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ChapterChapter I 

Generall  introduction 

Thee research in this thesis was performed to obtain knowledge on the degradation of 

polycyclicc aromatic hydrocarbons (PAHs) by PAH utilizing bacteria that were isolated 

fromm PAH contaminated soil. The examined bacteria can be used for biological 

cleaningg of soils that have been polluted with PAHs. The research in this thesis 

evolvess from single species with single substrates (chapters 2, 3 and 4) to single 

speciess with mixtures of PAHs (chapter 5) and mixtures of PAHs with mixtures of 

speciess (chapter 6). This first chapter wil l give some theoretical background on soil 

pollutionn in general, soil pollution by PAHs, the occurrence, toxicity, biodegradation 

andd behaviour of PAHs. At the end of this chapter the goals of the two EU projects 

involvedd and the set-up of this thesis will be discussed. 

Theoreticall  background 

SoilSoil Pollution 

Soill  pollution is a major issue of environmental concern. In the Netherlands, for 

instance,, the total number of polluted sites has been estimated as 175,000 (4). 

Potentiallyy polluted sites undergo a preliminary examination and if a high 

concentrationn of a pollutant is detected the site is qualified for more intensive research. 

Directionss to determine when a soil can be stated as polluted have been prescribed in 

targett values and intervention values. According to Dutch regulations, polluted sites 

aree only cleaned (remediated) if they exceed the intervention values and if the volume 

off  the polluted site exceeds 25 m3 (27). Of the sites examined preliminarily during the 

yearss 2000 and 2001, 30-50% were qualified for more intensive research. In 2001 

15444 sites were examined more intensively and 1248 of those were found to be 

seriouslyy polluted and therefore requiring remediation (5). 

Thee cost involved with remediation of polluted soil is very high. The expenses for soil 

remediationn in the Netherlands were 304 and 357 million Euro in 2000 and 2001 
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respectivelyy (5). The total costs of remediation have been estimated as 18.15 billion 

euroo (4). 

Thee nature of soil pollution can be very diverse. The pollution can consist of heavy 

metals,, anorganic compounds and organic compounds. One of the most important 

groupss of organic pollutants are aromatic compounds and polycyclic aromatic 

hydrocarbonss (PAHs). The research in this study is focussed on pollution with this 

typee of compounds. 

PolycyclicPolycyclic Aromatic Hydrocarbons 

Polycyclicc Aromatic Hydrocarbons (PAHs) are a group of compounds that are 

composedd by two or more aromatic rings. The simplest structure consists of 2 rings 

(naphthalene)) and very complex structures can be formed by more than 6 rings and 

alkyll  groups. In this study mainly homocyclic PAHs have been examined, which are 

composedd of carbon and hydrogen only. The homocyclic PAHs studied in this thesis 

aree fluorene. phenanthrene. anthracene, fluoranthene, pyrene and chrysene (figure 1.1). 

Besidess homocyclic PAHs also some heterocyclic PAHs were studied. In the 

heterocyclicc PAHs examined in this study one carbon in the aromatic ring is replaced 

byy a sulphur or nitrogen atom. The heterocyclic PAHs examined are dibenzothio-

phene.. acridine. phenanthridine. bcnzo[/]quinoline and benzo[/7]quinoline (figure 1.2). 

Al ll  PAHs examined in this thesis have been selected on the basis of the knowledge 

fluorenee phenanthrene anthracene 

fluoranthenee chrysene pyrene 

FigureFigure 1.1. I [omocyclic PAHs as examined in rhis study. 
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dibenzothiophenee acridine 

benzo[h]quinolinee benzo[/]quinoline phenanthridine 

FigureFigure 1.2. Heterocyclic PAI Is as examined in this thesis. 

thatt they serve as a substrate for metabolism or cometabolism by the selected bacteria. 

Al ll  homocyclic PAHs are part of the EPA list of 16 priority PAHs. 

PollutionPollution with PAHs 

PAHss are one of the major soil pollutants. Sources of PAHs are quite diverse and can 

bee natural and anthropogenic (13, 14). Natural sources like vegetation fires and 

volcanicc emissions would cause an estimated soil concentration of 1-10 ug,01ai PAH/kg 

soill  (36). Anthropogenic sources however cause atmospheric deposition that leads to 

muchh higher soil concentrations of PAHs. In Dutch law. target values for PAH in soil 

havee been set at 1 mgtotai PAH/kg and intervention values have been set at 40 mgtota] 

PAH/kgg (27). So, the target values are already 100-1000 times higher than the estimated 

naturall  values. To give a picture of the actual concentrations in Dutch soil, monitoring 

off  agricultural sea-clay soils revealed that 17.7% of the samples exceeded the target 

valuee for the total PAH concentration. The PAHs most frequently found were 

fluoranthenee and benzo[^/?/'Jperylene, exceeding their target values in all samples of 

topp layers (17). The most important sources of all anthropogenic sources are industrial 

processes,, such as iron and steel works, coke manufacturing, asphalt production, wood 

preservation,, ship protection and petroleum cracking (3. 14. 37). Although 

atmosphericc deposition seems to be a problem already, soil pollution at (former) 

industriall  sites attracts more attention. The pollution at those sites originates largely 

fromm earlier periods and does not occur anymore. The city of Amsterdam, for example. 
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hass many polluted sites in its (historical) centre. Between 1994 and 1997 research of 

4877 soil samples and 410 groundwater samples of sites in the city that were not 

directlyy suspected to be polluted but tested anyway, showed that 18.5% exceeded the 

interventionn levels for PAHs. Most of these sites were located in the city centre (6). 

Industriess involved in PAH contamination in the past have improved their processes 

andd decreased their emission of PAHs enormously but contaminations caused in the 

pastt are often still present. Important sites that have often been polluted with high 

concentrationn of PAHs are gaswork plants, wood preservation industries, shipyards 

TableTable 1.1. Kxamples of concentrations of PAHs at contaminated sites in Kuropc. 

'Hiee Dutch target value for total (10 YROM) PA f is in soil is 1 mg/kg 

(27). . 

5; ; | | 

Countryy ot origin

PAH H 

Indcno[/.2.J,(-,^|pvrene e 

Ben/o|^,A./]perilcne e 

Naphthalene e 

Phcnanthrenc c 

Anthracene e 

Huoranthene e 

Bcnz|i/]anthraccnc c 

Chrvsene e 

Benzo[/-jtluorantriene e 

Bcnzo|/;]] fliH tran thene 

Pvrenc c 

r iuorenc c 

Benzo|;/]p\Ttne e 

Totall (10 YROM) PAH 

' (3d) ) 

" ( 3 3 J J 
00 Intimated atter Beursk 
0 00 D - Germany. O K = 

s s 

s s J. . 

Dcnmar r 

ii -

D D D K K D K K 

11 5? 

B B 

,55 "-* 

: : N T T 

| | 

N L L 

concentrationn (mg/kg) 

19 9 

211 1 

110 0 

240 0 

61 1 

LSI) ) 

6" " 

5" " 

P P 

52 2 

98 8 

93 3 

45 5 

"86 6 

'H). 'H). 

k.. B = Bel 

1.7 7 

2.5 5 

0.056 6 

(1.52 2 

0.41 1 

2.6 6 

1.5 5 

1.8 8 

0.91 1 

2.6 6 

2.6 6 

0.0.12 2 

2.6 6 

19.9 9 

gium,, K ~ 

5.5 5 

6.3 3 

11.66 6 

8.5 5 

2.9 9 

24 4 

19 9 

13 3 

4.9 9 

14 4 

19 9 

0.48 8 

13 3 

131 1 

Spain,, N L 

12 2 

15 5 

4.6 6 

45 5 

16 6 

45 5 

19 9 

18 8 

9 9 

21) ) 

202.5 5 

-- The \ 

3.8 8 

4.! ! 

21 1 

24 4 

18 8 

110 0 

24 4 

23 3 

6 6 

19 9 

69 9 

5.5 5 

406 6 

etherr lands 

0.35 5 

11.1)5" " 

0.841 1 

ii.. r 

0.59 9 

0.15 5 

0.38 8 

0.~8 8 

0.26 6 

n.r r 
5.9 9 

1.4 4 

3.1 1 

1.3 3 

5 5 

1.2 2 

2.6 6 

1.1 1 
i i 

12 12 



Introduction Introduction 

andd oil spills (37). Examples of concentrations of PAHs in contaminated soils are 

givenn in table 1.1. Because of the high levels at many of those sites, they are of great 

concernn for remediation. 

Toxicity Toxicity 

PAHss may cause different toxic effects: narcosis, phototoxicity, mutagenic toxicity, 

carcinogenicc toxicity, immuno toxicity and effects on reproduction (25). The most 

concerningg aspect of the toxicity of PAHs is carcinogenicity (14). Not all PAHs are 

carcinogenic.. The PAHs considered to be carcinogenic are benz(a)anthracene, 

chrysene.. benzo[/?]fluoranthene, benzo[/]fIuoranthene, benzo[/:]fluoranthene, benzo-

[fl]pyrene,, dibenzo[a,/ï]anthracene and 'mdeno[ 1,2,3-cd}pyrene (26). Hazard 

assessmentt for PAHs is mostly based on their narcotic effect (9). The maximum 

permissiblee soil concentrations, concentrations above which the risk of adverse effects 

iss considered unacceptable, for naphthalene, anthracene, phenanthrene, fluoranthene, 

benzo[a]anthracene,, chrysene, benzo[£]fluoranthene, benzo[c/]pyrene, benzo[g,h,i\-

perylenee and indeno[7,2,^,c,£/]pyrene have been determined at 0.14, 0.12, 0.51, 2.6, 

0.25,, 10.7, 2.4, 7.5, and 5.9 mg/kgsoil respectively (19). 

Azaarenes,, as examined in chapter 4, have a similar toxicity as homocyclic PAHs. 

However,, they have a greater availability due to their higher water solubility (10). 

Basedd on this higher availability, they are in general suspected to be more toxic than 

homocyclicc PAHs and they should therefore be at least of similar concern as 

homocyclicc PAHs. 

BioremediationBioremediation and biodegradation 

Bioremediationn is a term describing different methods that use bacteria or fungi to 

cleann polluted soil. These remediation treatments can be performed at the polluted site 

(in-.s//«)) or after excavation of the site at a treatment plant (ex-.v/'/u). Considering that 

excavationn and transport is not necessary for in-situ treatment, this can be considered 

ass a less disturbing and low cost solution and therefore it is preferable to ex-situ 

treatment.. Bacteria which are considered important for bioremediation of PAH 

pollutedd soil generally utilize PAHs to obtain energy and carbon for growth 

(metabolism).. In addition to metabolism, cometabolism by bacteria is also an 

importantt process. In this case the PAHs are also degraded but it does not result into 
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growth.. PAHs of higher molecular weight, consisting of 5 or more rings and some 

consistingg of 4 rings, are usually not metabolically degraded f 18) and therefore 

cometabolicc degradation is assumed to be the best mechanism for degradation of those 

PAHs. . 

However,, bioremediation of soil polluted with PAHs does not always give the desired 

results.. The PAHs are usually rapidly degraded until a certain rest concentration is 

reachedd after which degradation is hardly observed (2). This so called 'hockey-stick 

shapedd kinetics' leaves a 'stuck soil' in which the concentration of the PAHs does not 

decreasee anymore. Concentrations in 'stuck soil' are quite often above the preferred 

valuess that determine a soil clean. A lot of studies on the improvement of 

bioremediationn have been able to improve the rate of degradation but could not get the 

degradationn beyond the 'stuck' concentration (2). Causes mentioned for the soil 

gettingg stuck are limited concentration of nutrients (I), sorption of" the PAHs to soil 

organicc matter causing a lower availability ( l l ) , diffusion of the compound into 

microporess which are inaccessible for biodegradation (2) and the absence of efficient 

PAHH degrading bacteria. One of the solutions for stuck soil is the use of PAH 

degradingg bacteria that have mechanisms to increase the bioavailability of the PAHs. 

BacteriaBacteria improving PAH-bioavailability for degradation 

Somee PAH degrading bacteria are suspected to have mechanisms to improve the 

bioavailabilityy of PAHs. Features to promote the bioavailability are: adhesion of the 

bacteriaa to the substrate source; production of biosurfactants: high specific affinity to 

thee substrate; a low maintenance rate to create an advantage for species that utilize 

poorlyy available compounds (35). Mycobacterium species have the ability to adhere to 

thee substrate source and Sphingomonas species are considered to have a high substrate 

affinityy (35). The species examined in this thesis are Sphingomonas sp. strain LB126, 

SphingomonasSphingomonas sp. strain LH128, Mycobacterium sp. strain LB501T and 

MycobacteriumMycobacterium sp. strain VM552. These species utilize one or more PAH as sole 

carbonn and energy source. Most of those species are also able to perform 

cometabolismm on some other PAHs, they can degrade them but cannot use them as 

carbonn and energy source. An overview of the examined species and the PAHs they 

cann transform is given in table 1.2. Due to new classifications and official registration 

off  some of the strains examined their nomenclature has been changed. To keep a 

consequentt line in the nomenclature used in this thesis their names as used for the 
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TableTable 1.2. Overvieww of bacterial strains examined in this thesis and the PAHs thev are 

ablee to degrade (31, 34). 

Strain n Neww nomenclature Metabolicc substrates Comctabolic substrates 

SpbinspmotiasSpbinspmotias sp. 

strainn Ï.B126 

SpiringomonasSpiringomonas sp. 

IJÏ128 8 

MycobacteriumMycobacterium sp. 

strainn LB5D1T 

MycobacteriumMycobacterium sp. 

strainn VM552 

Spbingftbitim Spbingftbitim 

chiingj)itken.(i.i chiingj)itken.(i.i 

strainn LB126 

strainn Xwwpbinvpbium 

sttbarctica sttbarctica 

strainn LJ1128 

M)M) cobackrium 

trnkriksbegeiisc trnkriksbegeiisc 

strainn LB5IUT 

MycobacteriumMycobacterium <iiimm 

strainn YM552 

tli tli 

phenanthrene e 

anthracene e 

anthracene,, phenanthrcne, 

fluoranthene, , 

dibenzothiophene,, carbazole 

tluorcne,, dibenzothiophene, 

anthracene,, Acndine, 

phenann thrid ine, 

benzoo [f\  qui nol inc. 

benzo[/;]quino1ini' ' 

dibenzothiophene,, tluorcne, 

phenanthrcne, , 

benz[jjanthracene e 

phenanthrcne,, pvrcnt, not examined 

fluoranthene e 

originall  publications will be used. An overview of the new nomenclature as used at the 

momentt of publication of this thesis is given in table 1.2 

Mostt known degradation pathways of homocyclic PAHs like fluoranthene, 

phenanthrene,, fluoranthene and anthracene start with the formation of a dihydroxy 

PAHH by hydroxylation and dehydration of two adjacent carbon atoms (figure 1.3). The 

nextt step is ring cleavage of the dihydroxylated ring either next to the two 

hydroxylatedd carbons (meta-cleavage) or between the two hydroxylated carbons 

(or/Zio-cleavage)) (13). The cleaved ring is degraded step by step into a dihydroxylated 

moleculee of the remaining rings that is then degraded in a similar way until ail rings 

havee been cleaved. The degradation of tluorene and fluoranthene shows some 

exceptionss to this general pathway since they contain a 5-membered ring. Fluorene, for 

instance,, is first hydroxylated by some species at a carbon of the 5-membered ring by 

whichh 9-hydroxyfluorene and subsequently 9-fluorenone is formed (16, 32). Bacterial 

degradationn of N-heterocyclic PAHs like acridine, phenanthridine, benzo[/]quinoline 

andd benzo[/ï]quinoline is less well documented (15). The presence of the N-atom in 

smallerr azaarenes (< 4 aromatic rings) leads to metabolic routes which differ from 

thosee of the homoaromatic analogues (10). 
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FigureFigure 1.3. General degradation pathway of PAHs. 

IsolationIsolation of PAH degrading bacteria 

Thee bacterial species examined in this study were isolated from contaminated soil (7) 

byy two different methods. The Sphingomonas strains LH128 and LB 126 were isolated 

withh the first method, via a liquid aqueous culture (7). In this classic method 

contaminatedd soil is shaken in suspension supplemented with PAHs for several 

months.. After this period several subcultures have been grown in minimal medium 

withh one PAH as sole carbon source. The subcultures were plated on agar to purify 

coloniess and the strains were selected on their ability to utilize the selected PAH as 

solee carbon and energy source. The Mycobacterium strains LB50IT and VM552 were 
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isolatedd with the second method, using PAH-sorbing carriers (7). This method uses 

membraness containing sorbed PAHs that were incubated in a suspension of 

contaminatedd soil similar to the one used for the liquid aqueous culture. After 4 weeks, 

thee carriers were rinsed and placed on agar. The colonies formed after growth were 

purifiedd and selected on their ability to utilize a PAH as carbon and growth substrate. 

Differentt kinds of PAH utilizing bacterial species were selected with the two different 

methods.. The selection in the classic method is performed in an aqueous environment. 

Thereforee mainly hydrophilic bacteria are selected. The membrane method selects 

moree hydrophobic bacteria that are isolated on their capability of sorbing to a PAH 

containingg compartment. 

ChemostatChemostat cultures 
Researchh in chapter 5 and 6 has been performed with chemostat cultures. A chemostat 

culturee is a steady state continuous culture whose growth rate (u.) is equal to the 

dilutionn rate (D). The flow of the medium (F) and the volume of the chemostat (V) 

determinee the dilution rate (D = F/V) (12). Carbon limited chemostat cultures are 

consideredd to be more representative for situations in nature (21). The growth of 

heterotrophicc microorganisms under natural conditions, as in chemostat cultures, is 

limitedd by the availability of carbon and energy sources and under such limiting 

conditionss more enzymes are expressed than in batch conditions (21). Even in highly 

contaminatedd soils, PAHs may be considered as a limiting carbon source because of 

thee low availability of this substrate. It is also known that multiple carbon sources are 

simultaneouslyy utilized under carbon limited conditions (21, 23). Preferential 

biodegradationn as reported in batch cultures (22, 24) may not even take place in carbon 

limitedd chemostat cultures. It can also be stated that in natural soils there will also be a 

steadyy state of slow growing bacteria since other organisms like protozoa continuously 

predatee them. On those grounds chemostats cultures were chosen as a simplified 

representativee for the behaviour of a mixed bacterial culture in soil. 

ECC projects 

Thee research presented in this thesis was performed as part of the two EC projects 

BIOVABB and BIOSTIMUL. The full name of the BIOVAB project was: Evaluation of 

bacteriall  strategies to promote bioavailability of hydrophobic pollutants for efficient 
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bii  ore mediation of contaminated soils. The overall objective of this project was to 

identifyy and characterize bacterial strategies to promote bioavailability of hydrophobic 

organicc compounds (HOC) and to evaluate them for soil biotreatment purposes. The 

experimentall  approach of the project concentrated on the biodegradation of PAHs. 

Thee scientific objectives of the project were: characterization of PAH-degrading 

isolates;; understanding of the interaction between PAHs and PAH-degrading bacteria; 

identificationn (at the physiological and molecular level) of bacterial strategies for 

promotionn of PAH substrate transfer. The applied objectives for bioremediation of the 

projectt were: obtaining new promising PAH-degrading isolates that can be used for 

bioaugmentationn of contaminated soils; evaluation of the importance of PAH substrate 

transferr promoting bacterial strategies for bioremediation; evaluation of the effective 

rolee of PAH substrate transfer-pro mot ing bacterial strategies in the bioavailability and 

biodegradationn of pollutants in soil (28). 

Thee full name of the BIOSTIMUL project was: Use of bioavailability promoting 

microorganismss to decontaminate PAH-polluted soils: preparation towards large scale 

fieldd exploitation. The purpose of the project was to open the "black box" of current 

bioremediationn technology and to find the conditions that allow maximum activity of 

thee PAH-utilizing bacteria in a variety of real contaminated soils and sludges. This 

projectt aimed at exploiting the Sphingomoncts and Mycobacterium species selected and 

examinedd during the BIOVAB project. The research objectives were mainly applied 

objectives.. In laboratory and small-scale experiments on these organisms optimal 

conditionss for PAH removal, factors that stimulate the bioavailability promoting and 

metabolicc capacities in situ have been identified. The project was also aimed at 

developingg tools that can be used for monitoring activity in soil or sludge matrices, 

andd recommendations for full-scale technologies that maximize the performance of the 

organismss (29). A scheme of the work packages of BIOSTIMUL is given in figure 1.4. 

Bothh projects were a cooperation of 7 research groups from 6 countries. The research 

groupss involved were from the Technische Universitat München <TUM), Munich, 

Germany;; National Environmental Research Institute (NERI), Roskilde, Denmark; 

Vlaamss Instituut voor Technologisch Onderzoek (VITO), Mol, Belgium; Ecole 

Polytechniquee Fe'de'rale de Lausanne (EPFL). Switzerland; Consejo Superior de 

Investigacioness Cientificas (CSIC), Seville. Spain; Université Catholique de Louvain 

(UCL).. Louvain La Neuve, Belgium; and the University of Amsterdam (UvA), the 
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FigureFigure 1.4. Schematic representation of research performed in the BIOSTIMUL 
projectt (after Springael 1999 (29)) 

Netherlands.. Also three soil remediation companies were involved: SOILREM. 

Kalundborg,, Denmark; EMGRISA, Madrid, Spain; and ENVISAN N.V., Aalst, 

Belgium. . 

Duringg the BIOVAB project bacteria were isolated and delivered by VITO, NERI and 

CSIC.. Genetics of isolated bacteria were examined by UCL and this partner also 

deliveredd several mutants that were used for research by other partners. UCL, EPFL 

andd UvA performed identification and metabolic and kinetic characterization of 

bacteriaa delivered by VITO, NERI and CSIC. The interaction between PAH and PAH-

degradingg bacteria was examined by NERL EPFL. TUM and IRNAS. The goal of the 

BIOSTIMULL project was a pilot project. For this goal several side factors were 
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examinedd and tools were developed that contributed to the main course of the research. 

Involvementt of the partners in the several research parts of BIOSTIMUL is presented 

inn figure 1.4. Part of the research presented in this thesis was performed in cooperation 

withh VITO, UCL and TUM. 

Set-upp of thi s thesis 

Thee research questions formulated in the objectives of the two EC projects were the 

basiss for the research described in this thesis. These two projects also determined the 

coursee of the research from scientific to more applied research questions and from 

singlee species and single substrates to mixed cultures and mixed substrates. The 

researchh described in chapters 2 and 3 presents metabolic characterization of two PAH 

degradingg strains. The research in those chapters examines one strain in combination 

withh one PAH at a time and is mainly aimed at the scientific question for metabolic 

characterization.. The research in chapter 4 also examines one strain with one azaarene 

att a time and is also mainly focussed on the scientific question for kinetic 

characterization.. In chapter 5 one strain is still examined but in combination with a 

mixturee of two PAHs. The research is focussed on both the scientific question on 

inhibitionn by other PAHs and the applied question of the influence of PAH mixtures as 

observedd in the field. Chapter 6 deals with mixtures of 3 and 4 PAHs in combination 

withh mixtures of 3 strains or unidentified mixtures grown from soil. The research in 

thiss chapter is mainly based on applied questions on the effect of augmentation and 

additionall  substrates on PAH degradation. 

MetabolicMetabolic and kinetic characterization of PAH degrading bacteria 

Thee research questions for the chapters 2 and 3 are mainly based on metabolic 

characterizationn of bacteria examined in the BIOVAB project. In addition to metabolic 

characterizationn chapter 4 aims mainly at kinetic characterization of a bacterium 

isolatedd in the BIOVAB project. In all three chapters we looked for possible 

accumulationn of metabolites. Results of this research were proposed to be used for the 

objectivee to understand the interaction between PAH and PAH degrading bacteria. 

Metabolicc characterization is important for an efficient remediation because the 

bacteriaa involved should have a complete degradation pathway; no potentially toxic 
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degradationn products should accumulate in the soil (20). Especially the metabolism of 

highh molecular weight PAHs and heterocyclic PAHs is suspected to cause 

accumulationn of metabolites in soil. High molecular weight PAHs are poorly degraded 

(18)) and rarely serve as sole carbon and energy source for bacteria. On the other hand, 

co-metabolicc degradation together with degradation of lower molecular weight PAHs 

hass previously been observed. Heterocyclic PAHs are also often degraded 

cometabolicallyy because of their similarity in shape with homocyclic PAHs. 

Nevertheless,, as long as toxic compounds do not accumulate in the soil, cometabolic 

degradationn is very useful for degradation of high molecular weight PAHs. Therefore, 

itt is important to look at the possibilities and extent of both metabolism and 

cometabolismm of those high molecular weight PAHs and heterocyclic PAHs. 

Thee bacterium Sphingomonas LB 126 is examined in chapter 2. This bacterium is able 

too perform metabolic degradation of fluorene and cometabolic degradation of several 

otherr PAHs (see above). GC-MS analysis of extracts of cultures of this strain was 

performed.. Those cultures were grown on fluorene as sole substrate or glucose as 

substratee with another PAH as co-substrate. With the results of these analyses we 

postulatedd degradation pathways of fluorene and the other examined PAHs as 

performedd by LB 126 on the basis of identified metabolites. We also tried to find out 

whetherr PAH degradation by LB 126 would result in accumulation of metabolites. 

Inn chapter 3 the degradation pathway of anthracene by the bacterium Mycobacterium 

sp.. LB501T is examined. Degradation pathways of anthracene are less well known 

thann those of phenanthrene and fluorene. Only one pathway has been published so far. 

Wee wanted to know whether LB501T degrades anthracene via the same pathway as 

published.. In order to get more information on the degradation pathway we analysed 

extractss of cultures of this strain for metabolites using GC-MS analysis. We also used 

mutantss that were generated by exposure of the wild-type strain to UV-light and which 

hadd lost their ability to grow on anthracene but were still able to degrade it. We 

assumedd that those mutants were blocked at certain steps in the degradation pathway 

off  anthracene and therefore extracts of cultures of those mutants would show other or 

moree metabolites of the degradation pathway. We would like to propose a degradation 

pathwayy for anthracene by Mycobacterium sp. strain LB501T on the basis of the 

metabolitess identified. As is the case for LB 126, we also tried to find out whether PAH 

degradationn by LB501T would result in accumulation of metabolites. 
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Thee cometabolic degradation rate of some heterocyclic PAHs by the bacterium 

SphingomonasSphingomonas sp. LH128 is studied in chapter 4. LH128 is capable of growth on 

phenanthrenee and. in addition, is able to cometabolise anthracene, dibenzothiophene 

andd fluorene. Based on this observed substrate-specificity, the phenanthrene analogues 

phenanthridine,, benzo[/]quinoline and benzo[/?]quinoline. and the anthracene 

analoguess acridine and 9-methylacridine (figure 1.2), were selected to serve as 

substratess for LH128. In this experiment, we determined both Vmax and Km kinetic 

parameterss of the Miehaelis-Menten model (M-M) describing the cometabolic 

biodegradationn of phenanthrene- and anthracene-analogue azaarenes. With the results 

wee proposed an order in disappearance rate for the azaarenes examined. 

Extractss of azaarene degrading cultures of LH128 were also analysed for metabolites. 

Observationn of formation of metabolites can give information on degradation 

pathwayss of these azaarenes but which metabolites could be expected to accumulate in 

soill  can also be predicted. 

FactorsFactors influencing the degradation of PAHs 

Thee research in chapter 5 was, as in chapter 4, partially based on the kinetic 

characterizationn of a BIOVAB bacterium. However, the BIOSTIMUL objective to 

openn the 'black box' of current bioremediation technologies was most important in the 

researchh presented in chapters 5 and 6. When factors are known that influence the 

degradationn of PAHs by PAH degrading bacteria are known, recommendations can be 

madee to improve the performance of these bacteria. Possible factors are the presence 

off  other PAHs, cometabolism. nutrient concentrations, and the composition of the soil 

fauna.. These factors can be changed by augmentation and addition of nutrients 

resultingg in different degradation efficiencies and a different composition of the soil 

culture. . 

Inn chapter 5 we look at the influence of other PAHs than the growth substrate on a 

PAHH degrading bacterium. Mixtures of PAHs will usually surround these PAH 

degradingg strains growing in a polluted area. Therefore it is important to look at the 

influencee (inhibition) of other PAHs on the degradation of the growth substrate. In this 

chapterr the fluorene degrading strain Sphingomonas sp. strain LB 126 is examined in a 

continuouss culture. In order to study the growth and cometabolism of PAHs, with 

differentt PAHs simultaneously present, we set up a chemostat system with LB 126 
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withh fluorene as sole carbon source. In addition to the utilization of fluorene as sole 

carbonn and energy source LB 126 is capable of cometabolism of phenanthrene and 

fluoranthenee (see chapter 2). In this set-up, we examined the influence of 

cometabolismm of phenanthrene and fluoranthene on the degradation of fluorene by 

LBB 126. We have analysed the cultures for the presence of metabolites to see whether 

completee degradation was performed. To test whether the observed inhibiting effect of 

phenanthrenee works directly on the metabolism of fluorene or on the total bacterial 

metabolismm we also tested the effect of this compound on growth of LB 126 on glucose 

andd pyruvate. To look at the effect of long term exposure of the strain to phenanthrene 

inn a chemostat culture we performed a growth experiment in batch cultures at the end. 

Inn this experiment we compared the phenanthrene sensitivity in a batch culture 

inoculatedd from a chemostat culture that was exposed to phenanthrene at high 

selectionn pressure to a batch culture inoculated from a similar chemostat culture but 

whichh was grown without being exposed to phenanthrene. The results provide data of 

thee possibilities of LB 126 to survive in soil polluted with mixtures of PAHs and to 

performm complete degradation of fluorene, phenanthrene and fluoranthene. 

InIn chapter 6 the performance of PAH degrading bacterial mixtures during continuous 

growthh under different carbon conditions in a chemostat culture is examined. We 

examinedd how bioaugmentation and biostimulation affects the degradation of a PAH 

mixturee (fluorene, phenanthrene, pyrene and chrysene) by a soil-derived culture in a 

chemostatt system. The bacteria used for augmentation were: Sphingomonas sp. LB 126 

(fluorene),, Sphingomonas sp. LH128 (phenanthrene) and Mycobacterium sp. VM552 

(pyrenee and phenanthrene) these species are able to utilize one or more PAHs as sole 

carbonn and energy source. The unidentified bacterial mixture was also examined 

withoutt augmentation to determine its capacity to degrade PAHs on its own. We 

wantedd to know whether the PAH degradation capacity of the chemostat culture would 

bee improved by augmentation. Finally, we examined the effect of the composition of 

thee carbon source has any effect on the PAH degrading capacity or the composition of 

thee culture. With our results we want to obtain more information on the effect of 

bioaugmentationn and addition of other carbon sources on PAH degradation and the 

compositionn of the bacterial culture. The obtained knowledge can be used to improve 

thee bioremediation of PAH contaminated soil. 

23 23 



ChapterChapter 1 

Literatur e e 

1.. Alden, L., F. Demoling, and E. Baath. 2001. Rapid method of determining factors limiting 
bacteria]]  growth in soil. Appl.Env.Microbiol. 67:1830-1838. 

2.. Alexander, M. 1999. Biodegradation and bioremediation, 2nd ed. Academic Press. San Diego. 
3.. Allard , A.-S., M. Remberger, and A. H. Neilson. 2000. The negative impact of aging on the 

losss of PAH components in a creosote-contaminated soil. Int.Biodeter.Biodeg. 46:43-49. 
4.. Anonymous 2002. posting date. Dossier Bodembeleid. Ministry of VROM. [Online.] 

5.. Anonymous. 2002. Jaarverslag bodemsanering over 2001 - de monitoringsrappotage -. 
Rijksinstituutt voor Volksgezondheid en Milieu / Ministry of VROM. 

6.. Anonymous. 1997, Milieuonderzoek in Amsterdam - Meetresultaten 1997 - Bodem onderzoek. 
Omegam. . 

7.. Bastiaens, L., D. Springael, P. Wattiau, H. Harms, R. de Wachter, H. Verachtert, and L. 
Diels.. 2000. Isolation of adherent polycyclic aromatic hydrocarbon (PAH) degrading bacteria 
usingg PAH sorbing carriers. Appl.Env.Microbiol. 66:1834-1843. 

8.. Beurskens, J. E. M., G. A. J. Mol, H. L. Barreveld, B. Vanmunster, and H. J. Winkels. 
1993.. Geochronology of priority pollutants in a sedimentation area of the rhine river. 
Environmentall  Toxicology and Chemistry 12:1549-1566. 

99 Bleeker, E. A. J., H. G. van der  Geest, H. J. C. Klamer, P. de Voogt, E. Wind, and IVL H. S. 
Kraak .. 1999. Toxic and genotoxic effects of azaarencs: isomers and metabolites. Polycyclic 
Aromaticc Compounds 13:191-203. 

10.. Bleeker, E. A. J., S. Wiegman, P. de Voogt, M. H. S. Kraak , H. A. Leslie, E. de Haas, and 
W.. A. Admiraal . 2002. Toxicity ofazaarenes. Rev.Environ.Contam.Toxicol. 173:39-83. 

11.. Breedveld, G. D., and ML Sparrevik. 2000. Nutrient-limited biodegradation of PAH in various 
soill  strata at a creosote contaminated site. Biodeg. 11:391-399. 

12.. Brock, T. D„  M. T. Madigan, J. M. Martinko , and J. Parker. 1994. Biology of 
Microorganisms.. Prentice-Hall, Englewood Cliffs. New Jersey. 

13.. Cerniglia, C. E. 1992. Biodegradation of polycyclic aromatic hydrocarbons. Biodegradation 
3:351-368. . 

14.. Council, D. W. 1997. Basic concepts of environmental chemistry. Lewis publishers. New York. 
15.. de Voogt, P., E. A. J. Bleeker, P. L. A. van Vlaardingen, A. Fernandez, J. Slohodnik, H. 

Wever,, and M. H. S. Kraak . 1999. Formation and identification of azaarcne transformation 
productss from aquatic invertebrate and algal metabolism. J.Chromut.B 724:265-274. 

16.. Grifoll , M., S. A. Selifonov, and P. J. Chapman. 1994. Evidence for a novel pathway in the 
degradationn of fluorene by Pseudonumus sp. strain F274. Appl.Env.Microbiol. 60:2438-2449. 

17.. Groot, M. S. M., J. J. B. Bronswijk , and T. C. v. Leeuwen. 2000. Landelijk meetnet 
bodemkwaliteitt - Resultaten 1996. Rijksinstituut voor volksgezondheid en milieu, 

18.. Juhasz, A. L., and R. Naidu. 2000. Bioremediation of high molecular weight polycyclic 
aromaticc hydrocarbons: A review of the microbial degradation of benzo[«]pyrene. 
Int.Biodeter.Biodeg.. 45:57-88. 

19.. Kalf , D. F„  T. Crommentuijn , and E. J. vandePlassche. 1997. Environmental quality 
objectivess tor 10 polycyclic aromatic hydrocarbons (PAHs). Hcotoxicology and Environmental 

24 24 



Introduction Introduction 

Safetyy 36:89-97. 
20.. Kazunga, C, M. D. Aitken, A. Gold, and R. Sangaiah. 2001. Fluoranthene-2,3- and -1.5-

dioness are novel products from the bacterial transformation of fluoranthene. 
Environ.Sci.Technol.. 35:917-922. 

21.. Kovarova-Kovar, K., and T. Egli. 1998. Growth kinetics of suspended microbial cells: from 
single-substrate-controlledd growth to mixed-substrate kinetics. Microbiol.Mol.Biol.Rev. 62:646-
666. . 

22.. Leblond, J. D., T. W. Schuit/, and G. S. Sayler. 2001. Observations on ihe preferential 
biodcgradationn of selected components of polyaromatic hydrocarbon mixtures. Chemosphere 
42:333-343. . 

23.. Lendenmann, U., M. Snozzi, and T. Egli. 1996. Kinetics of the simultaneous utilization of 
sugarss mixtures by Escherichia coli in continuous culture. AppI.Env.Microbiol. 62:1493-1499. 

24.. Limin g Prak, D. J., and P. H. Pritchard . 2001. Presented at the 9th Internationa] Symposium 
onn Microbial Ecology, Amsterdam, the Netherlands. 

25.. Maagd, P. G.-J. d. 1996. Polycyclic aromatic hydrocarbons: Fate and effect in the aquatic 
environment.. PhD-lhesis. University of Utrecht. Utrecht. 

26.. Menzie, C. A., B. B. Potocki, and J. Santodonato. 1992. Exposure to careinogenatic PAHs in 
thee environment. Environ.Sci.Technol. 26:1278-1284. 

27.. Pronk, J. P. 2000. Circulaire streefwaarden en interventiewaarden bodemsanering. 
Staatscourantt 39:8. 

28.. Springael, D. 2000. Evaluation of bacterial strategies to promote bioavailability of hydrophobic 
pollutantss for efficient bioremediation of contaminated soils (BIOVABJ - Final report. VITO. 

29.. Springael, D. 1999. Proposal for BIOSTIMUL project. VITO. 
30.. Springael, D. 1998. Scientific report BIOSTIMUL period Februari 2001 - Februari 2002. 

VITO . . 
31.. Springael, D. 1998. Scientific report BIOVAB period september 1997 - June 1998. VITO. 
32.. Trenz, S. P., K.-H. Engesser, P. Fischer, and H.-J. Knackmuss. 1994. Degradation of 

fluorenee by Brevibacterium sp. strain DPO 1361: a novel C-C bond cleavage mechanism via 
lJO-dihydro-1.10-- dihydroxyfluoren-9-one. J.Bacteriol. 176:789-795. 

333 Van Brummelen, T. C., R. A. Verweij, S. A. Wedzinga, and C. A. M. Van Gestel. 1996. 
Enrichmentt of polycyclic aromatic hydrocarbons in forest soils near a blast furnace plant. 
Chemospheree 32:293-314. 

34.. van Herwijnen, R., C. De Graaf, H. A. J. Govers, and J. R. Parsons. Co-metabolic 
degradationn of three-ring a/.aarenesby Sphingomonas sp. strain LH128. in prep. 

35.. Wick, L. Y., D. Springael, and H. Harms. 2001. Bacterial strategies to improve the 
bioavailabilityy of hydrophobic organic pollutants, p. 203-217. In R. Stegmann. G. Brunner. W. 
Calmano.. and G. Matz (ed.). Treatment of Contaminated Soil. vol. 1. Springer-Verlag. Berlin. 

36.. Wilcke, W. 2000. Polycycilc aromatic hydrocarbons (PAHs) in soil - a Review. J. Plant Nutr. 
Soill  Sci. 163:229-248. 

37.. Wilson, S. C., and K. C. Jones. 1993. Bioremediation of soil contaminated with polynuclcar 
aromaricc hydrocarbons (PAHs): a review. Environ.Poll. 81:229-249. 

25 25 



ChapterChapter 1 

m m 


