 

Meyerozyma spp. MF 13 8126 41 ±0.694 52±0.694 63.66± 1.44 64.66±OAO 

4.15.2. Effect of hydrocarbons on emulsification activity of biosurfactants 

Emulsi fication method was used to assess the activity of crude rhamnolipids and 

sophorolipids against complex hydrocarbons (Fig. 4.28). For rhamnolipids, highest E.l24 

of 87 % was recorded for crude oil fo llowed by 86 %, 85 % and 81 % for diesel, mustard 

oil and kerosene oi l, respectively. SophoroJipids also showed remarkable emulsification 

properties against the various hydrophobic organic compounds. The max imal E.h4 of 90 

% was recorded for crude oil whereas, diesel and petrol were emulsified lip to 84 % and 81 

%, respectively. More than 70 % of emulsification was observed in case of mustard oil , 

canola oil and olive oil. 
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Figure 4.28 : Emulsification activities of rhamnoli pids containing supernatants of P. 

llerllgiltosa MF069166 and sophorolipids containing supernatants of Meyerozyma 

spp. MF138126 against hydrocarbons substrates after 24 hours 
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4.15.3. Biodcgl'adation studies 

After evaluating the role of biosurfnctunts in improving cell surface hydrophobicity or 
microhi{ll strains and emulsification properties under the effect of various hydrocarbons. 

two sets of biodegradation experiments were conducted for three weeks. P. aertlginosa 

MF069166 and Meyerozyma spp. MF138126 were inoculated separately in min imal sa lt 

medium containing cnlde oil as sole carbon source. During the entire biodegradation 

experiments, microbia l growth and surface tension was monitored whereas, microb ial 

degrodation of cmde oil ill the biodegradation systems was detennined through gravimetric 

and GeMS analysis. 

4.15.3.1. Bionl:Jss estimation 

During the course of biodegradation experiments, significant turbidity in culture medium 

was observed for P. aerugj1losa MF069166 and Meyerozyma spp. MF 138126 after 18 h 

and 24 h of inoculation, respectively. This was followed by an exponential increase in 

cellular biomass during initial fourleen days ofincubntion , however, no significant increase 

in growth WRS monitored aller third week. Specifically, the bacted"l strain yielded 

5.38±O.043 giL of biomass aftertwo weeks which sligh tl y increased up to 5.796±O.050 giL 

after three weeks of incubation (Fig.4.29 a). Similar trend \VllS observed for the yeast 

species which yielded higher biomass of7.226±O.031 giL after fourteen days, followed by 

a very insignificant increase of0.5J4 giL at the end of incubation period (Fig. 4.29 b). 

4.15.3.2. Surfnce tension measurement" 

The production of biosurfactants from P. aeruginosa MF069166 and Meyerozyma spp. 

MF 138126 was investigated through measuring the surface tension of cmde oil containing 

culture supernatant after 7, 14 and 21 days of incubation. The recorded ST value for 

bacterial strain was 29. 166±0.382 after 7 days which slightly increased up to 3 1.066±O.539 

after 2 1 days (Fig. 4.29 a). in the other sel of experiment, culture supernatant of yeast 
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species displayed minimum ST val ue of28.6±O.138 mN/m after one week however, 35...33 

mN/m ofST W[\s witnessed after prolong incubation of three weeks (Fig, 4.29 b). 

4.15.3.3. AuulYlJis of I t.siduul crude oil 

The degradation of crude oil wns initially monitored gravimetrically and further confirmed 

through GC-MS nna lysis (Table 4.20) (Fig. 4.29 a and b). Grnvimetric analysis revealed 

that P. aerugjllosa MF069166 degraded 68 % of crude oil after first week, 85 % after two 

weeks and 91 % at the end of incubation peJiod. In case of Meyel'ozyma spp. MF138 126, 

varying degradation percentages of 64 %1 85 % and 87 % were recorded ancr 7. 14 and 21 

days of incubation, respectively. After incubation, the residual crude oi l extracted from 

bioti c and abiotic samples was analyzed through GC-MS to understand the level of 

degradation and nature of different cnlde oil derivatives present in tJle culture medium (Fig. 

4.34). The Clu"Om8logram of abiotic sample showed intense peaks of d ifferent crude oil 

constituents ranging between CS-C44. The chromatograms of both biotic samples were 

compared with that of abiotic control and Biodegradation Efficiency (B.E) of the two 

strni ns was detennined. Results showed that the bucterial isolate completely utilized most 

oflhe low molecular weight compo\lOds with 8 to 16 C-atoms whereas, the high molecular 

weight compounds (CI1 to C44) were degraded lIpto 60 %. The final Biodegradation 

Efficiency (B.E) of P. aerugillosa MF069166 was found to be 91 %. Chromatographic 

results showed that the Biodegradation Efficiency (B.E) of Meyerozyma spp. MF 138126 

was 100% for 15 C-alkanes whereas, most of the long chain alkanes were consumed up to 

65 %. Besides, the compos ite hydrophobic organic compounds particularly some 

halogenated hydrocarbons like Bromo-dodecane, oCladecane-J-chJoro and tridecane, J­

iodo were uti lized up to 75-85 % whereas, the degradation percentage of tetratetracontane 

was very low. The fmal Biodegradation Efficiency (B.E) of Meyerozyma spp. MFI38126 

was 85 %. 
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Figure 4.29 a; Biodegradation profile of P. aerllgi"osa MF069166 
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Figure 4.29 b: Biodegradation profile of Meyerozymo spp. MFI38126 
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RT 

2.9 14 
3.68 

4.386 
5.942 
6.713 
7.242 

8.025 

9.683 
10.65 

11.858 
12.233 

13.275 

13.767 
14.242 

15.275 
16.242 

18.908 

Table 4.20: Biodegradation Effi ciency (B.E) of P. aerugillwm MF069J66 and 

Meyerolymll spp. MF138126 in the presence of crude oil 

Compounds Molecular Chemical B.E (%) of P. D.E (%) of 
\Vcight Formula (lerllgillosll Meyel'oz,yma spp. 

MF069166 MF138126 
Octane 114 C,B " 100 100 
Nonanc 128 C,B20 100 100 
Dccane 142 ClOH 22 100 100 

Undecane 156 C I IH24 100 100 
Tridecane 184 C I) H 28 100 100 

2,3,5,8 198 C I4H3() 100 100 
tetramelhyl 

decane 
3,5,-bis(I, I- 206 C141-hzO 100 100 

dimethyl ethyl) 
Pentadecane 2 12 C"HJ2 100 100 

Doclecane 2,6, 1 0 2 12 C"HJ, 100 61.07 
trimethyl 

Hexadecane 226 C I6H 34 100 100 
2,4 ditertbutyl- 232 C17H Z8 79.88 74.22 
7,7-dimetbyl-

1,3,5-
cycioheptatriene 

2-Bl'omo 248 CI2HuBr 100 87.06 
dodecanc 

Nonodecnnc 268 ClyH 4Q 63. 1 70.86 
Octadecanc, 1- 288 C"H"Cl 81.37 75.66 

chloro-
Heptadecane 296 C 2IH44 69.29 90.95 
Tridecane. 1- 310 CIlH,,1 87.29 88.73 

iodo 
Tetrntetracontane 618 C .. H90 58.79 4.29 

Total B.E- (1452.84/ 1700)- 85.46 
( 1539.7211700)=90.57 
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Figure 4.30: Gas chromatography-Mass Spectrometry (GC-MS) characterization of 

)'cs idual crude oil ex tracted from (3) Abiotic control (b) P. ul!J'lIgiflosa MF069166 (c) 

Meyel'ozyma ' pp. MFJ38126 
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4.16. Role of' bioslirfactants and BS producing P. aerugillos(l MF069166 .md 

MeyerO'l,)'Jlw spp. M.F138126 in bioremediation of heavy lllct:lIS 

The po tential role of P. aeruginosa MF069 166 and Mcyerozyma spp. MF l38126 and their 

biosurfactants j,e, rhanmolipids and sophorolipids was studied in biodegradation of cl11d e 

oil. 

4.16.1. Heavy mctaJs tolerance through Plate Diffusion Method 

The ability of two microorganisms to tolerate heavy metals was dctcnnined through plate 

diffusion method. Results showed that P. aeruginos(1 MF069166 di splnyed maximum 

resistance against zinc chloride followed by lead nitrate, cadmium chloride and copper 

sulphate whereas, no microbial growth was observed on the plates containing chromium 

sulphate. On the other hand, Meyerozyma spp. MF138 126 displayed maximum growth in 

the presence of lead nitrate and was sensitive to a very minute concentration of cadmil ll11 

chloride. Minimal Inhibitory Concentration (M1C) of the all the heavy metals tested against 

these two isolates have been summarized in Table 4.2 1. 

T able 4.21: MIC of heavy metals for P. aerugillosa MF0691 66 and M eycroryllla s pp. 

MF138126 

Strains Millimal Inhibitory Conccntl"ntion (ppm) 

Cd1+ Cf" Cult ])b2t Zn 1+ 

p. aerugillosa MF069166 600 100 400 700 800 

Meyerozyma spp. MF I38 126 200 500 500 900 800 

4.16.2. Biosurfactants activity in the pl'esence of heavy metals 

The surface active potential of crude biosurfactants was established .in the presence of 100, 

500 and 1000 ppm concentration of heavy metals through the determination of 

Emulsification Index (E.b4). Results showed that zinc chloride had minimum effect on 

emulsifi cation propel1ies of crude rhamnolipids as highest E.h4 of 83 % and 8 J % was 

observed at 100 and 500 ppm concentrations after 72 h. However, significant reduction in 
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E.h4 was observed when the fermentation broth was supplemented with different 

concen trations of ciwomi ulTI sulphate. In case of sophorol ipids, lead ni trate showed leas! 

tox ic effects as 81 % and 79 % of E.h4 was observed in the presence of 100 and 500 ppm 

concentrations of lead nitrate. However, cadmium chloride had an inhibitory effect on the 

biosurfactanls production capabi lity as very low emulsi fi cation activities of 37 %, 17 % 

and 10 % were recorded (Fig. 4.3 1). 
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Figure 4.31: Emulsification Index (E.h4) of rhamnolipids and sophorolipirls in the 

presence of heavy metals 

The initial assays showed that P. aeruginosa MF069166 and Meyerozyma spp. MFI38126 

and their biosurfactants displayed maximum res istance against lead ni trate and zinc 

chloride therefore, the fo llowing experiments were conducted with respect to these two 

heavy metals. 

4.16.3. Metal chclating activity of biosurfactants 

The metal chelating activity of biosurfactants was determined through studies conducted 

using atomic absorption spectrophotometer (AAS). Results of AAS showed that 

biosurfactants produced by P. aeruginosa MF069166 efficiently chelated and consequently 

removed different concentrations of zinc chloride and lead nitrate. In case of zinc chloride, 
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very low amount of heavy metal was detected, post trcnlment, particularly in the so lutions 

that were provided with cme nnd 2 eme ofRLs. Maximum removal of92 % was achieved 

when cme ofRLs was added in 100 ppm solution of zinc chloride. Moreovcl, 77 % removal 

of leud nitrate was !llso recorded when the eme of RLs was doubled. These results also 

suggested that RLs even in their half of cri tical micelJc concentration were able to 

successfully remove more th81160 % ofbolh heavy metals fi'om the treated solutions (Table 

4.22). 

Table 4.22: Percentage removal afzine and lead by different concentrations of 

rhalml0Lipids produced by P. llel'lIgiJlosa MF069166 

Rhamnolipids solutions of Concentrations Percentage Removal (%) 
P. uerngiuosCl MF069166 of heavy metfils 

(ppm) 
ZII Pb 

100 81±2.1 72± 1.6 
0.002 % (112 eme) 

500 78.S±1.5 68±1.1 

1000 72±1.I 67±1.4 

100 92±J.3 76±1.8 
0.004 % (eme) 

500 88±1.9 72±1.5 

1000 84±1.7 68±1.3 

100 91±2. 1 77±1.5 
0.008 % (2 eme) 500 88± 1.6 7 1± 1.1 

1000 86± 1.0 69± 1.3 

The percentage removal of heavy metals from solutions treated with sophorolipids 

produced by Meyerozyma spp. MF 138 J 26 was evahlated through atomic absorption 

spectroscopy. Results indicated that high concentrations ofSLs were able to precipitate out 

both lead nitrate and zinc cbloride from solution. The percentage removal of lead nitrate 

was comparatively higher than zinc chloride. Maximum removal of95 % was detected in 

100 pplll solut ion of lead nitrate when SLs were added in their cmc. Significant high 

removal of 73-80 % wtlS achieved in the other so lutions of lead nitrate that were provided 

with Yz cllle of lhe SLs. Moreover, different concentrations ofSLs were also able to remove 
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more than 50 % of zinc chloride from the solutions. 81 % removal of zinc chloride was 

recorded usi ng 2 cmc ofSLs whereas. Y2 cmc ofSLs effectively chelatcd 52 % oflhe metal 

fTOm 1000 ppm solulion (Table 4.23). 

Table 4.23: Percentage removal of lead and zinc by different concentrations of 

sophorolipids produced by Meyel'ozyma spp. MFJ38126 

Sopborolipids solutions of Concentrations RcmovaJ (%) 
MeyerolJ'ma spp. MF138126 of heavy metals Pb Zn 

(ppm) 

100 80±1.l 72±J.2 
0.0025 % (112 cmc) 500 79±J.7 66±J.8 

1000 73±J.8 52±J.J 
100 95±2.1 73±J.I 

0.005 % (cmc) 500 92±1.9 7 1±J.5 
1000 84±1.5 67±2.2 
100 93±1.6 81± 1.8 

0.01 % (2cmc) 500 87±i.3 77±1.5 
1000 85±J.2 75±J.4 

4.16.4. Conductivity measurements 

The conductivity of heavy metals solutions treated witil both natural and chemjcal 

surfactanls in their critical micelle concentration was recorded using a conductivity meter. 

After treatment, the resultant sulfactant-mctal complex was removed through 

centrifugation and the ionic content of supernatant was recorded. Result s showed that 

increase in concentration of natural surfac tants caused a decrease in the electrical 

conduct ivity of heavy metals solution. Rhamnolipids showed more affinity for zinc 

chloride as 2 cmc of RLs was able to reduce E.C from 582 JIS to 5.4 tlS. Likewise, 

significant reduction in E.C of heavy metals solution was observed when treated wilh 

sophorolipids. The conductivity oflead nitrate solut ion was decreased from 625 JIS to 6.5 

~lS , when the CI1IC of SLs was doubled. SOS, the an ionic chemical surfactant, was able to 
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reduce conductivity of both heavy metals solution, JlOwever, by increasing the surfactants 

concentrationJ an increase in conduct ivity was observed. No significant reduction in the 

conductivity measurements was witnessed for other two non-ionic SlIr£1ctanlS therefore, 

E.C of the solution remained unchanged (Table 4.24). 

Table 4.24: Electrical Conductivity (KC) of Jead and zinc solutions treated by 

different concentrations of natural and syntllctic stufactants 

Electr ic.;)l Electrical 
Sample Concentrations Conductivity fo r Conductivity for 

500 ppm Pb ().S) 500 ppll1 Zn ()IS) 
0.002 % (1/2 eme) 13.6 12.5 

Rhamnolipic1s 0.004 % (em e) 10.9 6.7 
O.OOS % (2 eme) S.5 5.4 

0.0025 % (1/2 eme) 11.1 15.6 
SophoroJipids 0.005 % (em e) 9.3 14.8 

0.01 % (2 ellle) 6.5 11.2 
0. 117 % (1/2 eme) S.3 9.9 

SDS 0.234 % (eme) 9.0S 10.4 

0.468 % (2 eme) 9.5 11.1 
0.0035 % (1/2 eme) 623 580 

Tween 20 0.007 % (eme) 618 575 
0.014 % (2 eme) 615 569 

0.006 % (112 eme) 619 573 
Tween 80 0.012 % (eme) 609 562 

0.024 % (2 eme) 608 559 

4.16.5. 'Washing of beavy metals contallunated soil using biosurfactants: 

Washing of artifi cially metals contaminated soil was done using cnlde biosurfactants and 

the half, full and double critical micell e concentrations of isolated biosurfactants. 

Deionized water was lIsed as control. Results of soil washing showed that removal of heavy 

metals increased with an increase in concentration of isolated biosurfactants. In case of 

rhamnolipids produced by p" ael"llginosa MF069166, 89 % removal efficiency was 

witnessed for z inc chloride when the cmc was doubled. The crude rhamnolipids were also 
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ab le to remove more than 80 % of heavy metals from the contaminated soil however, 

comparati vely high removal rates were observed for z inc. Sophorolipids produced by 

Meyerozyma spp. MFI3 8 126 removed 89 % orIead nitrate ill their 2 cmc concentration 

whereas 90 % metal removal was witnessed with their crude form. Moreover, 85 % 

removal of zinc chloride was observed with 2 C11IC of SLs. However, physical treatment 

with deionized water could only remove 12 % and 13 % concentration of lead ni trate and 

zinc chloride. respectively (Table 4.25). 

Tahle 4.25; Removal of henvy metals cOlltnincd in soil by the washing so lutions of 

rhamnolipids and sophoroUpids 

Sample Treatments RC010vnl (%) 

Pb Zn 

Deionized water Control 12± 1.5 13±2.2 

Crude rhamnolipids (cell free broth) 81±2.4 88±1.2 

P. aerugillosa 0.002 % (1/2 cme) rhamnolipids solution 75±1.3 74±2.1 

MF069166 0.004 % (cmc) rhamnolipids solution 80±2.2 82±2.0 

0,008 % (2 cmc) rhamnolipids solution 82±1.5 89±1.7 

Crude sophorolipids (cell free broth) 90±1.6 88±2 .1 

lvleyerozyma spp. 0.0025 % (112 cmc) sophorolipids so lution n± 1.7 77±1.8 

MF138 126 0.005 % (cllle) sophorolipids solution 83±2.1 82±1.4 

0.01 % (2 cmc) sophorolipids so lution 89±1.2 85±1.l 

The kinetics of soil washing was studied by incubat ing the heavy metals contaminated soil 

with crude biosurfactants so lutions ofrhamnolipids and sophorolipids for 15 days. The rate 

of removal oflead nitrate and zinc chloride was measured at JS\ 3rd, 5th, 71\ 9th• 111h, 13th 

and 15th day of incubation. Results showed that an increase in removal kinetics of soil 

washing with nn increase in incubation time. After 24 h of incubation, 10 % removal of 

zinc chloride was recorded for rhamnolip ids produced by P. aemginosa MF069166 which 
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increased up to 90 % at the end of incubation period. Likewise, a gradual increase in the 

percentage removal of lead nitrate was also witnessed after 15 days (Fig. 4.32 a). 
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Figure 4.32 a: Removal of zinc and lead over time using the cell-free broth of P. 

aerllgillosa MF069166 

Crude sophorolipids produced by Meyerozyma spp. MF138 126 also enhanced the removal 

of both heavy metals from contaminated soil w ith the passage of time. At the end of 

incubation period, lead nitrate was removed up to 92 % whereas, 80 % remova l efficiency 

was noted fo r z inc chloride. It was fUfLher noted that after 24 h. removal percentages of 

lend nitrate nnd zinc chloride were J 5 % and 6.3 %, rcspcl:livdy (Fig. 4.32 b). 

Figure 4.32 b: Removal of lead and zinc over time using the cell-free broth of 

Meyero1Jllllu .pp. MF138126 
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A- Isolation and screening of bioslIl'fnchmts producing microorganisms from crude 

oil contnmimlted soil 

1n recent years, biosmfactants characterization, production optimization and applications 

are growing in pursuing the objectives of stlstainability. The glycolipid biosurfilctants 

specifically produced by the bacteria and yeast provides excellent opportuni ty to replace 

petroleum based chemical sllrfactants because of their suslainability, better physiochemical 

aod biological properties. Although, contemporary biotec1mological methods enabled a 

significant improvement in the biosurfaclants production up to 10-20 folds, however. still 

these molecules are not commercially viable (Barakat et at, 2017). Considering the 

limitations of bulk production, the fu ture biosurfactants research will likely to focus on 

altcrnative low cost carbon substrates, search of efficient microorganisms, process design 

and optimization, product purification and biosurfactants with new structure and 

properties. Biosurfactants offer several advantages over the ordinary surfactants such as 

high emulsification, better surface and interfacial tension reduction, low toxicity, low Cine, 

optimum activity al extreme pH and temperatures. More importantly, these molecules are 

biodegradable and eco.friendly. Biosurfactants are versati le process chemicals having 

broad spectrum of nppikationsJ specifically for the mitigation of environmental pollutants 

througb biodegradation and bioremediation (KarJapudi et aI., 2018), 

Besides, production and applications of the biosurfactants are facing variolls challenges, 

unique self-assembly and micel1ization behavior of glycolipids have changed traditional 

outlook of these molecules. Recently, various poteJlt self-assembled lyotropic liquid 

crystalline phases including sponge, lamella, helices, nano-tubes and bicontiullous cubic 

structures have been reported for glycolipid biosurfactants (Corti ct aI., 2007). On the other 

side, metabolic diversity ofbiosurfactants microorganisms is very fascinating. It has been 

demonstrated that a single microbial strain could produce chemicaUy diverse surfactants 

molecules under vmying physiological conditions. These discoveries have made possible 

to lise biosurfactants in induction of cellular differentiation against leukemia cells, us 
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immunity modulators and vector for gene delivery in manm1alian cell s. Due to these 

ad vance features, biosurfactants _R&D is cotlsidered as one of the most exciting ar~a of 

industri al biotechnology. 

5.1. Soil analysis 

The contamination ofpetroleum hydrocarbons negatively affects the physicochemical and 

biological properties of soil. The rehabilitation of these sites requires comprehensive 

infonnation of the soil nutrient profile, contamination level and mjcrobial flora (Wang ct 

ai. , 2013), The analysis of contaminated soil from Chak Naurang oil fields~ Punjab, 

Pakistan, was can-ied out and properties were compared with nOllwcontaminated 

agri cultural soil of the same region (Fig. 4.2). Our findings showed that the contaminated 

soi l was saturated with petroleum hydrocarbons with a T PH value of 22.56 glkg. The 

attaclunent of contaminants to clay particles created composite reservoirs of petroleum 

hydrocarbons in soi l which could be the possible reason foJ' high concentrations ofTPH in 

affected so il (Gros et aL, 20 14, Lacattlsu et al., 2017). Besides, the high quantity of Total 

Organic Carbon could be due 10 Ihe elevated levels of petroleum hydrocarbons as the 

arfected site was devoid or any vegetation (MasakoraJn ef 0.1. . 20 14). The soil wns also 

found laclcing essential nUllients for agriculture and biological activities. Active 

consumption ill nitrogen, phospborous and potass ium in energy-yieldi.ng ac~j vilies of 

indigenous micro-flora caused an imbalance of soil nutrients and C:N ratio (Guo et aL , 

20 J 5). No major differences in the texture and pH of both affected and unaffected soil was 

noted which showed that petroleum contamination had partially affected the soil chemistry 

(Wang et a1. , 2010). Substantial decrease in E. C for contaminated soil samples could be 

associated with non-polar nahlre of crude oil tbat hindered the free movement o f ions in 

so il and made it more hydrophobic (Vincent et ai. , 2011). Saturated hydraulic act ivi ty, 

clogged pore spaces, reduced water permeability or increased bulk density due to 

hydrophobic coating of oil on clay parlicles might he responsib le for reduced waler 

concentration in petroleum affected areas (Khamehchiyan et aI. , 2007). These 'findings 
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suggested that crude oil contaminated soil of Chak Naurang was deficient in nutrients, 

waler content and snits and, was -unfhvorable for agriculture activities. Therefore, uclditiun 

of nutrients and increasing the water content could be very useful strategy for improving 

the hioclegmrlalinn rate or petroleum hydrocarbons. In some previolls findings. success of 

bioremcdintion projects was based on the pre·site analysis (Liu et aI., 2013, Sungur et al. , 

20 15). In present finding, it was also suggested that the knowledge of site cond itions is 

essential for field scale biorcmediation. 

5.2. Iso lation of crude oil degrading nnd biosurfnctnul's producing microorganisms 

TIle principle aim of searching biosurfactan ts producing mi croorganisms from the 

enviromn ental samples has been to find out more productive isolates and novel surfactants 

molecules wi th low cmc, strong surface activity, rugb solubil ity and emulsion capacity. IJ] 

present study, crude oil contaminated soil ofChak Naurang, Punjab, Pakistan was selected 

for the isolation of crude oil degrading and biosurfactants producing microorganisms. Soi l 

enrichment techniqlle yielded thirty-four bacteri al and six fungill strains. Previously, 

Vurgas et aI., (2017) reported twenty-four and Vedavet aI., (2016) reported nineteen 

biosurfactants producing microorgani.sms from different oil spill impacted areus. In 

agricultural soils, biosurfactants product ion helps the microbial colonization in the 

rh izosphere and increases the bioavailability of nutrients for plants uptake. Due to thei.r 

antimicrob ial activ ity, biostJrfactants protect the plant roots aga inst the invading pathogens 

(Mnifand Ghribi , 20J5). The hydrocarbons, specifically crude oil contaminated soils arc 

impOl·tant sources for the isolation of biosurfactants producing microorganisms and are 

frequentl y reported in the literature (Joy et ai., 20 17). In crude oil contaminated soi l, 

production of biosurFactants by microorganisms decreases the surFace and interfacial 

tension of petroleum compounds and make tbem soluble in the aqueous phase. 

Subscqucntly, these hydrophobic contaminants are solubilized and become biologically 

avai lable to the microbial cell s causing thei r mineralizat ion/degradation. The recent reports 

ofZouari et ai., (2018) and Ebadi et al ., (2018) supported the findings of current study that 
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crude oil contaminated sites are prime sources for the isolation of efficient crude oi l 

degrading and biosurfactants producing microorganisms. 

5.3. Qualitative screening of biosurfact:mts producing mkroorg:misms 

The screening ofbiosurfactants producing microorganisms from growing cultures provide 

basic infonnation regarding their metabolic abilities. Due to diverse chemical nature of 

biosurfactanls, different assays have been lIsed for screening purposes (Varjnni et ai. , 

2014). In present research, three qualitative plale assays were perfonncd for initial 

sCl'eening of biosurfactants producing microorganisms. These include crude oil overlay 

agar assay, blood agar hemolysis assay and CT AB methylene blue assay. Results suggested 

tbal every isolate showed different patterns when subjected to screening. Blood agar 

hemolysis assay has been recommended as one of the primary screening method. ft 

involves the lysis of erythrocytes present in the hydrophilic media which results in tbe 

[onnalion of a transparent zone around the microbial colonies (Elazzazy et aI., 20 IS, 

Shanna et aI., 2015). In prescnt study, 45 % ofslrains showed a-hemolysis whereas, 37 % 

oCstrains showed p- hemolysis (Fig. 4.3). Previously it has been reported that amongst 40 

isolates, 10 strains fomlcd hemolytic zones in blood agar assay (Walter el 01.. 2010). 

Similarly, in a study conducted by Hamed et aI., (2012) 20 % isolates were found to be 

positive for this assay. CTA8 methylene blue assay is a semi-qualitative method 

particularly used for the screening of [mionie biosurfactants producing microorganisms. 

The negatively charged biosurfactants binds with the cationic CTAS present in the medium 

and the resultant insoluble complex is visible due to methylene blue (pacwa-Plociniczak et 

aI. , 2016). It was noted that most of the isolates fonned blue halos around their respective 

colonies that suggested the production of anionic biosllrfactants (Fig. 4.4). Graziano et aI., 

(2016) and Roy, (2017) suggested the use of CTAB assay for rapid identification of 

biosurfactants producing microorganisms. In case of crude oil overlay agar assay, distinct 

emulsified zones were observed around the colonies of 65 % isolates (Fig. 4.5). This assay 

stimulated the most positive response amongst the isolates which could be due to 
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biosurfaclants mediated degradation of hydrocarbons. Kokare et aI., (2007) has stated the 

efficacy of cmdc oil overlay agar assay for simultaneous detection of biosurfactants 

production and hydrocarbon degradation by the producer microorganisms. In a study 

conducted by Shoeb el aI. , (2015), 65.1 % isolates fanned oil degradation zones around 

their respective colonies. In contrast to many previous findings of AJi et ai., (2013). 

Santhini , (2014) alld EI-Gamal et aI., (2015), the present research work showed Omt not 

even a single isolate was found to be negative for any qualitative plate assay. However, 

due to high possibility of giv ing both fa lse negative and false positive results, tllcse assays 

should be supported by quantitative confinnatory assays of biosurfactants production, 

S.4. Identification ofpotentinJ biosudnct8nts producing microorganisms 

Fourteen potential biosurfactants producing microorganisms were selected on the basis of 

their ability to give positive results for qualitative screening assays. These microorganisms 

were then subjected to microscopic, biochemical and molecular identification studies . 

Morphological analysis revealed the diverse phenotypic properties of microorganisms 

(Table 4.1). Phylogenetic characterization revealed percentage homology at species level 

and the isolates were named 8S Bacillus pumilllS MF 138116, Pacllibacil/lls azoreducells 

MF138117. Pselldomonas slt/fzeri MF138 J 18, Bacillus IicJwll((ormis MF I 3812 J I Bacillus 

fllllrillgiellsis MF 138122. Achromobacter xylosoxjdalls MF 138 J 23. Bacilllls cereus 

MF J 38 J 24, Pselldomonas aCrtigillosa MF069166, Bacillus sublifis MF138 125. Bacillus 

spp, MF 138130, Bacillus amyloliquefaciens MFl38 127, Pseudomollas spp, MF099829, 

M~l'erozyma spp. MPI38126 and Aspergillus terretlS MFI 38128 (Table 4.2) (Fig. 4.6) . It 

has been reported that Pselldomonas and Bacillus species are the most prevalent bacterial 

strains at crude oil contaminated sites. Besides, various biosurfactants producing fungi 

especially yeasts have also been screened from the hydrocarbons contaminated soil (Mnif 

et al, . 20 11, Bezza and Chirwa, 2015, Deng et aI., 2016,). Present study also reports some 

recently di scovered genera like Meyerozyma and Paenibacilllls from the affected 

brownfield of Chak Naurang, Punjab which suggests lhat thi s site harbors diversified 
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biosUifactants producing microbial communities and can serve as an important source for 

the ex.ploration of novel biosurfactants producing microorganisms. 

5.5. Quantitative screening ofbiosurfactants producing microorganisms 

The quantitative screening of bios un act ants producing microorganisms was ascertained by 

oil displacement assay. emulsification index analysis and surface tension measurement 

because of reliability, efficacy and sensitivity of these methods for detecting biosurfactnnts. 

In addition, the production of biosurfactants is directly related to the emulsification 

activity, reduction of surface tension and higher oil displacement (AI-Bahry et al., 2013, 

Dhail, 2013, Ahmad et aI., 2016,). Results indicated that the biosurfactants producing 

microorganisms showed siginificant tensioactive potential and a positive correlation was 

observed between the emulsification behavior and surface active properties of 

biosunactants. In contrast to previous reports, more than 65 % emulsification of kerosene 

oil was showed by biosurfactants producing microorganisms in present study (Fig. 4.7). 

Measurement of surface tension is one of the direct method to enumerate the surface 

activity ofbiosurfactants. Sunace tension of a solution usually decreases with an increase 

in concentration of surfactants, therefore the nticroorganisms that cao reduce the ST up to 

25~40 mN/m are considered as eminent biosurfactants producers. Minimum surface tension 

of25 mN/m was recorded for Meyerozyma spp. MF 138 126 (Fig. 4.8). Similarly, reS\llts of 

oil displacement assay exhibited potent surface active properties of strains and clearing 

zones of varying diameters were witnessed. The biggest zone ofS cm was observed in case 

of P. aeruginosa MF069166 though, other isolates also produced significant zones ranging 

from 3.5-7 cm (Fig. 4.9). These findings showed that the biosurfactants producing 

microorganisms exhibited promising emulsification and surface active properties both 

qualitatively and quantitatively. Previously. Ahmed et 81.. (2014) reported 65 % E.Iz4 for a 

bacterial strain whereas. Gautam et a1., (2014) reported a clearing zone of5 cm in aDA by 

the biosurfactants from fungi. 
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B- Optimization of bioprocess using design of experimental approach for 

biosurfactants production from selected microbial isolates 

5.6. Selection of PseudomoJlas ael'lIgillosa MF069166 and M eyel'ozymo spp. MF138126 

Results of qualitative and quantitative screening assays of biosurfactants showed that the 

two isolates j,e. P. aerllginosa MF069166 and Meyerozyma spp. MF138126 had 

comparatively better physiochemical propelties and higher cellular productivity of 

biosurfactants. P. aerugjllosa is known to produce rhamnolipid type of biosurfactants 

which have been used in wide range of the applications (Liu et aI., 2018a). Due to ease of 

production, better physico-chemical propelties and higher cellular yield as compared to the 

other rhamnolipid producers, P. aeruginosa is considered as a potential candidate for the 

high volumetric production of rhamnolipids (Aralljo et al. , 2018). As rhamnolipids show 

extraordinary stability under extreme temperature, pressure and other hostile conditions, 

most of the efforts are being made to make this biosurfactant commercially viable. Still, 

there are several impediments for the high volumetric production of rhamnolipids that 

invites future research. Regarding sophorolipids, it is one of the best studied flmgsl 

(eukaryotic) biosurfactants with similar properties to the conunercial surfactants. Based 

on recent studies, sophoroJipids have been found active against cancer in human cell lines 

and holds significant importance (de Oliveira et aI., 201S).ln addition, being an excellent 

emulsifier sophorolipids are amongst those biosurfactants which could possibly replace 

synthetic surfactants in future (Elshikh et al., 2017). Taking together, physico-chemical 

propert ies and high cellular yield, both rhamnolipids and sophorolipids show excellent 

potential in wide ranging commercial applications. 

5.7. Effect of fermentation media on growth and biosurfactants production from P. 

aemgillosa MF069166 and Meyerozyma spp. MF138126 

Composition of fennentation media plays significant role in the production of various 

commercially important products including biosurfactants. Therefore, designing 
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phosphates in the med ium enhances the yield of bioslU-factants particularly in eukaryo tic 

microorganisms, as majority of phosphate molecules are utilized in the assembly of cellular 

organelles. Previously. different media fonllulatiolls have been reported for enhanced 

production of sophorolipids from the yeast cells (Rispoli el aJ., 2010, Parekh and Pandit, 

20 1 J) . Current findings suggested that nutrients stressed conditions resulted in highest 

yield ofbioslirfachmts and maximum microbial growth. Therefore, the lise of' media M 2 

for P. tlerllginosa MF069166 and M 5 for Meyerozyma 5pp. MF 138126 was recommended 

and implemented in further studies. Biosurfactants production from P. aeruginosa 

MF069166 and McyerozymCl spp. MF138l26, was found to be associated with cellular 

growth and maximum yield was obtained when the microbial growth was increasing 

exponentially. The production of biosnrfactants was fOlmd as a flmction of microbial 

growth in some previous reports and current research finds reasonable agreement with the 

findings of Wu el aI., (2008) and Sanlos el aI., (2016). 

5.S. Optimization of media components through PJackctt-Burman design for growth 

Rn d rhRmnolipids production from P. aerllg;lIosa MF069166 

11lece is an increasing demand ofbiosurfactants owing to their multifaceted properties and 

applications. As prt!viollsly mentioned that commercial viability ofbiosurfactants mainly 

rely on the bioproecss cos t thereforc, optimization oflhe mcdia is considered important for 

enhancing the product yield. Fermentation is the basic process pertaining to enhance the 

quality and quant ity of biosurfactants. Generally, maximum yield is obtained when the 

cultivation conditions are most favorable. Previously classical optimization techniques 

were used to enhance the product ion of biosurfactnnts however more time consumption, 

variables associated expenses, poor interactive effect, and lack of prediction nre some of 

the major drawbacks being associated WiUl conventional optimization methods. These 

problems can be effectively addressed by the appl ication of latest statistical optimization 

methods like Plnckett-Burman and Box Bankham designs which allow the multi-factors 

variabiJily at a time. These methods have several advantages such as accuracy of the 
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process informat ion, optimum reaction conditions ill less time, less Ilumber of experimental 

runs and reduction of the process cost (Bertrand ct aI. , 2018). 

In present studies, the two isolates i.e. p, aeruginosa MF069166 and Meyero::yma spp. 

MF138126 were investigated under the effect of different concentrations of me din nutrients 

already selected through aforementioned fermentation experiments. For this purpose, 

Plackett-Bumlan design was used to optimize and establish interactive eileCI amongst 

different media components. Optimization of media is a prerequisi te that ensures the 

metabolic efficiency of microorganisms at lab sca le und further aids in up !:,1fadation of 

bioprocess at industrial level. Besides the right selection of different media nutrients, it is 

necessary to detennine their relative proportion in order to increase cellular growth and 

yield of bic-based products. Recent reports are available where interactive effects of 

different variables were studied through stati stical optimization (Almeida et nl. , 2017, 

Bertrand et a1., 2018). After experimental runs, the design and effect of each variable was 

eva luated through aforementioned statistical package and resl.llts were summarized in 

Table 4.3 and 4.9. 

5.8.1. Significance of medin components fOT growth nnd biosllyfactants production 

from P. aemginos(, IVfF069166 and MeyerolJ'lIIo spp. MF138126 

In order to estimate the I;!ffect of media composition on growth and biosurfaclants 

production of both strains, Plackett-Burmnn design was used. For P. aerllginosa 

MF069166, glycerol, peptone, K,HPO,. KNOJ. NRCI, yeast extract and MgSO, were 

determined as significant factors for growth and rhamnolipids production whereas, 

glucose, NaH2P04, FeS04 and CaCh were non·significant terms Cfable 4.4 and 4.5). 

Similarly, for Meyerozyma spp. MF138126, glycerol, peptone, NaH2P04, yeast extract and 

MgSO~ were significant media components whereas, the glucose and K:2H P04 were non­

significant telm s (Table 4. 1 0 and 4.11). These findings also indicated the effect of essential 

macro and micronutrienls on growth and biosurfactants production, Amongst the macro· 

nutrients, carbon is fUlldnmentaJ to all life fDlms and significantly affects growth and 
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metabolism of microorganism. It has been observed that carbon substrate affects the 

chemical composition ofbiosurfactnnts. Moreover, solllble and insoluble carbon substrates 

lend to differen t cellular productivity. 1n case of present research, glycerol was found to be 

a significant model tel111 for microbial isolates both in tenns of growtJl and hiOSllrfactants 

production (Fig. 4.12, 4.13, 4. 16 and 4.17). Putri and Hertadi, (2015) reported 2-6 % 

concentration of glucose for optimized production ofbiosurt:1Cl'ants from the strain BK­

AB12 whereas, EraCJi et ai. , (2016) suggested 3 % glycerol for maximum yie ld of 

biosurfactants. 111 case of nitrogen, peptone, yeast extract and KNO) significantly nffected 

the growth of P. aerl/gillosa MF069166 <lnd Meyerozymo spp. MF 138126 and, 

biosurfactants production (Fig. 4.12, 4.13, 4.16 and 4.17). However, the effect varied with 

respect to different concentrations of nitrogen sources provided in the fennentation broth. 

Nitrogen is the second most important macronutrient in maintainjng growth and 

metabolism. As discllssed previously, the production of both rhamnolipids and 

sophorolipids is associated to microbial growth therefore, the presence of both organic and 

inorganic nitrogen sources could be justified due to their flmdamental ro le in synthesis of 

cellular materials and escalating the metabolic pathways. In some previolls findings, high 

yield ofrhaml1o lipids tlod sophorolipids has been reported in the presence of peptone, yensl 

extract and several inorganic nitrates (Jimcnez-Penalver et aI., 2016. Ozdal et <11. , 2017). 

Phosphates are considered as essential components of cell membrane associated 

phospholipids, nucleic acids and ATP therefore, their role is considered vital in mai ntaini ng 

ceJl growth and enhancing biosurfactallts production. Results of present study suggested 

the significant effect of phosphates containing salts on growth and biosurfactants 

production from P. aemgiflosa MF069 166 and Meyerozyma spp. MF138126 (Fig. 4.12, 

4.13,4. 16 and 4.17). These find ings are in close confo nnity wi th previous reports where 

increase in biosurfactants concentrnt ion was witnessed when phosphates were 

supplemented in the production medium (Varjani and Upasani, 20 17). Likewise, MgS04 

was another signi fi cant factor and had a positive effect on growth and biosurfactants 

production from both isolates. Magnesium is one of the key micronutrient that plays a 

fundamental structural and functional role in different cellular systems. It is used in the 
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assembly of integral cellular structures like cell wall and ribosomes. Significance of 

magnesium for microbial growth and high yield of biosurfaChlrlls 1]85 also been reported 

by Wei et aI. , (2007), Rodrigues, (2015) and Gudina et aI., (2015). Collectively, the final 

medillm fOl1uulatioll was selected on the basis of path of steepest ascent for hoth ~tri'lins 

After selection and initial optimization. for P. aeJ'ug illosa MF069166 aforementioned 

significant media components were added in the final media fomll1iation aDd 3.6 giL 

rhamnolipids was produced. Whereas, in case of Meyerozyma spp. MFJ38126 a yield of 

4.9 giL of sophorolipids was obtained. This indicates the significance of statistical 

optimization in enhancing the metabolite production as multiple fold increase in the 

quantity ofbiosurfactants was witnessed under optimized media conditions. 

5.9. Optimization of cultivation conditions through Response Surface Methodology 

(RSM) for growth Dnd bioslIJ·factants pJ·OdUCtiOIl fromP. llerugillosa MF069166 and 

Meyel'olJ'ma spp. MF138126 

Response surt1ce methodology (RSM) is one of the most important smtisl icnl tool for 

improving the productivity of a given fermentation process, RSM is llseful ror predicting 

the response of interest and estimating the simultaneous effect of different parameters on 

product optimization. The application of RSM has been recommended in design Elnd 

fonnulation of novel microbial metabolites and, to enhance the yield of existing products. 

This is the reason why bioprocess optimization through RSM has gained considerable 

appreciation. 

In present study, the growth and biosurfactants production from P. aeruginosa MF069 166 

and Meyerozyma spp. MF I38 126 was invest igated under the effect of four process 

bioprocess variables i.e. pH (A). temperature (8)1 size o f inoculum (C) und agitation speed 

(D). The significant effect of environmental conditions was determined th rough response 

surface methodology. 24 central composite design (CeD) was employed for the bioprocess 

optimization. This method ensures orthogonali ty, unifollnity, rotatability and high quality 
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predictions for the bioprocess. After experimental mns, the effect of every parameter was 

statistically evaluated and resu1ts are presented in Table no. 4.7, 4,8, 4,13 and 4.14. 

5.9.1. Effect of pH on growth and biosurfactants production 

The effect of pH on microbial growth and biosurfactants production was investigated using 

RSM. After statistical analysis, results demonstrated a significant effect of pH on the 

metabolism of P. aeruginosa MF069166 and Meyerozyma spp. MF138 126. The bacterial 

isolate showed rnaximwn growth and rhamnolipids production (2.65, 3.16 giL) within a 

pH range of 6-7.5 (Fig. 4. 14 and 4. 15) whereas, the pH range for optimum growth and 

sophoro1ipids production (3.16, 4.28 giL) from Meyerozyma spp. MF 138126 was found to 

be 4.5-6 (Fig. 4.18 and 4.19). It was further observed that acidic and basic extremes did not 

favor the microbial growth and biosurfactants production. This could be due to the 

denaturation of different enzymes necessary for microbial metabolism at high 

concentration of H+ and OR ions in the fermentation media. Many previous fmdings has 

stated the role of pH to be the most significant for growth and biosurfactants production 

however, the exact role of pH 00 biosurfactants related metabolism has not been fully 

uonderstood. The present results are in close confonnity with previous findings where 

neutral pH range was reported for growth and rhamnolipids production from Pseudomonas 

species whereas, different strains of yeast were known to grow under slightly acidic 

conditions. Saikia et aI., (20 12) reported an optimum pH of7~8 for maximmn rhamnolipids 

production from P. aeruginosa RS29. In another study, Parekh and Pandit, (2011) detected 

the maximum yield of sophorolipids from the strain of C. apico/a at pH 5.5, 

5.9.2. Effect of temperature on growth nnd biosurfactants production 

The effect of temperature was studied on growth and biosurfactants production from the P. 

aeruginosa MF069 166 and Meyerozyma spp. MF138126 through RSM.lt was noted that 

different temperature treatments significantly affected the microbial responses however, 

optimum temperature range was found to be in mesophilic region for both strains, P. 
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ael'llginosa MF069166 showed maximum growth 0.0 of 2.65 and 3. 15 giL of 

rhamnolipids production at a temperature range of 20-40 °C (fig. 4.14 and 4.15) whereas 

for Aleycl'o::yma spp. MF 138126, growth 0 .0 of3.16 and sophorolipids production of 4.28 

giL wa~ observed from 20-45 °C (Fig. 4.1 Sand 4. 1 Q). Low and high temperature extremes 

of 1 0 and 57°C hampered the microbial metabolic processes therefore, very low turbidity 

of culture medium and almost no yield of biosurfactallts was detected. 111 present study, 

production ofbiosurfactants was found to be growth associated, for that reason the physical 

conditions that restricted the growth of bacterial and yeast species negatively affected 

biosurf..'lctants production . These findings are in close confonnity with some previous 

reports where the direct effect of temperature on microbial growth and biosurfactants 

production was suggested by SOllza et aI., (20 18) and Perfumo et aI., (2018), Lan et aI. , 

(2015) reported a temperature range of 25A2 °C for maximum growth and rhamnol ip ids 

production from Pselldomonas SWP-4 whereas Zhou et aI., (2019) reported an optimum 

temperature of25 °C for highest yield of so ph oro li pids from C. bombicola. 

5.9.3. Effect of inoculum size on gl·OWth and biosurfactants production 

The significance of varying concentrations of inoculum (SOl) was studied by the 

application of Central Composite Design (CeO) strategy. Results of present research work 

suggested an average inoculum size of 2-3 % for maximum microbial growth and highest 

biosUr1.:1ctants production from the two isolates. At 3 % inocul\1rn size, 2.65 growth O,D 

and 3 giL of RL was detected for the bacterial strain (Fig. 4.14 and 4. 15) whereas, an 0.0 

of 3,16 and 4 giL ofSL was est imated for the yeast species (Fig, 4.18 and 4. 19). It was 

further noticed that low and high percentage of inoculum negatively affected the microbial 

metabolism. At I % SOl, very low cul ture density was observed which resulted in mild 

yield of rhamnolipids and sophoroJipids in their respective femlentation media. High 

jnoclIllim size of 5 % and more was not favored at all due to significant reducti on :in 

microbial food/mass ratio. T his scarcity of nu trients in the fermentation bl'oth could result 

in high competition amongst the microorganisms and switch off ceJ1ain metabolic 
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pathways. Similar type of results were also reported previously where optimum microbial 

growth and biosurfactants production was detected at medium concentration of inoculum 

whereas, high and low SOl negatively affected the bioprocess (Brasileiro et aI. , 20 15, 

Shanna et aI. , 2018). 

5.9.4. Effect of agitation speed on growth and biosurfactants production 

The effect of agitation speed on growth and biosurfactants productiQ.ll was monitored by 

providing different RPM to the experimental runs as prescribed by the statistical design. 

Results demonstrated a direct effect of RPM on microbial responses. It was noted that at 

low RPM, microbial growth and biosurfactants production was considerably less however, 

a significant increase was witnessed with an increase in shaking speed. 3.15 gIL RL (Fig. 

4.14 and 4.15) and 4.28 WL of SL was produced at an optimum agitation speed of 150 

RPM (Fig. 4.18 and 4.19). Considerable yield of glycolipids biosurfactants was also 

obtained at 180 RPM however, further increase did not provide the desired results. The 

role of agitation in different fermentation systems has been well understood. Continuous 

agitation is necessary for efficient growth and metabolism of aerobic microorganisms. It 

facilitates the transfer of oxygen from gaseous phase to liquid phase in reaction mixture. 

Moreover, mass transfer rate of media components can be enhanced when good agitation 

speed is provided to fennentation broth. It has also been reported that microorganisms can 

alter certain metabolic pathways under the effect of static or shaking bioprocess conditions 

(De et ai., 20 IS). Reports are available that show the importance of agitation speed on 

microbial growth and biosurfactants production. Generally, an average agitation speed of 

140~ 170 RPM has been observed for maximum rhamnolipids production from 

Pseudomonas species (Kumar et al., 2012, Ji et aI., 2016). Similarly, an increase in 

sophorolipids production from different strains of yeast was observed with an increase in 

shaking speed (Liu et aI., 2D18b, Souza et aI., 2018). 

The optimal conditions for growth and maximum biosurfactants production from P. 

aerllginosa MF069166 and Meyerozyma spp. MF138126 were defmed through D-
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opt imality method. It was observed that the software prescribed conditions resulted jJ1 a 

final yield of4.3 1 giL ofrhamnolipids and 6.9 glLofsophorolipicls which was respectively 

200 % and 400 %, higher than the quantity of biosurfactants obtained after conventional 

opt imization method. Therefore, it can be concluded that the application of mathematical 

modelling tecimiqucs were proved to be very efficient to enhance the product ivity of 

rhamnolipids and sophorolipids i.n the fenl1cntatioll process. These findings are in 

accordance with the previolls reporls of EI-Housseiny et ai., (2016) and l imenez-Peiialver 

ct aI., (2016) who repo rted multi fold increase in the production of rhan1l1olipids and 

sophorolipids respectively, after optimizing the cultivation condit ions through RSM. 
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c· Downstream process ing and characterization of biosurfactallts 

5.1 0. Charncteri:wtioll of bioslirfactants produced by P. tufrltgbwsa J\fF069166 and 

NJeyCI'Ql.yIlW spp. MF138J26 

The chemical characterization of rhamnol ipids and sophoroi ipid$ produced by P. 

aerllgillos(I MF069166 and Meyerozyma spp. MF138126 was done through five different 

analytical techniques. 

5.10.1. Thin Layer chromatography (TLC) 

Thin layer chromatography is one of the most simple analytical technique that results in 

the pure quality of biosurfactants. Silica-coated glass plates of v31'ioble thickness were 

applied with the cnJde extract of rhamnolipids and sophorolipicls, and run in different 

solvent systems. Non-destructive technique of UV visualization was used to spot the bands 

(Fig. 4.20 a and b). In case ofrhamnolipids, the ob tained Rfvalues of 0.36 and 0.84 showed 

that crude biosurfactants extract from P. aerl/gil/osa MF069J 66 was compdsed of two RL 

species i.e. RL-I and RL-2. These results are in dose conformity with Das et aI. , (2014) , 

and Noramiza Sflhturan i el a:J .• (2016) who reported 0.9 and 0.83 Rf values for mono~ 

rhamnolipids and 0.4 and 0.36 Rfvalues for diMl'hamnolipids. Similarly, the biosurfactants 

extracted from Meyerozymo spp. MF138J 26 exhibited fi ve bands of different Rf values 

ranging from 0.17 to 0.65. Under UV Ijght three spots of lactonic sophorolipids (LS) were 

detected with Rfvalues of 0.45, 0.52 and 0.65 whereas, two bands of acidic sophoroJipids 

(AS) were appeared with the Rf values of 0.17 and 0.21. These resu lts are in accordance 

with previous findings of Konishi et al. , (2016) nnd Sen et al., (2017) who reported Rf 

values for sophorolipids within a range of 0.20-0.75 and, 0.13-0.68, repectively. 

5.10.2. FTIR Spectroscopy 

FTIR spectroscopy is a very handy technique to detect the molecular structures that differ 

in their vibrational and rotational states of energy. Infra red is a type of radiation that can 
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pass through vaccuul1l and in tum alters tile kinetic energy of molecules through the 

osci ll ation of chemical bonds nt particular frequencies. IR region covers the 

electromagnelic spectr um ranging between O.78~ 1000 rom therefore, functjonai groups 

associated with liquids, so lids and gasses CUll be ea~i l y c1et.emlined through lR 

spectroscopy. In present research, crude biosurfaclants extracts of P. aerllgillosa 

MF069166 and Meyerozyma spp. MFI 38 126 were compared with their respective 

sllIndards through FTfR spectroscopy. The standard molecules of rhamnolipids and 

sophorolipids were purchased from Sigma Aldrich. The resu ltant chromatograms revealed 

identical peaks fo r test and standard molecules. In case ofrhamnolipids, the crude sample 

and purified standard gave bands within the region of3200-2853 cm-' thnt confirmed the 

presence of li pid moiety within the molecules. The carbonyl stretch. parti cular for 

carboxylic acids and esters, was present in both test and standard compounds. Similarly, 

the fingerprint region ranging fTom 1239- 1457 cm-1 represented the carbohydrate portion 

of glycolipids (Fig. 4.2 1 a and b). This structural similari ty of crude extract with the 

standard molecules and some of the previous reports showed that the biosurfactants 

produced by P. aeruginosa MF069 166 were rhamnolipids in nature (Rahman et aI. , 2010, 

Rika lovic el aI., 20 12, Bazsefidpar ct aI., 20 19). Simi1nrly, the crude biosurfactants extract 

of Mcycrozyma spp. MF 138 126 gave peaks quite identical to the standard sopborolipids 

molecuJes. The broad band at 3200-3500 em-t showed the presence ofOH groups whereas, 

the characteristic stretching of methylene groups was obseTVed in the region of2800-2900 

em-I. Moreover, the structural similarities especiall y in the fmgerprint region of laetones 

and acidic SLs confirmed that the biosurnctants produced by yeast were sophorlipids in 

nature (Fig, 4.2 1 c and d). These results were further compared with the relavant literature 

and fowld in reasonable agreement with previous findings (Davercy und Pakshirajan, 201 0, 

Chandran and Das, 20 I I, Shah et aI. , 2017), 

5.1 0.3. Reverse Phase HPLC 
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Reverse phase HPLC was lIsed for separation and identification of different structural 

congeners present in cntde biosurfactants. This type of chroamtography involves a pi oar 

mobi le phase and a non-polar stationary phase. After injecting the sample, bydrophobic 

smlctural components binds with the hydrophobic stationary phase whereas, the 

hydrophi li c molecules eas il y pass through the column and are nannully eluted first. The 

fractions collected for individual peaks nre used to analyze the structure of each moiety_ In 

present research, standard rhamnolipids and sopborolipids were lUll alongwith the test 

samples. II was obsel'Ved that the elution profil e of cnlde rhal11llolipids was comparable 

with the standard RL molecules (Fig. 4.22 (I and b). The chromatogram of bacterial 

rhamnolipids di splayed five major fractions eluting nt retention time of 2.59, 2.85, 16.13, 

18.45,20.50,22.59 and 24.30 min. Jt has been reported that because oflow hydrophobicity 

molecular congeners with shorter fatty acid chains are eluted before the congeners with 

longer fatty acid chains (Twigg et aI., 201Sb). Besides, degree of sa turntionlunsaturation 

of rhanmose and HAA moieties also affect the rate of elution (Wei et aI., 2008). Behrens 

et al.. (2016) purified crude rhamnolipids produced by n strain of P. plltida through Liquid 

Chromatography and characterized the resulting fractions through Mass Spectrometry. 

For Meyerozyma spp. MF 138126, elution profiles ofstandnrd and cmde sophoroiipids were 

also compared. Seven fractions were obtained for crude SLs at retention time of 1.69, 1.98. 

2.75,6.18, 13.26,15.48 and 19.16 min (Fig. 4.22 c and d). According to literature, acid ic 

Fomls of SLs me eluted before the lactonic SLs (Thaniyavanl et al, 2008). Structural 

di fferences in lemlS of sahlmtion/unsatur8Iion. position of hydroxylation, chain length of 

fatty acid moiety find, the lactonization and acetylation pattern of sopborose sugar 

detennine the elution profile of sophorolipids (Ribeiro et aI. , 2012). 14 components of 

sophorolipids were separated on the basis of lactonization and acetylation patlelll (Van 

Bogaert et aI., 2007) whereas in another study. Davila et aI., (1993) identified more than 

20 isomers by analyzing the structural differences in fatty acid moiety t1uollgh HPLC. 

Samtani et aI., (2018) also purified and characterized the acidic and lactonie Fonns of 

sophorolipids through RP-HPLC, 
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5.10.4 . .N uclear Magnetic Resonance (NMR) 

To further consol idate the findings of LC· EST-MS analysis, t H and uCNMR was done for 

rhamnolipids and sophorol ipids, NMR technique is based on atomic transit ions associated 

with magnetic moment when an extemal magnetic field is applied. Once the nl1c1eus 

absorbs the radiation, it nips or spins in the d irection of higher energy, re-emi ts the 

radiations and then return In the low-energy state. Magnetic field s trength and 

magnetogyric ratio of every nucleus detcmline its NMR transition energy. For IHNM}~. 

spectroscopy of rhamnoJipids produced by the P. ael'lfgillosa MF069166, resonance 

obtained at 0.88 and 1.27 ppm indicated the adjacent presence of Cfu and CH2 groups in 

the fatty acid chain whereas, the multiple signals obtained at 2.55 ppm ind icated that CH2 

groups were adj acent to carbo,'{yiic acids and esters, as well. The protons present On 

rhamnose moiety resonated within a range of 4.9 M S.47. In 13CNMR spectrum of 

rhamnoiil)ids, the RLI and RL2 molecules were detected at 95.30 ppm and, 94.48 and 

102.72 ppm, respectively Cf able 4 .1 7) (Fig. 4.23 a and b). These results were in consistence 

with previolls reports where mono and di-rhamnolipid molecules Hom different 

Pseudomonas species were detected at similar resonance frequencies IhrOlIgh IH tlno 

13CNMR (um et ai. , 20 15, Oh,waseun el aI., 201 7), 

Tbe presence of ac id ic and iactonic sopboroJi pid molecules in the SL ex troct of 

Meyerozyma spp. MF138 126 was confirmed through ' H and 13CNMR spectroscopy. In 

I HNMR spectrum, multiple peaks were obtained for the protons attached to sugar and fatty 

aL: id moiety of SL molecules. Similarly, the presence of deacetylated and diacetylated 

lactonic and, acidic sophorolipids was confirmed through 1JCNMR spectroscopy. The 

spectnml revealed resonance at 102.72 and 103.51 ppm for sugar molecule whereas the 

presence of carbonyl group was detected at 170.61 - 174.08. FurthenJlore, tbe -CH2 groups 

of hydroxy o leic acid resonaled al 2 1.73 - 38.81 ppm (Table 4.18) (F ig. 4.23 c and d). T hese 

findings are in close confonnity wi th the repOIis of Wadekar et al., (201 2), JoshiMNavare 

and Prabhune, (201 3) and Elshafie el aI., (201 5). 
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5.10.5. Liquid chroJl1:Jtography E lect l'ospray Ionization-Mass Spectrometry (LC­

I£Sl -MS) 

LC-ESI-MS is a type of mass spectrometry where the sample is init ially separated by liqu id 

chromatography and then subjected to ionization in an electri c field to produce a fine mist 

of charged droplets. This aerosol of multi -charged ions prevent the fragmentation of 

macromolecules and effecti vely extend the mass range o f analyzer. Tins technique 

combines the reso lving power ofHPLC and high accuracy of a mass spectrometer. For tills 

particul ar reason, the detailed characteri zation of test and standard rhamnolip ids and 

sophorolipids was done using the positive mode of LC-ESI-MS. Results demonstrated that 

rhamnolipids produced by the P. acruginosa MF0691 66 were structurally di verse 

containing a plethora of mono and d i-RL congeners whic1J fu rther d iffered in the chain 

length and degree of saturationlunsaturation of lipid m oiety (Fig. 4.24 a and b) . The major 

co ngeners were di-rhamnolipidic in nature and identified as L-rhamnosyl-L-rhamnosyl-p­

hydroxydecanoyl-p-hydroxydodecanoate (Rha-Rha-C Jo-C I2) , L-rhamnosyl-L-rhamnosyl· 

~-hydrox ydodecalloate mono-unsaturated (Rha-Rha-CI 2.1), L-rhamnosyl-L -rhnmnosyl-p­

hydl'oxydodecanoyl-p-hydroxydecanoate (Rha-Rha-C 12: I-CIO) and L-rhamnosyl-L­

rhnmnosyJ-p-hydroxydccanoyl-p-h ydroxydccanoate (Rha-Rha-C IO- C 1(l) wi I.h relati ve 

abundance of 24.5, 22.7 22.4 and 5 .61 %, respectively. H owever, 24 % ofL-rha11111osyl­

p-hydroxydodecanoate - di unsaturated (Rha-CI 2:2) was also detected in the rhamnolipids 

mixture of the bacterial strain. Moreover, LC-ESI-MS a11alysis of standard RL molecules 

showed the predominance of aforementioned Rha-Rlm-CIO-CI2. Rha-Rba-C12:] and Rlla­

C12:2 congeners (Table 4. 15). These results are also in line with Pantazaki el aI. , (201 1), 

Ndlovu et al., (2017) and Twigg et a1., (20 18a) where they foullc1 similar RL congeners 

with identical structures and same range of molecular masses. 

The positive mode of LC-ESI-MS aided in detailed s tructural elucidation of sophoro lipids 

produced by Meyerozymll spp. MF 138 126 and standard molecules. A number ofprotonated 

and sodiated adducts of lactonic and acidic sophorolipids were detected in the 
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sophorolipids mix hire of yeast (Fig. 4.24 c and d). Specifically, diacetylnted lactone was 

present as mrljor cOl1stiluenl in the fonn of [M+J-I]+ and [M ~Nar- with relative abundance 

of 29.4 llnd 31 %, respectively. Besides, acidic SL (ell :O) was also present in fl relative 

concentrat ion of23.2 % (Table 4.16). In addition 10 th eloic pscminmolecular jon". Vrtrious 

ndducts of sophorose moiety were spotted in minor quantity. These results were in close 

confonnity with the standard molecules in which varied fragments of diacctylalcd acidic 

(CIS:I ) . diacetylated lactolli e (ellS:!) diacetylated lactone (CI 6:0) and monoacetylatcd lactone 

(CIS:I) were present. Sen el a1., (2017) reported different SL isomers of the acidic and 

lactonic sophorolipids with the same range of molecular masses from an YS3 strain of 

Rhodotorula. In another study, Konishi et aI., (2016) reported the production of acidic and 

lactonic SLs from a yeast species with m/z values of 729 and 7 11, respectively. 

5.11. Stability of bioslIrfactants produced by P. aemgillmm MF069166 and 

Meyerozyma spp. MF138126 

5.11.1. T hermal stability 

One of the important aspect of current investigation was to analyze t11ennal stability of 

biosurfactants for various bioprocess applications. Cell free broth contoining crude 

biosurfaclants was incubated at a temperature range of 5 °C 10 121°C for I hour. It was 

observed thllt rhamnolipids retained their surface activity at a temperature of 15 °C to 100 

°C. Moreover, no signiticnnt loss in surface tension was observed after autoclaving the 

supernatant (Fig. 4.25 a). For sophorolipids, a similar stability range was recorded as 

rbamnolipids, however, SL molecules displayed considemble surface activity at slightly 

elevated temperatures. Autuclaving of culture supernatant didn't affect tbe surface and 

emulsification properties of sophorolipids, as well (Fig. 4.25 b). Previous studies showed 

that efficient biosurfactants retain their physico-chemical properties at a wide range of 

temperature and donot undergo considerable structural alterations (Kim et aI., 2000, 

Abouseoud et aI., 2008). This makes biological surfactants more advantageolls than their 

chemical counterpal1s i.e. SDS and Tween 80, which have been reported to lose surface 
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activ ity at extreme temperatures due to hydrolysis of fatty acid chains. Recently Chen et 

a l. . (2018) reported excellent stability o f rhamnol ipids from 20-100 DC. In another study. 

Elazzazy el nl., (2015) repolied the production of thermally stable biosurfactants from the 

bacterial isolale of Jeddah region. Saudi Arabia. Thermal slabili ty of st)phoroiipids from a 

strain of C. bombicola at the tested temperatures of 40-100 lie was observed which 

suggested the use of prticuinr SL molecules in MEOR applications (Daverey and 

Pakshinuan, 2010). 

5.11.2. pH slnbjlity 

pH stability of cl1Ide biosurfactants was checked nt n gradient range of 1· 14 to report 

industrial e'fficacy. Rham nol ipids showed significant emulsification and surface acti vity 

from p i-I 4 to I I however, acidic and basic ex.Lremes affected their surfactant properties 

(Fig. 4.25 c). Likewise for sophorolipids, pI-l stabi lity range was found to be 3 to 10 (Fig. 

4.25 d). Instability in surface activities at ex tremely acidic or alkaline condit ions could be 

due to prolonation or alkylation of hydrophilic pOliion of biosurfactants that cause the 

molecular precipitation (Lovaglio et al. . 20 II). Results showed that rhilmnolipid molecules 

clispillyed comparati vely beller surface acti ve propel1ies under basic conditions whereas, 

the surfactant potential of sophorolipid molecules were more inclined towards acidic 

condit ions. This differen ce in affini ty for flcidic or alkaline eovironment could possibly be 

due to the different phylogenetic origin of bioslirfactRnts producing microorganisms. 

Literature review showed that Pseudomonas species show better metabolic capabi li ties at 

neutral or slightly alka li ne conditions whereas, the yeast strains being fungal in nature 

display betler adaptabili ty to acidic conditions (Chebbi et ai. , 20 17). Elsha fi c et ai., (2015) 

reported a pl-l stab ili ty range of2-12 for sophorolipid molecules whereas. Lovaglio et aI., 

(20 11) reported the most stable emulsion of rhamnoli pids-kerosene oil at pH 8 and 9. 

Likewise, in some prev ious find ings stabili ty of glycolipid molecules has been reported at 

high pH due to alkali-associated fatty acid stabil ity (Mouafi et aI., 2016, Barakat et aI. , 

2017). 
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5,] 1.3. Stability under varying NaCL concentrations 

In the concluding part of experiment, effect of different concentrations of Nael was studied 

on stability of crude biosurfactants. Stabi lity of biosurfactants at high salt concentrations 

is desi rable for bioremediation of the hydrocarbons contaminated saline soil. Results 

revea.Jed that differellt concentrat ion of salt did not adversely affect the s"urfacc acti ve 

properties ofbiosurtacl8nts. Rhamnolipids were able to withstand 10 % ofNaCI (Fig. 4.25 

e) whereas, considerable activity of sophorolipids was witnessed lip to 12 % Nae) (Fig. 

4.25 D. According to (Helvac i at aI., 2004), presence afan electrolyte shields the carboxylic 

groups of anionic surfactants and promotes micellar growth in the solution by reducing 

repulsive forces. This phenomenon stabi lizes the surface tension oflhe solution and renders 

the surface activities -unaltered. In another study, glycolip id biosurfactunts showed stability 

till 15 % Nne! concentration. Similar results were also reported by Khopade et aI. , (20] 2) 

and Chen et aI., (2018). 

5.] 2. Properties of bios ur ftlctnnts produc.ed by P. llemgill o.Wl MF069 166 and 

Meyerozymn 'pp. MF138126 

5.12. f. Determination of critical micelle coJtccntration (emc) 

cmc is defined as the minimal amount of surface acti ve compound required to reduce the 

surface tension of so lution to its least value and initiate the fonnation of micelles (Mao et 

aI., 2015). For vruious process appijcations, biosurfactants must usually be present in a 

concentration higher than cmc due to their unique molecular uttributes which remarkably 

vary above and below thi s specific concentration (Mnjr and GhribiJ 2015). At low 

concentrations, biosurfactants monomers are present in unassociated forms. However 

when their concentra tion is increased up to a particular level. the monomers due to certa in 

attmctive and repulsive forces self-assemble into differen t molecular aggregates known as 

micelles (De et al.. 2015). In present study, cmc ofrhamnolipids produced by P. aeYIIgillosa 

MF069166 was found to be 40 mg/L at which surface tension of the so lution was recorded 
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as 29 mN/m (Fig. 4.26 a). Similarly the sophorolipids produced by Meyerozyma spp. 

MF 138 J 26 showed cmc of 50 mWL. after which the solvent system anained a constant ST 

value of 33 mN/m (Fig. 4.26 b). This data is in line with some previous findings which 

showed that low molecular weight biosurfactants pJrticuiariy glycolipid~ usually display 

low eme values (Bhardwaj el aI., 20J6, Silva et aI., 2017, Ohadi cl aI., 2018). 

5.12.2. Size distl'jbutioJl through Dynamic L igllt Scnttering (DLS) 

Dynamic tight scattering 1S a technique that measures the rate of fluctuation in the intensity 

of scattered light due to rapid Brownian movements of particles. The hydrodynamic 

diameter of subMmicron range aggregates in the sample suspension can be easily detected. 

In current investigation, the particle sizing of ultra-purified samples of rhamllolipids and 

sophorolipids was done through conventional DLS. The experiment was conducted in 

order to check Ihe effect of concentration, pH and electrolytes on size of micellar 

aggregates present in the solutions of rhamnolipids and sophorolipids. Zhong el aI., (2015), 

Eismin et aI. , (2017) and Fans et aI., (2017) used the technique of dynamic light scaltering 

to explain the vari ahility in size and shape of glycolipid biosurfactants. 

5.12.2.1. Effect of concentration on micellar size distribution 

To asceIiaio the effect of concentration, Y1 cmc, cmc and 2 cmc solutions of rhamno lipids 

and sophoroiipids were analyzed using DLS. For rhamnoiipids, no effect of concentration 

was seen on the size of p8l1icles till cmc was achieved and an average z-diameter of 350 

11m was recorded. However. when the eme was doubled, majority of structural aggregates 

were in the range of700 om diameter (Fig. 4.27 a). In case of so ph oro lipids. an insignificant 

increase -in size of micelles was witnessed when the concentration of SLs was increased 

from Yl emc to eme whereas at 2 eme, the molecular aggregates of more than 1000 11m were 

detected (Fig. 4.27 b). High PDI values showed heterogeneity in particles size whereas low 

POI values depicted that majority of aggregates in the sample were Of\lI1ifoml size. Reports 

are available that suggested the foonation ofsmal! and thennodynamically stable micelles 
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when biosurfaClants were added in a concentration below CIIIC (Kitamoto et a!.. 2009, Song 

et al., 2013). These micelles were then transfonned into heterogeneous giant vesicles, 

spheroidal ribbons or microlubes when the concentration wos increased above elJle. This 

incre~'se in micelle growth and size could possibly be due to nggregRte shnpe transil ion or 

intennolecular aggregation when a change in concelltration o f biosurfactants was detected 

in bulk. Sanchez et aI. , (2007) stated the micell e to vesicle Iransfonnatiol1 of di RL 

congener when lhe concentration of rhnmnol ipids was increased. Similarly, other 

investigations also confinned increase in micellar s ize for d ifferent glycolipid molecules 

when the concentrat ion was above cmc (Baccile et a1. . 2012, Zhong et aI., 2015). 

5.12.2.2. Effect of pH on micellar size distribution 

DLS revealed the presence of diverse molecular aggregates in the purified solution of 

rhamnolipids and sophorolipids under the effect of varying pH. tn light of existing 

literature, 5, 7 and 9 was the pH selected for rhamnolipids (Fig. 4.27 c) whereas, the values 

were sl ightly varied to 3, 7 and II for sophorolipids (Fig. 4.27 d) . Generally for both 

glycolipids, increase in pH was responsible for reducing the size of micellar aggregates 

whereas, low POI values showed homogeneity in sizes. TIle observed reduction in particle 

size could be due to the partial dissociation of carboxylic moiety of glycolipids at high pI-I. 

In a typicn l glycolipid molecule. the sugar head group endows hydrophiJicity wJlcreas, its 

amphi pathic properties are funct ionally governed by the carboxyliC moiety. Slight changes 

in pH affccts the protonation state of carboxylic group which further induces certain 

alterations in hydrophilic head groups and affects ils diameter (Sanchez et al., 2007). \¥hen 

the pH is high. the net negative charge on hydrophilic head group increasesJ which due to 

electrostatic repulsion between adjacent monomers. do 1101 favor the formation of Jarge 

molecular aggregates <Uld arrange themselves into small micelles. The results herein 

obtained are in close confonnity with Pornsunthorntawee et aI., (2009). Mendes cl aI., 

(2015) and Peyre et al.. (2017) who reported a decrease in micellar size with an increase in 

solution pH. 
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5.12.2.3. Effect of electrolytes 011 micellar size distribution 

The effect of electrolytes on particle size distribution of rharnnolipids and sophoro li pids 

was checked , The ultrfl-putifiecl ~ol ution ofhoth biosurfactants were scpnrntely treated WiUl 

250, 500 and J 000 mM concentration of Nnel (Fig. 4.27 e and I). Post DLS analysis, it 

was observed that increase in salt concentra tion favored the fannalion of vesicles wi th 

large hydrodynnmic mdius. High POI values particularly at maximum concentrat ion of 

Nael showed the heterogeneous presence of small and lurge molecular aggregates of 

biosurfactants in the sample. When NnCI is added into solution, Na+ l ions acts as soft acids 

and eas il y bind to the negatively charged carboxylate ions of glycolipids. This li nkage 

reduces electrostatic repulsion between the neighboJing biosurfactants monomers and 

bJidges the gap between their hydrophilic head groups (Heivaci et ai. , 2004). For that 

reason, with increase in concentration of salt more aggregation of anionic rham nolipid and 

sophorolipid molecules was detccted. Rodrigues et al , (2017) reportcd similar effect of 

Nael on hydrodynamic radius of rhamnol ipids and fOWld out that the vesicles size of mono 

and di-RL congeners increased when the t.:oncentration of salt was high. However. in some 

other reports reduction in size of micellar a~'Tegt\tes was observed due to an increase in 

concentration ofNuCI (Sanchez et aI., 2007. Dahrazma et aI., 2008). 
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D- Iuves tigation of cllvironmcutul applications of bioslITfactants 

5.1 3. (i; l1vjJ-onmental applica tions of bioSllrfnctants and BS proclucingP. (lCl'fIgi1JOSff 

MF069 166 and il'f~'yel'f}~vmfl spp. MF 138J 26 

In o rder to detemline the cnviromnentai efficacy, the potential of P. aerugillosa MF069 1 66 

.md 1I1eyerozyma spp. MFJ38126 and their biosurfoctants i.e. rhamnolipids and 

sophorotipids was checked in biodegradation of crude oil and bioremediation of heavy 

metals. 

5.13.1. R ole of biOSllrfnc tnnts and BS producing P. nerugillo:m MF069166 and 

Me)'erozyma spp. MF.1 38126 in biodegradation of crude ojl 

5.13.1.1. Determination of Cell Surface Hydrophobicity (CSB) 

Cell sLlrface hydrophobicity (CSJ-I) is a key fac tor thnt fac ilitates the adhesion of 

microorganisms to water-hydrocarbons interlnces. Microbial adhesion to hyd rocarbons 

(MATH) assay is a simple photometrical assay thai measures the degree oreSH through 

detennining the percent adherence to hydrocarbons. [t has been reported that biosurfactants 

producing microorganisms exhibit high affinity for hydrophobic organic compounds 

(!-IOCs) due to surful:tants inulIl:t;:d all t:: r<lli o,llS illilic Illi c[obial outer membrane (Krasowska 

and Sigler, 201 4). The surfactant monomers when adsorb to cell surface, bind to tJle 

exposed hydrophobic groups through thei r lipophi lic tai ls and subsequently mask the 

hydrophilic portions. This net increase in membrane hydrophobicity promotes cellular 

adhesion to hydrocarbons and stimulates substrate diffusion and utilization (Lill et a1., 

20 t 4). Results demonstrated that P. aerugillosa MF069166 showed maximum adherence 

0[70 % to Toluene whereas, the Meyerozyma spp. MF1 38 126 exhibited 64.66 % adherence 

to crude oil (Table 4.19). Obuekwe et aL, (2009) stated a posi tive correlation between CSH 

and hydrocarbon degradation through MATH assay. Zhong et al. J (2016) developed a 

cOITelation between the concentration ofmono-rhamnoli pids and reduct ion in cell surface 
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hyd rophobicity. Similarl y, Reddy et aI. , (201 8) rep0l1ed th ut {I very low concentration of 

rhnmnolipids was n::qui red to increase the microbial cell surface hydrophobicity and 

escalating the rate of PAHs degradation. These results suggested that high CSH can be 

used ns an indirect measure to enumern te microbial capal;lility for enhanced biosurfaclants 

production and hydrocnrbon dC,b'Tadation. 

5.13.1.2. E ffed of hydrocarbons on emulsification activHy of bioSUrfnl:!tants 

Emulsification assay was used 10 assess the surface ac ti ve potentials of crude rhamnoli pids 

and sophorolipids against complex hydrocorbons. Emulsions are the microscopic droplets 

formed due to homogenous dispersion of one Ijquid phase into another. They are 

thennodynamically unstable however, due to micelles induced kineti c restrictions. the 

stabili ty of emulsions could be increased for a specific period of time (Ba; and 

McClements, 2016). Salini ty and pH of the aqueous and orgat1ic phases, nature of fine 

pal1iculates, emulsion stab iliz ing nature of bioswfactants, threshold temperature and the 

chain length of hydrophobic substrates arc some other fac tors that detenn ine the kinetics 

of emulsion syslems (de Sousa. 20 17). In current stud y, it was observet1 that rhanmolipids 

produced by P. apruginosa MF069 166 emulsified 87 % of cruLle oil , 86 % of diesel and 85 

% of mustard oil. Similarl y, U1C sophorolipids produced by Meyerozyma spp. MF l38 l 26 

showed max im ~ 1 E.h" of 90 % for crude oil foUowed by 84 % nnd 8 1 % for diesel and 

petrol (Fig. 4.28). The results obtained were in accordance with the ftnd il1gs ofK.hopade 

et tiL, (201 2) and Vellllurugan et aI. , (2015) who reported significant emulsification of 

hydrocarbons through microbial surfactants. In another study, Pomsunthomtawee CI al.. 

(2009) fo und an increase in emulsification activity of glycolipid biosurfactants for complex 

hydrocarbons like vegetable and crude oil. The ability ofbiosurfactants to emulsify HOes 

en.hances the bioavailability of contaminants and improves their biodegradation ratc. 

Therefore, it can be concluded that emu.l sification of hydrophobic compounds is a 

prerequisite that determines the efficacy of biosurfactants and their producer 

microorganisms in bioremediation of o il contaminated sites. 
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5. 13.1.3. Biodegradalioll of crudc oil 

Crude oil is a mixture of aliphatic and aromat ic hydrocarbons of varying complex ity and 

hydrophobicity. Considering the chemical beterogeneity and associa led tox icities. 

petroleum hydrocarbons are enlisted as priority pollutants by EPA (Rahman et 011., 2017). 

Amongst the vnrious crude oi l remediation processes, bio logical practices nre considered 

as most attracti ve because of thei r operational feasibility. cost effecti veness and capability 

to degrade pollutants with high efficiency. Bioremediation implies the application of 

indigenous microorganisms that can use hydrocarbons as so le source of carbon and energy 

and facili tate natural biodegradation process through the production of secondary 

metabolites like enzymes and biosurfactants (Santos ct aI., 2016). In present investigation, 

utilization of crude oil of Chak Naurang through biosurfactants producing microorganisms 

P. aerugino$(l MF069J 66 and Meyerozyma spp. MF I38 126 was monitored during the 

biodegradat ion process (Fig. 4.29 a and b) . 

Based on primary observation, obvious morphological changes were detected in crude oil 

during three weeks of incubation. First, it appeared as a thin fi lm fl oating on the surface of 

aqueous medium. Later, Ihis film was converted into small drop lets that dispersed 

throughout the aqueous phase and lastly, these droplets were completely homogenized and 

eventually disappeared into the culture medium. A number of short and long chain alkanes 

were present in crude oil however, due to ease of availability, short chain alkanes were 

likely to be processed first. The degradation or low molecular weight components of crude 

oil lead to an increase ill cellular biomass and emulsification droplets which resulted in a 

more turbid culture medium (Bagby et aI., 201 7). The growth pattem of the two isolates 

suggested that they harbored a very shOl1 lag phase followed by a longer log phase of 

almost two weeks. Subsequently, during third week of incubation microorganisms 

achieved a stable stationary phase and showed no considerable increase in cellular biomass. 

Moreover, it was noted t118t the yeast strain due to its eukaryotic origin yielded more 

biomass than the bacterial species. The display of conventional growth pattern showed that 

both isolates had not only effectively accl imatized themselves to the sUlTounding 
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hydrophobic organic compOlmds btU also utilized tbese complex organics as pnmary 

growth substrates. Similar observations were made previously wl1ere simultaneous 

increase in mi<"'fobiai growth and crude oil degradation was detected (Gllo-1iang et al.. 

2005, Zavareh et aI., 2016). 

In biodegradation systems of the two iso lates, significant increase in biosurfactants 

production was witnessed with the rapid transition of microbial growth from lag phase to 

log. phase. At the end of log phase, bacterial strain reduced surface tension of culture 

medium to 29 mN/m (Fig. 4.29 a) whereas, in case of yeast species, minimum ST value of 

28.6 mN/m was recorded (Fig. 4.29 b). However after three weeks, a slight reduction in 

concentration of bios1.lrfactants was observed which could be due to degradation or 

l1t ilization of surface 'tctive molecll1es in facilitated transport of complex organics. The 

cun'ent findings revealed a positive correlation between the consumption of crude oil, 

increase in cellular biomass and production of biosurfactants during the biodegradation 

process, 

tn the concluding part of experiment, cnlde oi l degradation percentage of J.1. ae1'llgillos(l 

MF069166 and Meyerozyma ' pp. MF13812G was detennined (Table 4.20 and Fig. 4.30). 

Gravimetric analysis demonstrated a continuous decline- in the qmUltity of crude oil in 

felmentation medium and the final degradatioll of 91 % and 87 % was recorded for P. 

aertlginosa MF069166 and Meyerozyma spp. MF J38126, respectively, Atlerwards, 

residual crude oil extracted from biotic and abiotic samples was anaIY.led through mass 

spectroscopic studies, It was observed that the low molecular weight alkanes i.e. n-octane, 

nonane, decane, undecane tridecane, pentadecane and hexadecane, detected in the abiotic 

control sample, were completely absent from the two bioti c samples. TJlis showed that the 

Biodegradation Efficiency (RE) of the two stains for 16-C-alkanes was 100 %, The 

remaining high ll1olecuhu' weight halogenated alkanes like Bromo-dodecane, octadecane­

I-chI oro and tJidecane, I-iodo were utilized up to 80 % by the two microorganisms. These 

chromatographic results confirmed the potential of biosurfactanls producing 

microorganisms in faci li tati ng the solubilization of hydrophobic organics and escalnt ing 
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the biodegradation rate of petroleum hydrocarbons. These results were in alignment with 

Das and Mukherjee, (2007) who stated that production ofbiosurfactants boosts the overall 

degradation process of crude oiL In another study, Priya el aI., (20J 6) related the production 

of biosnrfactants with the increase in cellular biomass of C. l'iswGJlorltii. Recently. 

(Patowary et aJ., 2017) reported 82 % B.E of a non~opti mlzed biosurfactant producing 

isolate; P. lIel'uginosa PGl, afier five weeks ofincub'IUon. Similarly, the B.E ofa strain of 

B. sub/ilis was 82 % after a long incubation period of 18 days (8ezza and Chilwa, 2015). 

Parthipall et aI., (2017a) reported 86 % B.E of a mixed microbial consortia containing two 

optimized biosurfactant producing microorganisms, whereas in a separate study, he stated 

87 % B.E of an optimal biosllrfactant producing strain B. slibri/is A I after seven days of 

incubation (Parthipan el al. , 20 17b). 

5.13.2. Role of biosurfactants and BS pJ'oducing P. aemginos{t MF069166 and 

JVleyel'oZYl1l fl spp. MF138126 in biorcmcdiation of heavy metals 

Heavy metals are the second most persistent and recalcitrant pollutants to be found in soil 

and aquatic environment after petroleum hydrocarbons. In the last few decades, an 

alanning increase in heavy metals concentmtion has been reported in many industrializec.l 

cities (Liu et aI., 2017). Different physical, chemical and biological approaches have been 

reported for tbe removal of beavy metals from the environment. Recently, the use of 

biosurfactants has been favored for removal of metals and metalloids through the 

phenomena of ion-exchange ancl surfactants associated complexation (Mondell et aI. , 

20 I 5). For this specific reason, the two biosllIfactants producing microorganisms i.e. P. 

oerl/gil/osa MF069J66 and /vIeyerozyma spp. MF138 126 were tested for their ability to 

decontami nate and detoxify heavy metals. 

Preli minary assays were perfol111ed in order to screen out the varying toxic effects ofheavy 

metals on microbial growth ancl biosurfactants production. Plate diffusion method was used 

to establish minimum inhibitory concentration (MIC) of cadmium, chromium, copper, lead 

and zinc for P. aeJ'llginosCl MF069166 and Meyerozyma spp. MF I38 126 (Table 4.2 1). High 

BloJJrocessin9 of btosllr/actants from microbial sources and their app lica tions 195 



ChapterSD Discussion 

incidence of heavy metals res istance in this assay suggested the potentials of two isolates 

in biOl'L1nediation sttldies. Moreover, high emulsification indices of rhamnohpids and 

sophorolipids in the presence of different concentrations of heavy metals exhibited their 

potential for decontaminfllioll purposes (Fig. 4.31). Results demonstrated that lead and zinc 

posed least toxic effect both On microbial growth .md biosurfaclants production therefore, 

nlrther studies were performed in accordance with these two heavy metals. in the next 

cxpeJimenl, biosurfactants mediated melal remova l was evaluated through atomic 

absoI]Jtion spectroscopy. After treatment, very low percentage of lead and z inc was 

detected in thc solution which could be due to Ule co-precipitation of heavy metal ions with 

biosurfactant molecules (Table 4.22 nnd 4.23). It was noted that increase in concentrat ion 

ofbiosurfactants resulted in high metals removal Another notewortllY finding of present 

study is that significant removal percentage was detected by rhamnolipids and 

sopborolipids at concentrations below cmc. Li teru ture survey suggested that anionic 

surfactants bind to cati onic metal ions through strong ionic linkages and fonn non-ionic 

complexes which can be easily removed from the system through centri fugation. The metal 

ions are cntntpped within the biosurfactants micelle and cannot be desorbed onto the soil. 

The resultant neutral cornplexe.~ are then detached from soil or water surface due to 

reduction in interfaciul teosion (Sambbo et al. . 2015). This properly of microb ial 

surt,ctants to chelate heavy metal ions at different cmcs may find important applications 

in industrial wnstewaler treatmen t. The conductivity measurements were done in order to 

compare the surface fict ive potentials of rhamnolipids and sophorolipids with chemical 

surfactants i. c. SOS, Tween 20 and Tween 80 at different cmes. Electrical conductivity is 

defmed as a measure of ionic cOlltent of the solution. Significant decrease was observed in 

the reduction of electrical conductivity with an increase in concentration of rhamnolipids 

and sophorolipids (Table 4.24). The electrical conducti vity of zinc chloride so lution 

decreased up to 5.4 ~I S at 2 cme of rhamnolipids. Simi larly, for lend nitrate, least va lue of 

8.5 ~I S was recorded when cme was doubled. This decline in electri cal conductivity could 

be due to the encapsulation or chelation offree metal ions by biosurfactnnts which reduces 

their availab ili ty in the solution. Chemical surfactant i.e. SOS, reduced the E.C of solution 
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however, with an increase In their concentration high conductivities were detected. 

Identical charges and high charge to mass ratio could be the possible reasons behind thi s 

observation. In case of non ~ i onic slirfactants. no significant reduction in E,C was obser ved 

due to their inability to bind with heavy mctalions. These findings are in close conformity 

with some previous reports. Mulligan, (2009) stated the positive role of different 

concentrations of biosurfactants in heavy metals removal. Similarly Das et al., (2009) 

reported ins ignificant changes in the solution E.C of heavy metals after the addition of 

Tween 20, Tween 60 and Tween 80. However, in a study conducted by Luna et a1., (2016) 

increase in E.C of heavy met<lls so lution was witnessed with an increase in sophorolipids 

concentration. 

Latest biotechnological interventions have renewed the interest of modem day researchers 

in soil washing through various bio-based products. For this particular reason, the use of 

biosurfactants has been favored due to associated low environmental risks and high affinity 

for heavy metal ions. Therefore, in the concluding part of experiment. the potential of 

rhmnnolipids and sophorolipids produced by the two microbial isolates was evaluated for 

so il washing. Resu lts demonstrated high metal removal percentages for both compounds 

in their crude aod pUliially purified fonus (Table 4.25). For all the tlU'ee concentrat ion 

tested, more than 75 % removal of heavy metals was observed however, comparable 

percentages were also detected in case of cell free broths. These findings suggested the 

possible use of crude biosurfactants in heavy metals remediation studies which would 

decrease the production cost lip to 60 %. The kinetics of soil washing studied with crude 

biosllrfactants demonstrated significant increase in removal percentage with the passage of 

time (Fig. 4.32 a and b). Different mechanisms of precipitation-dissolution and counter 

ion-associat ion have been repoli ed for heavy metals removal from the soil surface through 

the action of biosurfactants (Mao et aI., 2015). In case of anionic biosurfactants, the 

sequential extraction of metal ions occurs through the sorption ofb iosurfactants to the soil 

surface fo llowed by the transfer of metals to the solution and their consequent binding to 

micelles through electrostatic interactions. Li terahue sugges ted minimal interaction of 
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biosurf.1ctants with the ground for efficient remediation of heavy metals therefore, tllC 

biosurfactants should remain active in aqueous phase (Salltas et aI., 2016). Removal 

efficiency of biosurfactants depends upon their charge and hydrophobicity as well as 

structure, texture. clay content and ionic strength of the so il system. The present results arc 

in accordance with the fmdings of Mull igan el aI., (2001), Das et aI. , (2009), de FranS;8 et 

al., (2015) and Sarubbo et al., (2018) where an increase in heavy metals removal was 

observed after treating the soi l with microbial surfactl.lnts. However, Ole approach of 

process optimization for soil washing has also been suggested that could further enhance 

the heavy metals removal efficiency of biosl1rfactants and ITI!Uce the field trials cost 

effective. 
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Conclusions 

On the basis of the results, following conclusions \vere made from the present work 

y The soil of Chak Naurang, oil field was adversely affected by tJ1C petro leum 

hydrocarbons and lacked various l1ulTlcnts as compared to tbe control soil sample. 

,... Cl11de oil contamlnated so il harbored diverse microbial communities ofhydrocmbons 

degmdillg and biosurfactants producing microurgan isms, 

? On the basis of variolls qualitative and quantitative tests, two efficient biosurfactants 

producing strains were screened and identified as P. aerllginosa MF069166 and 

Meyerozyma spp. MF138126. The biosurfactanls from P. aerllginosa MF069166 

showed the emulsification activity of 84 % and reduced the surf.'lce tension of liquid 

media to 26.6 mN/1ll whereas, the biosurfactnnts from Meyerozyma spp. MFI381 26 

exhibited an emulsification index of82 % and reduced the S.T to 26 mN/m. 

J> The applications of statist ical optimization tools were very effective to enhance the 

production of biosurfactants from P. aerugiflosa MF069 166 up to 4.3 1 giL and 6.90 

giL from Meyerozyma spp. MF1 38126 which was 200 and 400 % higher than the yield 

obtained from convent ional optimization methods. 

>- The chemical characterization ofbiosllrfactants using fI diverse 81Tay of Emulytical tools 

such as TLC, Frill, RP-HPLC, 'H and "C NMR and LC-ESJ-MS showed tlJal p, 

aeJ'tlg illosa MF069166 produced rhamnolipids with higher molar ratio o f 

dirhamnolipids (RL-2) congeners. In case of Meyerozyma spp. MF 138 J 26, both acid ic 

and lactonic isomers were present however, higher mol ar ratio of acidic sophorolipids 

was detected. 

}> RhamTIolipids from P. ael'lIginosa MF069166 and sophorolipids from Meyerozymu 

spp. MF 138126 showed stability under broad ranges of pH, temperature and NaCI 

concentrations. 

~ Cell surface hydrophobici ty (CSH) studies showed more than 50 % affini ty of P. 

aeY/lgillosa MF069 1 66 and lvleyerozyma spp. MF 138 126 fo r crude oil, hexadecane and 
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dodecane. Whereas, morc than 70 % emulsification activity was observed by their 

respective rhamno li picls and sophorolip ids in the presence of different hydrocarbons. 

>- The critical micelle concentration (cm c) at rhamnoiipids from P. aemginosa 

MF069 166 was found to be 40 mglL whereas, 50 mglL for sophorolipids from 

Meyerozyma spp. MF 138 126. 

r DLSD analysis demonstrated the effect of concentration, pH and electrolytes on 

micellar size distribution of purified rhamnolipids and sophorolipids. 

}> 91 % crude oil biodegradat ion efficiency (B.E) o f P. aeruginosa MF069 166 and 85 % 

crude oil biodegradation efficit:ncy (8.E) of Meyerozyma spp. MF138 126 

demonstrated the potential of two strains and their respective rh runno lipids and 

sophorolipids for bioremediation of bydrophobic organic compounds. 

}> Heavy metals bioremediation studies showed the decontamiu ntion, detoxification and 

metal chelation activi ty of rhamno lipids and sophorolipids. Soil washing was done in 

order to s tudy the ki net ics associated with bioslI1'factants-metai complex removal with 

time. 
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Future Prospects 

> Process scale up is required for commercial production of rhamnolipids from P. 

acruginosa MF069166 and sophorolipids production from Nfeyerozyma spp. MF 138126. 

}> The yield of rhamnolipids and sopborolipids could be enhanced by using molecular 

~Iudies like recnmhinant DNA techniques, random and site directed mutagenesis, etc. 

):0. Downst ream processing and product recovery techniques should be improved to 

enhance tile efficacy and reduce the cost of bioprocess for fie ld scale applications. 

>- The role of different carbon substrates on chemical composi tion ofbio.surfactants is yet 

to be studied. 

>- The detailed chemical characterization of individual congeners of rluunnolipids and 

sophorolipids is yet to be done. 

):> Antimicrobial properties of rharnnoiipids and sophorolipids should be shldied. 

» The potential of rhamnolipids and sophorolipids should be evaluated In other 

applications of nano-bioteclmology and agriculture (biocontrol agents). 

>- The biosurfactants producing microorganisms i.c. P. aemgilJosa MF069 166 and 

Meyerozyma spp. MFl38126 can be studied for the degradation of other pollutants. 
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