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EnglishEnglish summary 

Metabolicc and cometabolic degradation of polycyclic 
aromaticc hydrocarbons 

Introduction n 

Polycyclicc aromatic hydrocarbons (PAHs) are a group of toxic compounds present at 

manyy sites as soil contaminant. Sites contaminated with PAHs are sites of (former) 

gasworkss and wood preservation industries. PAHs are molecules composed out of two 

orr more aromatic rings with molecule structures as presented in figure 1 for the PAHs 

examinedd in this thesis. Some of their toxic effects are carcinogenic and mutagenic and 

thereforee remediation of polluted sites is an important issue. One method for 
remediationn of these polluted sites is bioremediation. using bacteria and fungi that are 

ablee to degrade PAHs. The bacteria used for bioremediation utilize the PAHs as 

growthh substrate (metabolism), the PAHs are carbon and energy source and are finally 

completelyy mineralized. Although bioremediation of PAH-polluted soil seems to be 

effectivee at the first sight, usually a poorly degradable amount remains in the soil. The 

concentrationn in this "stuck soil' is quite often above the preferred values that 
determinee a soil to be clean. A possible explanation for this problem is the low 

fluorenee phenanthrene anthracene 

fluoranthenee chrysene pyrene 

FigureFigure 1. Overview of the examined PAHs. 
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Summary Summary 

solubilityy of PAHs resulting in a low availability for the bacteria. The remaining 

concentrationn in the stuck soil is probably sorbed that much to the soil that they are not 

availablee anymore for the bacteria. One possible solution is the to bacteria that have 

capacitiess to promote the bioavailability of PAHs. Features of bacteria to promote the 

bioavailabilityy are: adhesion to the substrate; specific affinity to the growth substrate; 

andd production of biosurfactants. 

Thee research presented in this thesis has been performed on the basis of two EC 

projectss (BIOVAB and BIOSTIMUL) that aimed at the use of bacteria with 

bioavailablilityy promoting capacities for the remediation of PAH-polluted soils. These 

twoo projects were a cooperation of partners from research groups from seven European 

countriess and also three companies performing soil remediation were involved. Every 

researchh group contributed on their own research area resulting in good collaboration 

betweenn the partners and also between the different research areas of microbiology and 

environmentall  chemistry. The most important connection was the use of bacteria 

isolatedd with a new developed method from PAH-polluted soil by the Belgium project 

leader.. The research in this thesis has been performed partially in cooperation with 

scientistss from Louvain-La-Neuve (Belgium), Mol (Belgium), and Munich (Germany). 

Althoughh the research in this thesis was aimed at remediation of PAH-polluted soils 

almostt no soil has been touched during this research. At first three bacteria were 

examinedd separately on how they degrade one single PAH (chapters 2, 3 and 4). These 

experimentss were based on fundamental scientific questions aimed at resolving 

metabolicc and kinetic characterization of the three examined bacteria. This 

characterizationn is supposed to give more knowledge for applied research. The 

researchh shifted from fundamental to more applied research by using mixtures of 

substratess and mixtures of bacteria (chapters 5 and 6). Because of the use of these 

mixtures,, these experiments were proposed to be more representative to the situation 

inn the field than experiments in which sole substrates and single strains are used. These 

chapterss were dedicated to factors influencing the degradation of PAHs. The next part 

off  this summary is about the main subjects of the research and the most important 

resultss from each chapter. 
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Metabolicc and kinetic characterization of PAH degrading bacteria 

ChapterChapter 2 and 3, Elucidation of metabolic and cometabolic degradation pathways 

Inn the research presented in the chapters 2 and 3, two bacteria have been examined 

whichh utilize fluorene and anthracene respectively as sole carbon and energy source. 

Besidess metabolism in which one or two PAHs are degraded for growth by a 

bacterium,, other PAHs are degraded by cometabolism which does not result in growth. 

Cometabolismm is very important in bioremediation of soils since some PAHs are not or 

veryy poorly degraded metabolically but can be degraded cometabolically. A 

disadvantagee of cometabolism is the possibility that some PAHs will not be 

completelyy degraded and toxic metabolites might accumulate in the soil. 

Metabolicc degradation of PAHs occurs step by step by enzymes present in the 

bacteriall  cell. The first steps of these pathways usually involve a dihydroxylation of 

thee PAH. Enzymes involved in the next step cleave one of the aromatic rings of these 

intermediatee compounds. In this way the PAHs are gradually degraded supplying 

carbonn and energy resulting in growth of the bacteria. Because of the importance of 

metabolismm and cometabolism of PAHs in bioremediation the research in the chapters 

22 and 3 examined these processes in bacteria. The results of this research can be used 

too examine whether the identified intermediate compounds do not accumulate in the 

soil. . 

Thee research presented in chapter 2 clarified the metabolic degradation pathway of the 

PAHH fluorene by the bacteria Sphingomonas LB 126. This bacterium also performs 

cometabolicc degradation of four other PAHs (phenanthrene, fluoranthene, anthracene 

andd dibenzothiophene). Elucidation of the metabolic degradation pathway of fluorene 

resultedd in a pathway that was already known for other fluorene utilizing bacteria. The 

cometabolicc degradation of phenanthrene, fluoranthene and anthracene by a fluorene 

utilizingg bacterium has not been presented before. An important result was that in 

contradictionn to the metabolic degradation of fluorene, which runs through one 

specificc pathway, the cometabolic degradation of the other three PAHs appeared to be 

performedd non-specifically, through several pathways. A probable explanation is that 

thee same enzymes which perform the metabolic degradation of fluorene also perform 

thee cometabolic degradation of the other three PAHs. These enzymes are specialized 

inn fluorene in such a way that they handle other PAHs less appropriate which results in 

aa higher variety of intermediate metabolites. Nevertheless, phenanthrene, fluoranthene 
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andd anthracene were degraded completely and no accumulating metabolites could be 

detected.. Dibenzothiophene however, was not completely degraded, because two 

metabolitess accumulated in high concentrations. A plausible explanation was that at 

leastt one metabolite was toxic for LB 126. 

Thee research in chapter 3 was similar to the research in chapter 2 but in chapter 3 the 

metabolicc degradation of anthracene by Mycobacterium LB501T was studied. This 

degradationn followed a pathway which had not been presented before for an 

anthracenee utilizing bacterium. At first it seemed that LB501T accumulated one 

metabolitee in this pathway, but more research showed that this intermediate metabolite 

wass degraded by LB501T itself after some time. 

ChapterChapter 4, Degradation of azaarenes 

Besidess "normal" PAHs, which contain only carbon and hydrogen atoms. NPAHs. 

containingg also a nitrogen atom (figure 2). can be found in polluted soil. These 

NPAHs,, also called azaarenes, behave differently from PAHs because of this nitrogen 

atom.. Azaarenes are in general less toxic than PAHs but more soluble in water 

resultingg in a higher risk of exposure to these compounds. The combination of toxicity 

andd solubility results in their need for as much attention as normal PAHs. For this 

acridinee phenanthridine 

benzo[/?]quinolinee benzo[r]quinoline 

FigureFigure 2. ()vervic\v of the examined azaarenes. 
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reasonn the research in chapter 4 was performed on azaarenes. 

Chapterr 4 presents research in which the rates of cometabolic degradation of several 

azaareness by the bacterium Sphingomonas LH128 were determined. LH128 utilizes 

thee PAH phenanthrene as sole carbon and energy source but it was also able of 

cometabolicc degradation of the phenanthrene-analogue azaarenes phenanthridine, 

benzo[/lquinoline,, and benzo[/c]quinoline and of the anthracene-analogue azaarenes 

acridinee and 9-methylacridine. The research was aimed to obtain kinetic values which 

cann be used in estimating the time which is involved in remediation of polluted soil. 

Thee obtained kinetic values are of the parameters Km and Vmax that are based on the 

Michaëlis-Mentenn kinetics theory. Vmax is a substrate's maximum rate for 

transformationn by an enzyme and Km is an enzyme's affinity for a substrate. The 

valuess were determined for the compounds phenanthridine, benzo[/]quinoline and 

acridine.. The Vmax and Km of the other two azaarenes examined appeared to be that 

loww that a reliable value could not be obtained. The results of V m , and Km which were 

obtainedd did not completely fit with the Michaëlis-Menten theory. VmiiX and Km are 

supposedd to be a constant factor but at different substrate concentrations different 

valuess for Km and VITm were obtained. Michaëlis-Menten kinetics however is based on 

thee interaction between one enzyme and one substrate while a bacteria as used in the 

experimentt is a much more complex system. For example, besides the enzymes 

involvedd in the degradation pathway there are also enzymes involved in the transport 

off  the substrate into the cell and there is also the possibility that a bacteria induces 

moree enzymes which can be involved in the processes to be performed. These factors 

makee Km and Vmax for bacteria a less constant factor than can be expected for an 

enzyme.. For all examined azaarenes also pseudo first-order constants (k,) are 

determined,, these values are of more importance at lower concentrations. The 

determinedd values for V nm, Km and kj are used to predict the order in disappearance 

ratess at different concentrations from a contaminated soil if LH128 were the only 

bacteriumm responsible for their degradation. 

Forr these compounds was also examined, as in chapter 2, whether metabolites could 

bee expected to accumulate. Benzo[/]quinoline and acridine appeared not to be 

completelyy degradable by LH128; one metabolite of each compound was observed 

whichh was also observed during their degradation by other azaarene degrading 

bacteria. . 
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Factorss influencing the degradation of PAHs 

ChapterChapter 5, The influence of cometabolic processes on metabolic processes 

Thee research in the chapters 2 to 4 was performed on one bacteria degrading one PAH 

att a time. This is dissimilar to a contaminated soil where a bacteria is always involved 

withh more than one PAH. A bacteria able of metabolic and cometabolic degradation 

wil ll  perform these two processes at the same time. If the same enzymes perform 

metabolismm and cometabolism of PAHs, these two processes will influence each other. 

Thee research in chapter 5 aimed at the effect of the cometabolic degradation of 

phenanthrenee and fluoranthene on the metabolic degradation of fluorene by the 

bacteriumm LB 126. An other method was used than in the previous chapters to grow the 

bacteriaa in order to achieve a better parallel with the environmental situation. Most 

researchess use batch cultures in which a few bacteria are occulated into medium with a 

largee amount of growth substrate. The culture wil l get into a growth phase until one of 

thee other necessary components for growth (like phosphates, nitrates, iron and other 

minerals)) is not available anymore. At this moment not all PAHs are degraded. In a 

naturall  soil (also a polluted one) contrary to a batch culture, the growth substrate (the 

PAH)) is usually the growth rate limiting factor causing a slow but continuous growth 

off  bacteria. To achieve a better approximation of the natural situation, chemostat 

culturess are used (figure 3). These are cultures with continuously growing bacteria 

becausee they are continuously diluted with medium and growth substrate. These 

culturess are conditioned in such a way that the growth substrate is the rate limiting 

factor.. In these cultures, the bacteria LB 126 is exposed to increasing concentrations of 

aa co-substrate (phenanthrene and fluoranthene) while growing on fluorene as growth 

substrate. . 

Resultss showed that the degradation efficiency of fluorene decreased with increasing 

concentrationss of phenanthrene. For fluoranthene the same effect was observed but in 

thiss case the effect was about 100 x less than that of phenanthrene. Two processes can 

explainn the observed differences: inhibition and toxicity. In the case of inhibition the 

substratee is pushed away by the co-substrate causing less degradation of the substrate. 

Iff  there is more co-substrate available less substrate will be degraded. In the case of 

inhibitionn phenanthrene is much more effective than fluoranthene. More research was 

performedd on toxicity which showed a sensitivity of LB 126 to the toxicity of 
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FigureFigure 3. Set-up of chemostat cultures as used in chapter 5 and 6. 

phenanthrenee but also an adaptation of LB 126 to this toxicity within 3 days. This 

adaptationn was not observed in experiments with batch cultures. The observed 

influencee of phenanthrene and fluoranthene on the degradation of fluorene in the first 

experimentss can therefore be totally ascribed to inhibition. It should also be stated that 

howeverr the effect of phenanthrene was lOOx higher than the effect of fluoranthene. 

inn the case of phenanthrene the degradation efficiency of fluorene was also more than 

9595cc/c/c.. This leads to the conclusion that in a soil where phenanthrene and fluorene are 

bothh available no real problems for LB 126 should be expected. 

ChapterChapter 6, Improvement of the degradation of PAHs by a mixed culture of soil 

bacteria bacteria 

Severall  methods have been developed to improve the degradation of PAHs in a 

contaminatedd soil. One of these methods is augmentation of the soil fauna with 

bacteriaa that are specialized in the degradation of PAHs. Another method is the 

additionn of easily utili/able carbon sources (EUC) to support the PAH degrading 

bacteria.. In this last chapter the effects of augmentation and addition of EUC on the 

degradationn efficiency of PAHs has been examined. To achieve a better resemblance 

too the situation on the field than in chapter 5. chemostat cultures were used in 

combinationn with mixtures of bacteria and mixtures of PAHs. The bacterial mixture 

wass a culture of unknown composition grown from a contaminated soil. This soil 
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culturee was augmented with three PAH degrading bacteria with bioavailability 

promotingg capacities. After this augmentation the augmented soil culture's 

performancee on PAH degradation was compared to than the not-augmented soil 

culture'ss performance. It appeared that the augmentation of the soil culture did not 

havee an improving effect on the degradation efficiency of the PAH mixture; the 

examinedd soil culture appeared to perform an effective degradation by itself. The 

additionn of EUC did almost not have a supporting effect on the degradation efficiency 

off  the PAH mixture either. 

Inn addition to the degradation efficiency of the PAH mixture it was examined whether 

thee bacteria used for augmentation were able to survive in the soil culture. At the end 

off  the experiments, all three bacteria used for augmentation were only present in a 

veryy low amount in the chemostat cultures if PAHs were supplied to the culture. From 

thiss fact it can be concluded that these bacteria can be useful candidates for 

augmentationn of soil cultures that need augmentation to improve the biodegradation of 

PAHs.. On the other hand bioaugmentation with soil grown cultures that perform an 

efficientt PAH degradation, like used in our experiment, might be more promising. The 

bacteriaa in such a culture are adapted to each other and therefore they are a more 

valuablee addition to the soil processes. It was also observed that the different growth 

substratess (the PAHs and the EUC) influence the composition of the soil culture. More 

knowledgee on this topic can be used to stimulate the bacteria which are important for 

remediationn of polluted soil. 
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