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ABSTRACT

INDIGENOUS HYDROCARBON DEGRADERS FURTHER EVALUATED FOR
THEIR KEROSENE DEGRADATION AND BIOSURFACTANT PRODUCTION
POTENTIALS

Aydeén, Dilan Camill e
M.S., Department of Biochemistry

Supervisor: Prof. Dr. B¢l ent K-

June 2018, 10pages

Kerosene, known gt fuel, is one of the most spilled petroleum product causing
serious environmental problems due to recalcitrant compounds found in its structure.
The only ecefriendly solution for thigoroblem is bioremediation, in which bacteria

are used for the degration and transformation into non or less toxic forms. The
efficiency of this process depends not only on biodegradation ability of the bacterial
isolatesusedbut also on their biosurfactant production abilities. Therefore, in this
study, 22 previously ehtifiedbacterialhydrocarbon degraders were further analyzed
for their kerosene degradation and biosurfactant production potentials. Out of 22, 19
bacterialisolates werdound to utilize keroseneafter preselection.The degradation
abilities of thepre-selectedsolates were determinedhromatographicallyand 7 isolates
namely; Pseudomonas plecoglossicida Agl0, Staphylococcus aureusBaO1,
Stenetrophomonas rhizophilaBall, Delftia acidovorans Cdl1l, Acinetobacter
calcoaceticus-e10,Pseudomonas koreenslgll andAcinetobacter johnson$b01 were

stood outas efficient kerosene degraders with degradation abilities in betwe@#%69

All the efficient degraders were showed to haitheralkB gene responsible for kerosene
degradationthrough the polymerase lain reaction (PCR) analyse8iosurfactant
production abilities 0f19 kerosenedegraderswere also tested an&seudomonas
plecoglossicida Agl0, Raoultella planticola Agll, Staphylococcusaureus BaO1,

Enterococcudaecalis Cr07, Acinetobacterjohnsonii SbQL and Pantoeaagglomerans

\Y



Snll vere determined as biosurfactaptoducers through oil spreading activity,
emulsification index and microbial adhesion to hydrocarbon t@kts.agar plate method,
thin layer chromatography andurier transform infrared spgoscopy analysiwere used
to characterizéhe biosurfactard The results revealed that, glycolipid type rhamnogipid
were majoring in kerosene degraddrse gene responséfor rhamnolipid biosynthesis,

rhlAB, was also shown in all the rhamnolipicoducers by PCR analysis.

Key words: Kerosenedegradershioremediation, biosurfactant, rhamnolipalkB,
rhlAB
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HKDROKARBON PARCALAYAN LOKAL BAKTERKLER
PAR¢CALAMA VE BKYOS! RFEKTAN ! RETME POTANS
BELKRLENMESK

Ay d én, Dilan Camille
Yuksek Lisans, Biyokimya Bolumu

Tez Y°neticisi: Prof . Dr . B¢l ent

Haziran 2018, 104ayfa

Jet yakétée olarak Dbilinen kerosen, doj ay
al maktadeéer . Yapésénda oblualyven anciidndait --ée vhriel
sebep ol maktadeér. Bu problem i-in en et
bi yoremedi yasyondur . Bi yoremedi yasyon, m
met aboli zmal aréna katar ak, 0 ndkskrf@mat a ma me
do°n¢kKt ¢grmesidir . Bu i klemin etkinlif5Ji s a
kabiliyetine dejil ayné zamanda biyosg¢rf
nedenl e, bu -al ékmada, daha ©°nce 2idrok:
bakterinin kerosen degradasyonet enek | er i abaldexiyielézold | mé k t &

ar as end a secicl Besiyermdenr eyebi | di k| 8u lakteslesipt an meé
kerosend egr adasyon yeteneklI| eri i se gaz krom
(Pseudormanas  plecoglossicida Agl0, Staphylococcus  aureus BaOl,
Stenetrophomonas rhizophil®8all, Delftia acidovorans Cd11, Acinetobacter
calcoaceticus-e10,Pseudomonas koreensigll andAcinetobacter johnson$b01)
keroseni %638 4 aral ejéenda dteggs peidte eatbosldom il kdti 1] ri

degradasyonunda o9md k-aaleasme nt ¢pmr - abdlkBn mas én
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geni ni b a olinerak € zimr erpa&sjyon ©PPZR) analizleri ileortaya
-eékmékt ér . ¥te yandan, ker osen ktenninl anma yet
bi yos¢rfaktan cretim yetenekl eri de aracxkt e
(Pseudomonas plecoglossiciday10, Raoultella planticolaAgll, Staphylococcus

aureusBa01, Enterococcus faecali€r07, Acinetobacter johnsonisb01, Pantoea

agglomeansSnll)bi yos¢rfektan ¢reticilerdi ol dukl ar é
aktivitesi, em¢l sifikasyon indeksi ve hidro
testl eri il eshbefaktanmaké&inr kaBakberi zasyonu,

agar plate) medu, ince tab&a kromatografisi (TLC) testv e f our i er d°ng¢Keém
kezeéel °tesi spaklizeriteymatpee snéktETlL.R)Sonu-1ar, biy
gli kolipid yapédaki ramnolipit tipi bi yosg¢r
biyosentezindersorumlurhlAB geni ni n ammrdipil Eeticlerindeg RZR  r

analizlerii | e g°steril miktir.

Anahtar kelimeler: Kerosen parcalama, biyoremediyasyonbiyostrfektan,
ramnolipit,alkB, rhIAB
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CHAPTER 1

INTRODUCTION

1.1 Environmental contamination with petroleum and its ecological impact

Petroleum products aradispensablehemcals of our daily life(Das and Chandran,
2011) Massie quantity of petrobr oil is requiredevery dayto power automobiles,

for domestic heatingand industrial use.Every yearabout 35 million barrelsof
petroleumMacaulay, 2015areshippeddl around the worldProduction of petroleum
products and anthropogenic activities such as oil exploration, exploitation,

transportatin, and their distribution lead unavoidable oil spage.Due totheir toxic

and harmful effectspetroleum contamination i majorenvironmental problem of
todays life (Varjani, 2017)

Figure 1.1 Oil spill from the tanker Exxon Valde i n Al askabd6és Prince Williar
Fobes (left), The Deepwater Horizon oil drilling rig burning in the Gulf of Mexico (right) (from
REUTERS)

Largescale oil spillaccidents have drawn great attention worldwite1989, the
tanker Exxon Valdz spilled about 11 million gallori&akpeet al, 2007)of crude oil

on Alaska's Prince William Sound. The oil spread over a wide area for months
resultingby depredation o028 differenttypes of animals, plants and marine habitats
(Petersoret al, 2003)



National Oceanicand Atnospheric Administration (NOAA) reported th&5 years
after the accider® species antheir habitatarestill in recovey period Scarcely3
types of animals (heng, killer whale and pigeon guillemots) haviérecoveed yet
Exxon Valde accidenhas beetthe most studied oil spilasein history andvasthe
precursor fot o d digrénsediation studigdNOAA, 2018)

The largest spill of oiby the time2010wasDeepwater Horizon oil rigxplosionin
the Gulf of Mexico(Dave and Ghaly, 2011for 87 dag, 205.8million gallonsof oil
was dischargeinto the gulf. Aveage of 1.6km of shoreline werepolluted(Dzionek
et al, 2016) Thousands of birds, mammals, and sea turtles wertaromatedwith
leaked oil. This accident was recordedtzes largest mortality evemtccuredin the
Gulf of Mexico(Dave and Ghaly, 2011About1.8 million gallons of dispersantsene
usedfor bioremediation studies in oed to clearthe contaminants uNOAA, 2018)

Such acidents also happen in TurkdyE r d e@f ah, r2012) where petroleum

contamination is an important pollution problem. A total of 4Biping accidents

occurred in the Bosphorus during the 105302 period Akten, 2006) the majority

being collisions. The biggest accident occurred in 1979, a Romanian tanker

I ndependeta collided with a Greek cargo ship
million gallons of crude oil were spilled andumght fire. This was the Tbiggest

marine pollution recorded inistory (ITOPF, 2009ending with serious impact to not

only the marine environment but also causing sigaiit air pollution due to fire

incidents after petrol explosionslor e r ecent |l vy, in January 2017
polluted by fuel oil. About 60 ton of fuel oil leaked to the coastline of Yalova and the

marine ecosys(ERMERAf20IK)z mi t gqul f

Figure 1.2 Independentahip accidenby Cristian Munteanu (left), sea bird covered with oil in the gulf
of Kzmit (right) (from CNNTur k)



Ecological impact of oil spilis needed to be considered sipe¢roleum components
arepersistent organic pollutanfgarjani, 2017)After aspillage oil floatsand create
a blanket on the surface of wa{®icks, 1998)andcausesiamagesnostlyto marine
animals and seabird§eabirds whether die fronmhaling the toxic fumes or by
hypothermia Their fur is covered with oilthereforethey cannotegulate their body
heat(Almedaet al, 2013) Mass mortalityis also seen in macroalgae and benthic
invertebrates because oferhical toxcity, smothering, and physicalisplacement
from the habitatFish embryosexposed to oil lead tandirect effects on growth,
deformities and problems witieproduction(Petersoret al, 2003) Another concern
is the bioaccumulation of toxic compounds in petrolddtmedaet al, 2013) These
compoundsare t&en up by aquatic organisms atiis leadsan accumulationn the
food chain(Van der Heul, 2009)

1.2 Petroleum hydrocarbons and their chemi@l composition

The wordPetroleumcomes from Latin, meaning rock @¥arjani, 2017) It originates
from thebiosynthetic activy of microorganisms and plants that bregied deep in the
earth andheated undegreattemperature angressure oveprolonged geological
periods(Das and Chandna 2011) Whereashydrocarbons are compounds formed by
carbon and hgrogen, andnay contairsome amounof nitrogen, sulfur and oxygen
(Abbasianet al, 2015) Petroleum hydrocarbonare mixtures obtainedby the
distillation of crude oil(Ashraf, 2012) Those mixturegan becategorizednto four

classeslike aliphatic,aromatic resins and asphalten@lajire and Essien, 2014)

Aliphatics are arranged in a linear or branched chairuaodllycomprise more than
50% of most crude oiléRojo, 2009) They can bealivided into three class@scording

to their chemical structuress alkaes alkenesand cycloalkane<On the other hand,
aromatic hydrocarbons have one or mar@matiaings in their structurevith different
alkyl groupsattachedFigure 1.3) (Ziadabadi and Hassanshahian, 20R&sinsand
asphaltenes contain ndérydrocarbon polar compounds having very complex and
mostly unknown carbon structures with nitrogen, sulfur and oxygen gangni,
2017)
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Figure 1.3 Structures of some crude oil cppnentyHassanshahian and Cappello, 2012)

As mentioned before,yidrocarbon pollutants are one of st persistent organic
pollutants. They arerecalcitrant andcontainstoxic compoundssuch asbenzene,
toluene, ethylbenzengxylene and polycytic aromatic hydrocarbongOlajire and
Essien, 2014)loxicity of hydrocarbondepends oohemical propertielike volatility,

lipid solubility, viscosity and surfacemsion(Tormoehleret al,, 2014)

Thetoxicity of hydrocarbonsncreases as their molecular weight decreéSegh et

al., 2013. The toxicity increasesin the following order; alkanes, alkenes,
cycloparaffins,aromatics, and polyaromati¢garjani, 2017) In aliphatic structures,
carbon atoms only share electrons with their adjacent electrons which allows them
differert conformationsthereby renderaliphaticas non polar or slightly polar. While

the polarity increases, their solubility and interaction with wiateasesDue to lack

of functional groups and low water solubility, serious ecological problems occurs
when they are released to the environni8imghet al, 2013. Aromatic hydrocarbons

are more water solubltherefore, they are easily adsorbed into orgaratter in water

and persist in the ecosystems for extendedod of time(Adam, 2001) As the
volatility of hydrocarbonsncreases, the higher absorption occurs during inhalation,
which ends up by crossing the blebdhin barrier causing damages in the nervous
system. Morever, hydrocarbons can damage tissues by affecting the lipid part of the
cell since compounds are insoluble in water but soluble in mosfTaitsioehleret

al., 2014) They caninduce malignant tumors since they have a great affinity for

nucleophilic center of macromolecules like RNA, protein and OiM&rjani, 2017)

4



1.3 Petroleum products and their chromatographic profiles

Crude oil is the unprocessed &dund n r eser voirs wunddtr t he
contains various components that all have different sizes, weights and boiling points
(Bishop, 1997) In the fractional distillation of crude oil, different petroleum
compaunds areobtained. Since every compound in crudehaie specific boiling
temperatures, thegre separated easily by a processlled fractional distillation

(Ashraf, 2012) For examp, whencrude oil isevaporatd, kerosene condenses at a

higher temperature than naphtha and as the mixture éeotssends separated from

naphtha because it condenses f{iFsgure1.4).

COOL

= Gases
_J\[ <40°C

Liquid—{ & ITHLL
E: =+ Naphta
60-100°C

=C
E: =+ Kerosene
175 -250°C

Lol W
i@: = Diesel oil

250 -350°C

=T
\ E: ==+ Lubricating oil

300-370°C

Crude ! _Aeas =+ Fuel oil

oil TN\ 370 - 6000 C
liquid
=+ Residue

HOT =600°C

Figure 1.4 Fractional distillation of crude o{bdapted from Ashraf, 2012)

Theboiling point distributiorof each compound found in crude dédpends on alkane
standards ranging fromethane CH4) to dotricontane (§Hes) (Bishop, 1997)Every

petrol produchasa different range of carb@Ashraf, 2012)Knowing the distrilation

ranges of carbons is important for characterization of petroleum products but also gives
information about their property. Fexample,asthe carbon chain length increases,

the volatility of the productlecrease¢Varjani, 2017) Petroleum products and their

carbon chain length given inFigure1.5.
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Figure 1.5 Petroleum products and petroleum measurements chart. TPH: Total Petroleum
Hydrocarbons obtained from the method 418.1 by Infrared Instrument (IR), DRO: Diesel Range
Organics, EPH: Extractable Petroleum Hydrocarbons, GRO: Gasoline Range Organics, VPH: Volatile
Petroleum Hydrocarbons (adapted frBmshop, 1997)

In order to characterize the composition of hydrocarbons in petroleum samples, a
common laboratory tectque called gashtomatographyGC) is used(Ghoreishiet
al., 2017) The separation of each compousdased on their y@r pressure antheir
polarity. Once injected into a gasromatographthe prodict is heated and vaporized,
thenpasses in a gas stream (mobile pha&égr injection the temperaturef the
column increases slowly asdmpounds begin to move througle tolumndepending
to their various temical and physical properties.orf-example more volatile
compounds with lower boiling points starts moviitgt. Compounds also interacts
with specific column filling §tationary phageAt the end, each componendts the
column at a different timeyamed asetention timeWhile chemicals passes through
the column their detection and identificatiors electronicallydone (Bishop, 1997)
Figure 1.6 showsthe gas chromatogranof gasolineknown as motor fuel, fow-
weight, high volatile product mostly consistiigo 12 carbon aton{§igurel.6a) and
the chromatogram of diesel, a heavigeight productcontaining mostly ralkanes

with carbon atoms greater than Exglre1.6b).
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Figure 1.6 GC-based total petroleum hydrocarbon profiles of (a) gasoline and (b) (hdsgted from
Bishop, 1997)

1.3.1 Kerosene

Kerosends a thin, colorlessind odorles$iquid oil obtained from the distillation of
crude oilbetween 178C to 250°C (Goudaet al, 2007) Kerosene is known by several
different names including heating oil, boiler juice and paralffihas become a major
household, commercial, and industrial flehm et al, 2012) It is used aslomestic
heatng oil or aslamp oil in developing countriesvhen electricity is unavailable
Globally, about500 million households still usé&erosendLam et al, 2012)and7.6
billion liters is consumed annualliMills, 2005). Kerosenehas other use of area such
asspray oil to combat insec{§&oudaet al, 2007) solvent in paints and cleangatso
asalcohol denaturar(Nwinyi and Victory, 2014) Scarcelykerosene isnostlyused
asaircraftgas turbine and jet fugknown aslet A,Jet A1 orit is largely manufactured
for commercial airlines and thmilitary activitiesnamed asJR8 or JR5 (Goudaet
al., 2007) The commercial development of kerosene type fuels started particularly
during World War Il becausef its availaility comparedo gasoline. In addition, due
to its high flash point temperaturkerosenas harder to ignit@accidentally(Khan et

al., 2015) which makes it much safer and preferabletfi@raviationindustry.



About 70% of kerosene is composed lmianched,straight chain alkaneand
naphthenes (cycloalkanes) whilematic hydrocarbonsuch as alkylbenzenesich
alkylnaphthalenesdo not e&ceed 25% by volume of kerosene. Finallyefims
(alkenes)refound less than 5%-igurel.7) (Ziadabadi and Hassanshahian, 2016)
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\

Figure 1.7 Major components of kerosene

m Alkanes and naphthenes
Alkylbenzenes and alkylnaphthalenes
M Olefins

This mixture has a density of 0i81 g/cni and it is immiscible in watewith
moderate volatility. Kerosenesuallycontains carbon numbers betweertdC,o, that
can vary due to itslistillation processrom Cs to G4 (Figure 1.8) (Udoetoket al,
2012)
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Figure 1.8 Gas chromatogram of kerosefugdoetoket al, 2012)

The total amount of kerosene consumption throughout the waaldoigt1.2 million
barrels per dagGoudaet al, 2007) Despite the several usefulness of kerosene, it also
constituts a major environmental concerne@&useof the aromatic ompound,
kerosends hazardouso living organismswith a toxicity varying from moderate to
high (Umanu and Babade, 2013)ccording tothe US Coast Guard Ememgy

Response NotificatiorSystem, kerosene is one of timeost commonly spilled
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petroleumproducts causinga global environmental conce(Goudaet al, 2007)
Spillage and leakages of keroseaeisegotential acute toxicity to both aquatic and
terrestrial lie as well as inhalation hazards humans, kerosene can provoke serious
skin irritation and mucous membrad@mages, while changes in the liver &admful
effects on the kidney, heart, lungs, and nervous sysgambe seemm long term
(Umanu and Babade, 201Fjurthermore,ncreasedates of cancer, immunological,
reproductive, fetotoxic, genotoxic effeetealso associated witlghter, more volatile

and water soluble compounfigindin kerosendlrwin, 1997)

1.4 Treatment of petroleum contamination

Petroleum hydrocarbonare clasified as priority pollutants antherefore it is
necessary t@ombatthis pollution problem Many conventional engineegrbased
methods areisedin order to control andreat petroleumpollutants(Varjani, 2017)

such agphysical, chemical and biological treatments

1.4.1 Physicaland chemicaltreatments

Physical treatment is used in order to control oil spillserefoe, barriers such as
boomsand devices calledskimmers(Figure 1.9) are used alongfor oil recovery
without changing theiproperties, ending ih prevention ofoil spillage Adsorbent
materialscan also bedded forconversion ofiquid oil to semisolidphasgDave and
Ghaly, 2011) Other physical methods involvegravity separation, adsorption,
membrane separation, reverse osmosis, ,naltra and microfiltrationSingh et al,
2017) Although physical treatmenkeelpto control oilspreadingthey also have many
limitations Boomsare verysensibletio strong winds and high wasevhileadsorbent

materialsarewhether expensive, ndmnodegradabler difficult to operatg(Dave and
Ghaly, 2011)

Figure 1.9 Application of booms (left), soms and skimmer (middle) and plane droppingl@persing
chemical (rightyNOAA, 2015)



Chemical treatment involvgsrecipitation, electrochemat processes analdvanced
oxidative processeshere large amount of chemicals dendled(Figurel.9) (Singh

et al, 2017) Chemicalsused wih combination to physical treatments are dispersants
and solidifiers. Dispersds are efficient but haveldagh operation and maintenance
cost Furthemore, chemicals can result with extantamination an@¢ause serious

damages to the environmétave and Ghaly, 2011)

1.4.2 Biological treatment

The increasg costs and linted efficiency of physice&chemical treatments have
driven attention toalternative technologie§varjani, 2017) Biological treatments

involves activated sludges, trickling filters, sequencing batch reactochiemostat

reactors, biologicaherated filters antdioremediation(Singhet al, 2017)

1.4.2.1Bioremediation

Bioremedation is a process thahicroorganismsand their enzymes arnesed to
degrade or reduce hazardous organic pollutaressotoxic or harmless bio products
such ascarbom dioxide, water,heat and cell biomasgVarjani, 2017) Various
organisms such as attaea, bacteria, algae and fungire known for their
bioremediation capacities. Plaistn alsde ugd for removal of contaminants through
phytoremediatiorffSharmeet al, 2018)

There are three basic methods of bioremediation: natural attenuation, biostimulation,
and bioaugmentationNatural attenuation is the degradation of contaminants by
indigenousmicroorganismgDzioneket al, 2016) Although this method is reverting

the ecosysterto itsoriginal without affecting the habitat, thdisadvantage itheslow
degradatiorrate (Sharnaet al, 2018) In order toincrease bioremediation efficiency,

the process callebioaugmentatiors goplied, wherespecific degraderare added to
supplement the existing microbial populatidfowever, this process mayot be
favorable because of the competititor nutrients between digenous and exogenous
microorganismgDzioneket al, 2016) Another alternatives addingnutrients or othr
growthlimiting substrates for accelerating the removal of contaminantegthod

known as biostimulatio(Das and Chandran, 2011)
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Microorganisms are sensitite growth environment and responctcteanges thagnds

up effectingtheir biodegradation activityBiodegradationrates depends on many
factors such aphysicochemical properties of the pollutaavailability, volatility,
type and length of ldrocarbon)environmenal conditiongpH, temperature, nutrition
factors, salinity, oxygen etand to nicroorganisms and their cell metabolic pathways
(Varjani, 2017)

1.5Mechanism of kerosene degradation

Key agents respisible in petroleum hydoarbondegradatiorare bacteriadominant

in marine ecosystem&and fungi crucial in freshwater and terrestrgosystems
(Olajire and Essien, 2014They both have a versatile metaboli§Rojo, 2009)that

uses petrolem products as a carbon and energy solregradabilityof hydrocarbons
depends on their ring numbamdmolecular size that affects théiydrophobicity and
sorption capacity(Varjani, 2017) Degradation order of hydrocarbons is givan

Figurel.10 with respect to decreasing susceptibility.

low molecular polycyclic aromatic
weight aromatics hydrocarbons

Figure 1.10 Biodegradability of hydrocarbons

As mentioned previously, approximately 70% of kerosen®imed of alkanes and
cycloalkanes (Ziadabadi and Hassanshahian, 201&herefore, mechanism of
kerosene degradation wilk explained underlkane degradatio

The metabolic pathways of alkane degradation can be either aerobic where oxygen is
utilized as the primary acceptor anaerobic in which an alternative electron acceptor

is utilized, such as nitrate or sulfat8ingh et al, 2017) Compared to anaerobic,
aerobic degradation is much fasterd more effective due to less free energy for

initiation and energy yield per reacti¢@lajire and Essien, 2014)
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1.5.1 Aerobic degradation

The aerobic degradation of alkane, such as all type of hydrocarbons, starts with the
oxidation of the substrate molecules by sfieatnzymes for alcohol production.
Alcohols are further oxidized and broken to smaller molecules that are used in central
intermediary metabolism. Finally, produced metabolites leads to biosynthesis of cell
biomass as summarized Figurel.11 (Olajire and Essien, 2014)

Hydrocarbons

0,
Initial attack
by oxvgenases

B

Degradation by peripheral
pathways

G
PO, Intermediates

S0 Cs of tricarboxylic
. acid cycle
Iqli4

Ce- 0,
Fe3* N

Cs

Respiration co,

Biosynthesis H,0

Cell biomass

(

Growth

Figure 1.11 Aerobic degradation of hydrocarbofalapted from Olajire and Essien, 2014)

Alkanes degradatiooan be classified as terminal and ¢eibminal. Terminal methyl
group oxidation ocurs by alkane hydroxylases amdoduces primary alcohols
Further, alcohols amexidized to an aldehyde by alcohol dehydrogené&bkbasiaret
al., 2015) Aldehyde dehydrogenases conveldehyde taa fatty acd, followed by
addition of CoA through acyCoA synthetize ending up with acetgbA production
(Olajire and Essien, 2014figurel.12).
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Figure 1.12 The terminal oxidation ofi-alkanes to fatty acid catalyzed by bacterial enzyfadapted
from Olajire and Essien, 2014)

In sub-terminal oxidation, a secondary alcohol is transformed to a kdigna
monooxygenase and convertedato ester. Esterasgdrolysesestes o form alcohol
and a fatty acidFigure 1.13). Terminal and suberminal oxidation camo-occurin

some microorganism®&ojo, 2009).
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Figure 1.13 Subterminal oxidation of ralkaneqOlajire and Essien, 2014)
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1.5.2 Anaerobic degradation

Various organisms arable to use alkanes as carbon source in the absence of O
Anaerobic degradation ofkanesoccursin two different waygRojo, 2009) First,
alkanes are added to the double bond of fumarate, producing alkyl sudbimate
further -oxidatiom(Rgjo, 20@9) abprocess pormed by denitrifying and
sulfate reducindacteria(Figure 1.14). Secondly, mgcobacteriumhave the ability to
degrade multibranched saturated hydrocarbons through putative patimiays
squalene is converted to a dionic acid, entering to prigtitieway forming 3,7,1-1

tri methyl dodecandi oi ¢ axidatibn raute(®ingh etalt, h e r
2012.

4 COOH VR
COOH  cgoH COOH
V\) v
COOH COOH
' v
l' COOH ¢ COOH
V\) CO-SCoA VN Co-5C0A

l\n co, b Co,
V\) CO-SCoA VAN Co-sCoA
v

v

f-oxidation B-oxidation

Figure 1.14 Anaerobic degradation of alkan@ojo, 2009)

1.6 Microorganisms involved in kerosene degradation

As mentioned abové&erosene is a mixture bfydrocarbon comprised of 75% aliphatic
and 286 aromatic hydrocarbong¢Bacosaet al, 2010) Therefore, no single
microorganism has been found to completely degrade kerosene &onee
microorganisms have ability to degrade alipt@tsome can degrade aromatics while
others degrade resind/arjani (2017) reported Achromobacter Acinetobacter
Arthrobacter Azoarcus Brevibacterium Cellulomonas Corynebacterium

Flavobacterium  Marinobacter Micrococcus Nocardia  Ochrobactrum
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PseulomonasStenotrophomaonamdVibrio as hydrocarbon degrading bacteAs
shown manystudies are available on tibacterialdegradation ohydrocarbons in
literature, but studies on kerosene degradation is s@ghemet al, 2015). Therefore,

a list of studies on kerosene degradation by different batiesibeemevised inTable

11

Table 1.1 List of kerosene degrading bacteria

Bacteria

References

Achromobacter
Acinetobacter

Aerobacter
Alcaligenes

Bacillus

Bacillus cereus

Bacillus subtilis
Burkholderia

Citrobacter sedlakii
Cupriavidus
Enterobacter cloacae
Enterobacter hormeachai
Gordonia

Micrococcus

Nocordia hydrocarbonoxydans
Pseudomonas

Pseudomonas desmolyticum
Pseudomonas fluorescens
Rhodococcus

Serratia

Bacosa, Suto and Inoue, 2010
Umanu and Babade, 2013
Anienye, jah and Nnamdi, 2015
Nwinyi and Victory, 2014
Bacosa, Suto and Inoue, 2010
Umanu and Babade, 2013
Anienye, ljah and Nnamdi, 2015
Nwinyi and Victory, 2014
Anienye, ljah and Nnamdi, 2015
Borah and Yadav, 2017

Nwinyi and Victory, 2014
Bacosa, Suto and Inoue, 2010
Ghoreishiet al, 2017

Bacosa, Suto and Inoue, 2010
Ghoreishiet al, 2017
Ghoreishiet al,, 2017

Goudaet al,, 2007

Umanu and Babade, 2013
Anienye, ljah and Nnamdi, 2015
Kalmeet al, 2008

Goudaet al, 2007

Umanu and Babade, 2013
Anienye, ljah and Nnamdi, 2015
Kalmeet al, 2008

Nwinyi and Victory, 2014

Nwinyi and Victory, 2014
Umanu and Babade, 2013

Fungi capable of degrading hydrocarbdws also been studied aoan be listed as
Aspergillus Amorphoteca Fusarium Graphium Neosartoria Paecilomyces
Penicillium, Sporobolomyced alaromycesand some yeast of gen€andida Pichia,
Pseudozym®&hodotorulaandYarrowia(Varjani, 2017)Kerosene degrading abilities

of some hydrocarbon degrader fungi and yeast has been tested and a summary of

studies found in literate is given infablel1.2.
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Table 1.2 List of kerosene degrading yeast and fungi

Yeast andfungi References

Aspergillus Umanu and Babade, 2013
Anienye, ljah and Nnamdi, 2015
Khanet al, 2015

Aspergillus niger Adekunle and Adebambo, 2007
Hasan, 2014

Candida Umanu and Babade, 2013
Khanet al, 2015

Cladosporium Khanet al, 2015

Fusarium Anienye, ljah and Nnamdi, 2015

Mucor Anienye, ljah and Nnamdi, 2015

Penicillum Umanu and Babade, 2013

Anienye, ljah and Nnamdi, 2015
Penicillum janthinellum Khanet al, 2015

Rhizopus Adekunle and Adebambo, 2007
Rhodotorula Umanu and Babade, 2013
Trichoderma Umanu and Babade, 2013

1.7Genes involved in kerosene degradation

Dependingon the alkanes chautength, different enzyme systems are utilized by
microorganisms responsible in oxidation of substrateinibate biodegradation
(Varjani, 2017) There are three major enzymes responsible in alkane degradation.
Methane to butane (CC,) is oxidized by methane monooxygendike enzymes
Pentane to hexadecanes{Cie) is oxidized by integlamembrane noineme iron
(alkane hydroxylase®y cytochrome P450 enzymesostly foundn fungi and in few
bacteria(Van Beilen and Funhoff, 20075everal bacterialsolateshas enzymes
responsible in oxidation of alkanes longer thanliit those enzyme systems are still
unknown(Rojo, 2009) Because kerosene structure contains hydrocarbons between C
to G, key enzymes involved in kerosene degradation are alkane hydroxylasess.
enzymeis composed of aydroxylasefound in the cell membrane and cytoplasmic
proteins such asibredoxin and rubredoxin reductgd&#ajire and Essien, 20145kene
responsible in alkane hydroxylationdscoded bwlkB. The electrons needddr this
processare delivered t@alkane monooxygenase by a rubredoxin reductasevamd
rubredoxinswhich are encoded bglkT and alkF, alkG respectively(Rojo, 2009)
Producedalcohol is furthetransformed ta fatty acidby alcohol dehydrogenasan
aldehyde dehydrogenaasd an acyiCoA synthetase encoded by geaks,alkH and

alkK respectively, followed b¥p-oxidation(Abbasiaret al, 2016)
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The alkanedegradatiorgene clusters may be plasmid encotietimostly they are
located in he chromosoméVarjani, 2017) The pathway for alkandegradation has
been extensively studied iRseudomonas putid&Pol which reservestwo gene
clustersencoding enzymes responsibleonversion of ralkanes to fatty acid&kojo,
2009) Genes arerganizedasalkBFGHJKL andalkST, located end to end on a large
plasmid named OCPplasmid (Van Beilenet al, 20QL). alkBFGHJKL genesare
regulated byalkST and two loci are transcribed towards each othdditively, P.
putida hasalkL gene providing the importation ofalkanes into the bacterial cells
(Canoseet al, 2000) Position and role of alkardegrading prains inP.putidais
summarized irFigurel.15.

CH, — CH,OH — CHO—> COOH

//a;K

Ay L0504
p-oxidation
PalkB Palks
B FGHJ KL T s

Figure 1.15 Degradation of medium eliin length alkanes by genes found in the OCT plasmid (above)
and genes clustered in twalkS as transcriptional regular (belof@anoseet al, 2000)

Usually only onealkB geneis found in the genome, but seve@ampositive and
Gramnegative generanay contain more than or@kB genes as seen irgenus
RhodococcuandAcinetobacte(Viggor et al, 2015) Acinetobactesp. strain M1has
two alkB related élkMa andalkMb) alkane hydroxylaseseguated depending on the
alkane pres# in the medium. Expression @kMa, is cortrolled by a regulatoalkRa
and induced by alkanes kimg a very long chain length €}, while alkMb is
controlledby alkRb and inducedn the presence of @ C22 alkaneqAbbasiaret al,
2016)

It is important to show the activity of alkane hydroxylases saikiB genesareused

as biomarkes for the determination of the abundance and diversity of atkane

degrading bacterid&or that reason, polymerase chain reaction (PCR) is a method used,
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where specific primers are designed for detection of marker catabolic genes. As an
exampe, in the study of Jurelevicust al. (2013),combination ofalkB primers was
used to enhandbée detection of thalkB gene for determination @ilkanedegraling

bacteria in contaminated enenments by use of PCR analysis.

1.8Biosurfactants and their use in lloremediation

Biosurfactants are surfactants synthesized as secomaetgbolites(Varjani and
Upasani2017)by different microorganisms such as bacteria, yeasts and filamentous
fungi. These compoundsveamphipathic molecels and areapableof displayng a
variety of sirface activities thatelps solwbilizing hydrophobic substrat€¢&han and

Butt, 2016) Excretedbiosurfactants organizéeir monomersphercally by forming
micelles(Satputeet al, 2010) While hydrophobt part is turned to the center, forming

a nucleushydrophilic part turns to the sphere surféeading toreduction of surface
tension and interfacial tensigBouzaet al, 2014) Surfactants havether functional
properties such as emulsification, timeg, adsorptionfoaming, cleansingandphase

separatior{Satputeet al,, 2010)

Surface activitys animportant propertyor biosurfactants. Water molecules are held
togethe due to cohesive forcgdinif and Ghribi, 201% The force per unit length
exerted by a liquid in contact with a solid or another liquichited asurface tensin
Satputeet al, 2010)while force held within the molecules in a liquid efarred as
interfacialtension(Varjani and Upasani, 201Figure1.16a). An equipment called
tensiometers used taneasure both valu¢Satputeet al, 2010) For example, water
has a surface temsi value of 72 mN/nthat is thenighest surface tensisalueamong
known liquids. Dependingn the efficiency of the surfactarihis value decreases with
their addition to the solutio(SdenzMartaet al, 2015) Another important property
of surfactants is their emulsification activ{anatetal., 2000) dispersion of liquids
into each other, allowing emulsion formation of two immiscible liquids such as oil and
water Figurel.16b). Theinitial valuewheresurfactant can form micelles named as
critical micelle concentrain (CMC) (Figure 1.16c). It is obtained by the
measurements dhe surfactant solution prepared in several diluti@deow CMC,
surfactants are in monomer form while at CMC, surfactatas to form micelles
(Mnif and Ghribi, 201% and end up withchangedphysical properties such as

conductivty, viscosity, density etdSatputeet al, 2010)
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Figure 1.16 Properties of surfactants. (a) Surface tension and interfacial tension, (b) Emulsification (c)
Critical micelle concentration (CMC) and micelle formatignodified from Satputet al, 2010)
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Biosurfactantscan enhance biodeggation rate by two mechanisn{Pas and
Chandran, 2011) First, they can increase the bioavailiépi of substrate to
microorganismgBanatet al, 2010) Bacteria growth rate on hydrocarbons can be
limited due tointerfadal tensionbetween water and oil. When the surface area of
microorganisms with hydrophilic solvents like water is limiting, biomass increases
arithmeticaly rather than exponential(gaenzMartaet al, 2015) Biosurfactants are
released to the environment astdrtforming micelles, which endp facilitating the
uptake of hydrophobic substratgd®as and Chandran, 2011) As growth on
hydrophobic surfaes increases, enhancement in biodegradation acisvitigserved
(Franzettiet al, 2010)

The second mechanism involve®surfactants affectinthe cell surfaceroperties
(Souzaet al, 2014) Produced biosurfactants can bound to cell wall and retihgce
lipopolysacchade index of thevall without damaging the membranehich leadso

a more hydrophobic cell surfacAs cell hydrophobicity increases, it is easier for
microorganisms to adhere hydrophobic compounds. This way, microorganisms can
attach ordetach from surf@es depending to their needs, giving them the ability to

better degrade hydrophobic compou(@8&nzMartaet al, 2015)

1.9 Advantages of biosurfactants over synthetic surfactants

Biosurfactants have a wide rangehiotechnological applicationéSobrinhoet al,
2013) Currently, the main market is the petroleum indusiryhich biosurfactants
are usedor bioremediationprocess il spill up operations, enhanced oil recovery
(Banatet al,, 2010) In foodindustry,they are applied asmulsifiers in food products
(Shekhaet al, 2015)
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Biosurfactants can be appligat medical purposg¥&han and Butt, 201&uchasanti
adhesie agents and enzyme inhibitangpharmaceuticandalso incosmetic{Banat

et al, 2010) They arealsoknown to be exploiaswashing detergents or as fertilizers
for agricultural use(Santoset al, 2016) Compaed to synthetic surfactants,
biosurfactantare preferreddue to their advantages suchbesng biodegradable and
generally having low tacity (Banatet al, 2010) They are also economic acan be
produced by rawnaterialsor industrialwastes thatlecreasethe production costDue

to theircomplexstructure piosurfactantsre specific in their action and alsffective

atextremetemperature, pH and salinitpnditions(Khan and Butt, 2016)

1.10 Classification of biosurfactants

Biosurfactants can be classified according tartianic chargeon their polar part as
anionic, reutral cationic or amphoteri(Rahman and Gakpe, 200&) depending on
their producer microorganisntheir mode of action otheir chemical composition
(SaenzMartaet al, 2015) Ther hydrophobic noiety is characterised by lofapain
fatty acids and the hydrophilic moiety mayfoemedby a carbohydrate, amirexid,
cyclic peptide, phosphate, carboxyl acid or alcgBabrinhoet al, 2013) Depending
ontheir structure they are gathedanto five main groups aglycolipids, lipoproteins
and lipopeptides, fatty acids, phospholipids and pohereompunds (Figure 1.17)
(Rahman and Gakpe, 2008)

Rhamnolipids
— Glycolipids Sophorolipids

Biosurfactants
|

sm Phospholipids

Polymeric
compounds

Figure 1.17 Classification of biosurfactants
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1.10.1 Glycolipids

The beststudiedmicrobial surfactants are glycolipig®mposed of mono, di, tri or
tetrasaccharides attached to a fatty acid emmpt. They can also consist
carbohydratesn combination with aliphatic or hydroxyaliphatic aci@ahman and
Gakpe, 2008) Rhamnolipids, sophorolipids and trehalolipids are the best known
glycolipids (Santoset al, 2016)

1.10.1.1Rhamnolipids

Glycolipid surfactants witlone or two rhamnose ar3shydroxy fatty acid chainare
calledrhamnolipid(Figure1.18) (Dobleret al, 2016) Approximately 6arhamnolipid
congeners anbdomologues have been fousd far(Varjani and Upasani, 2017)he
most common rhamnolipid producer iBseudomonaseruginosa They produce
effective surfactantsmostly used in removal othydrophobic compounds from
contaminated sts (Reiset al, 2011)because ofheir ability toassimilate insoluble
substratesRhamnolipid arealso known inchanging the hydropHmcity of cells
surfaceandhave different rolescludingantimicrobialor hemolytic activity in human
pathogenesis. Furthermore,Pseudomonashamnolipidsvork as aguorumsensing

molecule angromote swarming motilityReiset al, 2011)

(I:H3 C|H3 (|:H3 (I:H3
(H%O (H%ﬁ (H%o (H%ﬁ
Il I
6 ~o SoH o “oH
OH,——0o OH,——0o
CH3 CH3
OH O
OH OH OHO
monorhamnolipid dirhamnolipid
CH;
OH oy

Figure 1.18 Structure of rhamnolipi§Dobleret al, 2016)

Rhamnose is a component of the cell wall lipopolysaccharide and exopolysaccharide
in a variety of Grammegative bacteria, mostly foundRseudomoasstrain(Rahimet
al., 2000)
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For rhamnose production, -glucose6-phosphate is convied into Dglucosel-
phosphate by the phosphoglucomutase (AlgC) and is followed bymigDAC
operon gene productéFigure 1.19). Glucosel-phosphate thymidylyltransferase
(RmlIA) catalyzes the transfer of a thymidgnophsphate nucleotide to glucede
phosphatewith following reactions leading to dTDRrhammose biosynthesis.
Presence of dTDR-rhamose inhibits the activity of RmlADobleret al, 2016)

Rhamnolipid synthesis proceeds by two sequential glycosyl transfer reactions, each
catalysed by a different rhamnosyltransfer@eset al, 2008) Rhamnosyltransferase

1 (RhIA and RhIB) arencoded by thehlA andrhIB. Both genes are eexpressed

from the same promotdrhlAB) and are essential for rhamnolipid synthe&hIA
catalyses the synthesis of the fatty acid dimer moiety of rhamnolipids and fi&e 3
hydroxyalkanoyloxy) alkanoic aci@Figure 1.19). Sequently, RhiBuses dTDR -
rhamnose andhydroxyalkanoyloxy alkanoic acid molecule as pmrcursors for
production of mondhamnolipid (Varjani and Upasani, 2017Finally, rhiC enodes
rhamnosyl transferase(RhIC) thatuses monorhamnolipid and dTRRhamnose as

substrate for dhamnolipid productiorfDobleret al, 2016)

rhamnose biosynthesis fatty acids de novo synthesis p-oxidation
7

glucose-6-phosphate fatty acids fatty acids

........... | i gl @D

glucose-1-phosphate 3-ketoacyl-ACP acyl-CoA

3 hideavyo ol ACD
dTDRP-p-glucose S A S3-hydroxyacyl-CoA

® l HAQ cno)’l-('uA
d I'[)l’-(\-dcox\l-x)--)—hc\ulusc PHA l

@

dTDP-6-deoxy-L-lyxo-4-hexulose 3(3-hydroxyalcanoyloxy)ales o R-3-hydroxydecanoyl-2-enoyl-CoA

(HAAs)
............... dTDP-L-thamnose

)
EPS monorhamnolipids
@ o)

dirhamnolipids

rhamnolipid biosynthesis

Figure 1.19 Biosynthesis of rhamnolipi(Dobleret al, 2016)
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1.10.1.2 Sophorolipids

Sophorolipidsare mostlyproduced by yeast€andida (Santoset al, 2016) and
composed of a sophorose disaccharideelihko a long chain hydroxyl fatty acid
(Figurel.20) (de Oliveiraet al,, 2015) Sophorolipids can be @gorizedasacidic and
lactonic Acidic formshavea freefatty acid tail and arefficientfoaming agents with
high water solubility(Gakpe et al.2007) Therefore, tey aremostlyappliedin food
industry, boremediation and cosmetidsacbnic formscontains a sophorose head
connectedto the fatty acid tail. Theyre more hydrophobiccompared @ acidic

sophorolipids andre known to perforrbiocide activitiegde Oliveiraet al, 2015)

Figure 1.20 General structure of sophorolipi{te Oliveiraet al, 2015)

There are fiveenzymesinvolved in sophorolipid syn#sis; cytochrome P450
monooxygenase, two glycosyltransferases, an acetyltransferase and a transporter
(Figure 1.21) (Van Bogaertet al, 2013) CYP52 monooxygenasea sub family of
P450s, is responsible in formation of hydroxyl fatty acidduang et al.,2014)
Sequently,one of theUDP-glucose dependent transferasggtAl, catalyzesthe
coupling of glucoséo hydroxylated fatty acidforminga glucolipid, whilethe other
transferas&JgtB1, uses the glucglid as an acceptor form a sophorolipid molecule
(Van Bogaertet al, 2013) Acetyltransferasemediatesthe acetylation of the
sophorose. In some caskstonization of sophorolipids may ocdwy the action of a
cell wall-boundlactonesteraséde Oliveiraet al, 2014) Finally, sophorolipids are
excretedby a transporter which idelieved to be anultidrug resistance protein
encoded bymdr gene. et, the function of this gene has never been confirfWad
Bogaertet al, 2013)
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Figure 1.21 Gene clusture o$ophorolipid fromCandida bombicolaadh alcohol dehydrogenase,
ugtBL second glucosyltransferasemdr. transporter, at. acetyltransferase, ugtAL first
glucosyltransferasesyp52mi cytochrome P450 monooxygenasef: open reading frame (function
unknown

1.10.1.3 Trehalolipids

Trehalose lipids armadeof acarbohydratgroup and fatty acids groupSranzettiet
al., 2010) Trehalose is a dissacharidemposed of two glucosmnd with a glycosidic
linkage. It ismostcommonlyproduced byycobacteriumNorcardia, Gordoniaand
Corynebacterium(Franzettiet al, 2010) Also, different types of trehalosare
associated witiRhodococcus erythropolend Arthrobactersp. They areknown to
lower significantlysurface and interfacial tensiasf culture brotls (Rahman and
Gakpe, 2008)The most reportettehalose lipid is trehalosBmycolate(Figurel1.22),
a cord factor found in the cell wall dycobacterium tuberculosig-ranzettiet al,
2010)

Figure 1.22 Trehalose dimycolate, trehalose esterified to two mycolic acid res{@uaszettiet d.,
2010)

In the $udy of Inabaet al (2013), essentialgenesfor succinoyl trehalose lipids
production were determinedThe alkB gene, encodingalkane monooxygenase
converts alkanes to alcohol since alkane oxidation is essential for the initiainsteps

thesuccinoyl trehalose lipidsiosynthesis.
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