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ABSTRACT

BIODEGRADATION OF POLYCYCLIC AROMATIC HYDROCARBONS BY
ARTHROBACTERSP. UG50 ISOLATED FROM PETROLEUM REFINERY WASTES

Elisabeth Koch Advisors: Dr. Jack T. Trevors
University of Guelph, 2011 Dr. Hung Lee
Dr. Les Stehmeier

North Americarpetroleum refineriegse landfarming to disposé hydrocarbon
containingwastes for lremediation by indignoussoil microorganismsin this study, we
isolated PAHdegrading bacteritxom landfarm soil by enrichmémvith hydrocarborcontaining
effluent One isolateArthrobactersp. UG5Qwas capable of using phenanthrene and aoéme
as sole carbosources.The strairdegraded phenanthrene (200 mg/L) withirh2# pure culture
at high cell density (fcells/mL). Anthracene (50 mg/L) wasowly degraded with 29%
degraded witin 21 days. The strain could nge naphthalene, pyrene, chrysene or
benzo(a)pyrene as sole carbon soyrbascoulddegradeyrene(50 mg/L)cometabolically
whenphenanthrenwas provided. Anthracene degradation (50 m@/a¥ enhanced by
phenanthrenewith 100%degraded within 6 dayslThe addition ostrainUG50 to petroleum
sludge inbaffledflasksincreased totatydrocarbon degradatianddegradation of low
concentrations of fluorene, phenanthrene, pyrene and chrgsemmared to flaskwith limited

aeration orcontainingsludge alone.
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CHAPTER 1:LITERATURE REVIEW

1.1.INTRODUCTION

1.1.1. Background andRationale

Environmental contaminatioof air, soil sedimentsind watedue to the presence of
polycyclic aromatic hydrocarbons (PAHhas been occurring across North America for decades
Although PAHSs are ubiquitous in nature, anthropogenic sostggsas petroleum refinirand
fossil fuelcombustiordeposit significant quantitiestmthe enviroment(FinlaysonPitts and
Pitts, 1997) For decades, this pollutidras been of global concern due to the sigaift ealth
risks posed bythe toxic, mutagenic and carcinogenic properties associated with certain PAH
compoundgChurchillet al, 1999; Seet al 2007) Dueto the detrimental hedlteffects
associated with PAHand themportance of proper disposal of PAtbntaining wasteghere is
a needo investigate ways of enhancing current remediation techniopodsdingmicrobial
degradation.

Petroleum refineriesan generate significant quantitiesR#AH-containing oily sludge
during he processing of crude @hdlandfarmingis often useésan economicamethod of
waste treatment and dispogBicadoet al, 2001; Warcet al, 2003) Indigenous soil
microorganisms are capable of PAH degradaio@0O, and wateif adequat@amountsof
oxygen,nitrogenand moisture arpresento support microbial growtfLindstromet al,, 1991)
However it is difficult to ensure thatontrolled and optimal conditions for microbial activity are
being met during the landfarming proc€é&rdet al, 2003) Moreover, there are a number of
detrimental environmental impacts associated with landfarming. These include the potential
release of volatile organic carbons (VQ@go the atmosphere atlok potential for leaching of

hazardous compound#o groundwatefMaila and Cloete, 2004)Due to the limitations and



environmental impacts associated wahdfarming, the process has been banned in the United
States and new regulatiogsverning the practiclkave been introduced in Canada.

In 2005, the Ontario Mistry of the Environmen(Canada)ntroduced Ontario
Regulation 461/0%vhereby the sludge generated during the stoaagér treatment of process
and oily coolingwastewagrsmust meet strict new criteria regardiRgH concentrations prior to
land disposafOntario Ministry of the Environment 20Q5) he legislatn tookeffect in
December 2009, and the implicatiasfghe guidelinesire that petrochemical companies that
currently operate landfarnis Ontario mt implementalternatives to reduce PAH
concentrations ioily waste prior to disposal on landfarm sit€3ne pretreatment option that is
of interest to refineriedue to its cost effectivenessthe use of enclosed slurry bioreactors
containing PAHdegrading microorganisnis decrease PAH concentrations to recommended
levels. The use of a bioreacteith a suitablePAH-degradingmicrobial consortiunallows for
control over factors affecting biodegradation including nutrient levels, pH, tatopesnd
aeration resulting in the optimization BAH biodegradatior{Wardet al, 2003;Zappiet al,

1996)

This review will summarize the properties, sources and fate of PAHSs in the environment,
the origins and operation of landfarms as well as the properties of petrcdénery waste The
mechanisms of degradation of several PAldacteria and fungi anddlgenetics involved will
alsobe discussed. Lastlthe challenges encountered duriP§H biodegradation in complex
mixtures andapproaches that can improwe degradatiorof these compounds liquid systems

will be discussed



1.2.POLYCYCLIC AROMATIC HYDROCARBONS

1.2.1. Physical andChemical Charactestics

Polycyclic aromatic hydrocarboiiBAHs)area diverse group aibiquitous
hydrophobic organic contaminargganged athreeor morefused benzengngs in linear,
angular or cluster arrangeme(@hauharet al, 2008; Habe and Omori, 2003)leterocyclic
aromatic compounds, which contain substitutions to the benzene mitgogfen sulphur or
oxygen,areoftenclassified wih thetrue PAHsconsisting of only carbon and hydrogen atoms
sincebothgroupspossess similar chemical and functional prope(¥esanasi 1989) PAHs can
furtherbe organizednto alternant or nowalternant classdsased on chemical structure
Alternant PAHs including phenanthrene and pyrene consist of only fused benzene rings, whereas
nontalternantPAHs such as fluoree consist of four, five or simembered ringéHarvey 1997)
The chemical striures of several of the 16 PAHSs designated as priority pollutants for
remediation by the U.S. Environmental Protection Agencyllastrated inFigure 1.1

The physical and structural properties of PAHs are important in the determination of the
c o mp oswimenhibal stability and potential toxiciigarcher 1992) One example islectron
positioning wihin the contaminantin contrast to molecules possessing localized electroas, t
benzene rings of PAHs possess delocalized electrons which reduce the pblanitgiowithin
the moleculetherebyconfering increased chemical stability the PAH,andmaking thebonds
moreresistant to nucleophilic attaekddisrupton (Harvey, 1997; Johnsest al, 2005) PAH
compounds maglsocontain Bay and Kegions which can beetabolized to highly chemically
and biologically active epoxides witarcinogenic propertig€hauharet al, 2008; Mroziket
al., 2003)

Hydrophobiccontaminants also have the potential to persist in soil envirosmieniy

molecular weight (LMW) compounds (two or three fused rings) sorb less strongly to soil and
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sediment and are less reardtto microbial degradation thdigh molecular weight{ MW)

PAHSs (three or more fused ring®jrozik et al, 2003) The half life of a tricyclic PAH such as
phenanthrene carange from 1o 126 days while a fiveinged compound such as

benzo(a)pyrene cagrersistfrom 229 to 1500 dayis soil (Howard 1991) The tendency of

PAHSs to sorb to naturally occurring organic material, expressed as the organic partition
coefficient Ky, has been experimentally demonstrated to be a function of the hydrophobic nature
of the contaminanwhich isexpressed as thectanol: watepartition coefficient Ky, (Accardr

Dey and Gschwend, 2002igher K, values can therefore be interpreted to indicate an
increasedapacityfor sorption of PAHSs to particulate matter.

PAHs have someharacteristics which are similar to those of other persistent organic
pollutants. The similarities include a hydrophobic and lipophilic nature, low water solubility, a
tendency to bioaccumulate in aquatic organisms and low volgblayben 2003) A reduction
in aqueous solubilitend volatilitygenerally corresponds to an increas®W, number of
aromatic rings and angularity of the PAH compoy@thiauharet al, 2008; Johnseet al,, 2005)
Since poor solubility in water can be a major hindeatecsuccessful removal of PAHg
microbiological means, chemical reactsinvolved in the breakdown of PAHs such as
substituent addition, ring fission or ritgdroxylation aim to increase the aqueous solubility of
the PAHandfacilitate easier degradati@f the contaminantHarvey 1997) The physical and

chemical characteristics of selected USEPA priority PAHs are listédhle 1.1



Naphthalene Acenaphthene Acenaphthylene Fluorene
(C1oHe) (C12H10) (C12Hg) (C43H10)

Phenanthrene Anthracene Benz(a)anthracene
(C14H10) (C14H10) (C1gH12)

Chrysene
(CqgH12)

Fluoranthene
(C16H10)

Benzo(b)fluoranthene Benzo(k)fluoranthene Benzo(a)pyrene
(CzoH12) (C20H12) (CooH12)

~Y

Ideno[1,2,3-cd]pyrene Benzo(ghi)perylene Dibenz[a,h]anthracene
(Ca2H12) (Ca2H12) (Ca2H14)

Figure 1.1: Chemical structures of 16 USEPA priority PAHs [adapted fromYan et al.,
2004



Table 1.1: Physical andchemical properties of selected USEPA priority PAHs [adapted froninternational Programme on
Chemical Safety (IPCS), 1998vith information from Cerniglia, 1992; Mrozik et al., 2003

Compound No. MW (Da) Water n-Octanol: Vapour Boiling Density
C atoms solubility water pressure | point (°C)
at 25°C partition (Pa at
(gl coefficient 25°C)
Naphthalene 10 128.2 3.17x 10 3.4 10.4 218 1.154
Phenanthrene 14 178.2 1.29 x 10 4.6 1.6 x 10° 340 0.98
Anthracene 14 178.2 73 4.5 8.0 x 10 342 1.283
Pyrene 16 202.3 135 5.18 6 x 10° 393 1.271
Fluoranthene 16 202.3 260 5.22 1.2 x 10° 375 1.252
Chrysene 18 228.3 2 5.91 8.4x 10 448 1.274
(20°C)
Benzo(a)pyrene 20 252.3 3.8 6.5 7.3x 10 496 1.351




1.2.2. Toxicology

The detrimental health and environmental effects associatedattexposure and
contamination habeen of public concern for decades. These health concerns are compounded
by the ubiquitous occurrence of gepollutants and thpotentiallymultiple routes oexposure to
humans. The IARC (International Agency for Research on Cancer) considefgisas
potential carcinogen€hauharet al, 2008) The differing potetial for toxicity, carcinogenicity
and mutagenicity of PAHs can be attributed todiferences in chemical structure and
molecula size(Cerniglia, 1992) GenerallyLMW PAHsareacutdy toxic and athe number of
aromaticrings and the molecular size increases, there is a shift toslamaisic toxicity including
carcinogenesifCerniglia, 1992; Miller and Miller, 1981)Table 1.2ists the carcinogenic and
genotoxic properties of the 165 EPA PAH priority pollutants.

Table 1.2: Summary of results of tests for genotoxicity and carcinogenicity of 16 USEPA
PAH priority pollutants studied [adapted from Bojes & Pope, 2007]

Compound Genotoxicity Carcinogenicity

Naphthalene
Acenapthene
Acenagthylene
Anthracene
Phenanthrene
Fluorene
Fluoranthene
Benzo(a)anthracene
Chrysene
Pyrene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Dibenz(a,h)anthracene
Benzo(g,h,i)perylene
Ideno[1,2,3cd]pyrene

- (?)
(?) ?
(?) No studiesavailable

(?) (?)

(+)

+ + +

~
)

)

—~~
+ 0+ +++ 3+ +
N

+ + 4+ + + +

Genotoxicity and Carcinogentyg: + = positive,- = negative;? = questionable, () = results derived from a small database
USEPA has classifiedomePAHSs (in italics) as probable human carcinogéBsjes and Pope 2007)



In humans, PAHs have the potential to be absorbed through the skin, pulmonary tract or
the gastrointestinal trafiPCS, 1998) Following absorption through amy theseroutes,
lipophilic PAHs are widely distributed througttthe internal organs, but are predominantly
present irthose that are lipid rich. PAH metabolism in buely generally leads to detoxification
involving the conversion of parent compoundghenolsdiols and tetrolvia epoxide
intermediates PAH turnover in the body is rapiwr those PAHSs thare notbound to nucleic
acids (diol epoxides) and theetdbolitesareexcreted viaheurine, bile andaecesafter
conjugation with glutathione or glucuronic acid, or by further metabolism to tetrahydrotetrols
(IPCS, 1998)

The most important step of primary PAH metabolism is epoxidation and subsequent diol
formation(Government of Canada 19991ost PAHSs are oxidized to form phenols and
dihydrodiols via monooxygenase enzymes associated with cytochrdi®@, But a small
proportion wil be further epoxidized to reactive intermediates (diol epoxides) that result in
carcinogenic activity in mammabh cells(Kloppmanet al.,1999) These activities take place
predominantly within the microsomes of the endoplasmic reticulum and in nuclear membranes
(Wattiau, 2002) In the case of benzo(a)pyrene, the major intermediates of cytochrome mediated
metabolism are-8 and 910 epoxides, which bind to nucleic acids causing mutations or
tumorigenesis during DNA replication at the damaged site or during DNA repair. The
extranuclear groups of adenine and guanine are usually the sites of attack by reactive
intermediates dung b(a)pmetabolism(Canadian Centre for Occupational Health and Safety
1998)

Two mechanisms are responsible for the danaagktoxicitycaused by PAH&nutzen
1995) The firstis the association or reaction of the PAH parent compound with lipids in cell

membranes or other cellular componeritgeractions between PAHs and the cell membrane can
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affect the permeability of the membrane as well as alter transpmetrid out of lhe cell
(Knutzen 1995) The secondnechanisms the reaction oPAH metabolites with nucleic acids
and proteins PAHs can become activated (interact with subcellular targets) to-hAng
specieswhichcan form DNA adducts and initiate tumoumsexperimental animal&Godschalk
et al, 1998; Juhasz & Naidu, 2000\ numberof PAHsincluding chrysene, benzo(a)pyrene and
fluoranthengagive rise tometaboliteghat form DNA adducts in anima{€anadian Centre for
Occupational Health and Safety 1998)

PAH structurehasa role in the toxigenic potential of the molecule.fact, the shape of
the PAH molecule as an indicator of acceptable targets for cytochrome enzymeslig thde
the best prdictor of PAH carcinogenicit{Kloppmanet al, 1999) PAHs can have differing
toxic potentials based on the site of metabolic activation created by structures present such as a

Aibayo region (a void in the structur,eraof t he |

1]

f j or d ¢avaidenghe structure of the molecule bordered by the edge of four (liteysey

1997) Figure1.2 | | ustrates the Abayo andThéibajyodr d de gri eoqni
diol epoxide intermediates are highly carcinogenic and can initiate carcinogenesis and

mutagenesis via covalent bonds to cellular macromolecules and BiXtough be@zo(a)pyrene

i's carcinogeni c ragiondnotlbPABIwitiE e day @ Mbdaiyons have |
to be carcinogenic, as seen in the lack of evidence that benzo(e)pyrene has carcinogenic potential

even thoughtipossessesvto i b a y (Kloppgnanetmls 1099)



Fjord Region Bay Region

1 g
N A

Bay Region
a) Benzo(c)chrysene b) Benzo(a)pyrene

Figure 1.2: Bay / fjord regions of benzo(c)chrysene and b) bay region of benzo(a)pyrene
[adapted from Harvey, 1997]

1.2.3. Sources and PresengEPAHsin the Environment

PAHscan originatdrom biosyntheticgeochemicahnd anthropogenic sourcasdare
widely distributed in soil, water and ailhe major sources of PAHs includaide oil, coal and
oil shale that are used as sources of fuel for industrial nations and in the production of
petrochemicals requed by the plastics industfidarvey 1997) PAHs are also a major
constituent of creosote that igei used in the treatment of woalteret al, 1991) The
distribution and magnitude of PAH emissionghe environmenareinfluencedin large part by
not onlyhuman population densityut alsothe availability of poweand the presence of natural
resourcegGovernment of Canada 1999 the last 100 yeargnvironmental levels of PAHs
havebeenon the rise from both natural and anthropogenic sodeggsz & Naidu, 2000)
Table 1.3ists the major sources ehvironmentalPAH contamination

Natural sources of PAHSs in the environment include those which are of either
biosynthetic or geochemical origihabanaet al, 2007) PAHs can be found as biogenic
components of plant oils, surface waxes of leaves, insect cuticles and in the lipids of

microorganismgMillero and Sohn, 1992)PAHs can arise from geochemical s@srduring the
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processes of combustion or pyrolysis, where organic substances are exposed to varying degrees

of heat(Crawford 1996) Temperature plays a significant role in determining the structure and

degree ofchemial substitution on PAHs, wi ttakourm@ mbust i
the production of wsubstituted PAHs, angmperatures belo 7 0 f@veuding methy and
alkyl-substituted PAH$Hilpert 1987) PAHs can also beleased through natural phenomena

such as forest fires and volcanic eruptions or they can be found in naturally occurring petroleum

and coalCrawford, 1996; Labanet al, 2007) Although natural sources of PAHs contribtde

the overall level of PAH contamination, anthropogenic sources are acknowledged to be the most

important source of atmospheric PAH pollutiptarvey, 1997)

Table 1.3: Major sources of PAHs in the environment [from Cerniglia, 1992]

Natural oil seeps

Refinery and oil storage wastes

Accidental spilld§rom oil tankers and other ships
Municipal and urban wastewater discharge runoff
River-borne pollution

Atmospheric fallout of fly ash particulates
Petrochemical industrial effluents

Coal tar and other coal processing wastes
Automobile enginexhausts

Combustion of fossil fuels (gasoline, kerosene, coal, diesel fuel)
Tobacco and cigarette smoke

Forest and prairie fires

Rural and urban sewage sludge

Refuse and waste incineration

Coal gasification and liquefaction processes
Creosote and ber wood preservative wastes

= =2 =0_-0_9_9_9_9_42_24_9_-2_-2°_-2°_-2._--2-

The introduction of PAHSs into thenvironment via mthropogenic sourcesan fall under

two categories. The first is through the intentiasha&inping or accidental spillage of petroleum
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products, creosote or coal tar, and the second is from the incomplete combustion of organic
material arising from automobile emissions, industrial discharge or municipal incineration
(Crawford, 1996; Labanet al, 2007) The processingombustion and disposal of fossil fuels
and the treatmerand disposabf refinery wasteglandfarming)also contribute to the presence of
PAHSs in the environmerfCrawford 1996) Levels of PAHs present in the atmosphere are
dependent on a number of variablegliiding local emission sources, temperature and
meteorological conditions and tend to rise during the winter months due to an incressd

fuel consumpon (Harvey, 1997) Table 1.4lists the annual atmospheric emissions of PAHs in
Canada during 1990Atmospheric PAH deposition is considered to be the primary source of
PAHSs in soik and sediments and is therefore of great environmental codeero the potential

for toxicity (Christensen and Zhang, 1993; Harvey, 1997)

Table 1.4: Annual atmospheric emissions of PAHs in Canada in9B0 [From LGL 1993]

Sources Tonnes
Aluminum Plants 925
Coke Production 12.8
Petroleum Refineries 2.5
Residential Heating Wood 474
Open air fires/agricultural
burning 358
Transportation Diesel 155
Forest Fires 4314

The existence of PAHs in the environment is of interest to toxicologists due to a number
of factors which set them apart from other priority pollutéBisuben, 2003) Unlike many
industrial chemicals, PAHs are not released into the environmenbfibna single source, but
can arisdrom such sources asotor \ehicle exhaust, coke production and aluminum plants

Secondly, PAH@resent impetroleumare notypically found in pure chemical forsand are
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released along with a multitude of other aliphatic and aromatic comp{Dadben 2003)

Third, unlike other contaminants, which are usually found with a limited number of possible
chemical structures, PAHs che found with thousands of different chemical structures. Finally,
due to thewidespreadise of fossil fuel®n a global scale®PAHs continue to be released into the
environment even though they are known toxicants, usltkeeother harmful chemicals vith

have been restricted or banr(@&buben 2003)

1.2.4. Fate in the Environment

PAHs are subject to a nuoer of fates in the environmeincluding chemical and
photochemical oxidation, sedimentation, volatilizatibimaccumulation and biotransformation
(Figure 1.3. The physicechemicalpropertiesof PAHs including low vapour pressure, poor
water solubility and high partition coefficients fiioctanol:water (log k) and organic
carbon:water (log k) play important roles in determining the fate and transport of PAHs in the
environmen{Canadian Centre for Occupational Health and Safety 199Banges tthe
molecule structuresf PAHsas a resltiof environmental modification may result in changes in
mobility, toxicity and chemical characteristics possibly rendering the molecule to bind to soil
components, odestruction of the molecule via biotransformatibtuelleret al, 1996) The

following section describes the various fates of PAHs in the@mwient.
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Volatilization «——— “
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Photooxidation

Sedimentation
Blotransformatlon

l co,

Mineralization

Figure 1.3: Model of the fate of a PAH (phenanthrene) in the environment [adapted from
(Semple et al., 2003) with information from (Cerniglia, 1992)]

1.2.4.1. PhotothemicalOxidation

The fate of PAHSs in the environment and the rate of transformationdgfsencdon the
media to which thenoleculesare exposedhcluding soil, water or air in the presence or absence
of light (Ramamurthy and Schanze, 2000AHs carstronglyabsorb solar radiation and
undergotransformationtiroughphotodegradatio(Slaskiet al, 2000) In water o air, this
process can occur either directly by exposarght at a wavelength less thd@90 nm, or
indirectly by exposure to oxidizing agents including OH radicaisa@d NQ (Douben 2003)
The effectiveness of light in inducing PAH modification is relatethéowavelength, with short
wave (actinic) radiatiof0.1um to 0.5umjpeing more effecti@in promoting modificatiorthan

visible light (Slaskiet al, 2000)
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The rate of photochemical oxidation of PAHs depends on the concentration of molecular
oxygen preent as well aBAH chemical strucire, particularly the numbend struatre of
condensed aromatic ringiKochany and Maguire, 1994)Photolysis occurfaster for those
PAHSs with higheMW and a greatemumber of ringgKochany and Maguire, 1994)n water
and ai, photodegradation of PAHs can occapidly when light ispresenthowever in soill,
photodegradation occurs to a very limited exthrg to the low intensity of lightGovernment of
Canada 1999)Atmospheric photochemical reactions transform PAHSs tovelsdile and more
polarderivatives including nitrated, oxygenated and hydroxylated PA##sch @an lead to an
increase irbioavailability and toxicityDouben 2003)

Numerous factors the envionment play roleg enhancinghe photochemical oxidation
of PAHs includindight intensity(Douben 203), salinity, the presence of minergksong and
Ferry, 2003) pH and temperatui@liller and Olejnik, 2001) Carbonaceousaterials including
humic acids have been found to decrease the rate of photalheiseas the presence of algae has
been reported to increase the rate of photodegradation although the mechanism is unknown
(Kochany and Maguire, 1994Photodegradatioplays an important role in enhanciting
biodegradatiof PAHSs by attackinghetertiary carbon atom@ carbon atom bonded to three
other carbon atoms with single bonasPAHSs which often inhibit microbial degradation
(Zhanget al,, 2006) Photochemical oxidation is an important abiotic PAH degradation
mechanism foparticulate associated PAHs asidsolved PAHSs, padularly in PAH

remediation following oil spill§Douben, 2003; Ket al, 2002)

1.2.4.2. Chemical Oxidation
Photochemical, enzymatic and biological interactions with PAHs occur prominently

within the soil, but are not always successfuh@ tompleteemediation of the compounds
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Aromatic PAHscan be chemically altered in soils tlyemicaloxidants including Fe and Mn
metal ions, oxides and oxyhydroxides of Al, Mn, Si and Fe, radicals of active oxygen species,
microbial enzymes, anoly unsaturated téy acids of plant residudS&Sramsset al, 1999) The
altered PAHs are often rendefeds recalcitrant anghore bioavailable to microorganisms for
further breakdowriFerrareset al., 2008)

Commonchemicaloxidants that arasedfor environmental remediation include ozone,
hydrogen peroxide and permangan(@&errareset al., 2008) The addition of an oxidative agent
such as hydrogen peroxide leads to the prodndf very strong noselective oxidizing agents
(hydroxyl radicals) that can react with aromatic PAsrs induce transformatidirerrareset al.,
2008) Theoxidative strengtlof peroxidesan bencreased when combined in solution with a
transition met al (Fe) as evirchgem m endirommegntal h e

remediation of organic compountkeluding PAHs(Namet al., 2001)

1.2.4.3. Volatilization

Volatilization occurs when there is physical transport of an organic compound into the
atmosphere from water, soil or vegetation resulting in the modification or destruction of the
chemical(Gowda and Lock, 1985)PAHs have predominantly low vapour pressures, and
volatilization is limited to thoseMW PAHSs such as naphthalene with a volatilizatiaf life
ranging from0.4 h to 3.2 h oanthracene with a half life of 17(Bouthworth 1979) HMW
PAHSs such as pyrene take muohgerto volatilize as evidenckby itsvolatilization half life
ranging from 115 hours to 3.2 yed&8outhworth 1979) The volatilization half lives of setéed

PAHsare listedn Table 1.5
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Table 1.5: Estimated half lives of PAHs in various environmental compartments (air, water,
soil and sediment) [From IPCS, 1998]

Class Half Life -Mean (Hours) Range (Hrs)
1 17 10-30
2 55 30-100
3 170 100-300
4 550 3001000
5 1700 10063000
6 5500 300010000
7 17000 1000630000
8 55000 >30000

(Half life classifications (18) used belowvere assigned to individual PAHs based on-haf
estimates in air, water, soil and sedimesied abovg

Environmental Compartment

Compound Air Water Soll Sediment
Acenaphthylene 2 4 6 7
Anthracene 2 4 6 7
Benz(a)anthracene 3 5 7 8
Benzo(a)pyrene 3 5 7 8
Benzo(k)fluoranthene 3 5 7 8
Chrysene 3 5 7 8
Dibenz(a,h)anthracen 3 5 7 8
Fluoranthene 3 5 7 8
Fluorene 2 4 6 7
Naphthalene 1 3 5 6
Perylene 3 5 7 8
Phenanthrene 2 4 6 7
Pyrene 3 5 7 8

Variousfactors can influence the rate of volatilization of PAHs in the environment.
These factors include the physical and chemical properties of the substanceMW¢hraumber
of aromatic ringsand environmental variables including temperature, wind anerterbulence
(Southworth 1979) Increased adsorption of PAHSs to organic matesaa limit PAH
volatilization whilevolatilization can be enhanced by increased air flow in soil resulting fro
plant root penetratiofGenney 2004) In soils, PAHs are removed primarily by either microbial

activity or volatilization(Wild et al, 1991) Two or three ringed PAHSs in refinery waste applied
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during landfarming operations can geally be expected to volatilize or be biodegraded in three
to four months, although repeated applications can result in accumwati@compounds

(Government of Canada 1999)

1.2.4.4. Sedimentation

Sediments adas sinks for PAH&om natural and anthropogenic sourcesoastal
environments, and poseiak to marine biota antb human public health. Hydphobic PAHs
from industrial effluents and runafi streams, lakes and oceans are readily taken up by
suspended particles in sediments which are coatadnatrix of organic mattéshiaris, 1989)
Sorption to organic matter results in PAHs becoming highly refraet@sisting biodegradation
and dissolutionn water(Chiouet al, 1998) As PAHs sorb to particulate matténey eventually
settle out of the water column onto bottom sezhis, resulting in elevatedncentrationsf
PAHSs including pyrene, chrysene and benzo(a)pyreti@®se sediments relative to those in the
water(Moore and Ramamoorthy, 1984AH accumulatiompotentialin sedimentgan be
predicted byfactors inclidingsediment aromaticitysedimenbrganic content anBAH octanol
watercoefficiens (Kow) (Arzayuset al, 2001) In addition to deposition and sedimentation,
other mportant fates of PAHs in aquatic emnments includeycling through osuspension
within the water columrbioaccumulation in marine orgams and biotransformatid@rzayus
et al, 2001)

PAH deposition to the water column can occur throgas flux or dry particle deposition
from the atmospher@rzayuset al,, 2001) PAHSs that are introduced to water by gas exchange
can become bound to organic matter such as pla@kidbe cycled through a process involving
ingestion by marine biota and deposites fecal pellets PAHs that are associated with aerosols

are in contrast, slower to sink in water and are more resistant to the recycling process. Although
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the flux of particles to the seabed is an importamtributor to the presence of PAHs in aguat
environments, the recycling rate of organic matter througlmenarganisms also plays an
important role irthe accumulation of PAHs in sedime(#gzayuset al, 2001)

Biotransformation of PAHs is the primary mechanism of PAH degradation in sediments
(Shiaris, 1989) Certain environmental factohgveimportant roles in the rate of biodegradation
and fate of PAHs in coastah@ronments. Irsediments rich imrganicmatter these factors
include the limited rate of Qdiffusion, temperature and PAH structure. In oxidized surficial
sediments, salinity, season, nutrients, and carbon source availatglitpportant variables

affecting the rate of PAH transformati¢®hiaris, 1989)

1.2.4.5. Bioaccumulation

The kinetic approach for modellingoaccumulation of PAHSs in organismsdsscribed
asthe net effect of the rate processagptake and eliminatigrwhereas thequilibrium
partitioning EqP) approach assumes near equilibrium between organisms and the aquatic
environmen{Douben 2003) Codficients such ashe bioconcentration factor (B¢&nd
bioaccumulation factor (BF) are useful indicators of expected PAH tissue residues based on
environmental PAH concentration¥he octanalwaterpartition coefficient (K,,) can be used to
predict PAHpartitioning, behaviour and bioavailability in the environm@uuben 2003)

The partitioning behaour of hydrophobic PAHSs in tissue, water and sediment is affected
by two important nonpolar phasesrganic content and lipid contefi@ouben 2003) Factors
including theo r g a nmetaboicscapacity to process PAHs, environmental PAH
concentrations and time of exposure can aftee level of accumulation itissues.Additionally,
sediment surfacarea,PAH source and desorption rate are all important environmental variables

in determining the proportion of PAHs available for uptdReuben 2003)
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Organisms having little ability to metabolize PAHs (such as molluscs) are more likely to
accumulate high levels of PAHs versus those organisms (such as fish) having the ability to
metabolize theecompoundsIPCS, 1998) Although fish can metabolize PAHs, and accumulate
little to no PAHSs, this activity maysalt in the production afactive intermediates causing
harm to the organisifschuleret al, 2004) Biomagnification of PAHs through trophic transfer
i's dependent wupon the organi snfofelteta,2e0b)i | i t vy
Organisms that are present in lowmphic levels generally accumulate higher levels of PAHs in
their tissue®ver those organisms in highteophic levels due to consumption of PAH
contaminated sedimentiakataet al, 2003) The poor aqueous solubility and low reactivity of
HMW PAHSs also convey a greater potential for biomagnification afetlt®empounds in the

environmen{Kanaly and Harayama, 2000)

1.2.4.6. Biotransformation

PAH biotransformation occurs due to the activityro€roorganisms, particularly by
bacteria and fungiAtlas and Bartha, 1987)In the environment, PAldegrading
microorganisms can be found in areas such as soils and sediments which have been previously
contaminated by PAH containing waste sustoé spills. In noncontaminated soils,
microorganisms which are capable of PAH degradation can dh&iequired carbon and
energy from the degradation of organic compoundisiding PAHs(Atlas and Bartha, 1987)
These micromganisms are capable of degrading both natural and xenobiotic compounds,
however if thecompound$ave never been encountered by the organisnmavel structural
features differing from those of natural compounds, biodegradation is typically not observed.

Section 3 will provide an in depth review of the mechasishPAH degradation by basta.
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1.3.LANDFARMING

1.3.1. History and Operation by Petroleum Refineries

Landfarming hadveen utilized by petroleum regries since the 1950s ahdsbecomea
commonly used practice duritige pastwo decadeg¢Concord Scientific Corporaticand Beak
Consultants, 1992)Oily waste sludges fror@anadiarpetroleum refinig operationgan vary in
hydrocarbon composition depending upon source, treatment and stGagerally refinery
sludges contain 585% water, 0% solids and 230% hydocarbon conterfWardet al,
2003) The various types dfil refinery sludgegenerated at Canadian facilitiae listed in
Table 1.6

Table 1.6: Categories of Canadian oil refinery sludges [from Petroleum Association for
Conservation of the Canadian Environment, 1980]

Desaltingsludge

American Petroleum Institute (APsludge
Floatation froth

Biosludge

Basin settlings

Storm silt

Filter backwash

Slop emulsions

Cooling water tower sludge

Unleaded tank bottom sludge

= =2 =4 _-8_49_9_95_°5_4°_-2

Landfarming is a process that is used by the petrobnapetrochemical industrigsr
remediation of PAH containingjly wastes through the stimulation of natuP&H-degrading
microbial communitiesn the soil (Straubeet al,, 2003) Physical mixing through tillage helps to
increase aeration and distribute PAH contaminants over a wider surface area of soil lgartic

enabling increased contact with microorganiswisile aiming to minimize the release of harmful
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runoff, leachate and vapouiStraubeet al, 2003) The degree and efficiency of bioremediation
through landfarming is limited by both the physithemical properties of the saiicluding
adherence of PAHs turfaces and nonaqueous phase liquids (NA&L yyell as the
microbiological conditiongPrichardet al., 2006) Limiting factors include the type and
concentration of contaminantstrogen availability to sustain carbon mineralizatiavailability

of nutrients and electron acceptors, the indigenous midnotpalation, pH, temperature,
moisture content of the soil and substrate bioavailal§fitichardet al., 2006; Yerushalmeét al.,
2003)

Rates of refinery sludge application vagpendingipon soil characteristicslimate and
other site conditions, and reapplication typically occurs when the oil content in the soil has
decreased to below 486 the original volume applie@Concord Scientific Corporation and Beak
Consultants, 1992)Although landfarming has traditionally been used for the biedkation of
oily waste sludges, the process has been banned in the United States and is being phased out in
manyotherareas due to environmental concg®dsmgh and Ward, 2004b)

Although landfarming has a number of advantages including minimal operation costs and
maintenanceequirementandthe ability to be used tiveat large quantities of contaminated
sludge, there are also a number of drawbacks and limitations associated with the process
(Prichardet al,, 2006) In general, ie deliberate contamination of large tracts of land with oily
sludges containing recalcitrant compourgisot environmentally acceptablén adlition, once
newer treatment technologies are adopted, landfarming sites are likely to be decommissioned,
and the land may not be suitable for other usesa@residual contaminatiowith recalcitrant
PAHs(Van Hammeet al, 2003) As a result, contaminated soil may need to be disposed of as
hazardous wastar betreated using other methods such as chemical oxidatiopsarrfactant

addition to promote increased PAH degradafrchardet al., 2006) Other dawbacksof
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landfarminginclude poor contact of PAHs with microorganisms, poor aeration and insufficient
nitrogen for cellular activities which can leadimocomplete PAH degradatiqRrichardet al.,
2006) Often a lack of control over factors related to microbial activity during the landfarming
process leasito prolonged treatment time@ghich can be undesirab{§an Hammeet al., 2003)
Methods of overcoming these limitatioas part o modified landfarmingprocess
include nutrient amendments (fertilizerylking agents, bioagmentation, irrigation and tilling
(Prichardet al.,, 2006) Biostimulation and bioagmentation of hydrocarbon contaminated soil
using the surfactant producing baatemiPseudomonas aeruginostrain 64, bulking agents and
fertilizer werefound to successfully promotke degradation of HMW A&Hs in soils when
compared to traditional landfarmimpgacticeqPrichardet al, 2006) Pilot scale studies utilizing
troughs were conducted to study the effects of biostimulation and bioaugmentatigiband
HMW PAH degradation.The major PAHs present in the soil included phenanthrene, anthracene
and fluaanthene with initial concentrations of 2200 mg/kg, 1000 mg/kg and 1300 mg/kg
respectively.Following 16 months of treatment, supplementation with a bulking agent and slow
release nutrients resulted in a PAH removal rate of 86% while supplementatiomedmwith
bioaugmentation utilizinghe surfactant producé. aeruginosatrain 64 resulted in an 87%
PAH removal ratevhencompared to the control trough whichlpshowed a 12% decrease in
PAH levels(Prichardet al, 2006)
Although landfarming has been successfully utilized for decagegr and more
environmentally acceptable methods of treating PAH containing oily wastes such as slurry
bioreactors are being increasingly explored and utilized by petroleum and petrochemical

companies. The advantages of slurry bioreactor technology are describetian £éd.
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1.3.2. Ontario Ministry of the Environment Regulation 461/05

In 2005, the Ontario Government introduced Ontario Regulation 461/05, a land disposal
restriction requiring sites operating landfarms for the treatment of hydrocarbon waste to meet
legidated criteria by 31 December 20(@ntario Ministry of the Environment 20Q5T his
legislation tagets companies operagipetroleum refinerieand sets new limits for individual
PAH concentrations in sludge prior to disposal on lahable 1.7outlines theM.O.E. criteriafor
hazardous compounds (including IR#) in petroleum wast® be met prior tdand disposal.

In order for petroleum refineries to comply with the regulation, they must seek waste pre
treatment options to effectively lower waste PAH concentrations to acceptable levels prior to
landfarm disposal. Numerous wasteatment options exist, but can be capgiténsive such as
the physicechemical methods of incineration, thermal desorption, refinery coker use, burning in
cement kilns and solvent extractipVardet al, 2003) These methods also require constant
monitoring and control for optial performance, and may not udsin the complete destruction
of contaminantgYerushami et al, 2003) In contrast, biological based gireatment methods
are of interest to refineries due to their cost effectivempesseption of beingnvironmentally
sound and ease of implementation within a refinery. Bioredetsed approachesrfsludge
treatment are considered an attractive option to petroleum refineries as a way to meet Ministry
criteria. Application of a bioreactor allows for containment of PAH containing waste, and
successful sludge bioremediation through an optimized poatdle providing the operator

with control and discretion over degradation paramg¢iéaa Hammeet al, 2003)
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Table 1.7: Pre-treatment concentrations for hazardous compounds potentially treated in soil outlined in Ontario Reg. 461/05
by the Ontario Ministry of the Environment [from Ontario Ministry of the Environment, 2000]

Hazardous Industrial Waste from Non-Specific Sources

Hazardous Industrial Waste

Regulated Constituents

(and Treatment Subcategories)

Land Disposal Treatment Requirements

Aqueous Waste

Non-aqueous Waste

Column 1 | Column 2 Column 3 Column 4 Column 5 Column 6
Haz. Waste Generic Name or other | CAS Number| Treatment Code ol Treatment Code or
Waste description Concentration Concentration
Number (mg/L) (mg/kg, unless
otherwise indicated)

FO37 P.T;troihe/milggiefinery F’tfimaflyd__ a Acenagthene 83-32-9 0.059 N/A

oil/water/solids separation sludgeiny

sludge generated from the gravitationa Anthracene 120127 0.059 3.4

separation of oil/water/solids during thg Benzene 71-43-2 0.14 10

jvtg;‘:‘gv‘ia‘i;:;e:;rg%rl‘&o;o%ﬁ’:gess Benz(a)anthracene 56-55-3 0.059 3.4

wastewaters from petroleum refineries] BENZO(a)pyrene 50-32-8 0.061 3.4

Such sludges friude, but are not limited| Bis(2- 117-81-7 0.28 28

to, those generated in: oil/water/solids

separators; tanks and impoundments; Ethylhexyl)phthalate

ditches and other conveyances; sumpg Chrysene 218019 0.059 3.4

and itorr;lwwategluréits receiving gr_y Di-n-butyl phthalate 84-74-2 0.057 28

weather flow. Sludge generated in

stormwater units that do not receive dr) Ethylbenzene 10041-4 0.057 10

weaher flow, sludge generated from | Fluorene 86-73-7 0.059 N/A

non-contact oncehrough cooling waters Naphthalene 91-20-3 0.059 5.6

segregated for treatment from other . .

process or oily cooling waters, sludges, Phenanthrene 85-01-8 0.059 5.6

generated in aggressive biological Phenol 108-95-2 0.039 6.2

treatment units as defined in s.

261.31(b)(2) (including sludges Pyrene 129000 0.067 8.2

generatd in one or more additional unif Toluene 108-88-3 0.08 10

after wastewaters have been treated i Xylenesi mixed isomers | 133020-7 0.32 30

aggressive biological treatment units)

and K051 wastes are not included in th (Sum of-, m-, and [3

listing. This listing does include xylene concentrations

:zzi;clljiils gﬁggﬁfﬁg ;rgg&(;cessing ol Chromium (Total) 744047-3 2.77 0.60 mg/L

secondary materials excluded under s| Cyanides (Total) 57-12-5 1.2 590

261.4(a)(12)(i), if those residuals are td Lead 743992-1 0.69 N/A

be disposed of. Nickel 744002-0 | N/A 11 mg/L
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1.4.MICROBIAL DEGRADATION OF POLYCYCLIC AROMATIC HYDROCARBONS

1.4.1. Introduction

Microorganisms includingpecief bacteria, fungi and algaeth the @pability of
degrading PAHSs afip to 5 aromatic ringsave been isolatefdom varioussoil and marine
environments around the world. While there is a diverse group of microorganisms with the
capability of degradingMW PAHssuch as phenanthrene and anthracene, diryitad
number have been identified as able to degkd®V/ PAHs such as benzo(a)pyredehasz and
Naidu, 2000) In soils, PAH degrading microorganisms are common members of the indigenous
microbial population.

Bacteria and fungare thepredominanmicroorganisms able twegrade PAHs through
one of two mechanismslhe first is wha a PAH contaminant is used as a source of carbon and
energy, and the second is bymetabolism.Co-metabolism is an important process for the
degradation oHMW PAHSs, as well as fosomePAH mixtures(Chauharet al, 2008; Habe and
Omori, 2003) Microbial PAH degradation pathways can be aerobic or anaerobitheind
enzymegan have broad substrate specifi¢tiabe and Omori, 2003)

This thesis will focus on thieacterialdegradation of fivéargetPAHs1T phenanthrene,
anthracene, pyrene, chrysene and ba)pgfene. These PAHs were chosen because they are
present within refinery effluent waste from NOVA Chemicals and they represent a range of
PAHSs with varyingMW, solubility, andbioavailability. A general discussion of the mechanisms
of PAH biodegradatiomwill be followed by a more detailed description of the degradation of the

individual PAHSs.

1.4.2. Bacterial PAH Degradation

Numerous genera of Grapositive and G&mnegative bacteria have been isolated and
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characterized for their ability to degrade and wilZAHs. A list of bacterial species capable of
PAH degadation is presented ifiable 1.8 Bacterial PAH degradation occurs predominantly
through aerobic oxygenase mediated catabdlisamaly and Harayama, 2000y he metabolic
pathways, enzymes and genes involved during aerobic PAH metabolieieem well studie
and documentedit has also been reported thathe absence of molecular oxygertrate

ferrous and sulphatens carbe used aalternative electron accepsdo oxygen during some
PAH degradation pathwaySuthersan 1999)

Three functions can be served by the microbial degradation of PAHs. The first is
biodegradation of the PAH resulting iarbon and energy for the microorganism. The second is
co-metaolism where two (or more) PAHs are degraded, but only one contributes towards the
carbon and energy requirements of the cell. The third function is an intracellular process to
make PAHs more ater soluble, as a detoxification method necessary for cell exc(dtibnsen
et al, 2005)

The process of PAH biodegradation involves four steps including a) PAH solubilization,
b) PAH transport into the cell, c) the expression of PAH degradative genes and d) the enzymatic
breakdown of the PAH& hauharet al, 2008) A failure in any one of thesgepscouldresult
in limited success of PA bioremediationalthough the process is not fully underst¢Gtdauhan

et al, 2008)
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Table 1.8: PAHs oxidized by different species/strains of bacteria [adapted from Juhasz and Naidu, 2000 with information from

UMBBD 2010]

Bacterial strains

Reference

Naphthalene

Acinetobacter calcoaceticus, Alcaligenes denitrifcans, Mycobactesfum
Pseudomonasp, P. putida, P. fuorescens, Sp. paucimobilis,
Brevundimonas vesicularis, Burkholderia cepacia, Comamonas testoster
Rhodococcusp., Corynebacterium renale, Moraxekp, Streptomycesp., B.
cereus, P. marginalis, P. stutzeri, P. saccharophila, Neptunomonas
naphthovorans, Cycloclasticsg.,, Bacllus thermoleovorans

(Ryuetal., (1989); Weissenfelst al, (1990, 1991); Kellet al,
(1991); Dunn and Gunsalus, (1973); Davies and Evans, (19¢
Foght and Westlake, (1996); Jeffretyal., (1975); Muellert al,
(1990a); Kuhret al,, (1991); Walteet al, (1991); Dua and
Meenm, (1981); Taggeet al, (1990); Garcia/aldeset al,
(1988); Trowert al, (1988); Grunckt al,, (1992); Bamsley,
(1983a); Burd and Ward, (1996); Allehal, (1997);
Stringfellow and Aitken, (1995); Filonoat al, (1999); Hedlund
et al, (1999); Geselbrechet al, (1998); Foght and Westlake,
(1988); Goyal and Zylstra, (199¥anget al, 1994; Barnsley,
(1975a) Annweileret al, (2000)

Phenanthrene

Aeromonasp,, A. faecalis, A. denitrificans, Arthrobacter
polychromogenes,Beijernicksp., Micrococcussp., Mycobacteriunsp., P.
putida, Sppaucimobilis, Rhodococcep, Vibrio sp, Nocardiasp.,
Flavobacteriumsp,, Streptomycesp,, S. griseus, Acinetobactsp., P.
aeruginosa, P. stutzeri, P.saccharophila, Stenotrophomonas maltophilia,
Cycloclasticussp, P.fluorescens, Acinetobacter calcoaceticus, Acidovorax
delafieldii, Gordonasp., Sphingomonasp., Comamonas testosteroni,
Cycloclasticus pugetii,Spyanoikuyae, Agrobacteriusp., Bacillussp,
Burkholderiasp,Sphingomonasp., Pseudomonasp., Rhodaobrula glutinis,
Nocardioidessp., Flavobacterium gondwanense, Halomonas meridiana,
Burkholderiasp., Mycobacterium sgtrainPYR1, Janibactersp
Mycobacteriunsp. strain RJGIF135, Sphingomonasp. strain ZL5,
Microbacteriumsp. Paracoccus sp,

Kiyoharaet d., (1976); Kiyoharaet al., (1982); Kiyoharaet al,
(1990); Weissenfelst al, (1990); Weissenfelst al., (1991);
Keuth and Rehm, (1991); Jeriatal, (1976); Colleet al,
(1959); Westkt al, (1984); Kiyohara and Nagao, (1977);
Heitkamp and Cerniglia, (1988); Guerin and Jones, (1989);
Guerin and Jones, (1988); Treccanhal, (1954); Evanst al,
(1965); Foght and Westlake, (1988); Muek¢ml., (1990);
Sutherlancet al,, (1990); Ghoshrad Mishra, (1983); Savino an
Lollini, (1977); Troweret al, (1988); Bamsley, (1983b); Yang
et al, (1994); Kohlert al, (1988); Stringfellow and Aitken,
(1995); Boonchan, (1998); Foght and Westlake, (1996); Kas
et al, (1998); Lal and Khanna, (199&huttleworth and
Cerniglia, (1996); Mahret al, (1995); Goyal and Zylstra,
(1997); Dyksterhouset al, (1995); Allenet al,, (1997); Aitken
et al, (1998); Romeret al, (1998); Iwabuchét al.,, (1998);
Churchillet al, (1999); Juhasz, (1991); Laaitand LloydJones,
(1999); Moodyet al, (2001); Yamazoet al, (2004); Miyateet
al., (2004); Liuet al, 2004; H. Zhang, Kallimanis, Annal.
Koukkou, & Drainas, 2004)
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Table 1.8 (cont.): Polycyclic aromatic hydrocarbons oxidized by different speciestrains of bacteria [Adapted from Juhasz

and Naidu, 2000with information from UMBBD 2010]

Anthracene

Beijernickiasp., Mycobacteriunsp,, P. putida, Sp. paucimobilis, Bu .cepacii
Rhodococcusp, Flavobacteriunsp., Arthrobactersp, P. marginalis,
Cycloclasticussp, P. fuorescens, Sp. yanoikuyae, Acinetobacter calcoace
Gordonasp, Sphingomonasp., Comamonasestosteroni, Cycloclasticus
pugetii

Collaet al, (1959); Akhtaret al., (1975); Jerinat al, (1976);
Evanset al, (1965); Elliset al, (1991); Weissenfelkst al,
(1991); Foght and Westlake, (1988); Wakeal., (1991);
Muelleret al,, (1990); Savino and Lollini, (1977); Tongpim an
Pickard, (1996); Burd and Ward, (1996); Geiselbret!atl.,
(1998); Foght and Westlake, (1996); Kahal, (2002); Lal and
Khanrge, (1996); Mahreet al,, (1995); Goyal and Zylstra, (1996
Dyksterhouset al, (1995); Allenet al., (1999)

Pyrene

A. denitrificans, Mycobacteriusp., Rhodococcusp. , Sp. paucimobilis,
Stenotrophomonas maltophilia, Acinetobacter calcoaceticus, Gorglmna
Sphingomonasp., P. putida, Bu. cepacia, P. saccharophilia, Mycobacteriu
gilvum, Leclercia adecarboxylata, Mycobacterium pyrenivorans
Achromobacter xylooxidans

Heitkampet al,, (1988); Walteetal., (1991); Weissenfelst al.,
(1991); Grosseet al, (1991); Schneidest al, (1996); Yeet al,
(1996); Boonchan, (1998); Juhasz, (1998); Kasthet., (1998);
Lal and Khanna, (1996); Mahsgi al., (1995); McNallyet al,
(1999); Jimenez and Baeh(1996); Churchilet al., (1999);
Juhas=zt al, (1997); Chen and Aitken, (1999); Boldenal,
(1993); Sarmat al., (2004); Derzt al,, (2004) Tiwari et al,
(2010)

Chrysene

Rhodococcusp, P. marginalis, Spgpaucimobilis, Stenotrophomonas
maltophilia, Acinetobacter calcoaceticus, Agrobactergpn Bacillussp,,
Burkholderiasp.,, Sphingomonasp.,, Pseudomonasp., P. saccharophilia
Sphingomonasp.

Walteret al,, (1991); Burd and Ward, (1996); ¥eal.,, (1996);
Boonchan, (1998); Lal and Khanna, (1996); Aitletral,,
(1998); Chen and Aitken, (1999Willison 2004)

Benzo(a)pyrene

Sp. paucimobilis, Beijerinckisp., Mycobacteriunsp,Rhodococcusp. UW1,
Pseudomonasp, Agrobacteriunsp., Bacillussp., Burkholderiacepacia,
Stenotrophomonas maltophilia

Yeet al, (1996);Gibsonet al, (1975); Schneidest al, (1996);
Walteret al,, (1991); Aitkeret al, (1998); Juhaset al, (1997);
Booncharet al., (2000¥

*= Recorded as a substrate in the University of Minnes@mmcatalysis/BiodegradatioDatabase (http://umbbd.ahc.umn.edu/index.html)
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During PAH catabolism by bacteria, theitial oxidation is aromatic ring hydroxylation
to yield a dihydrediol ring structurgCerniglia, 1992) Ring cleaving dioxygenase enzymes
oxidize catechols via thmetaor theortho pathway. Metacleavage involves attack of the
catechbat the bond position between a carbon with a hydroxyl group, and an adjacent carbon
without a hydroxyl group to form-Bydroxymuconic semialdehyde, while tbeho pathway
involves cleavage of the bond between two carbon atoms, each with a hydroxyatjachpd to
producecis,cismuconic acidCerniglia, 1992) The endesultof ring cleavage is the production
of compounds such as acetic acid, acetaldehyde, succinic and @eigddavhich can be utilized
by themicroorganism for energy and the production of cellmdacromoleculeéWilson and
Jones, 1993)Figure 1.4illustrates how the aromatic ring can be cleaveckittzermetaor ortho
cleavage.

PAH transport into the cell generally occurs by passive diffusion along a concentration
gradient from the surrounding environméimhnseret al, 2005) This process is dependent
upon both PAH bioavailability and concentration. At low concentrations, passive diffusion of
PAHSs into bacteriacells may not occur, limiting the success of microbial PAH degradation
(Johnseret al, 2005) To overcome this limitation, some bacteria havelveda) biosurfactant
excretion, b) direct contact with solidgdge PAHs and c) a high affinity PAkptake systerm
the absence of biosurfactaais observed in de of Mycobacteriunsp. strairL.B501T (Wick et
al., 2002; Chauhaet al, 2008) At high PAH concentrations, bacteria can rapidly bickakn
toxic PAHSs, although this can result in accumulation of PAHs in the cell wall and distupt

membrae and protein functionSikkemaet al, 1995)
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1.4.2.1. Bacterial Degradation of Ndgghalene

Degradatiorof naphthalene, the least complex PAH, has been studied extensively since
1943 when salicylic acid was isolated from culture filtrateBsgudomonas aeruginogeown
on naphthalene by Strawinski and St¢babanaet al, 2007) The naphthalene degradation
pathway has beetomprehensivelgtudied and naphthaledegradiig microorganisms,
particularly Gam-negative bacteria, have freaquly been isolateétom soil (Mrozik et al,

2003) Many naphthalene degrading bacteria belong t&$seedomonagenus, however

species oMycobacteriumBacillus RhodococcusCorynebacteriumMoraxella Alcaligenes
andAeromonagapable of degrading naphthalene have also been is¢(eengia, 1984;

Gibson and Subramanian, 1984; Labanal., 2007; Mroziket al, 2003) The first data

describing the enzymatic reactions and biochemical pathway involved during the degradation of
naphthalene was presented by Davies and Evans in(D@&ikes and Evans, 1964)

The upper catabolic pathway for naphthaldagradation begins withaphthalene
dioxygenase (NDO) introducirmgolecular oxygen to thieenzene ringt the 1,2 positiors to
producecis-naghthalene dihydrodio{Cerniglia, 1984; Habe and Omori, 2003; Mroegtkal.,

2003) In Pseudomonasp, the addition of a molecule of oxygen to naphthalene is facilitated by
a dioxygenase system consisting of 3 comporieatterredoxirreductase, a ferredoxin and a
terminal oxygenas@on sulphur protein (ISP158 kDgandc onsi sting of an U
weighing 55 and 20 kDaespectivelyCerniglia, 1984; Habe and Omori, 2003 a ferredoxin
reductase, two electrons are transferred from NAD(P)H to FAD in a single tram$iereduced
FADH donates one electron each to the 252 cluster of a ferredoxin. The electrons are
subsequently transferred to the ISP for use in the active site for incorporabothaitoms of

the oxygen molecule to form emaphthalenelihydrodiol (Habe and Omori, 2003)

The next step in naphthalene degradation is dehydrogenation to 1,2
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dihydroxynaphthalene by ersaphthalene dihydrodiol dehydrogenaSey@re 1.5. The product
is thenmetacleaved by 1,2lihydroxynaphthalene dioxygenase and recyclizes to ferm 2
hydroxy-2H-chromene2-carboxylic acid. The actions oft®droxy-2H-chromene2-
carboxylate isomerase atrdns-o-benzlidenepyruvate hydratase aldolasesud in the
formation of salicylaldehyde, which is dehydrogenated by salicylaldeyde dehydrogenase to
salicylate Figure 1.5 (Mrozik et al, 2003)

Salicylate can be metabolized via one of the two lower pathways of naphthalene
degradation catechol or gentisate to tricarboxylic acid (TCA) cycle intermedidtethe
catechol pathway, salicylate is oxidized by salicylate hydroxylase to form catechol which is then
cleaved via either thertho- or themeta pathway(Dagley and Gibson, 1965; Dagley, 1971n
theortho- pathway, catechol is converted techol 1, Zdioxygenase tais, cissmuconate
which is transformed by a-kepadipatee thmdta enzymat i c
pathway, catechol is converted to acetaldehyde and pyruvate via a series of steps initiated by the
action of catechol 3;dioxygenas€¢Gibson and Subramanian, 1984h additionto bacteria
from thePseudomonagenus Aeromonasp. has also been reported to follow the same pathway
for naphthalene metabolis(liyohara and Nagao, 197.8)he second pathway for the oxidation
of salicylate, which is used by bacteria includPgpudomonas testosteromyolves oxidation
through gentisic acid bgalicylate 5hydroxylase resulting in the formation of pyruvic and
fumaric acidgYen and Serdar, 1988)

Other bacteria have demonstrated different pathways of salicylate metabolism. These
include a strain oMycobacteriunsp., which forms bothis- andtrans-1,2-dihydrodiols in a
reaction by cytochrome-50 monooxygenase to form naphthaleneaki@le. This product is

converted by an epoxide hydrolase toeans-dihydrodiol (Mrozik et al, 2003)
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Thethermophilic bacteriunBacillus thermoleovorangtilizes a naphthalene degradation
pathway(Figure 1.6 which produesadditional intermediatascluding 2,3
dihydroxynaphthaleng2-carboxycinnamic acid, phthalic acid and benzoic githweileret al.,

2000)
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OH ¢ II II OH
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Extradiol L Extradiol
cleavage Intradiol cleavage
cleavage?
OH COOH
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7 Z "~ COOH ©i

COOH
Coumarin 2-hydroxycinnamic acid Phthalic acid

@COOH COOH
OH ©/
Salicylic acid Benzoic acid

Figure 1.6: Metabolites of naphthalene formed by mesophilic and thermophilic
microorganisms (hypothetcal scheme of precursor product relationship) [fromAnnweiler
et al., 2000]
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1.4.2.2. BacterialDegradation of Phenanthrene

Phenanthrene has often been used as a model for studying PAH biodegradation, as

numerous bacterigeeTable 1.8 have been reportad have lhe capability for using ithrough
co-metabolism oas a sole carbon and enespurce(Tongpim and Pickard, 1999)n addition,
it is a useful corpound for studying the metabolism of carcinogenic PAHs dits kow MW,
number of rings and (UWBBD2M0re of a fibayo
Generally, the upper route of phenanthrene degradutimitiated bya dioxygenase
enzyme, followed by oxidation to form 3gdhydroxyphenanthrene. This product then
undergoesnetacleavageand is converted tb-hydroxy-2-napthoic acid.From this point, 1
hydroxy-2-napthoic acid can be degraded following one of two potential routessalicylate
pathway or the protocatechuate path\ldgibe and Omori, 2003)igure 1.7llustrates the
possible routes of bacterial phenanthrene degradafibe firstpat involves oxidative
decarboxylation forming 1;8ihydroxynaphthalengvhich thenfollows the naphthalene

degradation pathwaunderging metacleavage to form salicylic acid. Further degradation

leads to the production of gentisic acid or catechol whachundergo ring fission leading to the

formation of TCA cycle intermediatégvanset al, 1965; Gibson and Subramanian, 1984)
Since this pathway is similar to the naphthalelegradation pathway, it could indicate that
bacteria with the capdity of degrading phenanthremshould also have the capability of
degrading naphthaleneowever this is not always true as seen in the caSptuhgomonasp.
Strain ZL5which degrades phenanthrene but not naphthdlenest al, 2004)

The second potential roytehich is often used by beeria capable of phenanthrene
degradation but not naphthaletegradationinvolvesdegradation via a protocatechuéBhosh
and Mishra, 1983)Phenanthrene is degraded s&ramaticring cleavage of -hydroxy-2-

napthoic acidby a dioxygenastrming o-phthalic acidand subsequentlyrotocatechuic acid
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which then undrgoes cleavage forming pyruvic acid, eventually entering the TCA cycle
(Houghton and Shanley, 1994; Kiyoha&tzal.,, 1976)

Dependingupan the bacteal speciesthe site of enzymatic attack upon the phenanthrene
moleculeandthe pathway through which degradation ocaans vary. For example,
Mycobacteriunspecies PYRL has been shown to metabolize phenanthogragtackng the G3
and G4 positions as well as through an alternative pathwagnbyitial attackat the G9 and C
10 positions formingis andtrans-9,10 dihydrodiolgFigure 1.5. This alternate routeaybe
due to either a relaxed specificity of the same dioxygenase responsible for initial attack or due to
entirely different dioxygenasébloodyet al., 2001)

Pinyakonget al. (2000)have suggested th&hingomonasp. strain P2an degrade
phenanthrene by dioxygenation at both thei 1aAd 3,4 positionsfollowed bymetacleavage.

The unstable ring cleavage products are then decarboxylated and oiriigekonget al,

2000) Strains of botPseudomonasp. andBeijerinckiasp. are also capable of imiting
oxidative attack at both the 1,@nd 3,4 positions of the phenanthrene molecule forming
phenanthrene ci$,2-dihydrodiol and phenanthrene -@s4-dihydrodiolrespectively(Tongpim

and Pickard, 1999)It has also been proposed that sMifbeio strainsand a strain oAeromonas
can convert phenanthrene tddroxy-2-naghthoic acid, but cannot decarboxylate this product
to 1,2dihydroxynaphthalengKiyohara and Nagao, 1977Rlternatively, Aeromonasises
intradiol cleavage to forra-phthalicacid, which is then hydroxylated and decarboxylated to
protocatechuate which ssibsequentlgleaved to form pyruvic acid, entering the TCA cycle
(Kiyohara and Nago, 1977)

Samantat al (1999)have also suggested that some bacteria suBheagacteriunsp.

HL4 andPseudomonasp. DLGP11 utilize transformation pathways resulting in the production

of a novel intermediate 1-napthol during utilization of phenanthrene. Another novel method of

37



phenanthrene degradation has been demonstraRsudomonasp. strain PP2. The
phenanthrenenolecule undergoes double hydroxylation to formd#ydroxyphenanthrene,
followed by several oxidation steps eventually resulting in the formation of 2

hydroxymuconicsemialdehyd@rabhu and Phale, 2003)
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1.4.2.3. Bacterial Degradation of Anthracene

Bacterial species includir@seudomonadNocardig Mycobacterium, Sphingomonas,
RhodococcuandBeijerinckiacan completely mineralize anthracene beginning with an initial
oxidationreactionat the 12- position forming cisl,2-dihydroxyanthracenfDean-Rosset al,
2001; Evanet al, 1965; Moodyet al, 2001; Mroziket al, 2003) In the next steghis product
is converted byan NAD+dependent dihydrodiol dehydrogenase to form 1,2
dihydroxyanthracenéMrozik et al, 2003) Oxidation andnetaring cleavage leatb the
formation of cis4-(2-hydroxynaptk3-yl)-oxobutenoic acid, which is converted teh®droxy-3-
napthoic acidHabe and Omori, 2003)The resulting product is subsequently\eanted to
catechol and salicylatga the production of 2;8ihydroxynaphthaleneavhichis metabolized in
a manner resembling the rdipalene degradation pathwéyerniglia, 1984)

In contrast, species from tihodococcugenus andMycobacteriunvanbaaleniiPYR-1
have exhibited the use of novel pathways for anthracenadkggn. These speciesanuse
orthoring cleavage of 1,alihydroxyanthracene resultimg the formation of3-(2-carboxyvinyl}
2-carboxylic acidDeanRosset al, 2001; Moodyet al, 2001) Alternatively, ring cleavagean
result in the formation of-fi3-hydroxy(2naphthyl)}2-oxobut3-enoic acidrom which
degradation can then procedd 2,3-dihydroxynaphthalene to phthalate the product may
spontaneously rearrange to form-6ghzocoumariiMoody et al, 2001)

The dehydrogenation of anthracene1,2-dihydrodiol to forml,2-dihydroxyanthracene
by Mycobacterium vanbaalentYR-1 alsoresults in the accumulation ofrhethoxy2-
hydroxyanthracenea unique metabolite the degradation of anthracefMoody et al., 2001)
This strainalso has the added cajidbp of initializing hydroxylation of anthracene at the 9;10
position to produce anthraceBgl0-dihydrodiol, which is dehydroxylated to form 9;10

dihydroxyanthracene that tkenspontaneously oxided to form9,10-anthroquinonéMoody et
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al., 2001) The pathways for anthracene degradatioMigobacterium vabaaleniiPYR-1 is

illustrated inFigure 1.8
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Figure 1.8: The proposed pathway for the degradation of anthracene bilycobacteriumsp.
strain PYR-1 [from Moody et al., 2001] The products in brackets were not isolated.
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1.4.2.4. Bacterial Degradation of Pyrene

Pyrene, a fouringed PAH is degraded by a limited number of bacterial species as a sole
carbon and energyarceor through cemetabolismnotably by members dflycokacteriumand
RhodococcugVila et al, 2001; Mroziket al, 2003) Table 1.8contains a list of bacterial
speces capable of degrading pyrene &gure 1.9llustrates the pyrene degradation pathway of
Mycobacteriunsp. AP1.

In thepredominantatabolic pathwaya diaxygenase will initiate attack at the 45
position to formcis-4,5-pyrene dihydrodiol. This product is theansformedy a dihydrodiol
dehydrogenase to produce 4ljBydroxy-pyrene. Intradiol cleavage leads to the formatibn
phenanthrend,5-dicarboxylic acid, from which a carboxy group can be remdyeal
decarboxylase to yidl4-phenanthroic aci@Kanaly and Harayama, 2000; Vi al, 2001) The
action of a ring hydroxylating dioxygenase on tmistaboliteresuts in theformationof 3,4
phenanthrene dihydrodidcarboxylicacidwhich canbefurther transforradto yield 3,4
dihydroxyptenanthrene and follothe phenanthrene degradation pathaabanaet al, 2007)
Bacteria which have been proposed to follow this pyrene degradation pathway include
Mycobacterium vankaenii PYR-1, Mycobacterium flavescenslycobacteriumspp. AP1, KR2
RJGIF135,Pseudomonas stutzestrainP16andBacillus cereustrainP21(DeartRoss and
Cerniglia, 1996; Rehmaret al,, 1998; Heitkamget al, 1988; Schneidest al, 1996; Vilaet al,
2001; Kazunga and Aitken, 2000)

Additional pathways for the degradation of pyrene have been proposed. One of these
wasfound inMycobacterium vanbaalenYR-1 cultures where pyrene hydroxylation occurs at
the G1,2 position to form the dead end produdtytiroxy-perinaphthenonéHeitkampet al,

1988) A second pathway used Mycobacteriunsp. ¢rain AP1 involves the accumulation of

6,6-dihydroxy-2,2-biphenytdicarboxylic acid whib is formed through cleavage of both central
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pyrene ringgVila et al, 2001) Some species of bacteria suctsphingomonaganoikuyae
strain R1 can also accumulate the pyrene metabolite pyr&mteone which results from the
autooxidation of 4,8lihydroxypyrengdKazunga and Aitken, 2000Mycobacteriunsp. AP1
andMycobacterium vanbaalen?YR-1 can also utilize a monoggenaseo attack the &4,5
position of pyrene to yield pyreag5-oxide. The action of pyrerg 5 epoxide hydrolase will

then result in the formation of trads5-dihydroxy-4,5-dihydropyrengVila et al, 2001)

H
Pyrene CH, OH
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4,5-dihydropyrene

HO OOH ‘O
0 ——0C

COOH

HOOC OH COOH

trans-4,5-dihydroxy- 6,6'-dihydroxy-2,2'-biphenyl Phenanthrene-
4,5-dihydropyrene dicarboxylic acid 4,5-dicarboxylic acid

COOH

COOH
COOH

Phthalic acid Phenanthrene-4-carboxylic acid

Figure 1.9: The proposed pathway for pyrene degradation byycobacteriumsp. AP1. The
product in brackets has not been isolated. Simple arrows indicate single reactions while
double arrows indicate multiple transformation steps [adapted from Vila et al., 2001]

43



1.4.2.5. Bacterial Degradation of Benzo(a)pyrene

To date, no bacteria capable of utilizing benzo(a)pyrene as a sole source of carbon and
energy hae bee isolated, and cmetabolisms an essential mechanism through which this
highly recalcitrant compound cée degraded Speciesvhich have been identified as havithg
ability to degrade benzo(a)pyrene (in the presence of other growth sulbsiicdtes LMW
PAHSs) includeMycobacteriunsp.(Moody et al, 2004) Beijerinckiasp.(Gibsonet al., 1975)
andStenotrophomonas maltophilfduhaszt al, 2000) A list of species is included ifiable
1.8

The degradation ofdmzo(a)pyrene bilycobacteriunsp. through dioxygenase can
follow one of two pathways. The compound is initially oxidized to form eitlset,5-BaP
dihydrodiol, cis-9,10-dihydrodiol orcis-7,8-dihydrodiol Subsequetyt, the dhydrodiols can
undergo eitheortho or metacleavage.Cis-4,5BaP-dihydrodiol can undergortho cleavage to
produce 4,5chrysenecarboxylic acid, as opposeddis-9,10-dihydrodiol andcis-7,8
dihydrodiol which undergmetacleavage to form cig-(8-hydroxypyren7-yl)-2-oxobut3-enoic
acid or cis4-(7-hydroxypyren8-yl)-2-oxobut3-enoic acid. Metacleavage will result in the
formation of 7,8dihydropyrener-carboxylic acid or 7 &lihydro-pyrene8-carboxylic acid
(Schneideet al, 1996) Theproposed pathwayer benzo(a)pyrendegradation by
Mycobacteriunmsp. RJGH135are illustrated irfFigure 1.10

Moody et al.(2004) found thaMycobacterium vanbaaleritYR-1 degrades
benzo(a)pyrene via monand dioxygenases at the4’s, G9,10 and €11,12 positions in the
presence of yesh extract, starch and peptaiMoodyet al, 2004) Monoaxygenation and
dioxygenation reactions play a role in the formatiogisfandtrans-dihydradiols during
enzymatic attack dhe G11 and G12 positions of benzo(a)pyrene By vanbaaleniPYR-1,

with the action of cytochrome P450 and epoxide hydrolaseglresponsible for the formation of
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benzo(a)pyrentans-11,12dihydrodiol. Another interesting characteristic leénzo(a)pyrene
degradatiorby M. vanbaaleniiPYR-1 is the activity of a constitutive catechOt
methyltransferashich is involved in the formation of hydroxymethoxy and dimethoxy
derivatives of benzo(a)pyreiigloody et al, 2004)

The formationof metabolites duringenzo(a)pyrendegradation magct as inhibitors of
further benzo(a)pyrengegradatior{fJuhaszt al.,2002) In a study conducted with a high cell
density inoculum oStenotrophomonas maltophilsrain VUN 10, 003degradatiorof 10-15
mg L™ benzo(a)pyrene was observed after 281ay lag period, with a decline in degradation
seen after 56 daysven in the presence of a viable bacterial cell popul&lioinaszt al, 2002)
Metabolite repression or inhibition of subsequent degradation steps due to the presence of a
breakdown productwas propsed as theatise of inhibitedenzo(a)pyrendegradation;
however the specific metabolites responsible have not been ide(lifieaszt al, 2002) The
pyrene metabolites ci4,5-dihydro-4,5-dihydroxypyrere and pyrend,5-dione werdound to
inhibit benzo(a)pyrene mineralization Bgeudomonas saccharophdaainP15 and
Sphingomonas yanoikuyatain R1(Kazunga and Aitken 2000)This wassuggested to occur
through either competitive inhibition of a dihydrodiol dehydrogenase or through the formation of
PYRQ, which may mediate futile redox reactions altering the balance of necessary redox

cofactorg Kazunga and Aitken 2000)
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Figure 1.10: Proposed metabolic pathways for benzo(a)pyrene degradation by
Mycobacteriumsp. RJGII-135. Simple arrows indicate single reactions while double
arrows indicate multiple transformation steps [adapted from Schneider et al., 1996]



1.4.3. PAH Degradation byrthrobactersp.

Arthrobactersp. are among the most prevalent bacteria isolated from soils, and exhibit a
wide range of nutritional diversity in their utilization of both carbon and nitrogen sources. In
addition to aromatic compounds, polychlorinated bipfis (PCBSs), pesticides and phenols have
also been degraded by memberédhrobacter(Daaneet al, 2001; Furukawa and Chakrabarty,
1982; Kohleret al, 1988; Negret&kaymondet al, 2003) Arthrobactersp. are aerobic Gram
positive bacteria with a rod tmccus lifecycle. Thegreubiquitous in soil, sediment and water
and are also frequently isolated from hydrocarbon contaminated enviror(®amantaet al.,

1999; Seo et gl2006) Currently, there is limited data about the mechanism of PAH
degradatia by Arthrobactersp., however some of the proposed pathways will be discussed here.

A number of studies haveportedthe ability of Arthrobactersp. to degrade
phenanthrenéGrifoll et al, 1992; Casellast al, 1997; Samantetal., 1999; Seet al., 2006;
Kallimaniset al, 2007) Samantat al.(1999) reported the ability &rthrobacter sulphurous
RKJ4, isolated from an Indian oil field soil sample to grow on phenanthrene, anthracene,
fluorene, fluoranthene and pyre(@amantat al, 1999) GGMS analysis of metabolites
prodwced during phenanthrene degradation by Réulfgestedhat degradation occurs via the
production of the conventional lower pathway intermediatpbthalic acid and protocatechuic
acid. They were unable to identify upper pathway intermediates for tis. stt was also
observed that RKJ4 degrades phenanthrene more efficiently when other PAHs were present in
the medium. RKJ4 contains a mega plasmidg8&b), however the role this plasmid in
phenanthrene degradation has not yet been deterifBaetantaet al, 1999)

Grifoll et al (1992) and Casellast al (1997) have reported the ability Afthrobacter
sp.F101, isolated from sludge an oil refinery wastewater treatment plant to utilize fluorene as

a sole source of carbon and enef@yifoll et al, 1992; Casellast al, 1997) Initial oxidation
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occurs at either @, G2, or at positions €, G4 to yieldcis-dihydrodiols which undergmeta
cleavage and a biological Baey€éitliger reaction leading to the formatiori 8,4-
dihydroxycoumarir(Grifoll et al, 1992; Casellast al, 1997) This product undergoes

enzymatic hydrolysis to yield-@-hydroxyphenyl) propionic acid, which is degraded via
catecholCasellaset al, 1997) Alternatively, monooxygenation may occur at positie ©

produce Yluorend which is subsequently dehydrogenated to forffurenone(Grifoll et al,

1992; Casellast al, 1997) Dioxygenase attack at the carbonyl group and subsequent cleavage
produces a substituted byl which is cataboliset form phthahte ands eventually
metabolizedsia protocatechuat@gCasdlas et al, 1997)

Kallimaniset al (2007) reported on the ability 8fthrobactersp. grain Sphe3, isolated
from creosotecontaminated Greek soil to utilize phenanthrene and anthrawdiviglually as
sole carbon and energy sows¢Kallimaniset al, 2007) They also studied the ability of Sphe3
to internalize phenanthrene by either passive diffusion when cells are grown on ghncdge
an inducible active transport system when grown on phenanthrengldidimaniset al.,

2007) The PAH transport system was able to recognize other PAHSs including anthracene,
fluoranthene and pyrene with less effiety than phenanthrene, similar to the phenanthrene
uptake system d¥lycobacteriunsp. strain RJIGHL35 (Miyataet al, 2004)

Seoet al.(2006) studied the metabolism of phenanthrenAntiyrobactersp. P11,
isolated from a PAFtontaminated site in Hilo HI, USA. Pllwas able to degrade 40 mg/L of
phenanthrene after 7 days. Initial phenanthrene diooxygeraattoms predominantly at the 3,4
C position. It can alsoccur at the 1,2r 9,10C positons. The phenanthrene 1,2, and&dls
undergometacleavge, and to a limited extepttho cleavage. Subsequent reactions converge in
the production of naphthalerig2-diol, which is degraded primarily through the phthalic acid

pathway byortho cleavage and to a lesser degree, through the salicylic acid pathwagthy
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cleavaggSeoet al, 2006) Figures1.11 andl.12 illustrate the upper and lowaretabolic

pathways of phenanthrene degradation Asthrobactersp. P11.
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Figure 1.11: Upper metabolic pathways of phenanthrene irArthrobactersp. P%1.

Metabolic pathways from phenanthrene to naphthalenel,2-diol are presented. Metabolites
in brackets were proposed, but not detected. Thick and thin arrows represent major and
minor pathways respectively. Dashed arrows represent probable, but not confirmed
pathways. [From Seo et al., 2006]
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1.4.4. Fungal PAH Degradation

A wide variety of fungi, both ligninolytic and ndigninolytic, have the capability of
degrading PAHgbut in contrast to bacteria, fungi typically do not use PAHs as sole carbon and
energy sources, bao-metabolically transform them to less toxic prody€srniglia, 1997;
Labanaet al, 2007) Fungal PAH degradation relies upon two enzyme systems including
cytochrome P150 monooxygenaseand lignin peroxidise&Cerniglia, 1997) Cytochrome P
450 monooxygenases are complex, membrane boomidéicomponat systems which can have
broad substrate specificitiflsabanaet al, 2007) Theseenzymes catalyze the formation of
arene oxides by incorporating oamof the oxygenmoleculeinto the PAH while the second
atomis reduced to watdCerniglia, 1997) A phenolwhich can be conjugated with glucose,
glutathione, glucuronic acid or sulphate carfdrened via spontaneous isomerisation of the
arene oxidéSuherland 1992)Alternatively, the action of an epoxide hydrolase upon the arene
oxide can result in the formation otrans-dihydrodiol (Figure1.13) (Sutherland 1992)

White rot fungisuch as?hanerochaete chrysosporiymoduceextracelluladignin
peroxidises as well as manganese peroxidises and laccases which play a role in PAH degradation
(Cerniglia, 1992; Sutherland, 1992) ignin peroxidises in particular have been shown to initiate
free radical attack upddAHs by transferring one electron to form anl agtion radical which
canbe oxidized to form a quinorand subsequentiyndergo mg fission(Cernigliaet al, 1983)
PAHs which can bexidized by lignin peroxidises include anthracene, pyrene, perylene,
benzo(a)pyrene and benz(a)anthragéteemmerliet al, 1986; Hamral et al,, 1986; Sanglard
et al, 1986) Nonligninolytic fungi such a€unninghamella elegarsotransform or co
metabolizePAHs of up to five benzene rings in a manner similar to that of mammalian systems
via cytochrome P450 monooxygenases, howeneyrae specificity differs between the systems

(Cerniglia, 1997; Sutherland, 1992)
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Co-cultures of bacteria and fungi have been found to be effective in both the
mineralization and degradation of PAHs. Boonchan et al. (2000) reported thatilue of the
bacterial consortium VUN10,009 afenicillium janthinellumvVU0O10,201 werable to grow
on benzo(a)pyrene assole carbon and energy souacel also mineralize the substrate, whereas
cultures of the individual microorganisms were unable to gromineralize the PAH
(Booncharet al, 2000) This datassuggestdthat cemetabolism was beingsed by the bacteria
and fungi for PAH degradation. Similarly, data from othecutiure studies with bacteria and
fungi have led to the suggestion that fungal enzymes catalyze an initial oxiofettei AH
whichis followed bybacterial enzymatic degradati{@ooncharet al, 2000; Kottermaet al,

1998; Meulenbergt al, 1997; Saclet al, 1997)
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Figure 1.13: Pathways involved in the fungal metabolism opolycyclic aromatic
hydrocarbons. [From Cerniglia, 1997]
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1.5.THE GENETICS OF POLYCYCLIC AROMATIC HYDROCARBON METABOLISM
IN BACTERIA

1.5.1. Introduction

A large number of chemicals are released into the environment as a result reditiodh
and anthropogenic seces some of which can be easily degraded and others which are
recalcitrant. Microorgasimshave been able to adaptevolveover time to use these
compounds as energy and carbon sources. This ability is a result of modifications to existing
genes enaing novel metabolic capacities whiaHow new compounds to be utilizédabanaet
al., 2007) This process depends upon the exchange or modification of genetic information and
recombination mechanisms including transposition, gene conversion and dupljcatioter
Meeret al, 1992) The versatility of baeria inthe degradation ofenobiotic compounds would
not be possible were it not for the plasticity of microbial genafbaisanaet al., 2007) One
example illustratinghe evolution and diversity of bacteriakgesare thoseencodng PAH-
catabolic enzymes. The evolution and diversity of these genes amfangrdiPAHdegrading
bacteria can be attributed to a number of possible genetic events includingayeargement
point mutations, horizontal transfer, gene fusion or transposition gitatte and Omori, 2003)
The following sections will describe PARretabolic genes which have bedantified in Gram

negative and @m-positive bacteria.

1.5.2. PAH-catabolic @nes of GranmegativeBacteria

1.5.2.1. nahlike genes oPseudomonastrains
Numerous wudies of the metabolic pathways of bacteria capable of utilizing naphthalene
have beeronductedver the past few decade®seudomoraputidastrain G7 is a naphthalene
degrading microorganism that has been well studied for the genes, erananesthways it

employs forPAH degradatioffHabe and Omori, 2003)An 83 kb transmissible plasmid NAH7
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isolated in 1973 bpunn and Gunsalysvasshown toencoc naphthalene catabolic genes which
are organizechto three operon@~igure1.14) (Yen and Gunsalus, 1982, 1985l)he first operon
encodes the upper pathway enzymes necessary for the conversion of naphthalene to. salicylate
The second encodes the lower pathway enzymes for the conversion of salcylate cycle
intermediates viaetaring cleavage and the third encoddsaas-actingpositive regulator

protein (NatR) which is located between the first two operons and is responsible for controlling
the high level ohahgeneexpressionn both the uppr and lower pathways, and their induction

by salicylate(Grund and Gunsalus, 1983; Yen and Gunsalus, 1982,.198&nhahgene cluster

for naphthalene catabolism is presen the 8&b NAH7 plasmid as part of@efective38-kb
transposomamedTn4655 which is able to move from one geneticadtion to anotheby

encoding a cantegrate resoliubn system to compensate facking the gene encoding the-co

integration factotnpA (Tsuda and lino, 1990)

nah operon sal operon
(nahA-F) (nahG-M)

naphthalene —— salicylate —— pyruvate + acetaldehyde

salicylate
/— NahR
: ).
nahABFCED nahR nahGHINL

»
|

—

A

Figure 1.14: The naphthalene and salicylate degradative pathway and the gene
organization of the NAH7 plasmid. The nah operon (nahA) encodes enzymes for
metabolizing naphthalene to salicylate and the sal operon (nahi) encodes enzymes for
metabolizing salicylate totricarboxylic acid intermediates. The regulatory gene nahR of
the NAH7 plasmid encodes a protein which activates both nah and sal operons in the
presence of salicylate [froninouye 199§
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A number of genes encoditige najthalene upper catabolic enzymes in several
Pseudomonastrains have been designated as 'classafalike genes'. Thesedtude thenah
genes fronP. putida strain G7 and NCIB 9818 (Eaton, 1994; Simoat al, 1993) thendo
genes fronP. putidastrain NCIB 981§Kurkelaet al, 1988) thedoxgenes fromPseudomonas
sp. strain C1§Denomeet al, 1993) pah genes fronP. putda strain OUS82 an@.
aeuruginosastrain PaK1(Takizawaet al, 1994) nahgenes fronP. putidastrain BS202 and
from P. stutzeristrain AN10(Boschet al, 1999) Full nucleotide sequences have been reported
for strains OB82, PaK1 and AN10, but only partial sequences have been reported for the other
strains. There is a 90% sequehoenologyamong the upper catalic pathway genes of these
strains to theahgenes from the NAH plasmid ofP. putidastrain G7(Labanaet al., 2007)

For the lower naphthalene catabolic pathway, partial nucleotide sequences have been
identified for strains G7 and NCIB 9816, while the complete gene sequence has been determined
in strain AN10(Habe and Omori, 2003)The genes present include those encoding for salicylate
hydroxylase iiahG), chloroplast ferredar-like protein fahT), catechol 2,3lioxygenase
(nahH), hydroxymuconic semialdehyde dehydrogenasélf, hydroxymuconic semialdehyde
hydrolasgnahN), 2-oxopent4-enoate hydratasedhl), acetaldehyde dehydrogenasal{O), 2-
oxo-4-hydroxypentanoate aldolaseahM), 4-oxalocrotonate decarboxylasebK) and 4
oxalocrotonate isomesa fahJ present in the ordenéhGTHINLOMKJ (Boschet al, 2000)

In strain AN10, another salicylate hydroxylase geva&h{\j is locatecclose to, but outside pf
the lowerpathway operoiiBoschetal., 1999) Strain G7 contains two additional genes
downstream ohahJ encoding for a chemotaxis transducer proteah{) and for an unknown
function hahX (Grimm and Harwood, 1999)

1.5.2.2. phd genes c€omanonas testosterostrain GZ39

Comamonas teststeronistrains GZ38A, GZ39 and GZ42 are all capable of using
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phenanthrene as a sole carbon source and were not found to contain any genes similar to the
classicahahlike genes fronP. putida strain NCIB 9816é4 (Goyal and Zylstra, 1996)
Phenanthrene degradation genes in strain GZ38A are similar to those in strain GZ39, and strain
GZ42 did not have anghdgenes similar to stin GZ39 suggesting that at least two new classes
of genes responsible fphenanthrendegradation are present in th€seestosteronstrains
(Goyal and Zylstra, 198 1997; Zylstraet al, 1997) In strain GZ39, the genes are organised as
follows: genes coding for ferredoxipHdAB), ferredoxin reductas@lidAg, cis-dihydrodiol
dehydrogenas@hdB , 4subwnit dISPghdA) ,  subunit di ISP ghdAd, isomerase
(phdD), an unknown ORF, glutathiorfgtransferase and hydratase aldolggelg (Goyal and
Zylstra, 1997) The extradiol dioxygenase gene was not present withipitigenecluster,
which is a notable difference between inelgenes andahlike genes ¢ontainingnahQ
(Goyal and Zylstra, 1997; Zylstet al, 1997) Comparison othe phdgenes withpreviously
studied PAHcatabolicgenes indicated that the PhdAc sequence is distantly related to the family
of naphthalene digggenases, buhat hePhdAd and PhdAb sequences have little similarity to
the isofunctional proteins of aromatic ring dioxygendZgtstraet al, 1997)
1.5.2.3. nag genes dRalstoniasp.strain U2

The naphthalene dioxygenase gemeggenes) have been cloned and characterized
from the naphthalene degrading bacterRaistoniasp. stain U2, which was isolated from eil
contaminated soil in Venezudlauenmayoet al, 1998) The genes were present in the
following orderas illustrated in Figur&.15. genes encoding for ferredoxin reductassg@g,
two ORFs fiagGandnagH), ferredoxin(nagAh , 4subwnit dJISPrfagAd , -Subunitob
ISP (hagAd, cis-dihydrodiol dehydrogenasedgB and aldehyde dehydrogenasadF). The
nagGproduct was identical tb h esublhit of other aromatic dioxygenases, butriieH

producthdpoor s i mi |-sabunit bf pther asomatiting didxygenase¢Fuenmayoet
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al., 1998) NagG and NagH weredind to be structural subunits of salicylatkysiroxylase
linked to electron transport systems consistingagfAbandnagAa(Zhouet al, 2002) The
genes responsible for the conversion of naphthalene to gentisate in strain U2
(nagAaGHAbACAdBFCQEDwere in the same order and similar to the classigalike genes
in Pseudomonastrains with the exception oagGH(Zhouetal., 2001) In strain U2, the
regulatory genenagR and the putative chemotaxis protemrag@y) are located upstream from
nagAawhich is different from th@rganisation of genes in tinahoperon, wher@ahRandnahY
are located downstream from thpper catabolic pathwggrimm and Harwood, 1999)
1.5.2.4. phn gene ofBurkholderiasp.strain RPO07

Burkholderia srain RP0O07 was isolated from a PAldntaminated location in New
Zealand and is capable of utilizing naphthalemenanthrene and anthracenesale sourcgof
carbon and energy.aurie and LloydJones, 1999a, 1999b)Cloning of thegphnlocus revealed
thatthephngeneqFigurel.15) are or@nized in a different sequence from earlier characterized
PAH-catabolic genes arttieyare present in the following ordeegulatory proteinghnR),
regulatoryprotein phng, aldehyde dehydrogenageh(F), hydratasealdolase ghnE), extradiol
dioxygenasehnQ), isomerae phnD) | SP U subuni tpheAd) ,i fiStPi &l
subunit of initial dioxygenaselnAd, and dihydrodiol dehydrogenagehB (Laurie and
Lloyd-Jones, 1999a)

Thephngene locus differffom previously characterized PAH catabolic genes in a
number of waygLaurie and LloydJones, 1999b)Firstly, both the ferredoxin and reductase
components are not present in giegene locus. Secondly, the gene encodisglihydrodiol
dehydrogenaselinB) is more closely related to the corresponding gerlee biphenyl

catabolic pathway than to tim@hBlike genes. Lastlythe gene encoding the PAH extradiol

58

di



dioxygenase hasdifferentphylogeny not seen among other extradiol dioxygenases fromfany

thePAH or biphenyl catabolic pathwagtsaurie and LloydJones, 1999b)

Ralstoniasp. strain U2 nadR nagAaGHAbACADBFCOQED
naggenes «— >
Burkholderia sp. strain RPO07  phnR phnS phnFECDACAdB
phn genes «— — >

Figure 1.15: Gene organization of the upper pathways for naphthalene degradation in
Ralstoniasp. strain U2 and for phenanthrene degradation irBurkholderia sp. strain RP007
[adapted from Habe and Omori, 2003]

1.5.2.5. phn genes oAlcaligenes faecalistrain AFK2

Alcaligenes faecalistain AFK2 is capable of utilising phenanthrene as a sole carbon
source through the-phthalate pathway, but is unable to degrade naphthédeyeharaet al.,
1982) Detailsregarding the structure and regulation ofpphegenesn this strain are limited
and areonly availdle in a datbase(Habe and Omori, 2003)The genes are arranged in the
following order: genes encoding ferredoxoinNAD, ferredoxin reductas@linAg, cis-
dihydrodiol dehydrogenasei{nB ,  4subunit dNDO phnAg ,  4subwnit df NDO
(phnAdg, putative 2hydroxychromene&-carboxylate isomerise@fnD), glutathioneS-transferae
(gsb, trans2-carboxybenzalpyruvate hydratase aldolgget), 1-hydroxy-2-naphthoate
dioxygenaseghnG), 2-carboxbenzaldehyde dehydrogenggen(), 3,4dihydroxyphenanthrene
dioxygenasehnQ), 1-hydroxy-2-naphthoaldehyde dehydrogenagknF) and putéive trans-o-

hydroxybenzlidenepyruvate hydrateaeolase fhnE (Habe and Omori, 2003)

1.5.2.6. PAH-catabolic genes ddphingomonaand its related species
Members of th&phingomonagenus and other related species are capable of utilizing a
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large number of different aromatic compounds including PAHs as sole carboneagy e
sources, a feature that sets them apart from other Gram negative bacterial Stiagxample,
Novosphingobium aromaticivoragsrain F199 is capable of growing on toluene and all isomers
of benzoate, xyleng-cresol, biphenyl, naphthalene dibettaopene, fluorene and salicylate
(Fredricksoret al, 1991, 1995) From strain F199, 13 gene clusters were predicted to encode
aromatic degradative enzymes on a-kB4atabolic plasmid labelled pNI{Romineet al,

1999) One set of ferredoxin and reductase components on the plasmid were fouechtd

with seven sets of oxygenase componéRtsmineet d., 1999) Several parts of the DNA
sequence in pNL1 encoding for aromatic catabolic genes were similar to those of other
Sphingomonaspecies including. paucimobilistrain EPA505Storyet al,, 2000)andS.
yanoikuyasestrain B1(Kim and Zylstra, 1995, 1999; Zylstra and Kim, 1994 further

functional analysis of aromatic degradation gene expression and actiSjphimgomonas

needed for future eoparision to that of other Gramegative specieggiabe and Omori, 2003)

1.5.3. PAH Catabolic Genes of Grapositive Bacteria

1.5.3.1. phd genes dflocardbidessp. strain KP7

Nocardioidessp. strain KP7 was isolated from marine samples and has the capability of
utilizing phenanthrene via the phthalate pathygaeFigure 1.7 (lwabuchiet al, 1998) The
phdgenes from strain KP7 are part of a new class of fAtdbolic genes due to differences in
both sequeresimilarity and gene organization and they are the most studieecBtabolic
genesdn Grampositive bacterigHabe and Omori, 2003)The nucleotide sequence of the
phdlJKgene cluster of this strain, which encodes three enzymes responsible for the conversion
of 1-hydroxy-2-naphthoate to phthalate has been charactebydiochemical and molecular
methodgqlwabuchi and Harayama, 1997, 1998; Adasthal, 1999) The enzymes (and

corresponding genes) includehgdroxy-2-naphthoate dioxygenasehdl), trans-2 -0
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carboxybenzalpyruvate hydrataaskelolase fhdJ) and 2carboxybenzaldehyde dehydrogenase
(phdK) (Habe and Omori, 2003)Downstream from thphdlJKgene clustelaysthe
phdEFABGHCDgene clustemwhich encodes enzymes responsible for thevexsion of
phenanthrene to-lydroxy-2-naphthoaté€Saitoet al,, 1999, 200Q)

Thedioxygenase activity responsible for the conversion of phenanthrerestdial
compound is due to the action of the enzymes encodpdddBCD(Saitoet al, 2000) The
phdAandphdBgeneswhich encode th&+ a n dsubinis ofthe ISP of phenanthrene
dioxygenasghaveless than 60% sequenisemologyt o  t ehredsubiinits of other aromatic
ring dioxygenasesPhdC encodhg ferredoxin in strain KP,Avasnotfoundto have any
significant homologyo the [2Fe2S] type offerredoxin which is most common ferredoxin
component of PAHlioxygenases In contrastit did show significant homologgo the [3Fe4S]
or [4Fe4S] type of ferredoxin. Moderate sequence similatdgq tham0%) was found
betweerPhdD (ferredoxin reduase) and the ferredoxin reductase of other isofunctional
enzymegqSaitoet al, 2000)

The role of the specific enzymes encodegbgE phdF, phdG andphdHin
phenanthrene degradation has not been fully investigated. Similarity has been found between
phdE phdF, phdG andphdHto dihydrodiol dehydrogenasesteadiol dioxygenase, hydratase
aldolase and aldehyde dehydrogenesspectively(Habe and Omori, 2003)One major
difference between thghdgene cluster in strain KP7 and the PAH catabolic gene clusters from
Gramnegative bacteria is that thermerdoes notontain an ORF encoding isomseawhich is
present amng Gamnegative PAHcatabolic gene cluste(Saitoet al, 1999)

1.5.3.2. nargenes oRhodococcusp. strain NCIMB12038
Species from the genihodococcubelong to a diverse group of Graositive soill

bacteria capable of degrading a wide range of xenobiotic compounds. Naphthalene, for example,
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can be used as a sole aartand energy sour¢Boyd et al, 1997; Uzet al, 2000) A different
ISP of naphthalene dioxygenase was characterized by Letrkin(1999)and the nucleotide
sequences of thearAaandnarAbg e n e s e n c¢-a d dsabinistofthe ISB were reported
(Larkin et al, 1999) The praucts of these genes borea3® % si mi | aand ybt o t he
subunits of a number of other aromaiitg dioxygenasef_arkin et al, 1999) There are
conserved key catalytic residues such as the Rieske?2@Feenter between timahgenes of
Pseudomonas putidsrain 98164 and thenar genes of straiNCIMB12038 depite the fact that
there is only somsimilarity (31%)b e t w e e subunits @ N&hAc and NarAaarkin et al,
1999) ThenarB gene, encodingis-naphthalene dihydrodiol dehydrogeeas strain
NCIMB12038 also had a 39.5% amino acid similawith nahBfrom P. putidastrainG7;
however the ordeof the naphthalene catabolic genear(genes) in strain NCIMB12038 was

identical to the order of theahgenes irPseudomonaspeciegKulakov et al, 2000)

1.6.OVERCOMING CHALLENGES TOMICROBIAL PAH DEGRADATION

1.6.1. Impact ofBioavailability andPAH propertien Biodegradation

Oily sludge is composed of a complex mixture of aromatics, alkanes, asphaltene fractions
and nitrogern sulphur, and oxygencontaining compound®artha, 1986) Contaminants
including tar, petroleum and creosote products exhibit very slow release rates from soils and
sediments limiting the success ofsitu bioremediation PAH bioavailability in soil is
influenced by desorption, diffusion and dissolution, and when soil has been contaminated for a
significant length of time, diffusion of the contaminant into small pores of the soil can render the
PAH less bioavailabléSingh and Ward, 2004)Soil characteristicsuch agow water solubility,
low reactivity and low volatility contribute to the recalcitrance of PAHs in the environment

(Mohanet al, 2006) Additionally, PAH propertiesuch @ molecular sizedegree of
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substitution and degree bydrophobicityare also important determinants in how effectively the
pollutant will be bio@gradedSingh and Ward, 2004)

Factors inhibitinghe biodegradation of hydrophobic contaminants include environmental
factorssuchthe age and concentration of the contaminant, temperature, pH, moisture content,
redox potential for anaerobic microorganisms and the presence of oxygen for aerobic
degradabn. Agedrecalcitrant compounds can become tightly bound to particulate matter in
soils andbeless easilyaccessetdy both water and microorganisif&ngh and Ward, 2004)

This can have a significamhpact on the success of bacterial PAH degradation because in order
for it to occur, the bacteria must be able to internalize the PAH compound so that intracellular
enzymes can facilitate breakdown of the contamif@hauharet al, 2008) This is in contrast

to fungal enzymes such as peroxidjselsich are released and aottracellularly(Cerniglia,

1997)

The concentration of a PAH also has ac@ablimpact on the potential success of
microbial degradation. If PAH concentrations are too low, genes necessary for enzyme
production may not be induced, and the enzymes necessary for degradation may not be produced
(Vvan Hamme, 2004)However if PAH concentrations are too high, toxic effects can be exerted
upon the cell. The lipophilic nature of PAHs can disrupt cell membyeggulting in impaired
membranebased energy generation processes, as well as the potential for cellular components to
escape the ce{Sikkemaet al.,, 1995)

Althoughthe bioavailabilityand mass transfef PAHs aramportant factasin
biodegradation, other issues can play equally maod roles. These include limitations in
nutrients, oxygen or other electron acceptors, as well as an availability of growth substrates. In
addition, low numbers of PAH degradingcroorganismsnd potatially slow rates of PAH

degradation due to competition between substrates or slow enzyme activity camiatbe li

63



success oPAH biodegradatiofAitken and Long, 2004)In slurry reactors, increased mixing
and surfactant addition can help to increase bioavailability and have a positive effect on

microbial degradative abilitfAitken and Long, 2004)

1.6.2. The Presence of Toxic Metals aBdmplex Chemical Mixtures

High concentrations of toxic metals can negatively impact microbial populations through
theinhibition of metabolic activities including cell division and protein denaturation, as well as
through disruption of the cell membra{&huklaet al, 201Q. Heavy metals including lead,
cadmium and mercury are very difficult to remove from a contaminated environment, and may
persist indefinitely. Microbial communities may be impacted in a number of ways including
reductionin the total amount of miobial biomassa decreasi the numbers of specific
microbial populations andn alteration inhe community structuréShuklaet al, 2010)

Although metals like mercury, copper and silver can be very toxic to cells, inorganic nutrients
such as nitrogen and phosphorus are vital to cell activities, and tracetsnof sulphur,
magnesium, manganese, iron, potassium and calcium are required for cell (Jaiieyh 2006)
Cells may accumulate metals by a number of mechanisms includingaintraxtracellular
complexation reactions, as well as through ion exchange and complexation reactions which
occur at the cell wallTalley, 2006) In addition, metals such as Fe and Ca Hsaen shown to
reduce the amount of available phospl{Rr®videntiet al., 1993)

The presence of heavy metals eaverselyaffect PAH biodegradation in a number of
ways including reduced rates of biodegradation, complete failure of the compound to be
biodegraded and extended acclimation perfodsnicroaganisms Interactions between PAHs
and cell membranes can lead to increased permeability of the membrane to ions which is
problematic in that metal toxicity to the cell is potentially increq&amyolev and Wilke, 1997)

During biodegradation of complex hydrocarbon mixtures, bacterial cells may utilize
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energydependentransport mechanisnf¥an Hamme, 2004) Thishas been suggested from
observations of preferred alkane degradation prior to PAH degradaéiahy and Colwell,
1990) as well as these of membrangansport inhibition experiments which showed that
hexadecane accumulation is reduced by 88% from 0.218 pmole/mg protein to 0.026 pmole/mg
protein in the presence 80 mM sodium azidéKim et al, 2002) Bacterial cells alspossess
efflux mechanisms belonging to the resistanodulationrdivision (RND) family for eliminating
compounds such as toluefnem the cytoplasnas seen ifPseudomonas putidaOT-T1E cells
(Ramoset al, 2002) The RND family of efflux mechanisms, which includes @ecA protein
for cadmium, zinc and cobalffieix, mayplay an important role iminimizingthe toxic effects
of high concentrations of certain metals, which serve essential cell functiomseat lo
concentrationg§Rosen 2002)

Complex petroleum hydrocarbon mixtures originating from different sources will have
varying combinationand concentrati@of specific PAHsas well asa multitude 6 compainds
besides PAHSs includinglkanes, alkenes, monoaromatics and asphal{sfaesHammeet al.,

2003) In a canplex mixture such asrude oilor petroleum waste, microorganisms will

typically begin by degrading and utilizing the most accessible carbon source first. This poses a
challenge when the goal is PAH degradation in a complex mixture because thar@Arisch

less likely to bequickly degraded and may persist. In addition, other factors such as weathering
or aging of PAH contaminated sludge can further decrease contaminant bioava{laikem

and Long, 2004)

1.6.3. Factors Affecting PAH Degradation

1.6.3.1. Presence of &uiredMicrobial Enzymes and Accessoryrietions
Althoughmicroorganisms are capabté degradingnanyhydrocarbosincluding

saturated and unsaturai@@anes, monoaromatics and a numbd?AHs, somehydrocarbons
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are much more resistant to degradatidnsingle bacterial specidgs only dimited ability to
degradesomeof the fractions pesent in oily sludgéBartha, 1986; Mishrat al, 2001)
Microorganisms must possess not only the catabolic enzyessted fothe breakdown of a
pollutant, but also accessory functions relating to detradation and protection from any toxic
pollutant effects These accessory functiooaninclude chemotaxis, biosurfactant production,
energy dependent uptake and changes to cell surface propéatelamme, 2004)lt is also
important that bacteria involved in PAH degradation possess a complete degrad#tiwvay
with all the necessary enzymes so that there is no accumulation of toxic degradation products
(Vanherwijneret al., 2003)
1.6.3.2. BiosurfactantProduction to Increase Merobial Access to PAHs

There are a number wfays through which microbial cells can access hydrophobic
pollutants such as hydrocarbons. The firghekeis through the ability to control cell surface
properties. An increase in the hydrophobicity of the cell surface through modification of
proteirs, surface active compounds or polymers allows the cell to adhere to hydrophobic phases
where potential substrates are pregbigu 1996) In addition, alteration of these compounds is
also an important factor in biofilm formatiowhich is advantageous to microbial survival and
protection from toxic effecté/an Hamme, 2004)

Anothermethod ofincreasing hydrocarbon bioavailabiligell-substrate contaetnd
mass transpois through the production of biosurfacta(iteu 1996) Biosurfactants are
microbially produced amphipathic molecules with high surtawemulsifying activities They
partition preferentially at the interface between fluids of differing polarities and act to reduce the
interfacial and surface tensgrihusmaking hydrophobic contaminants more accessible for
microbial degradatio(Van Dykeet al, 1991; Neu 1996)Biosurfactants can enhance the

solubility of hydrophobic contaminants or they may allow for bactegaldhesion from a
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hydrocarbon once the carbon source has beenedgt{lRosenberg, 1993)Additionally,
biosurfactants can mediate an alteration in substrate surface hydrophobic prdpergby
allowing for interactiorbetween the substrate aadhydrophilic bacteriunfvan Hamme, 2004)
Providentiet al. (1995) studied rhamnolipid biosurfactant productioiPbgudomonasp.UG2
and its effect upon phenanthrene mineralization in soil slurries. The additicsetviio
biosurfactargincreased the rate of degradation as well as reduced the lag (froudientiet
al., 1995) Although biosurfactant addition can be beneficial, gassible that it can serve as
competingcarba source by microorganisms, abelused preferentially over a PAH such as
naphtlalene as seen in a studypmparing the effects of biosurfactants and the chemical
surfactant TritorX-100 (Vipulanandan and Ren, 2000)
1.6.3.3. Envirormental Effects on Mrobial PAH Degradation

Environmental conditions play an important riieéhe efficiency of PAH
biodegradation. Microbial activity can be greatly affected by tempergtdreutrient and
oxygen availability andbacteria willoften onlygrow optimally over a narrow range of
conditions(Vidali 2001) During PAH degradation in soil, factors such as soil type, moisture
content andhelevel of heavy metal contamination caontribute to the effectiveness of
biodegradatiorfTalley, 20®). Table 1.9ists someenvironmental conditions which can affect

microbial activity and shows the optimum values for enhanced oil biodegradatioih
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Table 1.9: Environmental conditions and optimum values formicrobial activity during oil
degradation [adapted from Vidali, 2001]

Environmental Factor

Condition required for
microbial activity

Optimum conditions for oil
degradation

Soil moisture 25-28% of water holding 30-90%
capacity

Soil pH 5.5-8.8 6.58.0

Oxygen content Aerobic, minimum akfilled 10-40%

pore space of 10%

Nutrient content

N and p for microbial growth

C:N:P =100:10:1

Temperatur €

1545

20-30

Contaminants

Not too toxic

Hydrocarbon 51L0% of dry
weight of soil

Heavy metals

Total content 2000 ppm

700 ppm

Type of soll

Low clay or silt content

N/A

The pH level of either the soil or slurry during PAH degradation is an important factor to
be monitored to ensure optimal microbial performance. In gemeost heterotrophic bacteria
and fungi favour a neutral pH leyelind extremes in pH cadversely #ect PAH degradation
(Leahy and Colwell, 1990)Hydrocarbon degradation was found to be optimal when the pH
level was within the range of 6.5 and 8\organ and Watkinson, 1989)xygen levels can be
increased in soil by tillage, and soil structure and permeability can evietbby the addition
of organic matte(Vidali 2001)

Temperature can play an important rolehabiodegradation of organic pothnts.
Bacterial degradation of hydrocarbons has been reported from temperatures asdowas0
high as 7€C (Atlas, 1981) As the emperature decreases, genertily rate of biodegidation
also decreases due to reduced enzymatic acfigiyok andSaxena, 1995)In addition, the
properties of hydrocarbons may be altea¢ higher temperaturessulting inincreased rates of
diffusion, solubilityand volatilizationMargesin and Schinner, 2001; Couktral., 2005)
Differing hydrocarbon fractions in a complex mixture may also be degetdedying ratest

different temperatures. For example, the aromatic fractions in crude oils were reported to be
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degraded at 3 but not at §C, whereas ate€, only branched adines were degradémMlorgan
and Watkinson, 1989)

Nutrients sich as nitrogen and phosphorus are vital to microbial cell activities, and their
availability can limit the degree of hydrocarbon biodegradationarine, soil or bioreactor
environments. The microbial requirement for nitrogen and phosphorus can bémtbew
addition of ammonium phosphate, urea or a mixture of salts including ammonium sulfate,
ammonium nitrate, ammonium chloride, potassium phosphate, sodium phosphzdéamal
phosphat¢Rosenbergt al, 1992) The addition of N and P has also been found to enhance
rates of PAH biodegradation in soiteludingthose ofphenanthrene, anthracene and
benzo(a)pyrenBetancurGalviset al, 2006)

The availability of oxygen to microorganisms during PAH degradation in soils and slurry
environments is essential for the activity of PAH degradative enzymes in aerobic bacteria. In
soils, the availability obxygen is dependent upon the type of soil, water logging of the soil, rates
of microbial @ consumption and the presence of utilizable substfhezdy and Colwell,

1990) Although aerobic microorganisms are the major degraders of PAH compounds, in
anaerobic environments the sulphegducing, nitrogemeducing, fementative and
methanogenic microorganisms are important contributors to hydrocarbon degrédatigan
and Watkinson, 1989)

1.6.3.4. Co-metabolic PAH degradation

Another important mechanism thaayincrea® the success of biodegradation is co
metabolic degradationDuring cemetabolism, growtlsubstrates are metabolized by
microorganisms as carbon and energy sources \ghigportthe degadationof non-growth
PAHs thatmay otherwisaot be biodegradedf the co-substrate is not presef@honget al,

2007) Co-metabolic degradation of recalcitrant HMW PAHs with LMW PAHSs has been

69



reportedBouchezet al, 1995; Somtrakooat al, 2007) although o-metabolism(and PAH
degradationfanbe limited if the source of a growslubstrate is exceeded eliminged (Van
Hammeet al, 2003) Additionally, competition for readily available PAHs during co
metabolism can lead #tbodeaease in degradation of recalcitrant PAHBBonget al., 2007).

A number of studies have demonstratedethieanceeffectof LMW PAHs on HMW
PAH biodegradation Kecket al (1989)found that in the presence of 3 riRd\Hs in a complex
mixture, there was a rapid disappearance aidl 5 ring PAHs(Kecket al, 1989) This
decrease in recalcitrant PAHs was attributedn increase in overall microbial activity arising
from increased forms of bioavailable carbgtecket al, 1989) Somtrakooret al (2007)
studied the biodegradation of pyrene and fluoranthrerigubyholderiasp. VUN10013 in the
presence of phenanthrene in soil. When supplied as sole carbon sourcesapgyrene
fluoranthene (75 mg/kg dry soil each) were not degraded. However, when phenanthrene was
present (initial concentration of 250 mg/tly soil), 74.2%pyrene and4.9%fluoranthene were
degraded in 60 day$omtrakooret al, 2007) Schwalet al.(1995) also found that the addition
of phenanthrene stimulated the degradation of pyrene in rhizosphergSsbilgabet al, 1995)
Thesestudiedllustrate that the addition of a simpler and more readily available source of carbon

can have a beneficial effect on HMW PAH degradation

1.6.4. Advantages of Essitu Biological BasedVethodsfor Treating Oily Wastes

1.6.4.1. Slurry Bioreactors
Biological based treatment methods sucklagy phasdioreactors have a number of
significant advantages over solid phase iarsitu biodegradation methods. Thee of
bioreactor systems can help optimi2&H biodegradation conditions and overcome the rate
limiting factors associated with other treatment methodmsure successful bioremediation of

contaminant§Van Hammeet al, 2003) Slurry reactors utilize naturally occurring bacteria or
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inoculated strains whtthe metabolic pathways necessary for effective degradation of pollutants
present in a liquid phag¥idali 2001) This occurs by enabling maximum contact between the
hydrocarbons in the bioreactor with microorganisms, nutrients and okygeigh propeand
uniform mixing (MachinRamirezet al, 2008) A mixture of soiland water in a slurry
bioreactor allows for an increase in soil moisture content, an important factor in microbial PAH
degradation (se€able 1.9 resulting inan increase iboth the soluitity and bioavailability of
contaminantgWeber and Kim, 2005)

The use oenclosed bioreactosan reducéhe amount of soiPAH cortaminationand
minimize PAHvolatilization, while allowing forthe management of off gas@gan Hammeet
al., 2003; Warcet al, 2003) By reducing the escape of volatdarboncomponents which can
be supportive of microbigrowthand increase solubilization of recalcitrant components
biodegradation can become the dominant process in the bior@&atoHammeet al,, 2003)
Bioreactors camlsobe cost effective by utilizing mixed cultures with enhanced metabolic
diversity instead of a pure culture system which can be maeneke to maintaifMWardet al.,
2003) Table 1.1diststhe kenefits and limitations of exisg bioremediatiortreatment
technologies for PAH contaminated waste.

Comparison studies of solid phgtndfarming)and slurry phase treatments showed that
PAH degradatiomf two-, three, four-, five- and sixring PAHsoccurred more slowly during
solid phase treatment, but that an extended length of treatment can be b&Miiglier et al,
1991a, 1991b) Although degradation occurred more slowly during solid phase treatment, the
degradation of HMW PABlincluding pyrene, chrysene, benzo(a)pyrene and
benzo(b,k)fluorantheneontinued to occur throughout the experiment, whereas the degradation
of the PAHSs in a slurry phase treatment reached a peak after which the level of HMW PAHSs

remained constariMueller et al, 1991a, 1991b)The total petroleum hydrocarbon degradation
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rates per month of treatment observed in landfarms of 0.5 fpet¥honthcan be increased to

0.1 to 0.3% per day in aerated bioreactdan Hammeet al, 2003) This illustrates that the
implementation of a bioreacttyased procss for the treatment of oily wastegth the correct
microbial consortiazan greatly improve the effectiveness and speed of PAH degradation over
solid phase treatment.

One example odi bioreactor based system for the tneant of petroleum waste is the
Petrozyme proces@Nardet al, 2003) This process utilizesght bioreactorsvith a microbial
culture acclimated to crude oil as well asogtimized nutrient formulation, a biosurfactant and
optimal temperaturé 2 8 ¢ C tarad pRBrange®)4i 7.6) (Van Hammeet al, 2003) The
microorganisms involved are well known oil degrading bacteria including species of
Psewlomonas, Acinetobacter, RhodococandAlcaligeneqSinghetal., 2001) This
biodegradatiomprocess has been used in a number of refineries in Canada, the United States and
Mexico to treat sludges containing total petroleum hydrocacbatents 0fL0% wt/vol(Van
Hammeet al, 2003) Typically, 5080% oily sludge is mixed with 280% nutrient medium
with inoculum @ a volume basiéSinghet al, 2001) Average degradatiorates of up to 99%
total petroleum hydrocarbon contents have been observed with treatment times ranging from 6
12 dayqSinghet al, 2001; Van Hammet al, 2003) The result of the petrozyme process is an
agueous effluarthatcomplies with EPA criteria anchn be applied to a landfarm or sent to a
wastewater systeliSinghet al, 2001)

There are a number of other examples of rededsed processes for treating refinery
sludge that were implemented in the 1980s and 1088 Hammeet al,, 2003; Warcet al.,

2003) The treatment times of these reactor systems wémndnths. The first example isla
million gallon bioreactor operated byGulf Coast refinery to treat petroleum slud@ooveret

al., 1993) A hydrocarbon degradingixedmicrobial culture isolated from an activated sludge
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system was used at an oheteactoraMas outfgtedpvehrfleat ur e o f
mounted aerators and mixefReductions irtotal petroleum hydrocarbdavels of up to 90%
were observed and a 50%duction in oil was seen after 90 déd¢®overet al, 1993)

A secondexample is of a combined slurry reactor and land treatment process to
bioremediate sludge frormail refinery in Sugar Creek, Msouri(Amoco Oil Company 1989)
The slurry reactor (5 million gallon capacity) with a hydrocarbon degrading inoculum was used
to reduce concentrations of oil by 66% in under 90 days. Following bioreactandrgasolids
were applied to landfarms and PAH concentrations were reduced below 160(Amgbap Oil
Company, 1989; Van Hamnat al, 2003) A third example is a slurry phase aerated system to
remediate refinery wastes at theench Limited Superfund site in Crosby, TefahkISR
Consulting and Engineering 1991Jhisprocess sed pure oxygen as part ¢
mixing/aeration system. In 11 months, thheedred thousand tonnes of-tike material was
remediated, and in 122 days, 85% of sludge contamipaegent in 30@00 tonnes of waste
were eliminatedENSR Consulting and Engineering 1998)

As described, the advantages of slurry phase bioreactors for the bi@tomeof
petroleum and petrochemical wastes are numerous and include improved PAH degradation
times, cost efficiency and reduced environmental contamin@fimm Hammeet al, 2003; Owen
Wardet al, 2003; Weber and Kim, 2005; MacHRamirezet al, 2008) In providing operators
with control over factorso optimize microbial PAH degradation, many of the drawbacks
associated with landfarming of PAHs can be overc@viam Hammeet al,, 2003) One of the
significant advantages of slurry bioreactgerations a reduction in discharge of contaminated
effluents to land farm sites, as wellageduction in initial PAH concentrations present in
refinery wastegWardet al, 2003) As a pretreatment option combined with landfarm

treatment, slurry bioreactors are becomingraportant environmentally conscious option for
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petroleum refineries and petrochemical companies as a means of complying with Ratgar

461/05, which took effect in December 2009.

1.7.RESEARCH OBJECTIVES
The overall goal of this study was to isolate RAéfrading bacteria fromme soil ofa
hydrocarbon contaminated landfarm site owned by NOVA Chemibd&yshypothesis is that
microoganisms capable of degmagilow and HMW PAHs<an be isolatednd enriched from
landfarm soil samples and be usegretreat oily wastsfrom petroleum refineriely

decreasing PAH concentrationEhe bacteria would be screened for the abilityegrdde

individual anddefined mixture®f the PAHs phenanthrene, anthracene, pyrene, chrysene and

benzo(a)pyrene in pure culture. The most efficient PAH degrading bacterium isolated during

this work,Arthrobactersp. UG50 would then be tested for the iptio degradehe PAHs
present in petroleum refinery sludges from NOVA Chemicals at the bench scale level.

My Specific objectives were:

1. To enrich for PAHdegrading microorganisms present in NOVA Chemicals landfarm soll

using shake flask experiments waR| effluent.

2. To identify PAHdegrading microorganisms usitige phenanthrene spray plating

technique developed by Kiyohagaal., (1982), and to identify the microorganisms using

16S RNA gene analysis.

3. To test the ability of selected PAdegradingoacteria to degrade individual and defined

mixtures of PAHs in liquid culture using GEID.

4. To deermine the abilityof Arthrobactersp. UG50 to survive in, and degrade the PAHs

present in NOVA Chemicals DAF sludge.
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Table 1.10: Summary of the benefits and limitations of various PAH bioremediation strategies [From Shukla et al., 2010]

Technology

Examples

Benefits

Limitations

Bioreactors

Slurry reactors

Agueous reactors

Rapid Degradation

Optimized environmental
parameters

Enhanced mass transfer
Effective use of inoculants ang
surfactants

Soil requires excavation

Relatively high cost capital
Relatively high operating cost

In-situ Biosparging Most cost efficient Environmental constraints
Noninvasive
Extended treatment time
Bioventing Relatively passive
Monitoring difficulties
Bioaugmentation Natural attenuation processes
Treats soil and water
Ex-situ Landfarming (solid phase Cost efficient Space requirements

treatment system)

Composting (anaerobic,
converts solid organic wastes
into humuslike substances)

Biopiles

Simple procedure
Inexpensive
Self heating

Low cost

Rapid reaction rate,
Inexpensive

Self heating

Can be done on site

Slow degradation rates
Long incubation periods

Extendedreatment time
Requires nitrogen
supplementation

Incubation period months to
years

Need to control abiotic loss
Mass transfer problem
Bioavailability limitation
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CHAPTER 2: MATERIALS AND METHODS

2.1. MATERIALS

2.1.1. Suppliers

Chemicalsmicrobiological media, and solvents were obtained from Sigma Aldrich
(Oakville, ON), Becton Dickinson and Company (Sparks, MD, USA) or Fisher Scientific
(Ottawg ON). All chemicals and reagents were of analytical gradll solvents were of HPLC
grade. Acetone, methanoN 6 Mlinethylformamide (DMF) and dichloromethane (DCM) were
obtained from Sigma Aldrich (St. Louis, MO, USA). The PAHSs fluorene, phenanthrene,
anthracene and pyrene were of high put®7%)and were obtained from Sigma Aldrich (St.
Louis, MO, USA). Chrysene and benzo(a)pyrene were obtained from Supelco (Belafonte, PA,
USA). Docosane was obtained from Sigma Aldrich (St. Louis, MO, USA).

Commercial bacterial DNA isolation kits were obtained from Qiagen Inc. (Mississauga,
ON) and MP Biomedicals (Solon, OH, USAPCRpurification kits were obtained from Roche
Diagnostics (Laval, QC), Qiagen Inc. (Mississauga, ON) and Promega (MadisonSAJjl, U
PCR master mixes were obtained from Fermentas Life Sciences (Burlington, ON).
Oligonucleotide pgmers were obtained from Invitrogen (Frederick, MD, USA).

Thefollowing International Union of Pure and Applied ChemistkyRAC) codes for

nucleotidedegeneracies are used:

®
-

>> 0>

>O>»> 0>

—

<RXRSU<ZIONZ
O440 0000

@
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2.1.2. Stock Solutions

Ampicillin: 10 mg/mL stock prepared in deionized water.

Cyclohexamide:5 mg/mL solution prepared in deionized water.

Nalidixic Acid: 10 mg/mL solution prepared in deionized water.

Rifampicin: 10 mg/mL solution was prepared in methanol.

All antibiotics were filtersterilizedandstored at20 °C until used.

80% (v/v) Glycerol: 20 mL of deionized water was added® mL of100% glycero(Sigma
Aldrich, St. Louis, MO)and autoclaved at 12T for 20 minutes.

25% (w/v) Yeast Nitrogen Base (YNB) (without amino acids)25 g of YNBwithout amino
acids(Sigma Aldrich, St. Louis, MOyas added to 100 mL of deionized water and ghoto a
boil. The solution was filtesterilized (0.2 um) prior to use.

Tris-acetateEDTA Electrophoresis Buffer TAE (50 X): 242 g of Tris base was dissolved in
800 mLof distilled water. 57.1 mL glacial acetic acid and 100 mL 0.5 M EDTA (pH 8.0) were
added and the volume topped up to 1 L with deionized water. A 1 X working solution was
preparedy diluting the buffer 50 fold

1% wi/v Sodium Pyrophosphate:10 g of sodium pyrophosphateisher Scientific, Fair Lawn,
NJ)was dissolved in 1 L of deionizedater. The pH was adjusted to 7.3 with 0.1 N HCI.
Polycyclic Aromatic Hydrocarbon Stock Solutions:PAH stock solutions were prepared in

N 6 Minethylformamide for liquid culture experiments or in acetone for agar based
experiments. Concentrations prephdifered depending on the experiment and the PAH
phenanthrene, anthracene, pyrene, chrysene and benzo(a)pyrene. PAH stock solutions were
prepared in glass serum bottles wpttilytetrafluoroethylenéPTFE-lined caps and wersored

at room temperatur@2 °C) in the dark. Sets of PAH stock solutions were prepared for the

following experiments:
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1. Spray Plating Experiments:10 % (w/v) phenanthrene in acetone
2. Liquid Culture Degradation Experiments: 10 mg/mL stock solutions prepared in DMF
for phenanthrene, anthracene, pyrene and benzo(a)pyrene; 5 mg/mL for chrysene.
Internal Standard Solutions for GGFID and GC-MS analyses
Anthracene: 1 mg/mL prepared in DCM.
Docosane0.1 g docosane prepared ind®CM.
Fluorene: 2 mg/mL prepared in DCM.

Phosphate Buffered Saline (10 X) (PBS):

NaCl 80 g
KCl 29
NaHPO, 14.4 g
KH,PO 2.4 g

The pH was adjusted to 7.4 with 0.1 N HCI. The 10 X PBS solution was diluted 10 times prior
to autoclaving.

2.1.3. Media Composition

All media recipesre per L of deionized water. Media wsterilizedby autoclaving at 123C
for 20minutes. Where solid media warsed 15 g of agar was added prior to autoclaving.
UG14 Mineral Salts Media (MSM) (Providenti et al, 1995)

NaHPOJ/KH,PQO, buffer, pH 7.2 10 mM

(NH4)2SOy 2.38¢
MgSQOA 7,81 0.25¢g
NacCl 05¢g
FeSQA 7.0 0.010 mM
CaCb 20 mM

Bacto Tryptic Soy Broth (TSB) Media:
The medium was prepared by adding 30 g of Tryptic Soy Bfitco, Sparks, MDY}o 1 L of
deionized water. Where 1/¢he strength oTSB was required, 3 g of TSB was added to 1 L of

deionized water.
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Bushnell Haas (BH) Media:
The media was prepared by adding 3.27 g of Bushnell Haas (beftia, Sparks, MD}o 1 L of
deionized water. Where required, Bushnell Haas media was supplemented with the following:
1 % (v/v) glycerol
0.67 %(w/v) YNB withoutamino acids
1 g/L yeastextract (Difco, Detroit, Ml).
Luria Bertani (LB) Medium :
The mediumwas prepared bgdding 20 g of Luria Bertani broth (Difco, Sparks, MD) to 1 L of
deionized water.

2.2. GENERAL METHODS

Weight measurements were made using a Sartorius 1216 MP scale (Mississauga, ON),

and smaller quantitigs 1.0 g) were measured using a Mettleoledo AE10analytical balance
(Columbus, OH, USA). pH readings were obtained using a Fisher Scientific Accureatétes
AR10 pH meter Optical density readingsf DNA and cell culturesvere measured using an
Amersham Biosciences Ultraspec 3100 Pro spectrophoto(Bédehrom Ltd., Cambridge,
England). Cultures and extracts were centrifuged using either an Eppendorf Mini Spin Plus
(Mississauga, ON) or a Hermle Labortechnik GmbH Z200A centrifuge (Werhi@ermany).
Liquid inocula werggrown using a model G2 gyrajoshaker (New Brunswick Sci. Co., Edison,
NJ, USA) or a &ady Shake Model 757L Shaledubater (Amerex Instruments, Lafayette, CA,
USA). Incubation of plates occurred in temperature controlled cabinets.-Stdtéized
solutiors were passed throu@t? um sterile nylon disposable filters (Fisher Scientific, Ottawa,
ON). Glasswaravas washed with detergent and rinsed with deionized water. Glassware

exposed to PAHs was rinsed with acetone prior to washing with detergent.
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2.3. MAINTAINANCE OF BACTERIAL STRAINS

2.3.1. Microbial Landfarm Isolates

Microbial isolates were enriched and isolated from NOVA Chemicals landfarm soil by
the methods described in Section 2.Microorganisms were stored af@ on 1/18' strength
Tryptic Soy Agar (TSA) plates unless otherwise stated. For long term storage, stocks of
microorganisms were prepared in 30%yv) glycerol and stored in-&0 °C freezer.

2.3.2. Pseudomonasp. UG14Lr

Pseudomonasp. UG14Lr, a phenanthrewkegrading bacterium, was used as a positive
control during isolation and PAH degradation experiments. The bacterium was initially isolated
from a contaminated soil sample taken near a former weatent sit¢Providenti, 1994)

Strain UG14Lr arose from a spontaneous rifampiesistant mutant of strain U@ 1wvhich was
marked with théuxAB genes fronVibrio harveyii(Weir et al, 19%). The bacterial strain
Pseudomonasp.UG14Lr used in this work was revived from a lyophilized culture in the
collection at the University of Guelph (Guelph, ON). During PAH degradation experiments,
strain UG14Lmwasgrown under the same conditions those used for bacterial landfarm isolates

with the exception of the growth temperature, which wa¥3tbr UG14Lr.

2.4. MICROBIAL ENRICHMENT FROM NOVA CHEMICALS LANDFARM SOIL

2.4.1. NOVA Chemicals Landfarm Soil Preparation

Contaminated soil fathe isolation 6 PAH-degrading microorganissiwaskindly
provided by the NOVAChemicals Refinery site in Corunna, ON. The soil was obtained in May
2007 from fields 5, 6, 7, and 8 which were being used for bioremediation of PAH containing
refinery effluent. The soil, wbh included root material, was taken from both the surface of the

fields (topsoil) and about 15 cm below the surface (soi). The samples were collected in
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plastic bags and were separated according to field and depth (top or subsoil). Soil sangples w
stored at 4°C until used

For the enrichment of PAH degrading microorganisms, three groupings of landfarm soil
material would be used. 10 g of soil from Field 6, a field which NOVA Chemicals had used for
phytoremediation of refinery effluent was sééztas the first source of PAtegrading
microorganisms. Aecond source consisted of ad.Oollection of the root material that was
recovered among all the soil samples received. tAih& source consisted of a-t0composite
and representative sammgsoil from all four fields.

In preparation for shake flask enrichment, the soil was passed through a sieve (< 4.00
mm) to separate the root material from the soil. The composite soil sample was prepared by
combining 5 g each of soils from Fields 576nd 8. The soil was mixed and 10 g of the
composite mixture was removed for ehneent purposes. Each 10 g swibt sample was added
to 100 mL of 1% wi/v sodiurpyrophosphate (pH 7.3) in a 2BGL sterile Erlenmeyer flask. The
flasks wee shaken at 15¢pm at 22°C overnight. Following shaking, the samples were left to
settle for a minimum of one hour.

2.4.2. Shake Flask Enrichment for PABegrading Microorganisms

2.4.2.1. Enrichment using NOVA ChemicalmAricanPetroleuminstitute Oit
water SeparatoEffluent

20 mL of each supernatant (Field 6, Corsppe and Root) was added to 5@ capacity
Erlenmeyer flasks containing 10 mL of 10 X concentrated MSM and 70 mL obiAREater
separatoeffluent obtained from the NOVA Chemicals Refinery Site (Corunna, ON). The
effluent was brought to 22 prior to use. The three enrichment cultunese incubated at

22°C and shaken &50 rpm in the dark for up to 60 days.
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24.2.2. Monitoring of PAHDegradation during Enrichment
Total PAH degradation in the three enrichmhitasks was monitored following the
methods of Somtrakooret al. 2007)with the following modifications At weekly extraction
intervals, 10 mL of each enriclent culture was removed to a-Bll. capacity glass serum
bottle. 2 mL of dichloromethane and 10 pL of a 1 mg/mL anthracene standard were added. The
bottles were sealaslith PTFEIlined septa and aluminum crimp caps and whke&kesn for 90 min
at 175 rpm (22C) in the dark. The extractions were then left to settle for 1 h after which the
heavier ~2 mL DCM fractions were transferréd GC auto sampler vials. The vialsre stored
at-20°C until GGFID analysis.
The following conditions were used for GEID Analysis:
Instrument: Hewlett PackafB90 Series IGas Chromatograph
Column: DB- 1 Capillary Column (30 m x 25 mm, 1.D. 0.25 pm)
Carrier Gas: Helium
Injector Temperature: 320C
Detector Temperature: 32C
Carrier Flow Rate: 0.6 mifin
Column Head Pressure: 12 psi
Split Flow Ratio: Splitless
For analysis of PAH extracts, the oven temperature was programmedG &0l min,
followed by a linear increase &6 °C/min and held at 300C. Due to the complex chemical
mixture of analytes present within the refinery effluent and the inability to identify individual
peaks of interest on chromatograms, the total peak area for each analyzed sample was compared

overtime as a measure of degradation.
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2.4.3. Subculturing and Isolation of Microorganisms

Every 3 weeks for 60 days, the samples were further enriched using 5 mL of the original
enrichment added to 5 mL of 10 X concentrated MSM containing 40 mL obikRfater
sepaatoreffluent. Following enrichment, 1 mL from each of the 3 microbialcbinnents was
diluted in ®6 sodium pyrophosphatriffer andplated on TSA and 1/f0TSA plates. The
plates were incubated at either°®2 28°C or 37°C and observed for growdfter 24 h. From
the plates, 88 colonies were selected and maintained on 1/10 TSA plates prior to screening for
phenanthrene degrading ability. The isolates were designate@)At{dough K (18).

2.5.IDENTIFICATION OF PHENANTHRENEDEGRADING MICROORGANISMS

2.5.1. Phenanthrene Spray Plating

Agar plates containing Bushnell Haas media seipeinted with 1 ¢/ of yeast extract
were prepared and divided into quadrants. Using sterilized toothpicks, microbial isolates from
1/10" TSA plates were point inoculated (4 pdate) in the center of each quadrant.
Pseudomonasp. UG14Lr, a known phenanthredegrading bacterium was included as a
positive control, an@scherichiacoli strain TG1 was included as a negative control. The plates
were incubated at 2ZC until growth was visible, about-3 days. E. colistrain TG1 was grown
at 37 °C. Each plate was prepared in triplicate. Phenanthrene spray plating was carried out
following the method oKiyoharaet al, (1982) Oneset of plates wasprayed with a 10%
(w/v) solution of phenanthrena acetone; another set wgsrayed with the solvent acetone
alone, and the last setceivel no PAH or solvent angerved as aheck for growth.

The first set of plates was sprayed using a glass sprayer (Lurelandndld, USA)
affixed to a 128mL flask in order to form a thin kte layer of phenanthrene over the agar. The
second set was sprayed with acetone alone and all the plates weréhieffume hood for 5 min

to allow for solvent evaporation. These plates and the set of plates which were not sprayed were
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sealed with prafilm, keptin the dark and incubated at 22 in a fume hood. The plates were
checked daily for the presence of clearing zones around areas of bacterial growth.

2.5.2. 16S rRNA Gene Analysis

2.5.2.1. DNA Extraction

Selected PAHlegrading bacterial isolates wepe@wn for 22 days in 5 mL TSB at 22
°C and shakeat 175 rpm. 1 mL of bacterial culture was used for extraction of total DNA using
the DNeasy Blood and Tissue Kit (Qiagkc., Mississauga, ON). Grapositive bacterial
isolates were prereated with lyszyme following the recommended method in the extadtit
protocol.

2.5.2.2.  Polymerase Chain Reaction

PCR wagerformed in either a Gene Amp 2400 PCR System (Perkin EImer, Waltham,
MA) or a Mastercycler Gradient thermocycler (Eppendorkdtisauga, ON).

The 16S ribosomal RA gene(1450 bp fragmentyas amplified using the following
primer set (Lane, 1991):

1T 27F -AGAGTT(TGATCM TGG CTC AG3 6 )
T 1492 RTAC GGYGTACCTTGTTACGACTT30)

The amplificatiormix consistedf 22 uL of nuclease free wat@kpplied Biosystems /
Ambion, Austin, TX USA); 1 uL of each primer (from 10 uM stock solutions); 1 pL of template
DNA and 25 pL of 2X PCR Master Mix (Fermentas Life Sciences, Burlington, ON) containing:
0.05 UL of Taq polymerase in reaction buffer, 4mMyEl, and 0.4 mM each of dATP, dCTP,
dGTP and dTTP. The total reaction volume was 50 puL. Cycling conditions were 1 cycle at 94
°C for 4min; 30 cycles a94 °C for 1 min, 55°C for 50 sec and 7Z for 1 min and 30 seand

a final extesion cycle at 72C for 7 min
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2.5.2.3.  Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to detect PCR products. Gepsepared with
1% (wN) agarose in 1X TAE bufferAfter sample loading, gels wemen at 100 mV for 4650
min in the same buffer using a MiSub Cell GT (BieRad Laboratories, Hercules, CA, USA)
connected to a power supply. BNamples were run alongside b pf a 1 kb DNA molecular
weight marker (Fermentas Life Sciences, Burlington, ON) to estimate product size. Gels were
stained with 0.5 g/mL of ethidium bromide. DNA in gels was visualized and photographed
using a UV transilluminator (Bi&Rad Laboratories, Hercules, CA). Gel photographs were

analyzed using Quantity One Software v. 4.4.0 {Baw Laboratories, Hercules, CA, USA).

2.5.2.4. PCR Roduct Purification and Sequencing

The PCR products obtained were purified using the High Pure PCR Product Purification
Kit (Roche Diagnostics, Laval, QC) or the QIAquick PCR purification Kit (Qiagen Inc.,
Mississauga, ON). The protocol was modified dlighy using nucleas&ee water instead of
elution buffer to improve the elution step. Purified DNA samples were sequenced by the
University of Guelphés AAC Genomi csnbbtaci | ity
directionsusingtheforward and revese primers (27F and 1492R). Forward and reverse
sequences were aligned manually and a partial consensus sequence obtained. The consensus
sequence was entered into the National Centre of Biotechnology Information (NCBI) database
using the nucleotide BLAS3earch and the nearest sequences retrieved.

2.6.DEGRADATION OF INDIVIDUAL AND DEFINED MIXTURES OF POLYCYCLIC
AROMATIC HYDROCARBONS IN LIQUID CULTURE

The following section provides details on all liquid culture experiments involving PAHS.

Unless otherwisstated, experiments were conducted in 50 mL glass serum bottles with PTFE
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lined septa and were sealed with aluminum crimp seals (Sigma Aldrich, Oakville, ON). The
experiments were designed followingethods utilized oSomtrakooret al, (2007)with
modifications. Unlessotherwise stated all degradation experimentszetliBushnell Haas

media supplemented with 0.67%/v) YNB without amino acids Liquid culture experiments

were conducted with high cell density inocula (€ &6lls/mL) and cultures were incubated at 22
°C and 150 rpm on a laboratory shaker in the d&dt. experiments lasting over 24 h, aeration
was provided by opening the serum bottles in the fume hood for 1 h each day. All experiments
were conducted itriplicate

2.6.1. Preparavn of PAH Stock Slutions and Media

For PAH degradation experiments, stachutions of individual PAHs were prepared in
DMF at concentrations of 10 mgL for phenanthrenene, anthracene, pgrand benzo(a)pyrene
and 5 mghL for chrysene. PAHs were added to Bushnell Haatiareipplemented with YNB
without amino acids (0.8%, w/v) to give the following quantities per litre: 200 mg for
phenanthrene and 50 mg each for anthracene, pyrene, chrysene and benzo(a)pyrene.

2.6.2. Preparation of Bacterial Inocula

To prepare the bacterial inocula for PAH degradation experiments, bacteriatiandfa
isolates were grown in Bushnélkhas broth supplemented witboXv/v) glycerol, 0.6% (w/v)
YNB without amino acidand 25 mg/L phenanthrene. The flasks were incubated at 22 °C with
shaking at 150 rpm until growth reached the late exponential ph&séajls). Cells were
harvested by centrifugation at 4 500 x g for 10 minutes at 4 °C and were washed twice with
sterilized Bushell Haas broth containing 0.8 (w/v) YNB without amino acids The cell
pellets were resuspended in Bushnell Haas broth caritag YNB without amino acid$0.67%

w/v) to achieve a cell density of &€ells/mL to be used as the inoculum for PAH degradation
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experiments. Bacterial inocula which were intended to serve as autoclaved cell controls were
grown, centrifuged and washadder the same conditions as described above, and underwent
aubclaving at 12TFC for 15 minprior to use in degradation experiments.

2.6.3. Bacterial Degradation of Phenanthrene

To determine the ability of landfarm bacterial isolates to akgphnenanthrene ovar72
h period, enough 58nL glass serum bottles containing Bushnell Haas broth supplemented with
0.67%(w/v) YNB without amino acid¢9 mL) were prepared so that one bottle could be
sacrificed at each time point for PAH extraction. In each serum b@&leqL of a phenanthrene
stock solution (10 mg/L) was added to the Bushnell Haas broth. The bacterial inocaldm (
mL) was then added to each bottle to give an initial cell density’afell8/mL. As a control,
media containing phenanthrene was ina@d with autoclaved cells to achieve an equivalent
initial cell density (~ 1®cells/mL). An abiotic control was also prepared which contained
Bushnell Haas broth supplemented with 0.6¥%v) YNB without amino acidand
phenanthrene, but did not comtainy bacterial cells. All bottles were incubated and shaken a
describedn Section 2.6. Sampling drPAH extraction occurred at 2, 4, 6, 8, 10, 12, 24, 48,
and 72 h.

2.6.4. Bacterial Degradation of Defined PAH Mixtures

To determine the ability of landfarbacterial isolates to degrade four combimas of
PAHSs over a 6 dageriod, enough glass serum bottles containing Bushnell Haas broth and
0.67%(w/v) YNB without amino acidsvere prepared to allow for one bottle to be sacrificed at
each PAH extraction timpoint. The four defined sets of mixtures contained phenanthrene and
one of either anthracene, pyrene, chrysene or bempgo¢ae at a ratio of 200 mgA0 mg/L.
Therefore, to each serum bottle containing broth, 0.2 mL of the phenanthrene stock aatlition

0.05 mL of one of anthracene, pyrene or benzo(a)pyrene or 0.1 mL of chrysene was added. The
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bacterial inoculumda. 1 mL) was added to each bottle to give an initial cell density bf 10
celldmL. As a control for each defined mixture, autoclavetsaeére inoculated in media
containing the PAHSs to give an initial cell density of € @élls/mL. Abiotic controls were also
included for each PAH combination. All bottles were incubated and shaken as previously
described. PAH extraction occurred dt,d0 h, Day 1, Day 2, Day 3, Day 4, Day 5, and Day 6.

2.6.5. Microbial Growth during PAH Degradation

Bacterial cell growth over the course of PAH degradation expetawes monitored by
dilution spread plating techniques using Bushnell Haas agar plates supielénwéh 1%4v/v)
glycerol and 0.67%w/v) YNB without amino acids All dilutions were prepared in 1 X PBS.
Plates were incubated at 22 for 3-4 days until colonies were visible.

2.6.6. Analytical Methods

2.6.6.1. Extraction of PAHs from Culture Medium

For PAH extaction from liquidcultures, 2 mL of DCM and 100of a fluorene internal
standard (1 mg/mL) were added to the entire 10 mL culture in a 50 mL glass serum bottle. The
mixture was shaken for 90 secondsl dhen held at 22C for 2 h prior to being frozeat-20°C
overnight. The following day, the bottles were thawed éi2and approximately 1.5 to 1.8 mL
of the organic phase was reneovto auto sampler vials for G&ID analysis. PAH standards
were prepared in 10 mL of Bushnell Haas broth with YiNBout amino acid§0.67% wi/v)
and were extracted in an identical manner as used for the liquid cultures.

2.6.6.2. Determinaton of PAH Concentration by GEID

PAH concentrations in sample extracts and standards were determined using a Hewlett

Packardb890 Serie$l Gas Chromatograph equipped with a flame ionization detastog the

method and conditions described in Section 2.4.2.2
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The peak areas of both the internal standard and PAHs were used to calculate the peak
area ratio, which was used in the creatba standard curve. The peak area ratios for the
controls and samples were compared to the PAH standards for determination of PAH
concentration. The standard curve for phenanthrene was linear atttatioes ranging from
0.5to 200 mg/L, and for anthcene, pyrene, chrysene and benzo(a)pyrene the standeed
were linear from 0.50 50 mg/L.

2.7.PAH BIODEGRADATION IN NOVA CHEMICALSDISSOLVED AIR
FLOATATION SLUDGE

The following section describes the degradation of PAHs in NOVA Chemicals Refinery
effluent by Arthrobactersp. UG50, a bacterium isolated following enrichment from NOVA
Chemicals landfarm soil. All ggeriments were conducted in 500 Erlenmeyer flasks (baffled
or flat bottom) with PTFHined screw caps. Unless otherwise stated, all expetsrutilized
Dissolved Air Floatation (DAF) sludge from a batch produced at the NOVA Chemicals Corunna
Site (near Sarnia, ON) in June of 2007. All flasks were incubated°& 82150 rpm on a
laboratory shaker (in a fume hood) in the dark. All expenits were conducted in triplicate.

2.7.1. Selection of Antibiotic Resistant MutantsAfthrobactersp. UG50

An antibiotic resistant mutant éfrthrobactersp. UG50 was desired for the purposes of
monitoring inoculated bacterial cell growth during PAH degradatinonsterile DAF sludge.
A mutant resistant to 20 pg/mL of nalidixic acid and 20 pg/mL of rifampicin was isolated and
selected to be used during sludge degradation experiments. All agar plates described below were
prepared with Bushnell Haas medigplemented with 1%v/v) glycerol and 0.67%w/v) YNB
without amino acids

Agar plates were prepared as previously described and contained a rifampicin gradient

with concentrations rangirfgom 10to 50 pg/mL. Dilutions oArthrobactersp. UG50 culture
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which had been grown overnight in Bushnell Haas broth witi(\/%) glycerol and 0.67%w/v)
YNB without amino acids were spread on the plates whefetlien incubateat 22°C.

Colonies were visible up to a rifampicin concentration of 20 pug/Mgar plates were then
prepared with fixed rifampicin concentratiar@ging from10 to 50 ug/mL. As observed on the
gradient plates, growth was visible at 10 and 20 pg/mL rifampicin.

Five colonies which grew at 20 pug/mL rifampicin were selectedldmg on gradient
plates containing both rifampicin and nalidixic acid at concentrations from 10 to 50 pg/mL of
each antibiotic. The plates were incubated under the same conditions as previously described.
Growth was visible up to 20 pg/mL rifampicinénalidixic acid. Fixed concentration
rifampicin and nalidixic acid containing plates were then prepared from 10 to 50 ug/mL. Each
plate also contained 50 pg/mL cyclohexamide which was used to prevent fungal growth when
plating DAF sludge samples. Cales only grew on the 10 and 20 pg/mL nalidixic acid and
rifampicin plates containing cyclohexamide. The plating was repeated and four colonies which
grew at 20 pg/mL nalidixic acid and rifampicin were grown overnight in broth at 22°C
containing the sameoncentrations of antibiotics. Q@fareadingof each culturevere takerand
the mutant which exhibited the best growth as determined by the highggtvalDe was
selected for furthetesting.

The antibiotic resistarrthrobactersp. UG50 mutant was ¢h tested to make sure it had
retained itsd ability to degrade phenanthrene
Section 2.6.3 was performed to compare the degradation abithg wildtype Arthrobactersp.

UGH50 to the antibiotic resistant mata PAHextractions were performed at 0, 10,8 48hA
change in colour from white to oramg@f the culture medium was taken as an indication of

phenathrene degradationThe rifampicin and nalidixic acid resistafthrobactersp. UG50

90



mutant was miatained on Bushnell Haas plates amended with glycero] YI¥pand YNB
without amino acid$0.67% wi/v) containing both antibiotics at 20 pg/mL and 50 pg/mL
cyclohexamide until needed for sludge degradation experiments.

2.7.2. Preparation of Bacterial Inocula

To prepare the bacterial inocula for PAH degradation experiments, the antibiotic resistant
mutant ofArthrobactersp. UG50 was grown in Bushnell Haas broth supplemented with 1%
(v/v) glycerol and 0.67%w/v) YNB without amino acidat 22°C and 175 rpm fot-2 days
until growth reached the late exponential phase. Subsequently, 4 mL of this culture was added to
196 mL of Bushnell Haas broth containing 194v) glycerol and 0.67%w/v) YNB without
amino acidsand incubation continued for another 48 h atQ2vith shaking at 200 rpm.
The culture medium was divided into two 100 mL portions, and bacterial cells were
harvesteds described in Section 2.6.2he cell pellets were each-sespended in DAF sludge
to a bacterial cell density of 16ells/mL. Arthrobactersp. UG50 cells which were intended to
be used as an autoclaved cell control were grown, centrifuged, washedsasgerded to yield
~ 10 cells/mLin the same manner described above. The cells then autoclaved for 15 min
at 121°C prior touse in degradation experiments.

2.7.3. PAH Biodegradation in BsolvedAir FloatationSludge

In preparation for the sludge degradation experiment, 100 g of well mixed DAF sludge
was added to each Erlenmeyer flask and wasmaat#d to 22C prior to use. Baffled flasks
were used to irrease aeration within the vessahd a flat bottomed flask containing
Arthrobactersp. UG50 was included for comparison. The three treatments used included:
1. A baffled flask containing DAF sludge only (withcadided inoculum)
2. A baffled flask containing DAF sludge withrthrobactersp. UG50 cells

3. Aflat bottomed flask containing DAF sludge witiithrobactersp. UG50 cells
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Approximately 1 mL of DAF sludge from the flasks (with the exception of the control)
was ugd in the resuspension of the wash@dthrobactercell pellets. The inoculated sludge
was then returned to the flasks and PAIREd screw caps were loosely fitted to allow for
aeration. The flasks were covereith aluminum foiland incubated at 2ZC on a laboratory
shaker in a fume hood with shaking at 250 rpm. The flasks were incubated for 20 days with
sampling and PAH extraction done on Days 0, 1, 2, 3,4, 5, 6, 7, 12 and 20.

2.7.4. Microbial Growth During PAH Degradation inigsolvedAir FloatationSludge

Bacterial cell growth oArthrobactersp. UG50 over the course of PAH degradation
experiments in DAF slugke was monitored bgilution spread platingsing Bushnell Haas agar
plates supplemented with 184v) glycerol, 0.67%w/v) YNB without amino acids20 pug/mL
each of rifampicin and nalidixic acid and 50 pg/mL cyclohexamide. Growth of microorganisms
present in the DAF sludge was monitored by plating on Bushnell Haas plates containing 1%
(v/v) glycerol and 0.6% (w/v) YNB without amino acids All dilutions were prepared in 1 X
PBS. Plates were incubated at°22for 34 days until colonies were visible.

2.7.5. Analytical Methods

2.7.5.1. PAH Extraction from BsolvedAir Floatation Sludge

In preparation for PAH extraction, an internal standard of docosane wasqutep a
hypo vial by dissolving 0.1 g of docosane in 15 g of DCM. PAH extraction was performed by
sub samplinga~ 1 g, well mixed sludge sample from eaasK and transferring it to a 50L
glass serum bottle. The empty bottle and sludge weightneeoeded. 40 pL of the internal
standard solution was then added and the total weight subsequently recorded. From this value,
the weight of the internal standard was determined. 4 mL of DCM was then added to each of the
bottles which were then sealedlwPTFElined septa and aluminum crimp caps. The bottles

were placed on a laborayoshaker for 1 h and 45 mat 22°C and 250 rpm in the dark. The
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extract was then centrifuged at 1000 x g for 28utes and a 2 mDCM aliquot transferretb a
GC autosampler vial for GEMS analysis.The extracts were stored-20 °C until analysis.
2.7.5.2. Determination of PAH Concentiah and Total Hydrocarbon by GEIS
PAH concentrations in sludge sample extracts were determined using a Model 6890 N
SystemGas Chromatograph (Hewlett Packard, Palo Alto, CA, USA) equipped with a Model
5973 NMass Selective Detect@Agilent Technologies Gaada, Mississauga, ON). All GKS
analysis was carried out by personnel at the NOVA Chemicals Research and Technotogy Cen
in Calgary, AB. The following conditions were used for all analyses:
Column: RTX1 Capillary Column (15 m x 0.32 mm, I.D. 0.25 pm)
Carrier Gas: UHP Helium
Injector Temperature: Cool Gdolumn
Injector Pressure: 25.7 kPa
Injection Volume: 0.5 pL
Run Time: 35 minutes
For analysis of PAH extracts, the oven temperaturepn@agammed to 40C for 2 min
followed by an increase of TZ/min to 300°C where the temperatureas held for 11.33 min
Identification of the PAH compounds in the DAF sludge weteanined by a
comparison of their mass spectra with the spectra of high purity standards. PAH concentration
(ng/g) was determined by a comparison of the peak area ratio of the internal standard (docosane)
to the PAH of interest and the ratios obtainedentben compared to a set of standards. Total
hydrocarbons were calculated using an internal standard calculation method using both sample
weight and internal standard weight. The following formula was used to calculate total

hydrocarbon in sample extract
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Ay X Wtistp X [ISTD] X 1 = wtppm
A ISTD Wt sample

Where:

A x = peak area of component x
A stp = peak area of internal standard (docosane)
Wt stp = weight (g) of internal standard solution added
Wt sample= Weight (g) of sample only, without internal standard
[ISTD] = Weight of internal standarX 10° = pg/g
Weight of solvent + wt. of internal standard

2.8.DATA ANALYSIS
The percentage of PAH remaining was expressed as the meanA &ie-way analysis
of variance was used to test for statistical significance among treatments. Subsequent multiple
comparisonsone ans wer e per f or me d. Stasstical gignificantawae y 6 s

accepted at R 0.05.

CHAPTER 3: RESULTS

3.1. MICROBIAL ENRICHMENT FROM NOVA CHEMICALS LANDFARM SOIL

3.1.1. PAH Degradation in API Oiwater Separator Effluentuding Enrichment

Degradation of hydrocarbons present in each flask during enrichment etiPgveding
microorganisms from NOVA Chemicals landfarm soil and root material or American Petroleum
Institute oilwater separator effluent alone was monitored at weekly intervad fdays.
Hydrocarbon degradation was measured by comparing the total peak areas from the GC
chromatogram of each sample over time. Figure 3.1 shows the percent reductions in total peak
area occurring over 42 days in each of the four enrichment flask€#ID analysis.

Significant decreases in total peak area were recorded frofalB@nalysis of

extractions taken from each of the four enrichment flasks over 42 days. After 7 days of
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incubation, reductions of 90.7, 80.4 and 86.4% were seen in thpdataareas of the flasks
containing root material, composite and field 6 soils respectively. Degradation in the flask
containing only API effluent occurred more slowly over the first 7 days, with only a 24.9%
reduction in total peak area. By day l4alpareas in the flask containing only APlahter

separator effluent had reached levels similar to those of the three flasks containing soil/root
material with only 12.1% of the total peak area remaining compared to 3.6, 17.4 and 4.4% for the
root, compaite and field 6 flasks respectively. By the end of the 42 day enrichment period, only
2.5, 1.8, 2.3 and 1.9% of the original total peak areas for the flasks containing-aRtemil

separator effluent alone, root material, composite and field 6 soi&sred

% Total Peak Area
& o ® B
o o o o

N
o
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Figure 3.1: Hydrocarbon degradation in American Petroleum I nstitute oil-water separator
effluent during shake flask enrichmentof PAH degrading microorganisms from NOVA
Chemicals landfarm soilover 42 days. Symbols: ¢p -) Root material and API oil-water
separator effluent; (-y-) Composite soil and API oitwater separator effluent; (z -) Field 6
soil and root material; (-0-) API oil-water separator effluent alone.
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3.1.2. Isolation of Bacterial Isolatdsom Enrichment Sources

Following enrichment of PAHIegrading microorganisms, aliquots from each flask were

plated on TSA and 1/f0TSA plates. After 48 h of incubation, 88 isolatesevselected, of

which 56 isolates were from the full strength TSA plates and 32 from th8 T8® plates. The

isolates selected grew well at 22 and were selected over isolates growing &t8nd 37°C

which did not show significant growth. Isolat@ere selected to undergo screening for

phenanthreneegrading ability based on originating enrichment source and differing colony

morphology. The isolates were identified based upon the originating enrichment source

(composite or field 6 soils, root &P1 effluent). Table 3.1 lists the enrichment sources of the 88

isolates.

Table 3.1: Shakeflask enrichment sourcesfor selected landfarm microorganisms isolated
on TSA and 1/18' TSA media following incubation at 22°C for 48 h.

Isolate
Plate | Media 1 2 3 4 5 6 7 8
A TSA | Field6 | Field 6 | Field 6 | Field 6 | Field 6 | Field 6 | Field 6 | Field 6
B TSA API Root API API API Cont. Root Root
C TSA Comp | Comp | Comp | Comp | Root Root | Comp | Comp
D TSA API API API API Comp | Comp | Comp | Comp
E TSA Root Root | Field 6 | Field 6 | Field 6 | Field 6 | Root Root
F TSA | Comp. | Comp.| API API API API Comp. | Comp.
G TSA Root | Field 6 | Field 6 | Field 6 | Field 6 | Root Root Root
H 1/120" | API | Comp.| Comp.| Comp.| Comp.| API API API
TSA
| 1/120" | Field 6 | Field 6 | Field 6 | Field 6 | Field 6 | Comp. | Comp. | Comp.
TSA
J 1/10" | Root | Root | Root | Root | Root | Root | Root | Root
TSA
K 1/10" | Root | Root | Root | Root | API API API API
TSA

96




3.2. IDENTIFICATION OF PHENANTHRENEDEGRADING MICROORGANISMS

3.2.1. Phenanthrene Spray Plating

Isolates capable of degrading phenanthrene were isolated using thelapeagchnique
of Kiyoharaet al (1982). After inoculation of agar plates in quadrants with the 88 microbial
isolates, visible colony growth was observed aft8rdays. A first dempt at spraying the plates
with phenanthrene proved unsuccessful as the initial sprayer pressure was too high and resulted
in the bacterial inoculum being spread from the initial point of inoculation to other quadrants. A
second attempt with more spray®ntrol and less pressure being used in depositing the
phenanthrene layer proved successful and resulted in even distribution of the PAH on the agar
and minimal disruption of the microbial colonies.

Phenanthrene degradation was noted under visibleligh darkening of the agar and
the development of clearing zones around areas of bacterial growth. Figure 3.2 shows a
photograph of the zone of clearing produced around isolate C8 on a plate sprayed with
phenanthrene. The darkening of the agar wablgigirior to the presence of visible clearing
zones. Plates were checked daily for the presence (a positive result) or absence (a negative
result) of clearing zones. Zones of clearing started to become visible following 7 days of
incubation at 22C. The results of phenanthrene spray plating experiments are presented in
Table 3.2.

Of the 88 isolates screened, 13 exhibited varying degrees of phenartbgeading
ability. These included isolates C8, D5, D8, F5, F6, F7, F8, G5, J1, J2, J3, J4 dhe 248.
isolates (C8, F7, G5 and J3) which were observed to produce the largest zones of clearing (> 0.2

cm) and significant darkening of the agar were streaked to purity and selected for further studies.
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Figure 3.2: Bushnell Haas agar plate containing 1 g/L yeast extract inoculated with four
landfarm microbial isolates and sprayed with 10% (w/v) phenanthrene in acetone. Arrow
indicates the one of clearing formed around bacterial isolate C8 afte20 days of
incubation at 22°C in the dark.
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Table 3.2:

phenanthrene in acetone. Plates were observed daily for 20 days for the presence of clearing zones. Symbols: (+) clearirg zon

Phenanthrene spray plateresults for 88 microorganisms solated from enrichment flasks Bushnell Haas plates
containing 1 g/L yeast extract were point inoculeed with landfarm microbial isolates and were sprayed witiL0% (w/v)

was present around a bacterial colony;-j no observed zone of clearing. Disteces of clearing (radii) from bacterial colonies
are presented.

Isolate Number Controls
Plate 1 2 3 4 5 6 7 8 E. coli | Pseudomonasg
TG1 sp. UG14Lr
A - - - - - - - - - +
(0.2 cm)
B - - - - - - - -
C - - - - - - - +
0.4 cm

D - - - - + - - +

0.2cm 0.05cm
E - - - - - - - -
F - - - - + + + +

0.2cm 0.2cm 0.4 cm 0.2cm
G - - - - + - - -

0.5cm
H - - - - - + - -

0.1cm
| - - - - - - - -
J + + + + - - - -
0.1 cm 0.2cm 0.3cm 0.2cm

K - - - - - - - -

99



3.2.2. Determination of 16S rRNA éieSequences

Identification of bacterial isolates which exhibited zones of clearing on phenanthrene
spray plates (C8, J3, G5 and F7) was performed using 16S rRNA sequencing. The 16S primer
set (27F and 1492R) was used to amplify a 1450 bp fragment of th®@M@Sgene from each
isolate. The identities of the sequences were determined using BLASTA25(Basic Local
Alignment Search Tool) similarity search on the NCBI database.

Results of the identity searshowed that isolates C8, G5/ and J3 had thaghest
similarity to Arthrobacterspp.,Achromobactesp. Ss3Serratiaspp. andseorgeniaspp.,
respectively (Table 3.3).
Table 3.3: Identification of bacterial i solatesbased onl6S rRNA sequence comparison

The top tenaligned sequences between bacterial isolates and members of the BLAST
sequences database are presented.

Isolate | Primer Set Aligned Sequences from Blast % Similarity
C8 | 27F1492R | Arthrobacter oxydanstrain 030063 99%
Arthrobactersp. CU19 99%
Arthrobacteroxydansstrain 020288 99%
Arthrobacter oxydanstrain 1663 98%
Arthrobactersp. 32c 98%
Arthrobactersp. TS18 99%
Arthrobactersp. R36535 98%
Arthrobacter oxydanstrain Z1656 98%
Arthrobactersp. MH61 99%
Arthrobacter oxidans 98%
J3 27F1492R | Georgenia ferrireducenstrain F64 98%
Georgeniasp. 2C643 98%
Georgeniasp. ITCr52 98%
Georgeniasp. ITT12 98%
Georgeniasp. CGNMPT-T3 98%
Georgeniasp. swa35 98%
Georgenia muralistrainNBRC 103560 98%
Georgenia thermotolerans 97%
Georgeniasp. strain 3A1 98%
Georgeniasp. E9 98%
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G5 | 27F1492R | Achromobactesp. ss3 100%
Alcaligenes faecalistrain NO5 99%
Achromobactesp. M23 99%
Achromobactesp. enrichment culture clone 99%
ECC36
Achromobacter xylosoxidans 99%
Achromobacter xylosoxidarssrain TPL14 99%
Achromobactesp. N2 99%
Alcaligenessp. M1 99%
Achromobactesp. BPZ11 99%
Achromobactesp. zx6 99%

F7 | 27F1492R | Serratia proteamaculanstrain 4364 99%
Serratiasp. JW65.6a 99%
Serratia proteamaculanstrain wg2 99%
Serratiaproteamaculanstrain PW172 99%
Serratiasp. DAP6 99%
Serratiasp. MARG45 99%
Serratiasp. V5 99%
Serratia liquefacienstrain V4 99%
Serratia liquefacienstrain V1 99%
Serratiasp. V2 99%

3.3. PHENANTHRENE DEGRADATION BY LANDFARM ISOLATES INMINIMAL
MEDIUM

The four isolates (C8, J3, G5, F7) which produced clearing zones on phenanthrene spray
plates were further tested at high cell densitie8 ¢g0s/mL) for their abilities to degrade 200
mg/L of phenanthrene over 9 daySach of the four landfarm isolates and the positive control,
Pseudomonasp. UG14Lr exhibited differing phenanthrene degrading ability over the course of
the experiment (Figure 3.3). Isolate @8throbacterspp.) exhibited the fastest rate of
phenanthrene degradation with 200 mg/L of the compound being completely degraded within 3
days (Figure 3.3)Pseudomonasp. UG14Lr degraded 46% of 200 mg/L phenanthrene after 9
days of incubation. Isolates J3dorgema spp.), F7 $erratiaspp.) and G54chromobactesp.)

degraded 43, 56 and 65%, respectively, of 200 mg/L phenanthrene by day 9 (Figure 3.3). In
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contrast to isolate C8, the majority of phenanthrene degradation by these three isolates occurred
between day 6 and 9.

Phenanthrene degradation by each of the isolates coincided with the appearance of an
orange pigment within the culture medium. The orange pigment was observed within 24 h in the
C8 media, after 3 days in the UG14Lr medium, and after 6 day®imedium containing
isolates J3, F7 or G5. An abiotic loss of 14% was observed in the uninoculated control
containing phenanthrene only (Figure 3.3). Isolate C8 (designafathasbactersp. UG50 for
the continuation of this thesis) was selectadudother study due to its ability to completely

degrade 200 mg/L within the shortest time period (3 days).

[y
[=]
o

0
o

% PAH Remaining
3

40
20
0 _ |
0 3 6 9
Time (Days)

Figure 3.3 Biodegradation of 200 mg/L phenanthrene irBushnell Haas media containing
0.67% (w/v) YNB (without amino acids)by NOVA Chemicals landfarm bacterial isolates
over 9 days Symbols: ¢p -) inoculated with Pseudomonasp. UG14Lr; (-y-) inoculated with
Arthrobacterspp. (C8) (-w-) inoculated with Georgeniaspp (J3); ¢x-) inoculated with
Serratiaspp. (F7); ¢l -) inoculated with Achromobacterspp. (G5);(-0-) uninoculated
control. Values are the means (n=3) + standard deviation for 3 independently grown

inocula.
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3.4. DEGRADATION OF INDIVIDUAL PAH COMPQUNDS BY ARTHROBACTERP.
uG50

3.4.1. Growth ofArthrobactersp. UG500n Individual PAH Compounds

The ability ofArthrobactersp. UG50 tautilize a number of low and high MW
compounds including naphthalene, phenanthrene, anthracene,, gimgsene and
benzoé)pyrene was examined. The straiengon 200 mg/Lphenanthrene as a sole source of
carbon and energy as evidenced Hy4old increase in cell numbefsom 4.7X 10%to 5.1 X
10° CFU/mL after 12 hof incubation(Table3.4). Growthbegan to decline aftd2 h as
phenanthrene concentrations decreased in the medium with 2 5CFWOML remaining by day
6. The strain also showed growth on 50 mg/L anthracene, with cell numbers increasing from 4.5
X 10%to 1.8 X 180 CFU/mL after 21 days (Table 3.4). Althgluable to utilize phenanthrene and
anthraceneArthrobactersp. UG50 was unable to grow on the HMW PAHs pyrene, chrysene
and benzo(a)pyreres sole carbon and energy sources (Table 3.4).

3.4.2. Phenanthrene Degradation Asthrobactersp. UG50

Experiments to examine the ability of a high cell density inoculufhddits/mL) of
Arthrobactersp. UG50 to degrade phenanthrene in liquid broth were conducted. Phenanthrene
was completely degraded Bythrobactersp. UG50 within 3 days (Fig 3.3A andb3). Some
abiotic loss of phenanthrene occurred in the-immculated and autoclaved cell controls as seen
by a decrease in phenanthrene concentration of 17 and 15%, respectively, after 21 days (Figure
3.5A). To determine how quickly phenanthrene wasatdgd within 24 h, a second experiment
was conducted. These results showed that 99.2% of phenanthrene (200 mg/L) was degraded
within 12 h by 18 cells/mL ofArthrobactersp. UG50 (Fig 3.6B). The compound was

completely degraded by 24 h of incubation.
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Table 14: Growth of Arthrobactersp. UG50 cells on selected PAH compoundsBushnell Haas media containing 0.67% (w/v)
YNB (without amino acids) up to 21 days

PAHs Arthrobactersp. UG50 Cell NumbergCFU/mL)
(Initial Oh 12 h 24 h Day 6 Day 21
Concentrations)
Naphthalene | 44X10+51X10 | 43X10+£3.4X10 | 46X10+15X 10 N.D.* N.D.
(50 mg/L)
bA bBC bC
Phenanthrene | 47X160+1.1X10 | 51X10+6.1X10 | 47X10+1.4X10 | 2.6 X10+2.9X 10 N.D.
(200 mg/L)
aA aBC aC aD
Anthracene 45X10+1.4X10 | 64X10+14X10 | 88X10°+1.3X10 | 1.1X10+29X 10 | 1.8X10+22X 16
(50 mg/L)
CAE cBC cC cD cE
Pyrene 40X10+72X10 | 42X10+53X10 | 44X10+20X10 | 43X10+20X16 | 1.3X10+4.0X 10
(50 mg/L)
bAE bBC bC bD bE
Chrysene 41X10+32X10 | 45X10+50X10 | 48X10+4.4X10 | 45X10+40X 10| 3.7X16+3.0X 10
(50 mg/L)
bAE bBC bC bD bE
Benzo(a)pyrene| 4.4X10+40X10 | 45X10+£3.1X10 | 41X160+21X10 | 3.9X10+£3.0X10 | 6.3X16+3.0X 16
(50mg/L)

bAE

bBC

bC

bD

bE

* Mean (n=3) + standard deviatiokleans withdifferentlower case letters are significantly differérm oneanother across rows

and
*N.D.: No data

means

wi t h

di fferent

upper

case

etters

ar e
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Phenanthrene degradation by UG50 cells coincided with the developmentrahge o
pigment in the culture medium beginning at 2 h of incubation, reaching a bright orange colour at

24 h before gradually fading over the remainder of the experiment (Figure 3.4C).

Figure 3.4: Orange mlour development during phenanthrene biodegradatiorafter 24 h by
Arthrobactersp. UG50 in Bushnell Haas broth containing 0.67%w/v) YNB (without amino
acids). A: autoclaved cell controt B: uninoculated control; C: Arthrobactersp. UG50.

3.4.3. Degradation of Low and High Molecular Weight PAHsAwyhrobactersp.
UG50

The ability ofArthrobactersp. UG50 to degrade naphthaleasthracengpyrene,
chrysene and benzo(a)pyrene, each at 50 mg/L, in liquid broth wasatemed. The strain
was able to degrade anthracene at a much slower rate than phenanthrene with 71% remaining
after 21 days (Fig 3.5B)Arthrobactersp. UG50 was unable to degrade naphthalene (Fig 3.6A)
and each of the HMW compounds pyrene, chrysenemzdia)pyrene as sole carbon and energy

sources (Fig 3.5C, 3.5D and 3.5E).
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Figure 3.5: Biodegradation of individual PAH compounds by 18 cells/mL of Arthrobacter
sp. UG50 over 21 days in Bushnell Haas medium containing 0.67% (w/v) YNB (without
amino acids) Panel A: phenanthrene, 200 mg/L; B: anthracene, 50 mg/L; C: pyrene, 50
mg/L; D: chrysene, 50 mg/L and E: benzo(a)pyrene. Symbols:p(-) inoculated with
Arthrobactersp. UG50; ¢n-) autoclavedArthrobactersp. UG50cell control; (-1 -)
uninoculated control. Values are the means (n=3) £ standard deviation.
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Figure 3.6: Biodegradation of individual PAHs by 1 cells/mL Arthrobactersp. UG50 over
24 h in BushnellHaas medum containing 0.67% (w/v) YNB (without amino acids). Panel
A: naphthalene, 50 mg/L; Panel B: phenanthrene, 200 mg/L. Symbolsp(-) inoculated
with Arthrobactersp. UG50 cells; {HU-) autoclavedArthrobactersp. UG50 cell control;(-T -)
uninoculated control. Values are the means (n=3) + standard deviation.

3.5.BACTERIAL DEGRADATION OF DEFINED PAH MIXTURES IN LIQUID
CULTURE

3.5.1. Growth ofArthrobactersp. UG50 on Phenanthrene in the Presence of Anthracene,
Pyrene, Chrysene and Benzo(a)pyrene

The ability ofArthrobactersp. UG50 to grow on individual and binary combinations of
PAH compounds in liquid cultures was evaluated. The strain grew on phenanthrene as a sole
source of carbon and energy in Bushnell Haas broth supplemented with 0.6 F%NB/v
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(without amino acids) (Figure 3.5A and 3.6B). Cell numbers rapidly increased from 4%t 10

5.1 X 10 CFU/mL after 12 h before gradually declining to 2.6 X C&U/mL by day 6 (Figure

3.7). When the cultures were supplemented with either py&&neg/L), chrysene (50 mg/L) or
benzo(a)pyrene (50 mg/L) in additido phenanthrene (200 mg/L) the growth rates of those

cultures matched that of cultures grown with phenanthrene alone. Cultures that were grown on a
combination of phenanthrene (200 mgénd anthracene (50 mg/L) exhibited continued growth

over the course of 6 days with cell numbers rapidly increasing aftefrbh 2.1 X 18to 3.5 X

10° CFU/mL by day 3 (Figure 3.7). Cell numbers continued to gradually increase to 6°0 X 10

CFU/mL afte 6 days.

10 4

UG50 Growth (log;o CFU/mL)
(o}
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Figure 3.7: Growth of Arthrobactersp. UG50 cells on phenanthrene or a binary mixture of
selected PAHs over 6 days in Bushnell Haas media containing 0.67% (w/v) YNB (without
amino acids). The initial concentrations of PAHs in the media were 200 mg/L
phenanthrene, 50 mg/L anthracene, 50 mb/pyrene, 50 mg/L chrysene and 50 mg/L
benzo(a)pyrene. Symbols:-f -) phenanthrene + pyrene; {y-) phenanthrene + anthracene;
(-z -) phenanthrene + chrysene;<X-) phenanthrene + benzo(a)pyrene;-( -) phenanthrene
alone. Values are the means (n=3) + standhdeviation.
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3.5.2. Biodegradation of PhenanthreneAsghrobactersp. UG50 in the Presence of
Anthracene, Pyrene itysene and Bnzo(a)pyrene

When supplied as a sole source of carbon and energy, phenanthrene (initial concentration
200 mg/L) was rapidly degdad byArthrobactersp. UG50 in broth cultures (Figure 3.7). The
addition of anthracene (50 mg/L), pyrene (50 mg/L), chrysene (50 mg/L) or benzo(a)pyrene (50

mg/L) did not significantly affect the rate of phenanthrene degradation.
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Figure 3.8: Biodegradation of phenanthrene in the presence of anthracergd -), pyrene

(-p -), chrysene(-rn-) and benzo(a)pyrendg-+-) by Arthrobactersp. UG50in Bushnell Haas
media containing 0.67% (w/v) YNB (without amino acids) The time courses of PAHSs in
media containing only phenanthreng-|-), autoclaved cellcontrol (-O-) and un-inoculated

cell control (-x-) are also plotted. The initial concentrationsof PAHs in the media were 200
mg/L phenanthrene, 50 mg/L anthracene, 50 mg/L pyrene, 50 mg/L chrysene and 50 mg/L
benzo(a)pyrene. Values are the mearjg=3) + standard deviation.

Phenanthrene was degraded to undetectable levélghrpbactersp. UG50within 12 h
in each of the defined PAH combinations tested (Figure 3.8). No significant differences in the

extent of phenanthrene degradatiorAsthrobactersp. UG50 was observed when the compound
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was supplied as a sole carbon source or in combinattbranthracene, pyrene, chrysene or
benzo(a)pyrene. Abiotic losses of phenanthrene were observed in the autoclaved cell and
uninoculated controls with concentrations declining 19.1 and 19.6%, respectively, after 6 days
(Figure 3.8).

3.5.3. Biodegradation of Anttacene, Pyrene, Chrysene and Benzo(a)pyrgne
Arthrobactersp. UG50 in the Presence of Phenanthrene

The ability ofArthrobactersp. UG50 to degrade anthracene (50 mg/L), pyrene (50 mg/L),
chrysene (50 mg/L) or benzo(a)pyrene (50 mg/L) when present inication with
phenanthrene (200 mg/L) was assessed. As presented in Figure 3.5, the strain was capable of
degrading phenanthrene and, to a limited extent, anthracene as sole carbon and energy sources,
but was not capable of degrading pyrene, chrysenermdfa)pyrene alone. In the presence of
phenanthrene, however, the rate and extent of anthracene degradation was increased from 29%
being degraded after 21 days when anthracene was present as a sole carbon and energy source to
100% being degraded withind&ys when presented in combination with phenanthrene (Figure
3.9A).

The presence of phenanthrene also induced the degradation of pyremierblgactersp.
UG50 with concentrations decreasing by 33% after 6 days (Figure 3.9B). The presence of
phenanthrene in combination with chrysene or benzo(a)pyrene did not enhance degradation of
either compound bgrthrobactersp. UG50 (Figure 3.9C and 3.9D). SomeHPlass occurred in
the autoclaved cell and uninoculated controls possibly due to daily opening of all the glass serum

bottles for 1h to allow for cell exposure to oxygen.
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Figure 3.9: Biodegradation of anthracene (A), pyrene (B), chrysene (C) and benzo(a)pyrene
(D) in the presence of phenanthrene byArthrobacter sp. UG50in Bushnell Haas media
containing 0.67% (w/v) YNB (without amino acids). Symbols:-k-) individual PAH, (-6-)
binary mixture containing a particular PAH and phenanthrene, (-v-) autoclaved cell
control, (-7 -) uninoculated control. The initial concentrations of PAHs in the media were
200 mg/L phenanthrene, and 50 mg/L each of anthracene, pyrene, chrysene and
benzo(a)pyrene. Values are the mearjg=3) + standard deviation.

3.6.PAH BIODEGRADATIONIN NOVA CHEMICALS REFINERYDISSOLVED AIR
FLOATATION SLUDGE

3.6.1. Total Hydrocarbon Degradation

Total hydrocarbon content in tiNOVA ChemicalsDAF sludge was matored in each
of theflasks containing either sludge alofie a baffled flaskpr a combination of DAF sludge
and10’ cells/mLArthrobacte sp UG5S0 cells in baffled or fladbottomed flasks over the course

of 20 days The results are presented in Figure 3.10. A decrease in total hydrocarbon content
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was observed in each of the three treatment flasks over a 20 day period (Figure 3.10).
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Figure 3.10: Total hydrocarbon content in DAF sludge inoculated with 10cells/mL of
Arthrobactersp. UG50 in baffled or flat bottomed flasks incubated for 20 days &2°C and
250 rpm. Symbols: Baffled flask containing DAF sludge only-f -); baffled flask containing
DAF sludge inoculated with 18 cells/mL of Arthrobactersp. UG50 ¢y-); flat bottomed flask
containing DAF sludge inoculated with 10 cells/mL of Arthrobacter sp. UG50 ¢z -). Values

are the means (n=3} standard deviation.

In the baffled flask containing DAF sludge inoculated with dglls/mL of Arthrobacter
sp. UG50, an initial sharp decline in total hydrocarbon content from 615 to 380 pug/g was
observed from days 0 through 4 (Figure 3.10). Levels continued to decline at a slower rate over
the next 17 days to 238 pg/g by day 20 of the experiment. In tHeofittmed flask containing
DAF sludge inoculated with I1@ells/mL ofArthrobactersp. UG50, an initial decline in total
hydrocarbon from 738 to 403 pg/g occurred within the first 4 days of the experiment, with levels
remaining relatively constant over thext 16 days reaching 386 pg/g by day 20 (Figure 3.10).

In the baffled flask containing only DAF sludge, an initial decline in total hydrocarbon occurred
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from 748 to 529 pg/g by day 4 (Figure 3.10). Levels remained constant from days 4 through 6
beforecontinuing to steadily decline from days 6 through 20, reaching 239 ug/g by the end of the
experiment (Figure 3.10).

3.6.2. Degradation of Individual PAHSs iniBsolvedAir FloatationSludge

The degradation cfelectedndividual PAHs within the DAF sludge in eaohthe three
treatment flask¢the baffled flask containing only DAF sludge and the baffled and@tbmed
flasks containing DAF sludge inoculated with’ t@lls/mL ofArthrobactersp. UG50 cellsyvas
monitored by GEMS analysis of extracted sample§ieTPAHs monitored included naphthalene,
fluorene, phenanthrene, pyrene, chrysene and benzo(a)pyrene. The PAH degradation results from
days 0 through 5 are illustrated in Figure 3.11 with PAH concentrations presented as percent
PAH degraded.

The initial @ncentrations othe selecte®AHs present within the DAF sludge were very
low: 1.37 = 0.20 pg/g for naphthalene, 0.64 £+ 0.06 ug/g for fluorene, 0.85 + 0.03 pg/g for
phenanthrene, 0.11 + 0.01 pg/g for pyrene and 0.10 + 0.01 pg/g for chrysene. No bgrexaéa)p
was detected in any of the samples tested. As a result, only samples from one run of the
experiment yielded concentrations which were high enough to be detégece 3.11)

Naphthalene was rapidly degraded in both of the baffled flasks containing either DAF
sludge only, or DAF sludge inoculated whalnthrobactersp. UG50 cells such that by day 1 only
3.9 and 4.2%, respectively, of naphthalene remained in each flask (Fibl#g.3After 5 days,
the naphthalene concentration in the flask containing DAF sludge alone was 2.6% and in the
baffled flask containind\rthrobactersp. UG50 cells, the concentration was not significantly

different with only 2.1% remaining (Figure 3.11A).

113



120
100
80
B0
40
20

120
100

[#2]
=

=
=

% PAH Remaining

=

120
100
80
&0
40
20

A: NAP

3 4

Time (days)

120
100
80
60

a0 +

20

120
100

0 1 2 3 a4 5
Time (days)

Figure 3.11: Biodegradation of individual PAH compounds present in Dissolved Air
Floatation sludge inoculated with 18 cells/mL of Arthrobactersp. UG50 in baffled or flat
bottomed flasks incubated for 20 days at 22°C and 250 rpm. Panel: A: Naphthalene; B:
Fluorene; C: Phenanthrene; D: Pyrene and EChrysene. Symbols: Baffled flask containing
DAF sludge only {p -); baffled flask containing DAF sludge inoculated with 10cells/mL of
Arthrobactersp. UG50 {y-); flat bottomed flask containing DAF sludge inoculated with 10

cells/mL of Arthrobactersp. UG50 ¢z -).
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In the flatbottomed flask comining DAF sludge andrthrobactersp. UG50 cells,
naphthalene degradation proceeded more slowly. After 1 day, 51.3% of naphthalene remained.
However, by day 2, concentrations were similar to that present in both baffled flasks with only
1.7% naphthaleneemaining (Figure 3.11A).

The use of baffled flasks and the additiorAdhrobactersp. UG50 cells did not
significantly affect the overall extent of fluorene degradation in DAF sludge. Following 5 days
of incubation, 53% of fluorene remained in tredfled flask containing only DAF sludge, 27%
remained in the baffled flask containing DAF sludge Arttirobactersp. UG50 cells, and 40%
fluorene remained in the fltottomed flask containing DAF sludge afidhrobactersp. UG50
cells (Figure 3.11B). fAe addition ofArthrobactersp. UG50 cells to DAF sludge in the baffled
flask did increase the rate of fluorene degradation when compared to both the baffled flask
containing DAF sludge alone and the {ftaeitttomed flask containing DAF sludge and
Arthrobacer cells. After 3 days of incubation, only 43% of fluorene remained in the baffled
flask containingArthrobactercells compared to 84 and 74% for the baffled flask containing DAF
sludge only and the fldiottomed flask containing DAF sludge afidhrobacer cells (Figure
3.11B).

The addition ofArthrobactersp. UG50 cells to the DAF sludge in the baffled flask
increased the overall amount of phenanthrene degraded in the sludge such that after 5 days, only
44% remained compared to 84 and 76%, respectii@lyhe baffled flask containing only DAF
sludge and the fldtottomed flask containing DAF sludge aAidhrobactersp. UG50 cells
(Figure 3.11C). Patterns of phenanthrene degradation for each of the three treatment flasks were
similar until day 3 of thexperiment, where phenanthrene concentrations in the baffled flask

containingArthrobactersp. UG50 cells continued to rapidly and steadily decline, while rates of
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phenanthrene degradation in the other two flasks began to slow, and no significant peeeanth
degradation occurred in either flask between days 3 and 5 of the experiment (Figure 3.11C).

Pyrene degradation was enhanced by the additiémtbfobactersp. UG50 in the baffled
flask compared to the flddottomed flask containing DAF sludge inoatdd withArthrobacter
sp. UG5S0 cells and the baffled flask containing only DAF sludge (Figure 3.11D). Following 5
days of incubation, only 45% of pyrene remained in the baffled flask cont#irtimgpbacter
cells compared to 90% in each of the other tiasks. The majority of pyrene degradation (50%)
in the baffled flask containingrthrobactersp UG50 cells occurred within the first day of the
experiment (Figure 3.11D). This is in contrast to the other baffled flask containing only DAF
sludge and th#lat bottomed flask containing sludge afidhrobactercells which both showed
only limited degradation of 9.1% each over the course of 5 days (Figure 3.11D). Use of the
baffled flasks did not appear to significantly affect the rate of pyrene degraffétiare 3.11D).

The use of DAF sludge inoculated witthrobactersp. UG50 cells in the baffled flask
appeared to increase the rate of chrysene degradation in the DAF sludge when compared to the
use of the flabottomed flask wittArthrobactercells to treat the DAF sludge (Figure 3.11E).
Following 5 days of treatment, only 33.3%abirysene remained compared @98in the flat
bottomed flask. The overall extent of chrysene degradation in the baffled flask containing DAF
sludge alone (46% deapted) was not significantly different from that in the baffled flask
containingArthrobactersp. UG50 cells (66.7%).

3.6.3. Survival of Arthrobacter sp. UG50 in NOVA Chemicals&blvedAir Floatation
Sludge

The survival ofArthrobactersp. UG50 cells during biedjradation of PAH compounds
within the DAF sludge was monitored at selected intervals over 20 days (Figure 3.12A). The use

of baffled versus flabottomed flasks had a significant effect upon the raferibirobactersp.

116



UG50 growth. In the baffled flaskArthrobactersp. UG50 cell numbers steadily increased from
1.97 X 1d CFU/mL on day 0, to 4.40 X #@FU/mL on day 16 before starting to decline to 1.77
X 10° CFU/mL by day 20 of the experiment (Figure 3.12A). In contfashrobactersp. UG50

cell numbers did not increase as rapidly or reach the same level of growth in thetftahed

flask as seen in the baffled flask. Cell numbers slowly increased from 1.19C£WL0mL on

day 0, to 3.83 X 10CFU/mL on day 16 before declining to 3.40 X' TFU/mL on day 20

(Figure 3.12A).

The growth of native bacterial species already present in the DAF sludge during the
biodegradation experiment was also monitored (Figure 3.12B). Bacteria in the baffled flask
containing DAF sludge that was inoculated witH a€lls/mL Arthrobactersp. UG50 cells
showed a slightly higher rate of growth compared to that of bacteria in the baffled flask
containing DAF sludge that was not inoculated wAtthrobactersp. UG50 (Figure 3.12B).

From days 0 to 6, bacterial cell numbirshe flask containing only DAF sludge began to

increase at a slightly faster rate than those in the baffled flask inoculatedrthitbbactercells.
However, by day 12, total bacterial numbers in the baffled flask contaknithgobactercells

had inceased to 3.47 X P@FU/mML compared to 2.40 X $@FU/mL for those in the flask
containing only DAF sludge (Figure 3.12B). Cell numbers in the baffled flasks containing either
DAF sludge alone or DAF sludge inoculated wittthrobactercells continued tincrease from

days 12 through 16 to 2.70 X°#nd 3.97 X 10CFU/mL, respectively. Growth in both flasks
began to slow by day 20 with cell numbers declining to 3.84%CEU/mL for the baffled flask
containingArthrobactercells and remaining the saras day 16 for the flask containing DAF

sludge only (Figure 3.12B).
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Figure 3.12: Bacterial growth during biodegradation of NOVA Chemicals DAF sludge over
20 daysin baffled and flat bottomed flasks. Panel AArthrobactersp. UG50 cell growth;

Panel B: Growth of bacteria present in DAF sludge. Cells were plated on days 0, 3, 6, 12, 16
and 20 on BushndlHaas media amended with 1% (v/v) glycerol and 0.67% (w/v) YNB
(without amino acids). Symbols: Baffled flask containing DAF sludge inoculated with
Arthrobactersp. UG50(-y-); Flat-bottomed flask containing DAF sludge inoculated with
Arthrobactersp. UG50 (-z -); Baffled flask containing DAF sludge only(-p -). Values are the

means (n=3} standard deviation.
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In contrast, native bacterial cell growth in the-timttomed flask containing DAF sludge
inoculated withArthrobactersp. UG50 cls was considrably slower thathe growth observed
in both baffled flasks. Cell numbers increased from 1.21>CEW/mL on day O to only 6.73 X
10° by day 16 before declining to 6.45 X>IOFU/mL by day 20 (Figure 3.12B).
CHAPTER 4: DISCUSSION

This study sought to isolatefiefent PAH-degrading bacteria from PAKontaminated
landfarm soil by enrichment with API effluent from the NOVA Chemicals Refinery. The most
promising isolateArthrobactersp. UG50, was capable of utilizing phenanthrene and anthracene
as sole carbosources. These compounds, along with a number of other LMW and HMW PAHs
are present in low concentrations in NOVA Chemicals refinery effluents. Ontario M.O.E.
guidelines introduced in 2009 now regulate acceptable PAH concentriatiwaste applied to
sal. The ability of landfarm bacteria to effectively reduce PAH levels and total hydacar
content in refinery wastdsghlights the potential for successful use of slurry bioreactqussto
treat oily effluents in order to meet legislated criteria.

4.1. ENRICHMENT AND ISOLATION OF PHENANTHRENEDEGRADING BACTERIA
FROM NOVA CHEMICALSLANDFARM SOIL

The largest number of isolates to be screened for phenanttegreding ability in this
study originated from both NOVA Chemicals landfarm root material and fistdl 6vhich were
used for the phytoremediation of oily sludge. PAH contaminated soil that has been
phytoremediated hdseen shown to yield a more diverse group of microorganisms (including
PAH-degraders) compared to soil that isplanted(Kirk et al, 2005) Growing crops such as
alfalfa or perennial rye grass halween showio enhance the total number of microorganisms in
the rhizosphere of petroleyoontaminated so{Muratovaet al, 2003; Kirket al, 2005) The

nutrients released via root exudates in the rhizosphere aregdal®to microorganisms. This
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results in an increased potential for the isolation of Riglgrading bacteria from this region
(Muratovaet al,, 2003) Kirk et al.(2005) reported a significant increase in the number of
petroleum degrading bacteria in the rhizosphere of soil grown with perennial rye grass, from 10
CFU/g drysoil to 1d° CFU/g dry soil after 7 weeks of treatment, while microbial levels in bulk
soil remained relatively constant at’I0FU/g dry soil. In another study, Muratostal., (2003)
reported a fold increase intenumber of PAHdegrading microorgasms in the rhizosphere of
sandy soil phytoremediated with alfalfa, compared to numbers-jptamted soil. This increase

in PAH-degrading microorganisms resulted in a 68.7% reduction in the original level of PAHs
(79.80 mg/kg) present in the soil aftey&ars compared to a 55% reduction in uncropped soil
(Muratovaet al., 2003).

The use of a composite soil sample collected from four landfarm fields at different,depths
helped to maximize the chances of isolating Pddgrading microorganisms. As a result, many
of our phenanthrenrdegrading isolates, includirgrthrobactersp.UG50 came from this
enrichment source. The NOVA Chemicals API effluent, which has a natural microbial
community, contains a variety of chemical compounds including aliphatic hydrocarbons and low
and high MW PAHSs. Bacteria surviving in this environmeaetable to withstand the stresses of
a toxic, low oxygen environment and would be ideal candidates for use at high cell densities to
treat and degrade components present in similar effluents and sludges.

The platescreened isolates showed varying aleditio metabolize phenanthrene based
upon the size of clearing zones on spray plates. The successful initiation of PAH oxidation
requires a sufficient cell energgserve and these of a supplemental growth substrate in the
agar composition of sprgylates can assist in providing the necessary engtigyet al., 2000)

The useof supplenental growth substrates jitate screeing can also aid in the isolation bbth

slow andfastgrowing microorganisms, thereby increasing the total number oféfgrading
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microorganisms isolate@Ho et al, 2000) By allowing the plates containing 1% (w/v) yeast

extract as a supplemental growth substrate to incuba®&d#8 hours following inoculation with

the microbial isolates prior to phenanthrene addition, bacterial colony growth was established and
an adequate cell energy reserve was likely created for PAH oxidation to occur.

Zones of clearing were visible aralinolonies following 7 days of incubation at 22°C.

This is similar to the length of time-{4 days) for clearing zones to develop on phenanthrene
sprayed PGYT plates containing per litre: peptone, 0.06 g, yeast extract, 0.1 g, glucose, 0.1 g and
tryptone 0.05 g, for the isolation of PAHegrading isolates from contaminated soils and
sedimentgHo et al, 2000) The researchers found that the use of this medium resulted in their
isolates degrading PAHs faster when compared to isolates grown on media not containing
supplemental growth sources, and concluded that-Bédtading allity was not negatively

affected by the presence of these subst(ate®t al, 2000)

Thephenanthreneegrading bacteria isolated from NOVA Chemicals landfarm soil
belonged to four generArthrobacter, Georgenia, AchromobactendSerratia To
guantitatively determine the phenanthrelegrading ability of the four isolatesgradation
experiments in liquid medium were conducted. All four isolates were capable of phenanthrene
removal; however the isolates showed variations in lag periods prior to degradation, as well as
variations in the rate and extent of phenanthrene datipadduring incubation.

In media containing 200 mg/L phenanthrene inoculated Avithrobactersp. UG50 or
Pseudomonasp. UG14Lr, degradation lag periods were not observed. Although no degradation
lag period was observed for UG14Lr, degradation ceaied3 days with only 30%
phenanthrene removal. Providegitial (1995) reported on the ability of UG14Lr to mineralize
different concentrations of phenanthrene. Growth on phenanthrene as a sole carbon and energy

source was found to be quite slow, anitheralization was found to increase as phenanthrene

121



concentrations increased. At concentrations of 10, 50, 200 and 1000 mg/L premgit7, 19,
15.4 and 3.3% wemmineralized after 36 day®rovidentiet al, 1995) The majority of
phenanthrene mineralization occurred within the first figgs of incubation, with eaentrations
beginning to level off over the remainder of the experiment. The additi®senidomonas
aeruginosdJG2 biosurfactants was also found to enhance the extent of phenanthrene
mineralization by UG14L(Providentiet al, 1995) The absence of biosurfactants in our
phenanthrene degradation studies may have cotgdla the cessation of degradation by
UG14Lr after 3 days. Limited availability to UG14Lr cells and limited utilization of
phenanthrene in the absence of a biosurfactant can also be attributed to poor dissolution of the
substrate, and is supported by Wby Wodzinski & Coyle (1974which showed that
Pseudomonasp. could only utilize phenanthrene in its dissolved state.

Members of thérthrobacter, AchromobactemdSerratiagenera have often been
isolated from PAKcontaminated environments including petroleum refinery slufi¢gsth &
Rehm 1991; Janbandhu & Fulekar 2011; Ghevastyd., 2011; Tiwariet al, 2010; Rojas
Avelizapaet al, 2002) Strains ofSerratiasp. have been reported to degrade aromatic and
asphaltene fractions from polluted soil, however there is limited data on PA&bldégn by
members of the genug\ strain of Achromobactexylooxidansisolated from soil near an Indian
oil refinery, was capable of degrading 80% of pyrene (200 mg/L) and 73.4% of phenanthrene
(200 mg/L) within 21 days of incubatiditiwari et al, 2010) At 250 mg/L, 56% of
phenanthrene was degraded within 14 dayadlyomobacter insolituMIHF ENV 1V via the
salicylic acid pathwayJanbandhu & Fulekar 2011A halotolerant strain dhchromobacter
xylooxidanswvas able to use phenanthrene and anthracene as sole carbon and energy sources, and
degrade 56% of chrysene (50 mg/L) within 15 days as a sole carbon E8hesariyaet al,

2011) No significant lag period was observed during phenanthrene degradation by either of
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theseAchromobactestrains. Pananthrene degradation was found to occur optimally at 30°C in
these studies, so the temperature used in our experiments (22°C) may have contributed to the
reduced rate of phenanthrene (200 mg/L) degradation (65% degraded after 9 days). Little
informationis available regarding the isolation@&orgeniaspp. from oil contaminatesites;
however one report documents a halophilieuilizing Georgeniastrain that was isolated from

the Kuwaiti coast of the Arabian Gul-Awadhiet al, 2007) Specific information on PAH

utilization by members dBeorgeniaspp. has not e reported to date.

4.2. DEGRADATION OF INDIVIDUAL PAHS BY ARTHROBACTERP. UG50

Members of thé\rthrobactergenera are among the more prevalent bacteria present in
soils and have been demonstrated to utilize a variety of aromatic compounds as sole carbon and
energy sources. Among the contaminants that can be degraded byAwthi@bacterspecies
are PAHSs, psticides, phenols and polychlorinated biphenyls (PGBaganeet al, 2001;
Furukawa & Chakrabarty 1982; Havel & Reineke 1993; Hayettsti, 1999; Kohleet al., 1988;
NegreteRaymondet al, 2003) Liquid culture experiments carried out with an individual
microorganism and a single PAH can be usecetoahstrate the ability of an isolate to grow on
and degrade an individual compound. In addition, factors such as the metabolic pathways
utilized and the influence of select environmental conditions can also be explored through these
studies. However, thiscenario is not truly representative of what an isolate would encounter in
the environment, as PAHs are more commonly found as parts of complex chemical mixtures
along with other contaminants, and a variety of microorganisms waouidallybe present
conmpeting for available carbon sourddéglas 1981; Johnseet al, 2005)

To better characterize the PAd¢gradative potential @&rthrobactersp. UG5S0, liquid

culture experiments were conducted to examine the ability of U&b0lize and degrade low
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and high MW PAHSs presented as individual compounds in minimal medium. Phenanthrene (200
mg/L) was rapidly degraded by UG50 within 24 hours at high initial cell densiyc€l8/mL)
and a 16fold increase in cell numbers was ebged after 12 h of incubation. These results
suggest that phenanthrene is effectively utilized by UG50 as a sole carbon and energy source.
The strain was also capable of degrading anthracene (50 mg/L), but less successfully than
phenanthrene with 71%maining after 21 days of incubation. In contrast, the LMW PAH
naphthalene and the HMW PAHSs pyrene, chrysene and benzo(a)pyrene did not support the
growth of Arthrobactersp. UG50 as sole carbon and energy sources.

The development of an orangelouredpigmentwithin the culture medium during
phenanthrene degradation has been attributed to the accumulatibgdrbky-2-naphthoic acid
by some bacteria such AsthrobacterpolychromogenefEvanset al, 1965; Guerin & Jones
1988; Keuth & Rehm 1991)The orange colour in the medium was visible within 2 h of
Arthrobactersp. UG50 incubation with 200 mg/L phenanthrene. Colour dpusnt would
continue to intensify, reaching a bright orange after 12 h of incubation, before gradually fading
over the next 24 h. The change in colour corresponded to the degradation of phenanthrene, with
maximum colour devlopment corresponding to congptiegradation of the parent compound
after 12 h. Monitoring the timeline of development of the orange pigment in the culture medium
provided a simple qualitative assessment of phenanthrene degradation by UG50 during the course
of experiments

A few studies have investigated the PAlelgrading ability ofArthrobacterstrains. PAH
utilization by strain UG50 was similar to thatAfthrobactersp. strain Sphe3, isolated from a
creosotecontaminated site in Epirus, Gredéallimaniset al, 2007) Strain Sphe3 was found
to utilize phenanthrene and anthracene as cmlbon and energy sources, but could not utilize

naphthalene. Kallimanist al. (2007) studied phenanthrene degradation and the mechanism of
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PAH uptake by strain Sphe3. The strain was found to degrade 90% of phenanthrene (400 mg/L)
within four days ofncubation at a cell density of 16ells/mL (Kallimaniset al, 2007) Seo et
al. (2006) reported thakrthrobactersp. P11 was capable of utilizing phenanthrene as a sole
carbon and energy source, and could degrade 40 mg/L phenanthrene within 7 days. Although the
cell inoculum was prgrown in media supplemented withgstanthrene, an initial lag period in
phenanthrene degradation of one day was obsé¢Bammkt al, 2006) No lag period in
phenanthrene degradation by UG50 was observed to occur.

The growth ofArthrobactersp. UG50 on 200 mg/L of phenanthrene coincided with the
degradation of phenanthrene. Cell numbers rodelti®ver the fist 24 h before declining as
the substrate was no longer available. This pattern of growth was also observed in phenanthrene
utilization studies orrthrobacter polychromogengs0’ cells/mL) (Keuth & Rehm 1991) Cell
growth slowly decreased after 24 h as the initial 75, 150, 300 or 450 mg/L phenanthrene was
consumed. Mineralization prriments showed that after 26 h of incubation with 150 mg/L
phenanthrenél. polychromogeneawsineralized 47.7% of the radiolabelled carbon originally

present td“CO, (Keuth & Rehm 1991)

4.3. DEGRADATION OF DEFINED PAH MIXTURES BYARTHROBACTERP. UG50

Interactions between PAH compounds can play an important role during PAH
degradation by miroorganisms. In particular, enetabolism can occur during the
biodegradation of a complex chemical mixture. An example of this interaction is the stimulation
of HMW PAH degradation through the biodegradation of LMW PAHSs (the growth substrate) by
microorganismgCerniglia 1992) Biodegradation of the growth substrate can serve to induce
enzymes necessary for the transformation of HMW PAEtzen and Aitken 1999)Non-growth

substrates are thought to be partially transformed by oxygenases to yield more water soluble
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intermediates which can be degraded by other bacterial stgongrakooret al, 2007) To

analyze the potential for emetabolic interactions during PAH degradationArthrobactersp.

UGH50, studies looking at the degradation of anthracene, pyrene, chrysene and benzo(a)pyrene (50
mg/L each) when combined in media with phenanthrene (200 mg/L) were conducted.

When present in a mixture containing the growth substrate phenanttmene
biodegradation of the PAHs anthracene and pyrerferthyobactersp. UG50 was enhanced.
Biodegradation of chrysene and benzo(a)pyrene by UG50 was not enhanced by the presence of
phenanthrene, indicating that enzymes other than those induced by thadategrof
phenanthrene may be required to initiate degradation of these HMW compounds. Phenanthrene
(200 mg/L) was rapidly degraded within 24 h by UG50 in the presence of anthracene, pyrene,
chrysene and benzo(a)pyrene. Although anthracene was biodetgradkmited extent when
present as a sole carbon source, the presence of phenanthrene increased both the rate and extent
of anthracene biodegradation by UG50. The increase in metabolic activity and enzyme
production by UG50 in degrading phenanthreng heve assisted in accelerating the
degradation of anthracene, which could also be used as a growth substrate. The stimulation of
pyrene degradation by UG50 in the presence of phenanthrene as a growth substrate can also be
attributed to cametabolism.

Although no studies have previously investigatedhetabolic PAH degradation by
Arthrobactersp., it has been reported to occur in studies conducted with a number of other Gram
positive and Grarmegative strains including membersBafrkholderig Sphingomoasand
Mycobacteriunsp.(Somtrakooret al, 2007; Supakat al, 2001; Rehmanat al., 1998; Juhasz
et al, 1997; McLellaret al, 2002) The cemetabolic degradation of pyrene in the presence of
phenanthrene was reported ®ymtrakooret al. (2007)with Burkholderiasp. VUN10013. The

presence of phenanthrene was found to stimulate the degradation of pyrene and fluoranthene, but
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not chrysene or benzo(a)pyrene by strain VUN10013. Concentrations of fluoranthgryeesred
(initial concentrations: 50 mg/L each) decreased 58.9 and 57.9%, respectively, after 21 days of
incubation, while phenanthrene (250 mg/L) was degraded to trace levels after 3 days
(Somtrakooret al, 2007) The overall extent of pyrene degradation (50 mg/LAtiirobacter

sp. UG50 over 6 days in the presence amnamthrene (200 mg/L) was 33%, which was
comparable to the level of pyrene degradation (30%) by strain VUN10013 after 6 days of
incubation(Somtrakooret al,, 2007)

Other examples of emetabolism of HMW PAHSs in the presence of LMW PAHSs have
been reporte¢Ho et al, 2000; Supakatal., 2001) The presence of phenanthrene (100 mg/L)
was found to stimulate the degradation of pyrene and fluoranthene (100 mg/L each) by
Sphingomonasp. strain PZSupakeaet al. 2001) Phenanthrene was completely degraded within
72 h and pyrene and fluoranthene were degraded such that 60 and 17%, respectively, remained
after 7 daygSupakeet al. 2001) Cometabolic degradation of pyrene, gbene and
benzo(a)pyrene b$phingomonasp. strain EPA 505 in the presence of phenanthrene was also
reported, and is thought to be due to the broad substrate specificity of the enzyme that initiate
oxidation of HMW PAH substratg$io et al, 2000) Analysis of the polar metabolites produced
during degradation showed thdihydroxylation of pyrene awrs at the 4;B5position,followed
by ortho-cleavage resulting in phenanthrene dicarboxylic acid, a pathway similar to that proposed
for pyrene degradation bylycobacteriunsp. strain KRZHo et al, 2000; Rehmanat al.,, 1998)

Although not observed in this study, phenanthrene was shown to stimulate the
degradation of benzo(a)pyrene in some cédd@saszt al, 1997; McLellaret al, 20®). The
presence of 100 mg/L phenanthrene enhanced the degradation of both benzo(a)pyrene and
dibenz(a,h)anthracene (50 mg/L eachBaykholderia cepacian minimal salts mediunduhasz

et al, 1997) After 56 days, 41 and 52% of benzo(a)pyrene and dibenz(a,h)anthracene,
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respectively, were degraded, while phenanthrersecmenpletely degraded within 28 days
(Juhas=zt al, 1997) Another examig is the up to skfold increase in benzo(a)pyrene
mineralization (initial concentration 5 uM) from 8 to 54%Mycobacteriunsp. strain RGJH
135 in the presence of 5 uM phenanthr@vieLellanet al., 2002) The addition of 5 uM pyrene
as a growth substrate was also observed to induce the mineralization of benzo(ajpgred?% f
to 36% after 115 KMcLellanet al, 2002)

The current studgonfirmed thatrthrobactersp. UG50 has the ability to degrade
anthracene and pyrene by-gw@tabolism with phenanthrene in liquid culture. Numerous studies
on cametabolic PAH degradation by Gramositive bacteria, notablgphingomonaand
Mycobacteriunmspecies have been conducted, but information is lacking regarding the specific
mechanism of conetabolic PAH degradation Brthrobacterspp. To acquire a more thorough
understanding of the potential pathway of PAH degradation usédtmpbactersp. U0,
analysis of metabolites produced duringmeetabolic degradation of HMW PAHSs in the
presence of phenanthrene would be valuable.

4.4.PAH BIODEGRADATION IN NOVA CHEMICALS REANERY DISSOLVED AIR

FLOATATION SLUDGE

The aim of this study was to evaluate thédity of Arthrobactersp. UG50 cells to survive
in and degrade PAH components present within NOVA Chemicals DAF sludge. Oily sludge
consists of a complex mixture of alkanes, aromatics, asphaltene, nitsodfenr and oxygen
containing compound®tlas 1981) Due to the complex nature and variety of components
present within the sludgé,is difficult for a single bacterial species to degrade all the compounds
presen{Van Hammeet al, 2003) The presence of toxic compounds at high concentrations and
low oxygen levels in oily sludge can pose severe limitations on the effectiveness of PAH

biodegradation in this environmefMachinRamirezet al, 2008) To reduce the toxic effect
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that sludgecontaminants can have upon indigenous microorganisms, the addition of a high cell
density inoculum can help to accelerate the initial biodegradation phase, thereby reducing the
toxicity on bacterial celléMargesin and Schinner 1997)

To increase the potential for successful PAH degradation during treatment of DAF sludge
by Arthrobactersp. UG50 and the natural microbial communitgffled flasks were used to
increase aeration and the delivery of oxygen to the cells. The availability of oxygen to bacterial
cells plays an important role in PAH degradation, as major aerobic pathways utilize oxygen and
oxygenases in the degradationgesqCerniglia 1992) Hydrocarbordegrading bacteria act at
the oilwater interfaceand by increasing the surface area of oil droplets through uniform mixing,
the potential for biodegradation is increagdtlas 198). Maximizing the aeration that occurs
within the shake flask system helps to enhance the exposure of bacteria to potential growth
substrates (nutrients and contaminants)rantécular oxygen, while minimizindpe occurrence
of an anoxic environment the cells(Zappiet al, 1996) Moreover, bioreactor based treatment
processes can increase the sdlglid mass transfer ratio, thereby increasing the rate of
contaminant biodegradatigierushalmiet al, 2003; Warcet al,, 2003)

The addition ofArthrobactersp. UG50 to the DR sludge enhanced the overall
degradation of petroleum hydrocarbons in the baffled flask comparedinoeuiated sludge.
However, it appeared that the DAF sludge itself has an efficient hydroedegpading
microbial population, as a decline in totgdnocarbon content was observed in thengculated
flask containing only DAF sludge. The use of baffled flasks enhanced the extent of TPH
degradation, as levels in the flat bottomed flask remained constant following an initial decline in
the first 7 dag of the experiment. In contrast, degradation in the baffled flask continued
throughout the 20 day experiment. Synergistic interactions betéamobactersp. UG50 and

the indigenous microorganisms in the sludge may have enhanced the overall lgdeboéibon
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degradation. Abiotic losses may have contributed to the elimination of volatile components and
LMW PAHSs such naphthalene, but exact levels were not measured.

The growth profile oArthrobactersp. UG50 as monitored by celiatingwas similar o
that of the indigenous bacteria present in the sludge in baffled flasks. Bacterial growth was
enhanced in the baffled flasks compared to growth in théddtbmed flask with cell numbers
increasing from 1.0 X FTOCFU/mLto 3.97 X 16 and 2.70 X 1®CFU/mL for the inoculated and
uninoculated baffleflasks compared to an incredsem 1.21 X 18 CFU/mL to only 6.45X 10°
CFU/mL in the flat bottomed flask. This indicates that microbial access to substrates, nutrients
and oxygen was higher in the baffled flasks than in the flat bottomed flask. Although PAH
concentrations in the sludge were very low, growth of both UG8BQranindigenous
microorganisms were sustained, indicating that other compounds in the sludge may have been
acting as carbon and energy sources. A slight increase in the number of DAF sludge bacteria
present in the baffled flask containing UG50 cells s&en compared to the number of bacteria
in the uninoculated flask following 12 days of incubation. -@etabolic degradation by UG50
may have enabled subsequent attack on substrates by other microorganisms present in the sludge,
a process which may notveoccurred without the enzymatic action of UG50. The availability
of additional carbon sources to bacteria may have contributed to the increase in bacterial cell
numbers seen in this treatment.

The largest extent of TPH degradation in each of the flastsrred during the first 3
days of the experiment, with up &%0% reduction in concentration. During the biodegradation
of a complex mixture such as DAF sludge, compounds such as LMW aromatics and alkanes are
among the first to be degraded by micr@mgms, due to increased bioavailabi{iiphnseret

al., 2005) HMW PAHSs are more likely to be partially degraded througioxiolation of the
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compounds during microbial growth on more accessible forms of hydrocarbons present in the
mixture (Atlas 1981)
Degradation analysis of individual PAHs within the treatment flasks shows that the LMW
PAH naphthalene was degraded to undetectable levels within 3 days of IRI§E sleatment.
The elimination of naphthalene and more accessibleanmmatic forms of carbon as growth
substrates for microorganisms within the sludge may have contributed to the reduction in TPH
degradation throughout the remainder of the experimBEme. degradation of pyrene and
chrysene slowed considerably following an initial 60% reduction in concentration after one day
of incubation with UG50 in the baffled flask. Although pyrene, but not chrysene was shown to
be degraded emetabolically by UG5@n pure culture, bacteria in the sludge may also utilize this
process to degrade these compounds. Since degradation of both compounds appeared to decline
after 24 h, it is likely that the elimination of hydrocarbon growth substrates resulted in reduced
co-metabolic activity, rather than bacteria being able to use these PAHSs as sole carbon sources.
Metabolic competition between substrates may have accounted for reduced rates of phenanthrene
degradation by UG50 in the DAF slud@@ouchezet al,, 1995) The strain may have
preferentially degraded less complex carbon sounasept in the sludge and once those sources
were expired, phenanthrene degradation was accelerated, as it was among the next least complex
available substrates. This may also have accounted for the degradation profile of fluorene in the
sludge, althoughhte degradation of fluorene alone by UG50 in pure culture was not investigated.
Emulsifying activity by bacteria present in the sludge may have contributed to the overall
level of hydrocarbon degradation. The first step in bacterial PAH degradationeswol
membrane bound oxygenase, requiring bacteria to come in direct contact with the hydrocarbon
substratgCerniglia 1992) Toenhance the potential for bactersalbstrate interaction,

biosurfactants are often produced by bacteria growing on petroleum mifRares: Rosenberg
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2002) AnArthrobacterstrain, RAG1 was reported to significantly emulsify Iranian crude oil,
however the growth yield on 0.1% oil was found to be Beisfeldet al, 1972) Poor growth
was attributed to the strain utilizing only a small numberoofifgonents present within the oil, or
to partial oxidation where the strain utilized most of the components present, but only to a limited
degree. The presence of other bacterial strains within an enrichment culture however, was found
to delay the emulsiigg activity of RAG 1 (Reisfeldet al, 1972) The emulsifying abilityof
bacteria during treatment of DAF sludge was not investigated. However, surfactant production
by bacteria has been shown to effectively enhance the degradation of PAHs, and emulsifying
compounds have been characterized from strains including memiigsumfomonas
ArthrobacterandAcinetobactefProvidentiet al, 1995; Reisfelet al, 1972; Makkar & Rockne
2008).

Inoculum addition for the treatment and biodegradation of oily wastes and contaminated
soils has been demonstrated in a number of studies. Di Gestradr¢2008) evaluated the effect
of a phenanthrene degrading bacterial consortium arattigon of Tween 80 on the
bioremediation of low level PAdontaminated landfill soil. The use of the high cell density
PAH-degrading microbial population (1GFU/mL)improved the biodegradation of twand
threeringed PAHSs (initial concentrations: 0.337 to 5.15 mg/kg) as well as theetabolism of
four-ringed PAHSs such as pyrene (8.86 mg/kg). Levels decreased by over 90% after 28 days of
treatment compared to a-%0% reduction when only Tween 80 was added. The level of HMW
PAH degradation after inoculum addition was not significantly different than-&noonlated
control, indicating that indigenous bacteria may have been responsible for their degi@iation
Gennareet al, 2008) Another example is the petrozyme process, eehator based system

utilizing a mixed microbial consortium including strainsRseudomonag\cinetobacter
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RhodococcusandAlcaligeneqWardet al, 2003) This system was able to degrade up to 99%
TPH in oily sludges containing 10% (w/v) TPH within 12 d@yan Hammeet al., 2003)

Gallegoet al (2006)reported on the isolation and use of a four membered consortium
including strains oPsaidomonasNocardiodesAcinetobacteand a yeasfRhodotorulato
degrade fractions of oil tank bottom sludge. Comparisons in the level of petroleum hydrocarbon
degradation achieved by this consortium compared to that in a second group containing an
additional four strains showed that biotransformation indices were lowered for all oil fractions
except for linear alkanes when additional strains were present. Although the researchers did not
investigate why this occurred, it was suggested that metaboliactiters between the
microorganisms such as the accumulation of inhibitory compounds may have contributed to

inhibition of degradatioiiGallegoet al, 2006)

4.5.CONCLUSIONS

Several PAHdegrading bacteria have been isolated from hydrocarbon contaminated
landfarm soil and root material by enrichment with oily refinery effluent. One isolate,
Arthrobactersp. UG50, was capable of using phenanthrene and anthracene as solamarbon
energy sources. UG50 could degrade 200 mg/L of phenanthrene within 24 h at a high cell
density (18 cells/mL) in pure culture. The strain degraded anthracene (50 mg/L) at a slower rate
than phenanthrene, with 29% being degraded within 21 days. Wwea&b0nable to utilize
naphthalene, pyrene, chrysene or benzo(a)pyrene as god@ caurces, buould degrade
pyrene cometabolically when phenanthrene was present. The presence of phenanthrene was also
found to enhance the degradation of anthracenk,M®% of anthracene (50 mg/L) being
degraded within 6 days in the presence of 200 mg/L phenanthrene. The ability of UG50 to

degrade PAHs present within NOVA Chemicals refinery effluent in baffled and flat bottomed
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flasks was also studied. The additidrigs50 cells to the sludge, combined with increased

aeration resulted in an increase in total hydrocarbon degradation over 20 days compared to sludge
alone. Degradation of fluorene, phenanthrene, pyrene and chrysene in DAF sludge was also
enhanced in baféd flasks inoculated with QG50 cells/mL compared to flasks containing

DAF sludge alone. These results indicate that oxygen availability is essential for successful
biodegradation of oily waste and that UG50 cell addition could enhance PAH biodegradat

refinery sludges prior to landfarm disposal. Limited PAH degradation studiesrhttobacter

sp. have been conducted, and these results may lead to increased interest in studying the

biodegradative potential of the genera.

4.6. RECOMMENDATIONS FAR FUTURERESEARCH

Most sludge biodegradation studies utilize a consortium of microorganisms instead of an
individual strain to maximize PAH degradation of complex mixtures. The potential benefit of
including Arthrobactersp. UG50 as part of a microbiadrtsortium to degrade PAEbntaining
wastes from petrochemical refineries should be explored at the lab scale. Future studies on how
PAH and TPH degradation #yrthrobactersp. UG50 in oily sludge could be enhanced by
biosurfactant or chemical surfactaxidgion is another potential area of interest, as only limited
PAH degradation studies involving strainsfasthrobactersp. have been conducted. In addition,
evaluating the performance of UG50 edtl treating oily wasteat the pilot scale may be
valuable in determining the feasibility of including the strain in a full scale bioreactor.

Variations in initial PAH concentrations in batches of DAF sludge can occur. The
concentrations in the sludge used in this experiment were very low and were a&leady b
M.O.E guidelines for PAH levels in waste prior to landfarm disposal. The degradation of PAH

compounds at low concentrations can be diffiCAttas 1981; Johnseet al, 2005) This can be
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made more difficult by poor PAHissolution rates, which can be exceeded by the metabolic
demand of an increasing number of cells, leading to an equilibrium state where the substrate flux
is consumed for cell maintenan@hnseret al, 2005) The addition of a high cell density

inoculum can aid in overcoming the lowered potential for interactions bet#&kEs and

bacterial cells. Future experiments to test the ability of UG50 to degrade PAHSs present in higher
concentrations in oily wastes could be of value. In particular, experiments conducted to test the
maximum concentrations of PAHs capable of belagraded by UG50 would be valuable to

further characterize the strain.

The use of bioreactdrased processes for the treatment of FodHtaining waste has
significant advantages over landfarming including optimization of biodegradation parameters and
redwed environmental contaminatiWardet al, 2003; Van Hammet al, 2003) Enhancing
the level of oxygen availability to cells during biodegradation can significantly enhance the rate
and extent of total hydrocarbon and PAH biodegradation. The additimhobbactersp.

UGH50 cells appears to enhance the overall level ¢ Bégradation in DAF sludge when tested

at the lab scale level, although the natural microbial community in the sludge is also capable of
efficient degradation as seen in reductions of total hydrocarbon. Experiments to identify some of
the microbial speeis present in the DAF sludge which are capable of PAH biodegradation would
be valuable to a company such as NOVA Chemicals. In addition, the optimization of molecular
techniques such as gene expression during PAH biodegradation in a bipueadtbprovde

vital data to operators as a means of monitoring the activity of bacterial strains involved in PAH

degradation.
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