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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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ChapterChapter 1 

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). . 
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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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ChapterChapter 1 

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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ChapterChapter 1 

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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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. 
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Abstract t 

Thee metabolic pathway of the PAH fluorene and the cometabolic pathway of the 

PAHss phenanthrene, fluoranthene, anthracene and dibenzothiophene in Sphingomonas 

sp.. LB 126 were examined. To our knowledge this is the first study on the cometabolic 

degradationn of the three-ring PAHs phenanthrene, anthracene and the four-ring PAH 

fluoranthenee by a fluorene-utilizing species. Metabolism of fluorene was shown to 

proceedd via the 9-fluorenone pathway to form o-phthalic acid and protocatechuic acid. 

Thee cometabolic mono-hydroxylation found for phenanthrene. fluoranthene and 

anthracenee show similarity with the hydroxylation of fluorene. Several mono- and 

dihydroxyy products and ring-cleavage products were identified for phenanthrene, 

fluoranthenee and anthracene. It appeared that the cometabolism of those three 

compoundss is a non-specific process, in contrast to the metabolism of fluorene. For 

dibenzothiophenee the metabolites dibenzothiophene-5-oxide and dibenzothiophene-

5,5-dioxidee were identified; these compounds appeared to be the products of a dead-

endd pathway. Since apart from dibenzothiophene no metabolites were found in very 

highh concentrations for any of the other substrates complete degradation is suggested, 

evenn for the cometabolic degradation of phenanthrene, fluoranthene and anthracene. 
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Introductio n n 

Fluorenee (FLU), phenanthrene (PHE), fluoranthene (FAT), anthracene (ANT) and 

dibenzothiophenee (DBT) are members of the group of polycyclic aromatic 

hydrocarbonss (PAH). PAHs are persistent and toxic compounds present at many 

contaminatedd sites (10, 11), such as gas factories and wood preservation plants. In 

principlee bioremediation is an economically and environmentally attractive solution 

forr cleaning up those sites (12). However for an efficient remediation process it is 

importantt that the bacteria involved have a complete degradation pathway so that no 

potentiallyy toxic degradation products accumulate in the soil (13). High molecular 

weightt PAHs are poorly degraded (11) and rarely serve as sole carbon and energy 

sourcee for bacteria. On the other hand, co-metabolic degradation together with 

degradationn of lower molecular weight PAHs has been previously observed. 

Therefore,, it is important to look at the possibilities and extent of both metabolism and 

cometabolismm of those high molecular weight PAHs. 

SphingomonasSphingomonas LB 126 was isolated from a PAH-contaminated soil and is able to use 

FLUU as sole carbon and energy source. It also degrades PHE, FAT, ANT and DBT co-

metabolicallyy but does not form significant cell material from those compounds (4). In 

orderr to obtain more information about the metabolic and cometabolic pathways of 

LBB 126 we identified several metabolites of FLU, PHE, FAT, ANT and DBT using 

GC-MSS analysis. For the detection of FLU metabolites we also used two mutants of 

LBB 126 that were able to degrade FLU but could not utilize it as a carbon source and 

thereforee they were assumed to accumulate metabolites. Identification of metabolites 

forr these mutants would help in elucidation of the degradation pathway of FLU but 

alsoo give information on the nature of the enzyme blocked by the mutation. Based on 

thee metabolites identified, we propose and compare the degradation pathways for the 

PAHs.. We draw conclusions concerning the extent of degradation and the expected 

accumulationn of potentially toxic metabolites by LB 126, which is particularly of 

interestt in the case of FAT as a four-ring PAH. 
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Material ss and methods 

BacterialBacterial strain, media and growth conditions 

SphingomonasSphingomonas sp. LB 126 was isolated from a PAH-contaminated soil by liquid 

enrichmentt with FLU (4). The strain is able to utilize FLU as sole carbon and energy 

sourcee and degrades PHE, FAT, ANT and DBT cometabolically. None of the latter 

fourr compounds could serve as sole carbon source for this strain (4). Strain L-134 (3) 

iss a transposon insertion mutant of LB 126 able to degrade FLU but cannot utilize it as 

solee carbon source. L-612 (Wattiau, unpublished) is an uncharacterized mutant 

resultingg from the integrative disruption of an fldD mutator plasmid. In the 

experimentss for the elucidation of the FLU degradation pathway, LB 126 was grown in 

2500 ml tris buffered minimal medium (4) with 100 mg l"1 FLU as carbon source. L-134 

andd £-612 were grown in 250 ml tris buffered minimal medium with 4 g 1 ' glucose as 

carbonn source. Antibiotics used were 4 ug ml"1 tetracycline for L-134 and 4 îg m l ' 

kanamycinn and 50 ^g ml"1 streptomycin for L-612. For the experiments on the 

cometabolicc pathways, LB126 was grown in 100 ml tris buffered minimal medium 

withh 4 g l"1 pyruvate as carbon source. PHE, FAT, ANT or DBT were present as co-

substratee at a concentration of 0.5 g l ' . All cultures were incubated at 25°C and 

sampledd at the end of the growth phase. In all experiments, controls containing 

bacteriaa and no FLU (bacterial control) and controls of sterile medium with PAHs 

(chemicall  control) were treated similarly to the cultures. 

AnalyticalAnalytical procedures 

Alll  samples for the identification of the metabolites were prepared as described by van 

Herwijnenn et al. (28). For further purification of the samples of the experiment with 

DBTT the samples were combined, evaporated to dryness, dissolved in a few ml 

acetonitrilee (ACN) and were further fractionated with preparative HPLC. Separation 

wass performed on a 125 x 4.00 mm 5 micron Phenomenex Lichrospher 5 RP-18 

columnn which was kept at a temperature of 30°C. A gradient was applied using sub-

boiledd distilled water and ACN with a flow of 1 ml min'1: initially at 30% ACN and 

70%% water, isocratic for 2 minutes then in 18 minutes to 35% water and isocratic for 

anotherr 5 minutes The ACN in all collected fractions was evaporated under a gentle 

floww of nitrogen and the remaining water was extracted 3 times with 15 ml 

ethylacetatee (EA). The EA was concentrated and all fractions were analyzed with GC-

MS. . 

'H-NMRR and ' t - N M R spectra of the metabolite in the first fraction of the purified 
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sampless of the DBT experiment were recorded dissolved in CDCL with a 500 MHz 

Variann Unity Inovo NMR spectrometer. NMR simulations of the proposed structure 

weree performed with ACD/H-MNR Predictor 3.0 and ACD/C-NMR Predictor 3.0 

(Advancedd Chemistry Development Inc., Toronto. Canada). 

GC-MSS analysis was performed with a HP 5890A GC equipped with a HP 5970 Mass 

Selectivee Detector or a Thermoquest Trace GC equipped with a Finnigan Trace MS 

(ionizationn energy : 70 cV) both containing a J&W DB-5 (60 m x 0.32 mm) column. 

Chemicals Chemicals 

Alll  organic solvents were glass-distilled grade or HPLC grade (Rathburn, Walkerburn, 

Scotland).. FLU, FAT, protocatechuic acid and 9-fluorenone were supplied by Sigma-

Aldrichh (Zwijndrecht, the Netherlands), PHE was supplied by J.T. Baker Chemical Co. 

(Philipsburg,, New Jersey), ANT was supplied by Fluka (Zwijndrecht, the 

Netherlands),, o-phthaiic acid was supplied by Chem Service (West Chester, PA, 

USA),, 9-fluorenone-1-carboxylic acid was supplied by ABCR GmbH & Co. KG 

(Karlsruhe,, Germany), 9-fluorenol, phenanthrenedione, 1-hydroxyphenanthrene, 9-

acetoanthracene,, pyruvate (99%), dibenzothiophene-5,5-dioxide (97%) and 

iodomethanee (99%) were provided by Acros Organics (Geel, Belgium). Florisil (60-

1000 mesh ASTM), K2C03 (p.a.) and Na2S04 (p.a.) were provided by Merck 

(Darmstadt,, Germany), DBT (>98%) was provided by Merck-Schuchardt 

(Hohenbrunn,, Germany). 

Results s 

FLUFLU degradation experiments 

GC-MSS chromatograms of derivatized samples from cultures of LB 126 growing on 

FLUU and the mutants £-134 and £-612 growing on glucose in the presence of FLU 

weree compared with those from the bacterial and chemical controls. In chromatograms 

off  derivatized samples from LB 126 cultures 4 peaks could be identified (peaks 

A,B,C,D).. In chromatograms of the derivatized samples from £-612 cultures 5 peaks 

couldd be identified (A,B,C,E,F) and in chromatograms of derivatized samples from 

culturess of £-134 2 peaks could be identified (A,D). In the latter case peak D was very 

abundant.. Peaks A, B, C and D were identified by comparison with authentic samples. 

Peakk A was identified as derivatized o-phthalic acid (OPA). Peaks B and C had the 

samee retention time but using selected ion monitoring, peak B could be identified as 9-
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fluorenoll  (9FLUOL) and C as 9-fluorenone (9FLON). 9FLUOL was unreactive 

towardss derivatization as was shown by unsuccessful derivatization of the authentic 

sample.. Peak D was identified as derivatized protocatechuic acid (PCA). Peak E had a 

convincingg fit to the spectrum of derivatized 8-hydroxy-3,4-benzocoumarin (HBC) as 

presentedd by Grifoll et al. (7). Compound F was identified tentatively, the mass 

spectrumm ((m/z, assignment, relative intensity) 272 (Af\ 57.5), 257 (Af^-CH.i, 1.5), 

24KAT-OCH,,, 100.0), 226 (AT-OCHrCH3, 17.5). 211 (AT-OCH.-CH^CH.,, 3.5), 198 

(AT-OCHvCHrCO,, 15.1), 183 (AT-OCHrCHrCO-CH-,, 9.2), 155 (6.2), 127 (7.4)) 

showss a fragmentation which is consistent with derivatized 2-carboxy-2',3'-

dihydroxy-biphenyll  (CDB). CDB is proposed to be in equilibrium with HBC (7, 27) 

andd the presence of both compounds in our samples is a support for their assignment. 

Wee tested the ability of strain LB126 to use 9FLUOL and 9FLON as sole carbon 

source.. Both 9FLUOL and 9FLON were found to support growth of strain LB 126. 

CometabolicCometabolic degradation experiments 

GC-MSS chromatograms of derivatized samples from cultures of LB 126 growing on 

pyruvatee in the presence of PHE, FAT, ANT or DBT were compared with those from 

thee bacterial and chemical controls. No high concentrations of metabolites were found 

inn samples of the PHE, FAT or ANT degradation experiments. Chromatograms of 

sampless of DBT showed one high peak that was so high in concentration that other 

peakss disappeared in the background of the chromatogram. 

Inn chromatograms of derivatized samples from the experiment with PHE 9 peaks could 

bee identified by comparison with authentic standards or tentatively (peaks PA-PI) 

(tablee 2.1. only tentatively identified peaks). Peaks PA and PB (table 2.1) were 

identifiedd tentatively as the derivatized and underivatized forms of a dihydroxy-

phenanthrenee (DHP). Peak B had similar fragmentation to that in the mass spectrum of 

derivatizedd dihydroxyanthracene (DHA) (20) and is therefore assigned as a DHP. The 

peakss PD and PE were identified as derivatized and underivatized 9-hydroxy-

phenanthrenee (9HP) with the use of an authentic standard that had a low sensitivity for 

thee derivatization. The peaks PF and PG had similar mass spectra to underivatized 9-

HPP but with different retention times. Those peaks are most probably mono-hydroxy-

phenanthreness which are hydroxylated at different positions to 9HP. Peak PH was 

identifiedd as 9,10-phenanthrenequinone (9,10-PQ) with the use of an authentic sample. 

Peakss PC and PI have similar retention times and comparable mass spectra (table 2.1). 
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TableTable 2.1. Mass spectra of the tentative identified phenanthrcne metabolites formed bv 

Spinny)rttonasSpinny)rttonas sp. strain LB 126 growing on glucose in the presence of 

phenanthrcne. . 

Compoundd Fragments (m/^, assignment, relative intensity) 

y.lii-Dihydroxy-pk'nanthrcnee 21U(.\/-, 3.7), 181(100.11}. 152(38.8), 126(4.0), 90(4.3), "6(14.4) 

(PA) ) 

Derivatizedd 9,l(.)-di- 238(.W ,100.0), 223(94.0), 195P4.5), 180(79.5). 167(15.8). 152(19.2). 

hydroo wplienanthrene (PB) 119(9.1). 104(16.8). 76(34.1} 

denvarizedd cleavage product 27Ü(.\J\ 2.6). 239(-OCI h, 6.2), 21 l(-OCJI.-,-CO, 1O0.0), 196 
off  9 10-dihydroxv- (-OCIIvCC)-CIb, 38.6), 180(-OC11--0O-OCIk 36.0). 168(16.6). 

phenanthrenee (PC) 1 5 2 W iy)V-V). 1 2 6( 3 - ^ U^UJ^ 7 6 ^ 2 ) - 59(14.3) 

deri\\ atized cleavage product 270(.\T, 0.0), 239(-OCI 1% 0,4), 21 l(-OCfh-CO, 92.9), 196 
off  1.2-. 2,3- or 3,4 (-OCI h-CO-CIF, MM)}. 195(100.0),' W.lf-OClh-CO-OClk 27.0), 
.:,,, , ' i \ , ,„, , 168(7.5), 165(21.5), 152(37.1), 139fl4.5). 126(4.2), 104f8.7). 76(26.4), 

dihvdd row phenanthrene frl j  v ' l ; '  ' v ' \ /  h \ h 
__ _ __ __ 59(10.5) _ 

Fromm m/z 211 and lower they have a similar fragmentation pattern with differences in 

intensities.. Peak PC has two more masses: 239 and 270. The fragmentation patterns of 

bothh peaks are similar to that reported for a cleavage product of derivatized DHA (28) 

andd therefore both peaks are probably derivatized products of ring cleavage of a DHP. 

Thee mass spectrum of peak PI has no masses of 239 and 270. The compound 

responsiblee for this peak probably has a longer alkyl acid chain and is therefore less 

stablee and more easily fragmented causing the masses 270 (A/+) and 239 to be 

unobservedd in the mass spectrum. The compounds probably responsible for peaks PC 

andd PI can be formed by either ortho- or mera-cleavage of the dihydroxyphenanthrene. 

Compoundss formed in either way can explain the observed mass spectra, meta-

Cleavagee is the most common cleavage reported for ring cleavage in PHE degradation. 

Bothh ortho- and mem-cleavage have been reported for PHE (6, 18, 21, 24). Which 

productss are formed is uncertain in our case but the identification of 9,10-PQ as 

metabolitee suggests that 9,10-DHP is also a metabolite (peaks PA and PB) and 

thereforee a cleavage product of the latter compound is to be expected as one of the two 

compoundss PC or PI. The other product is probably the cleavage product of 1,2-, 2,3-

orr 3,4 DHP. Because the cleaved ring of those molecules is one of the outer aromatic 

rings,, the cleavage product has a longer alkyl acid chain (3 or 4 carbons) than the 

cleavagee product of 9,10-DHP (2 carbons), of which the cleaved ring is the central 

aromaticc ring. Therefore the latter compound is proposed to be compound PC. 
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Inn chromatograms from derivatized samples of the experiments with FAT 7 peaks 

couldd be identified by comparison with authentic standards or tentatively (peaks FA-

FG)) (table 2.2, only tentatively identified peaks). Only peak FA could be identified 

withh use of an authentic standard as derivatized 9-fluorenone-l-carboxylic acid 

(9FCA).. 9FCA is known as a product that is formed after meta-ring cleavage of 1,2-

dihydroxyfluoranthenee (DHFA) (14, 25) or ortho-ring cleavage of 2,3-DHFA (22). 

Fromm our data it cannot be concluded which of the two occurs. Most other peaks were 

identifiedd tentatively as derivatized precursors of 9FCA in the degradation of FAT. 

Thee mass spectrum of peak FF (table 2.2) with a M+ of 294 and a fragmentation 

patternn showing derivatized acid and hydroxy groups can be assigned to a cleavage 

productt of DHFA. If this product is formed by m^ra-cleavage it would be 9-

fluorenone-l-(earboxy-2-hydroxy-l-propenol)) (9FCHP). 9FCHP is proposed to be in 

equilibriumm with 9-fluorenol-l-carboxypropyl-2-one (9FCO) (2, 14). The derivatized 

moleculee of this compound has a A/+ of 296, loss of two fragments of 31 <OCH3) and 

twoo fragments of 28 (C=0) and is a likely assignment for the mass spectrum of peak 

FBB that would not be formed if ortho-c\eavage had occurred. Peaks FC, FD and FE 

showw similar mass spectra (table 2.2), they all have a M+ of 232 and loss of fragments 

off  15 (CH3), 28 (C=0) and 26 (C2H2), which can be the signature of derivatized 

monohydroxyfluoranthene.. Peak FG with a M+ of 262 shows loss of 2 fragments of 15 

TableTable 2.2- Mass spectra of the tentatively identified fluoranthenc metabolites formed 

bvv Sphingomonas sp. strain LB126 growing on glucose in the presence ot 

fluoranthenc. . 
Compoundd fragments (/ff/y, assignment, relative intensity) 
Derivatizedd 9-Huorenol-l- 296(.\/\ 4.4), 264(12.3), 236(100.0). 223(8.0). 220(3.7), 206(18.3). 
carboxypropyl-2-onee (FB) 193(12.2). 178(29.8), 165(29.';), 151(5.4). 118(1.4), 111(1.1). 88(11.80) 

Derivatizedd Monohulroxv- 232(A/\ 100.0), 217(-Clk 37.8), 189(-CFk-CO, 99.1), 163(-CH,-CO-
fluoranthenefluoranthene (FC) ' ' C2H2. 5.3), 116(12.3), 100(11.4), 95(14.9), 94(10.9), 87(5.7) 

Derivatizedd Monuhvdroxv- 232(,W', 100.0), 217(-CH% 44.0). 189(-CIh-CO, 89.9), 163(-CIh-CO-
fluoranrhencfluoranrhenc (FD) ' " CiH;, 7.2), 116(11.9), 100(10.0), 95(12.1). 94(9.4), 87(4.3) 

Derivatizedd Monohvdroxv- 232(.W', 100.0). 217(-CI h, 86.6), 189(-CikCO, 95.5), 163(-CIh-CO-
fluoranthencfluoranthenc (V'h) ' ' C2H:, 7.4). 116(11.0). 100(9.7). 95(14.9). 94(11.4), 87(5.2) 

Derivauzedd 9-Huorenone-l- 294(.W\ 19.9). 263(-OClh, 10.8). 235(-OCi h-CO, 100.0), 220(48.3), 
(carboxv-2-hvdroxv-l-- 203(4.2), 192(4.9), 176(13.9), 164(25.2), 163(23.4), 150(5.0), 118(6.7i, 
propenol)) (FT") ' 101(2.4), 88(22.8) 

Derivatizedd 7,8-Dihvdroxy- 262f.\r. 100.0), 247(-ClI-„  99.4), 232{-CH-,-CIk 8.2), 219(31.2), 204 
fluoranthenee (VG) ( - C i k C I k C O. 37,5;, 187(12.0;, l?6(-CI h-CI I-.-CO-CO, 42-5;, 150 

r-f;iii-c:Hi-(:o-co-fyh.'7.6i,, ni(i5.A 94(7.2}. 87(9.4), 74(9.81 
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<CH3)) and two fragments of 28 (CO) which are common fragments for derivatized 

dihydroxyy PAHs (20). Another fragment of 26 (CiH2) suggests that this is a 

derivatizedd 7.8-hydroxyfluoranthene because derivatized 1,2-DHFA, 2,3-DHFA and 

8.9-DHFAA would give a fragment of 25 (C;H) since the ring of those positions is 

connectedd to two rings and contains only one CH carbon. 

Inn chromatograms of samples from the experiments with ANT 4 peaks could be 

identifiedd tentatively (table 2.3) and 1 was identified with use of a standard. Three 

peakss were present in chromatograms of the derivatized samples (AA-AC) and two 

weree detected in chromatograms of the non-derivatized samples (AD-AE). Peak AA 

wass tentatively identified as a derivatized dihydroxyanthracene (DHA). The mass 

spectrumm had a similar fragmentation to that of the mass spectrum of 1,4-

dimethoxyanthracenee (20). Because PAHs arc normally hydroxylated by bacteria at 

adjacentt carbons, peak AA is probably either 1,2- or 2.3-DHA. Peak AB was 

identifiedd with use of an authentic standard as naphthalene-2,3-dicarboxylic acid 

(NDA).. Peak AC has a similar mass spectrum to that reported for a ring cleavage 

productt of DHA by Mycobacterium strain sp. LB501T (28). In this case compound AC 

cann be explained as a ring cleavage product of 1,2- or 2,3-DHA. The spectrum of peak 

ADD can be explained with m-dihydrodihydroxyanthracene (m-DDA), a precursor of 

DHA.. The mass fragments are the same as those reported for l,2-dihydro-l,2-

dihydroxyanthracenee (18). The mass spectrum of peak AE is comparable to the 

spectrumm as observed above for monohydroxyphenanthrene and is assigned as 

monohydroxyanthracene. . 

TableTable 2.3. Mass spectra or tentative identified anthracene metabolites formed by 

Spbin^omoiiasSpbin^omoiias sp. strain LB 126 growing on pyruvate in the presence of 

anthracene. . 

Compoundd hragmenvs (m/  ̂ assignment, relative intensity) 

~Denvatizedd 238f,W . 81.6). 223(1 &2)~209(.16.5;, 191(1011.0}, 178(37.3). 165(19.3). 
dihydrnxyamhnuxnee (AA}  152(49.0), 139(94.8). 126(34.8). 87(13.3). 76(15.8), 69(13.6), 63(15.3; 

Derivauzedd naphthalene- 244{.U\ 30.1), 213(100.0). 127(30.5), 1 14(6.6), 77(3.7). 63(5.6) 

2,3-diearhoxvlitt acid (AB) 

Dcnvatixecll  ring cleavage 27o.f.U", n.9). 239:2.4). 21 1(100,0), 196(16.5), 180(15.0). 168(7.0,, 
productt of dihydroxy-' 152(14.7). 139(1 0.6), 'l 1(4(4.8), 76(14.4), 59(4.0) 

phenanrhretiL'' (AC: 

Hvdrox\\ anthracene (AH) 194(.U . 100.0). 178(38.9;. 165(82.5). 152(19.0). 139(4.1), 115(4.0). 
88(5.5).. 82(7.1J. 76(8,6),_59(3.4) 
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GC-MSS chromatograms of samples from the experiments with DBT showed one major 
peakk that seemed to consist of two compounds. Purification with preparative HPLC 
showedd 3 peaks in the chromatogram (DA-DC) that were collected separately. 
Compoundd DC was DBT. Compound DB was identified as dibenzothiophene-5,5-
dioxidee (DBT-5.5-diO) by comparison with an authentic sample. Compound DA had a 
comparablee mass spectrum ((m/z; assignment; relative intensity) lOQiM*;  46.8), 

1488 116 Hi 142 140 138 136 134 132 130 128 126 124 122 piaa 

FigureFigure 2.1. H-NMR and l3C-NMR spectra of the product in fraction 1. The spectra 

correspondd to rhe structure of dibenzothiophene-5-oxide. 
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184(100.0).. 171(56.1). 152(43.1). 139(62.3). 92(40.9). 79(34.7)) to the mass spectrum 

off  dibenzothiophene-5-oxide (DBT-5-0) published by Afferden et al.(l) and that 

foundd in the NIST database (20). however the relative intensity of the different masses 

wass different. Compounds DA and DB had the same retention time on GC-MS. which 

iss a confirmation for the mixture that was observed in the first samples (DCM and EA 

fractions). . 

Too confirm the identification of compound DA, !H-NMR and L1C-NMR were 

performed.. The 'H-NMR spectrum (figure 2.1) showed two doublets and two triplets 

withh shifts as predicted for DBT-5-0 by the program ACD/NMR predictor. The 13C-

NMRR spectrum (figure 2.1) was also identical to that predicted, containing two peaks 

forr a quaternary carbon and four peaks for C-H carbons. 

Discussion n 

Thee identification of 9FLUOL, 9FLON and PCA as intermediate products in FLU 

degradationn suggests that strain LB 126 mineralizes FLU through a pathway previously 

describedd by Trenz et al. and Grifoll et al. (7, 27) for a Brevibacterium and a 

PseudomonasPseudomonas strain respectively with 9FLUOL and 9FLON as initial products of the 

initiall  attack on FLU. The formation of 9FLUOL and 9FLON has also been reported 

forr Staphylococcus auhculans DBF63 (17) which utilizes FLU as sole carbon source. 

Thee fact that LB 126 is able grow on 9FLUOL and 9FLON as sole carbon source 

showss that those compounds are not dead-end products for this strain and it also 

confirmss that they are part of the degradation pathway of FLU in LB 126. The 

metabolitess observed in our samples fit in the known pathway from 9FLON to PCA. 

Furtherr degradation of PCA by our strain is proposed to follow a protocatechuate 4,5-

degradationn pathway (29). The fact that the samples from cultures of strain L-134 

containedd a very high concentration of PCA suggests that in this mutant the FLU 

degradationn pathway of L-134 is blocked at the level of PCA. The absence of any trace 

off  PCA in the samples obtained from cultures of L-612 and the identification of HBC 

andd CDB that do not appear in samples of the other strains examined suggest that this 

mutantt is blocked in the degradation of CDB to OPA. 
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oo o 
9,10-phenanthrenequinone e 

(9.10-PQ) ) 

FigureFigure 2.2. Proposed pathways of cometabolic degradation of phenanrhrene by 

SphingomonasSphingomonas sp. strain LB 126 growing on glucose. Compounds in a closed 

boxx were not identified in our samples. Compounds in a dotted box were 

identifiedd tentatively. 

Bothh mono- and dihydroxylated metabolites were present in PHE degrading cultures 

off  LB 126 (figure 2.2). It is uncertain whether the monohydroxyphenanthrcnes are 

formedd by dehydration of dihydrodihydroxyphenanthrene or by a monohydroxylation 

off  PHE. In both cases the formation of three monohydroxyphenanthrenes suggests that 

thee hydroxylation of PHE is not a selective process but takes place on different 

carbons.. Identification of 9HP and 9.10-PQ confirms that one of the degradation 

pathwayss goes via 9,10-DHP. Hydroxylation of PHE at the 9 and 10 positions by a 

bacteriumm has been reported previously for Mycobacterium strain SI which 

cometabolicallyy produces a /ra/?.9-9,10-dihydrodiol as a dead-end metabolite (26). 

Furtherr degradation of this compound has not been reported previously and almost all 

otherr known degradation pathways by bacteria go through hydroxylation at the 3,4-
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positionss (6. 21). The tentative identification of a cleavage product of 9,10-DHP shows 

thatt this compound is probably not a dead-end product in our case. The identification 

off  another cleavage product suggests that the degradation of PHE goes at least through 

twoo different pathways. 

Thee degradation of FAT (figure 2.3) seems to be. like that of PHE, a non-specific 

processs with multiple pathways. Monohydroxylation takes place on at least 3 different 

carbonn atoms. As is the case for PHE. no reaction mechanism can be given for the 

formationn of the mono-hydroxyfluoranthenes. Based on the pathways published for 

o o 
9-fluorenol-1 1 

-carboxypropyl-2-onee
(9FCO) ) 

9-fluorenonc-1 1 
-carboxylicc acid (9FCA) 

HO'' "O 
9-fluorenol-1 1 

-carboxylicc acid 

FigureFigure 2.3. Proposed pathways of cometabolic degradation of fluoranthene by 

SphingomonasSphingomonas sp. strain LB 126 growing on glucose. Compounds in a closed 

boxx were not identified in our samples. Compounds in a dotted box were 

identifiedd tentatively. 
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anthracenee (ANT| 

hydroxyanthracene e 

-H2(OH)2 2 

dihydrodihydroxyanthracene e 

,<OH). . 

dihydroxyanlhracenee (DHA) 

COOH H 

naphthalene-2.3-dicarboxylicc acid 

cleavage e 
product t 

FigureFigure 2.4. Proposed pathways of cometabolic degradation of anthracene by 

SphingomonasSphingomonas sp. strain LB126 growing on glucose. Compounds in a dotted 

boxx were identified tentatively. 

FATT and formation of 9-fluorenone-1-carboxylic acid it can be concluded that one 

pathwayy goes through 1,2-DHFA (14. 25) by /neta-cleavage or though 2.3-DHFA by 

orr/jo-cleavagee (22). The only DHFA found in our samples is probably 7.8-DHFA 

whichh also suggests that at least two degradation pathways are active (figure 2.3). 

Thee metabolites of ANT (figure 2.4) show similarity to those of PHE and FAT. Mono-

andd dihydroxyanthracene are observed, as well as a product of ring cleavage. A new 

kindd of compound observed which was not observed for PHE and FAT is DDA. The 

detectionn of this compound shows that DHA is formed in two steps from ANT via 

DDAA and that the formation of DHA in two hydroxylation steps via 

monohydroxyanthracenee is not likely. The formation of monohydroxyanthracene is 

probablyy a side reaction. Whether the DHA is dihydroxylated at the 1,2- or 2,3-

positionn is not sure. All dihydroxylations of ANT in literature are reported at the Im-

positionss (16. 18. 30). Since NDA can be formed from 1,2-DHA via ort/io-cleavage or 

2.3-DHAA via meta-cleavage nothing can be stated about the intermediate steps. 
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Thee DBT metabolites DBT-5-0 and DBT-5,5-diO are probably formed by consecutive 

oxygenationss of the sulphur atom of DBT (figure 2.5) and accumulate in a relative 

concentrationn ratio of 35:1. Several bacteria have been isolated which degrade DBT to 

2-- hydroxybiphenyl via DBT-5-0 and DBT-5,5.-diO (5, 15. 23). Most of these strains 

utilizee DBT as sole sulphur source. Only one other strain has been described which 

formss DBT-5,5-diO as end product of co-metabolism (19). On the basis of the 

pathwayss proposed for the other strains we propose that the formation of DBT-5.5-diO 

byy LB 126 takes place in two steps. Strains such as LB 126 which cometabolizc DBT 

seemm to lack the ability to cleave the sulphur-containing ring of this molecule, 

resultingg in the accumulation of DBT-5-0 and DBT-5.5-diO. 

dibenzothiophenee O O O 
vUBI>> dibenzothiophene-5-oxide dibenzothiophene-5,5-dioxide 

(DBT-5-0)) (DBT-5,5-diO) 

FigureFigure 2.5. Proposed pathways of cometabolic degradation of dibenzothiophene by 

SphingomonasSphingomonas sp. strain LB126 growing on glucose. 

Onlyy one previous publication is known which reports pathways for cometabolic 

degradationn of other PAHs by a FLU utilizing strain (8). This strain uses a different 

pathwayy than LB 126. degrading FLU by dihydroxylation of one of the aromatic rings. 

Cometabolicc degradation of homocyclic PAHs is only performed on the smaller 

compoundss acenaphthene and acenaphthylene while the three ring PAHs PHE and 

ANTT serve as growth substrate. In contrast. LB 126 cometabolizes a range of three and 

fourr ring PAHs through multiple pathways. These show similarity to degradation 

pathwayss reported previously for these PAHs but also show new features. To our 

knowledgee formation of monohydroxy compounds of PHE. FAT and ANT have not 

beenn reported so far. The cometabolic pathways of PHE. FAT. ANT and DBT by 

LBB 126 show similarity to the degradation pathway of FLU in the formation of 

monohydroxyy PAHs. The reaction to 9FLUOL is proposed being performed by a 

dioxygenasee (5) and this enzyme might also be involved in part of the first 

hydroxylationn reactions of the co-substrates. 
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Thee absence of any accumulating metabolite for the cometabolic degradation of PHE, 

FATT and ANT seems in contradiction with the fact that LB126 is not able to use those 

compoundss as sole carbon and energy source. For PHE and DBT this can be explained 

byy the fact that there is a toxic effect caused by the substrate itself or a metabolite (2). 

ANTT does also have a limiting influence on the degradation of FLU (2). For FAT, 

whichh does not have a toxic effect (2), the absence of growth is probably due to the 

sloww degradation process which may be explained by the larger size of this molecule 

causingg a low affinity for one or more enzymes in the FLU degradation pathway and 

partiallyy by the low solubility of FAT compared to low molecular weight PAHs. In 

bothh ways, the degradation of FAT may provide less energy than necessary for growth 

orr maintenance requirement (9). 

Thee metabolism of FLU and the cometabolism of PHE, FAT and ANT by 

SphingomonasSphingomonas sp. LB 126 seems to lead to complete degradation as there appears to be 

noo accumulation of metabolites. This suggests that cometabolism by LB126 and 

similarr strains could contribute significantly to the removal of PAHs from 

contaminatedd sites. The fact that cometabolism takes place during growth on glucose 

andd pyruvate suggests that bioremediation can be improved by addition of these 

substrates.. However, since the degradation of DBT results in the accumulation of 

metabolites,, complete degradation by cometabolism is not representative for all 

degradationn of PAHs by LB 126. 

AA ckno wledgments 

Thiss work was financed with grants from the EC under the projects BIOVAB (BI04-

CT97-2015)) and BIOSTIMUL (QLK3-199-00326). We are grateful to Pieter Slot and 

Franss van der Wielen for their analytical support and Hap Pritchard for his comments 

onn the manuscript. We want to thank J. Geenevasen of the Institute for Molecular 

Chemistry,, University of Amsterdam, for performing the NMR spectrometry. 

References s 

1.. Afferden, M. v„  S. Schacht, J. Klein, and H. G. Truper . 1990. Degradation of 
dibenzothiophenee by Brevibacterium sp. DO. Arch. Microbiol. 153:324-328. 

2.. Bastiaens, L. 1998. Isolation and characterization of polycyclic aromatic hydrocarbon-

43 43 



ChapterChapter 2 

degradingg bacteria. PhD. Thesis. University of Leuven. Leuven. 
3.. Bastiaens, L., D. Springael, W. Dejonghe, P. Wattiau, H. Verachtert, and L. Diels. 200]. A 

transscriptionall  ittxAB reporter fusion responding to fluorene in Splungotnoiuis sp. LB 126 and 
itss initial characterisation for whole-cell bioreporter purposes. Res.Microbiol. 152:849-859. 

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

5.. Bressler, D. C, and P. M. Fedorak. 2000. Bacterial metabolism of fluorene. dibenzofuran. 
dibenzoihiophcnc.. and carbazole. Can.J.Microbiol. 46:397-409. 

6.. Doddamani, H. P., and H. Z. Ninnekar. 2000. Biodegradation of phenanthrene by a Bacillus 
species,, Curr. Microbiol. 41:11-14. 

7.. Gri f oil, M., S. A. Selifonov, and P. J. Chapman. 1994. Evidence for a novel pathway in the 
degradationn of fluorene by Pseudonumax sp. strain F274. Appl. En v. Microbiol. 60:2438-2449. 

8.. Gri f oil, M,, S. A. Selifonov, C. V. Gatlin, and P. J. Chapman. 1995. Actions of a versatile 
fluorene-degradingg bacterial isolate on polycyclie aromatic compounds. Appl.Env.Microbiol. 
61:3711-3723. . 

9.. Harms, H. 1998. Bioavailability of dioxin-like compounds for microbial degradation, p. 135-
163.. In R. M. Wittich (ed.J. Biodegradation of dioxins and furans. 1 ed. Springer-Verlag. 
Berlin/Heidelberg. . 

10.. Hyotylainen, T., and A. Oikari . 1999. The toxicity and concentrations of PAHs in creosote-
contaminatedd lake sediment. Chemosphere 38:1135-1144. 

11.. Juhasz, A. L., and R. Naidu. 2000. Btoremediation of high molecular weight polycyclie 
aromaticc hydrocarbons: A review of the microbial degradation of bcnzo[tf]pyrene. 
Int.Biodeter.Biodeg.. 45:57-88. 

12.. Kastner, M., and B. Mahro. 1996. Microbial degradation of polycyclie aromatic hydrocarbons 
inn soil affected by the organic matrix of compost. Appl.Microbiol.Biotechnol. 44:668-675. 

13.. Kazunga, C, M. D. Aitken, A. Gold, and R. Sangaiah. 2001. Fluoranfhene-2,3- and -1.5-
dioness are novel products from the bacterial transformation of fluoranthene. 
Environ.Sci.Tcchnol.. 35:917-922. 

14.. Kelley, I., J. P. Freeman, F. E. Evans, and C. E. Cerniglia. 1993. Identification of 
metabolitess from the degradation of fluoranthene by Mycobacterium sp. strain PYR-1. 
Appl.Env.Mierobiol.. 59:800-806. 

15.. Maxwell. S.. and J. Yu. 2000. Selective desulphurisation of dibenzothiophene by a soil 
bacterium:: Microbial DBT desulphurisation. Process Biochemistry 35:551-556. 

16.. Menn, F.-M., B. M. Applegate, and G. S. Sayler. 1993. NAH plasmid-mediated catabolism of 
anthracenee and phenanthrene to naphtoic acids. Appl.Env.Microbiol, 59:1938-1942. 

17.. Monna, L., T. Omori, and T. Kodama. 1993. Microbial degradation of dibenzofuran. fluorene 
andd dibenzo-/>-dioxin by Staphylococcus auricutans DBF63. Appl.Env.Mierobiol. 59:285-289. 

18.. Moody, J. D., J. P. Freeman, D. R. Doerge, and C. E. Cerniglia. 2001. Degradation of 
phenanthrenee and anthracene by cell suspension of Mycobacterium sp. strain PYR-l. 
Appl.Env.Microbiol.. 67:1476-1483. 

19.. Mormile , M. R„  and R. M. Atlas. 1989. Biotransformation of dibenzothiophene to 

44 44 



MetabolicMetabolic and cometabolic pathways of PAHs by Sphingomonas sp. LB126 

dibenzothiophenee suifone by Pseudomonas putida. CanJ.Microbiol. 35:603-605. 
20.. NIST I998. posting date. NIST/EPA/N1H 98 Mass Spectral Library. National Institute of 

Standardss and Technology. [Online.] 
21.. Pinyakong, O., H. Habe, N. Supaka, P. Pinpanichkarn, K. Juntongjin, T. Yoshida, K. 

Furihata,, H. Nojiri , H. Yamane, and T. Omori. 2000. Identification of novel metabolites in 
thee degradation of phenanlhrene by Sphingomonas sp. strain P2. FEMS Microbiol.Lett. 
191:115-121. . 

22.. Rehmann, K., N. Hertkorn , and A. A. Kettrup . 2001. Fluoranthene metabolism in 
MycobacteriumMycobacterium sp. strain KR20: Identity of pathway intermediates during degradation and 
growth.. Microbiol. 147:2783-2794. 

23.. Rhce, S.-K., J. H. Chang, Y. K. Chang, and H. N. Chang. 1998. Desulfurization of 
dibenzothiophenee and diesel oils by a newly isolated Gordona strain. CYKS1. 
Appl.Env.Microbiol.. 64:2327. 

24.. Samanta, S. K., A. K. Chakraborti , and R. K. Jain. 1999. Degradation of phenanthrene by 
differentt bacteria: Evidence for novel transformation sequences involving the formation of 1-
naphthol.. Appl.Microbiol.Biotcchnol. 53:98-107. 

25.. Sepic, E., M. Bricelj , and H. Leskovsek. 1998. Degradation of fluoranthcne by Pasteurella sp. 
IFAA and Mycobacterium sp. PYR-1: Isolation and identification of metabolites. 
J.Appl.Microbiol.. 85:746-754. 

26.. Tongpim, S., and M. A. Pickard. 1999. Cometabolic oxidation of phenanthrene to 
phenanthrenee trans-9.l0-dihydrodiol by Mycobacterium strain SI growing on anthracene in the 
presencee of phenanthrene. Can.J.Microbiol. 45:369-376. 

27.. 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 
1.10-dihydro-1.10-- dihydroxyfluoren-9-one. J .Bacterid. 176:789-795. 

28.. van Herwijnen, R., D. Springael, P. Slot, H. A. J. Govers, and J. R. Parsons. 2003 
Degradationn of anthracene by Mycobacterium sp. strain LB501T proceeds via a novel pathway, 
throughh o-phthalic acid. Appl.Env.Microbiol. 69:186-190. 

29.. Wattiau, P., L. Bastiaens, R. van Herwijnen, L. Daal, J. R. Parsons, M.-E. Renard, D. 
Springael,, and G. R. Cornells. 2001. Fluorene degradation by Sphingomonas sp. LB 126 
proceedss through protocatechuic acid: A genetic analysis. Res.Microbiol. 152:861-872. 

30.. Weissenfels, W. D., M. Beyer, J. Klein, and H.-J. Rehm. 1991. Microbial metabolism of 
fluoranthene:: Isolation and identification of ring fission products. Appl.Microbiol.Biotechnol. 
34:528-535. . 

45 45 



ChapterChapter  2 

46 46 



ChapterChapter 3 

Degradationn of anthracene by Mycobacterium sp. strain 
LB501TT proceeds via a novel pathway, through o-phthalic 
acid d 

Renéé van Herwijnen, Dirk Springael, Pieter Slot, Harrie A.J. Govers and John R. 

Parsons s 

---Applied---Applied and Environmental Microbiology, 2003, Vol. 69, No. I, p. 186-190---

Abstract t 

MycobacteriumMycobacterium sp. strain LB501T utilizes anthracene as sole carbon and energy 

source.. We analyzed cultures of the wild-type strain and of UV-generated mutants 

impairedd in anthracene utilization for metabolites to determine the anthracene 

degradationn pathway. Identification of metabolites by comparison with authentic-

standardss and transient accumulation of «-phthalic acid by the wild-type strain during 

growthh on anthracene suggests a pathway through o-phthalic acid and protocatechuic 

acid.. As the only productive degradation pathway known so far for anthracene 

proceedss through 2,3-dihydroxynaphthalene and the naphthalene degradation pathway 

too form salicylate, this indicates the existence of a novel anthracene catabolic pathway 

inn Mycobacterium sp. LB501T. 
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Introductio n n 

Anthracene,, together with other polycyclic aromatic hydrocarbons (PAHs). is a 

persistentt and toxic soil contaminant (9. 11, 15). Pollution by PAHs is usually found 

onn the sites of gas factories and wood preservation plants. Bioremediation is an 

economicallyy and environmentally attractive solution for cleaning those sites (12). In 

orderr to achieve an efficient bioremediation process it is important that the bacteria 

involvedd perform a complete degradation pathway so that potentially toxic metabolites 

doo not accumulate in the soil (13). If this is not the case, it is important to know which 

metabolitess are expected to accumulate so other strains able to degrade those 

metabolitess can be added to the soil if necessary. Consequently, it is important to 

acquiree more information on the metabolic pathways of PAH-degrading bacteria. In 

thiss study, we examined the pathway for anthracene degradation by Mycobacterium 

sp.. strain LB501T to determine whether metabolites are expected to accumulate. Strain 

LB501TT utilizes anthracene as sole carbon and energy source. It was isolated from 

contaminatedd soil based on adherence to hydrophobic membranes containing sorbed 

PAHss (2). LB501T grows primarily as a biofilm on solid anthracene. It is suggested 

thatt formation of this biofilm is a response of the bacteria to optimize the 

bioavailabilityy of the substrate (24). 

Att present the only known productive pathway for bacterial degradation of anthracene 

(7)) proceeds through 3-hydroxy-2-naphthoic acid, 2,3-dihydroxynaphthalene, and 

furtherr through a pathway similar to the naphthalene degradation pathway (4). Species 

knownn to perform this pathway are from the genera Pseudomonas, Spbingobium, 

Nocardia,Nocardia, Rhodococcus, and Mycobacterium (4. 7. 8, 10, 21, 22) Degradation from 

anthracenee to 3-hydroxy-2-naphthoic acid proceeds through dioxygenation (1, 10, 22) 

andd dehydration by which 1,2-dihydroxyanthracene is formed. This compound is 

cleavedd by meta-vmg cleavage and the cleavage product is further degraded to 2-

hydroxy-3-naphthaldehydee and then to 2-hydroxy-3-naphthoic acid. The ring cleavage 

productt is also converted into the side product 6,7-benzocoumarin (7). A recent paper 

(17)) proposed that 6,7-benzocoumarin is an intermediate in a cometabolic pathway of 

anthracenee before it is degraded by ring fission enzymes. Which metabolites would be 

formedd from 6,7-benzocoumarin was not suggested. Apart from this pathway some 

neww pathways have been proposed recently. Two dead-end products from anthracene 

detectedd for Mycobacterium sp. PYR-1 are 9,10-anthraquinone and l-methoxy-2-

hydroxyanthracenee (17). O/7/jo-cleavage of 1,2-dihydroxyanthracene into 3-(2-
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carboxyvinyll  )naphthalene-2-carboxylic acid has also been reported for Mycobacterium 

sp.. PYR-1 and a Rhodococcus species (5, 17). No pathway for further degradation of 

thesee compounds has been given. 

Inn order to get more information on the degradation pathway of anthracene by LB501T 

wee analyzed extracts of cultures of this strain for metabolites using gas 

chromatography-masss spectrometry (GC-MS) analysis. We also used mutants that 

weree generated by exposure of the wild-type strain to UV-light and which had lost 

theirr ability to grow on anthracene but were still able to degrade it. Those mutants 

weree assumed to be blocked at certain steps in the degradation pathway of anthracene, 

andd therefore we assumed that extracts of cultures of those mutants would show other 

orr more metabolites of the pathway. We propose a degradation pathway for anthracene 

byy Mycobacterium sp. strain LB501T on the basis of the metabolites identified. 

Material ss and methods 

BacterialBacterial strains and growth conditions 

MycobacteriumMycobacterium sp. strain LB501T was isolated from a PAH-contaminated soil with 

thee use of hydrophobic membranes containing PAHs. Bacteria isolated with this 

methodd are different from those obtained with liquid enrichment cultures (2). LB501T 

iss able to utilize anthracene as sole carbon and energy source. 

Apartt from the wild-type strain, four UV-generated mutant strains were used, named 

VM8411 to VM844. For the generation of the UV mutant strains, a dilution series of a 

culturee of LB501T, grown on Tris minimal medium containing anthracene as sole 

carbonn source, was plated on Luria-Bertani rich medium agar. Immediately after 

plating,, the plates were exposed to UV light (254 nm, with distance to lamp of about 3 

cm)) for 4 s, leading to a survival rate of 10%. Colonies growing on the plates after 

incubationn at 30°C for 1 week were purified twice on Luria-Bertani medium and 

checkedd by replica plating for the ability to utilize anthracene as sole carbon source by 

comparingg growth on Tris minimal medium containing either glucose or anthracene. 

Mutantss impaired for growth on anthracene (Ant" mutants) were checked afterwards 

forr the ability to transform anthracene by spraying colonies grown on glucose with 

anthracenee in dielhylether solution, creating a layer of anthracene crystals over the 

agarr plate. We examined the formation of halos around the colonies after incubation at 

30°CC for 1 to 2 weeks. Ant mutants able to form halos were retained for anthracene 
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metabolitee analysis. 

Too identify metabolites, cultures were grown in 100 ml phosphate-buffered minimal 

mediumm containing 0.1 ck (vol/vol) of a trace element solution (23). Wild-type cultures 

grownn for metabolite analysis contained solid anthracene at a concentration of 11 g 

liter""  . The cultures of the mutants contained 0.4% (wt/wt) glucose as growth substrate 

andd 1 g solid anthracene liter '. The wild-type culture in which the concentration of o-

phthalicc acid (OPA) was monitored during growth contained 1 g of solid anthracene 

literr . All cultures were incubated in the dark at 25°C on a rotary shaker. 

PreparationPreparation of cell extracts and assay 

Celll  extracts were prepared according to the method of Phillips et a!. (18). Two 

milliliter ss of bacterial culture was centrifuged and the pellet was resuspended in 1 ml 

off  minimal medium. Cell were lysed by addition of 20 ul toluene. Cell debris was 

removedd by centrifugation at 16.000 x g for 30 s, and the supernatant was 

immediatelyy used for the experiments. Deactivated cell extracts were made by boiling 

thee extract for 15 to 30 min. 

Transformationn of protocatechuic acid (PCA) or OPA by cell extracts was monitored 

withh a Unicam UV500 UV-visible spectrometer at 290 nm and 275 nra respectively. 

Assayss were performed in optical glass cuvettes in 1 ml of cell free extract with 10 ul 

off  a saturated solution of PCA at a pH of 7. Controls consisted of cell free extract 

withoutt substrate, deactivated cell free extract with substrate and deactivated cell free 

extractt without substrate. 

AnalyticalAnalytical procedure 

Too identify the metabolites, the entire cultures were filtered over glass wool to remove 

thee excess of PAH crystals. The filtered culture was extracted four times with 50 ml 

ethylethyl acetate, twice at neutral pH and twice after acidification to pH 1 with 4 M 

H :S04.. The samples were concentrated after extraction and dried over a column with 

Na2S044 which was rinsed with 20 ml of pentane. The eluent was concentrated and 

derivatizedd with iodomethane. Derivatization was performed in accordance with the 

methodd of van Herwijnen et al. (chapter 2) in 50 ml acetone with 2.6 g of K2COi and 3 

mll  of iodomethane. This mixture was refluxed for 4 h. After refluxing, the acetone was 

evaporatedd to dryness and the samples were redissolved in hexane, filtered through a 

paperr filter, and concentrated. A cleanup with a Florisil column was performed on all 
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samples.. The Florisii was activated at 600°C for 14 h and deactivated with 10% 

(wt/wt)) water before use. After addition of the sample to the column, the column (0.8 

g)g) was first eluted with 10 ml of pentane and then with 10 ml of dichloromethane 

(DCM).. The fractions were collected separately and concentrated after adding 1 ml 

2,2,4-trimefhylpentane.. These samples were analyzed by GC-MS. GC-MS was 

performedd with a HP 5890A GC equipped with an HP 5970 Mass Selective Detector 

orr a Thermoquest Trace GC equipped with a Finnigan Trace MS (ionization energy; 

700 eV), each containing a J&W DB-5 (60 m by 0.32 mm) column. 

Too monitor the concentration of OPA, 800 ui of culture was sampled in duplicate for 

eachh sample point, 100 |xl 4M H2S04 was added and 100 ul of a 0.73 mg ml"1 salicylic 

acidd solution was added before analysis as an internal standard. Analysis was 

performedd by high-performance liquid chromatography with a Waters 600E system 

controllerr equipped with a Waters 717 plus autosampler and a Waters 848 Tunable 

Absorbancee detector (wavelength, 212 nm). The column used was a Lichrospher RP18 

(1255 by 4.0 mm with a 5 urn pore size). The mobile phase consisted of acetonitrile (A) 

andd a 4 g liter' sodium acetate solution acidified with formic acid to pH 4 (B). The 

initiall  ratio was 5% A and 95% B maintained for 7 min. and then A was increased to 

100%% in 2 minutes and this was maintained for 11 minutes. Next, the ratio was 

broughtt back to the initial conditions in 5 minutes and stabilized for 15 minutes for the 

nextt analysis. 

Chemicals Chemicals 

Alll  organic solvents were glass-distilled grade or high-performance liquid 

chomatographyy grade (Rathburn, Walkerburn. Scotland). Anthracene was supplied by 

Flukaa (Zwijndrecht, The Netherlands). OPA was supplied by Chemservice (West 

Chester.. PA), and PCA. 3-hydroxy-2-naphthoic acid, and iodomethane were supplied 

byy Aldrich (Steinheim, Germany). Indole, citrate, pyruvate and Na acetate (p.a.) were 

suppliedd by Acros (Geel. Belgium). Florisii (60-100 mesh ASTM), K2C03 (p.a.), 

glucose,, fumarate, benzoic acid, succinate and Na2S04 (p.a.) were provided by Merck 

(Darmstadt,, Germany). 
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Resultss and discussion 

IdentificationIdentification of metabolites 

Thee GC-MS chromatograms of samples from cultures of the wild-type and mutant 

strainss exposed to anthracene were compared with samples of cultures grown on 

glucosee only and chemical controls, which consisted of medium with anthracene that 

wass incubated for the same period as the cultures. The metabolites found were not 

presentt in any of the controls. 

GC-MSS chromalograms of derivatized samples from cultures of the wild-type 

containedd four peaks of possible metabolites. The semi-quantitative abundances of the 

peakss are given in table 3.1. Two of these could be identified with the use of authentic 

sampless (A and B), one was identified using a spectrum from the literature (C), and 

onee was identified tentatively (D) (table 3.2). Peak A had the same retention time and 

masss spectrum as an authentic sample of derivatized OPA. This peak was very high in 

concentrationn relative to the other peaks. Peak B was a small peak which could be 

identifiedd with the use of an authentic sample of derivatized PCA. Peak C was 

identifiedd as derivatized 6,7-benzocoumarin because the mass spectrum (table 3.2) 

showedd the same fragmentation as the mass spectrum (table 3.2) described by Dean-

Rosss et al. (5). Mass spectra of 5,6-benzocoumarin and 7,8-benzocoumarin (table 3.2), 

whichh were also found in the literature (19), showed a fragmentation pattern different 

fromm the spectrum in our sample. Peak D was tentatively identified as c7.v-4-(2-

hydroxynaphth-3-yl)-2-oxobut-3-enoicc acid (CHOE) (table 3.1), which is known as a 

TableTable 3.1. Semi quantitative abundances of the identified metabolites. 

Compound d 

o-Pluhalicc acid (OPA) 

Protocatechiucc acid (PCVi 

6.7-Benzocoumarin n 

17.i"-4-(2-hvdroxvnaphrh-3-vl)-2--

oxobut-3-enoicc acid 
1.2-Dihvdroxvanthracenc c 

3-Hvdroxv-2-naphthoicc acid 

Peak k 

A A 

B B 

C. C. 

1) ) 

K K 

I--

LR501T T 

349.1 1 

.3.7 7 

27.5 5 

24.9 9 

1 1 

' ] ' ' 

Ahum m 

YM841 1 

25.9 9 

'1' ' 
i jj  n 

11.2 2 

52.9 9 

ana:'' m 

VM842 2 

11.8 8 

'I" " 

10.5 5 

8.1 1 

2i i . ( i i 

--

siram: : 

YM843 3 

35..3 3 

T T 

72.4 4 

13.3 3 

(1.32 2 

YMK44 4 

21." " 

T T 

9.5 5 

Hi/ . . 

--
'1' ' 

' Thee abundances arc given as percentages of peak area relative to the average peak area of two 

contaminantt peaks which were available in all chromatograms in the same ratio. 'I'. peak was only 

observablee as a trace. 
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TableTable 3.2. Mass spectra of the anthracene metabol i te 6 ,7 -benzocoumann formed by 

MycobacteriumMycobacterium sp. strain LB501T compared to spectra from the l i terature. 

Compoundd (source <ir reference) Fragments (/v/~ (assignment, relative intensity)) 

6.?? Benzucoumarin (peak C) 1%(M\ tOO). 168{-CO,48), 139(-CO-CHO, 56), 98(7). 84(6). 
70(18),, 63(7) 

6,7-Benxocoumarinn (5) 196(M , 1UU). 168(-CO. 41), 139(-CO-CI IO, 55), 98(8), 84(7), 

70(21;,, 63(6) 

5,6-Benzoexuimarmm (19) 196(\1 , 49), 168(-CO, 100), l.V)(-CO-CI IO, 89), 70(12), 63(15) 

7,B-Ik-nz.jcnumarin(l'J)) 196(M , 66), 168(-CO, 100), 139(-CO-CIIO, 89), 89(12), 63(15) 

TableTable 33. Mass spectra of tentatively ident ihed anthracene metabol i tes formed by 

MycobacteriumMycobacterium sp. strain LR5UIT. 

Compoundd Fragments (m/-~ (assignment, relative intensity)) 

TScr ivar ize-dy^ -^TdrT^v^ th-- 270(M', 31), 239(-OCl F, 5), 223(43), 21 l(-OCI F-CO, (00), 
Vvl)-2-oxoinir-.Wnnicaridd 196<-OClF-CO-G[ F, 14), 180(-OCTF-CO-OCI F, 16). 168(14), 
(peakD)) .39(14), 76( l2) 

Derivatizedd 1,2- 238(M". 3), 223(-C(F„  100). 206(2), 193(-CIF-OCfF, 30), 176(-
dihvdro^nthraeenee (peak F) OC1F-OCI F, 44), 165(29), l 5 1 ( - O a i v O a i , - C2 I F 11), 139(3), 

'' ' 126(-OCI F-OClF-CiH-CiH, 3), 111(3), 99(1), 88(13), 75(4) 

productt of meta-cleavage of 1,2-dihydroxyanthracene. The fragmentation of this 

compoundd is consistent with the possible fragments such as m/z 31 (-OCH3) of a 

derivatizedd hydroxy group and 28 (-CO) of a carboxy group. Peaks with similar mass 

spectraa have been observed in samples from the cometabolic degradation of 

phenanthrene,, fluoranthene and anthracene by a Sphingomonas species (chapter 2). 

Thosee peaks were also ascribed to ring-cleavage products. Traces of two more 

compoundss (E and F) were detected in samples of the wild-type strain after they had 

beenn detected in samples of mutants (table 3.1). Chromatograms from cultures of the 

mutantss VM841 and VM842 contained a peak (peak E) with an M+ of 238 which 

couldd be tentatively identified as derivatized dihydroxyanthracene (table 3.3). 

Aromaticc dioxygenation was tested by incubation of a culture growing on anthracene 

withh indole. When indole has been dioxygenated, a blue stain of indigo should be 

observedd in the culture (6. 25). After some days of incubation a blue stain was indeed 

observed,, showing the ability of LB501T to perform dioxygenation. On the basis of 

knownn degradation pathways (4, 5, 7, 17) and the observation of CHOE and 6.7-

benzocoumarinn in our samples we proposed that the compound responsible for peak E 

iss derivatized 1,2-dihydroxyanthracene. Chromatograms from cultures of the mutants 
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VM8433 and VM844 contained a very small peak (peak F) which was identified with 

thee use of a derivatized authentic sample as derivatized 3-hydroxy-2-naphthoic acid. 

InterpretationInterpretation of degradation pathway 

Thee observation of CHOE, 6,7-benzocoumarin and 3-hydroxy-2-naphthoic acid in 

sampless from cultures of the wild-type growing on anthracene is consistent with the 

knownn degradation pathway of anthracene as presented by Evans and others (4, 5, 7, 

16,, 17). This pathway proceeds through dihydroxylation at the 1,2-position, meta-

cleavagee of the 1,2-dihydroxyanthracene, and transformation of the cleavage product 

intoo 6,7-benzocoumarin. The original papers propose 6,7-benzocoumarin to be a dead-

endd product (4, 7) but a recent paper (17) proposed 6,7-benzocoumarin as an 

intermediatee in the degradation pathway. We cannot determine the status of this 

compoundd from our results. It could be a dead-end product but also an intermediate in 

thee route to 3-hydroxy-2-naphthoic acid. The pathway proceeds from CHOE through 

3-hydroxy-2-naphthoicc acid. The known pathway (4, 7) gives degradation from 3-

hydroxy-2-naphthoicc acid to 2,3-dihydroxynaphthalene and subsequently through a 

pathwayy similar to that for naphthalene metabolism to form salicylate and catechol. 

Thee observation of OPA and PCA in our samples suggests that there is also a novel 

pathwayy through those compounds (figure 3.1) which proceeds through a PCA 

degradingg pathway. A cleavage reaction similar to that of 1-hydroxy-2-naphthoic acid 

inn the Aeromonas degradation pathway of phenanthrene (4) can be proposed to 

performm the cleavage of 3-hydroxy-2-naphthoic acid. Aldolase reactions of the 

cleavagee product, such as those proposed for the degradation of fluorene by 

ArthobacterArthobacter sp. strain F101 (3) and fluoranthene by Mycobacterium sp. strain PYR-1 

(14).. and subsequently a dehydrogenase reaction would give OPA. Known metabolic 

pathwayss of OPA through PCA enter the central metabolism as pyruvate by meta-

cleavagee of PCA or as succinate by orr/w-cleavage of PCA (20). Both reactions are 

possiblee and distinction between the two cannot be made from our data. 

TransformationTransformation and formation of intermediates 

Wee tested growth of LB501T on several possible intermediates. OPA, PCA, 3-

hydroxy-2-naphthoicc acid, citrate, fumarate. benzoic acid, pyruvate, and succinate 

weree tested to see if they could serve as growth substrate. No growth was observed on 

3-hydroxy-2-naphthoicc acid, citrate, fumarate, benzoic acid, and succinate. 

54 54 



DegradationDegradation of anthracene by Mycobacterium sp. LB501T 

anthracene e 

cis-4-(2-hydroxynaphth-3-yl)-2 2 
-oxobut-3-enoicc acid (CHOE) 

3-hydroxy-2-naphthoicc acid 

o-phthalicc acid (OPA) 

protocatechuicc acid 

central l 
metabolism m 

FigureFigure 3.1. Proposed degradation pathway for anthracene by Mycobacterium sp. strain 

LB501T.. The compounds D and E were identified tentatively, the 

compoundd in a closed box (C) was identified by comparison with a 

spectrumm from the literature, and the compounds between brackets were 

nott identified in our samples. A to F compounds found in peaks A to F of 

GO-MSS chromatograms. 
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Pyruvatee showed good growth and cultures with PCA showed very poor growth. 

Culturess with OPA showed no visible increase in optical density, bul an increase in the 

amountt of cells was observed microscopically. 

Sincee OPA was very high in concentration in the samples of the wild-type strain and 

veryy poor growth of LB501T was observed on this compound, we monitored the 

concentrationn of the metabolite during growth on anthracene. We monitored two 

culturess of the wild-type strain (experiment) in comparison with two bacterial controls 

growingg on glucose and two chemical controls (medium with anthracene without 

bacteria).. With this information we wanted to confirm that OPA was really formed 

fromm anthracene and that it was not a dead-end product. The concentration of OPA in 

thee experiment cultures is given in figure 3.2. Formation of OPA was not observed in 

anyy of the controls. Comparison of the experiment cultures with the controls shows 

thatt OPA is formed from anthracene by LB501T during growth and the decreasing 

concentrationn towards the end of the experiment demonstrates that it is not a dead-end 

product.. Experiments with cell extracts showed no degradation of OPA. probably due 

too a low amount or a low activity of OPA-degrading enzymes. The observations that 

theree is very poor growth on OPA and that in a batch culture growing on anthracene 

thee concentration of OPA decreases towards the end. show that transformation of this 

compoundd occurs but that it is a very slow process. 

100 12 14 16 18 20 22 

timee (day) 

FigureFigure 3.2. Concentration of OPA in cultures of Mycobacterium sp. LB 50 IT growing on 

anthracenee (OPA) in comparison with the biomass production (optical 

densityy |OD|). The bacterial controls and the chemical controls showed no 

formationn of OPA. Duplicate cultures yielded similar results. 
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Too examine the transformation of PCA by this bacterium we performed experiments with cell 
extractss where we compared bacteria grown on anthracene and glucose. Transformation of 
PCAA could only be observed in cell extracts of cultures grown on anthracene. In assays with 
celll  extracts from cultures grown on glucose or with any control, transformation of PCA 
couldd not be observed. This observation shows that enzymes responsible for degradation of 
PCAA are induced during growth on anthracene and this may explain the poor growth on PCA. 

Inn conclusion, the observation of the degradation of anthracene through OPA and PCA 

suggestss a partially new pathway for anthracene-utilizing bacteria. The complete 

degradationn pathway makes Mycobacterium sp. LB501T a useful candidate for soil 

remediationn experiments. 
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Estimationn of kinetic parameters for  the 
biotransformationn of three-ring azaarenes by the 
phenanthrene-degradingg strain Sphingomonas sp. LH128 

Renéé van Herwijnen, Chris de Graaf. Harrie A.J. Govers, John R. Parsons 

-—Environmental-—Environmental and Toxicologkal Chemistry, 2004, Vol. 23, No. 2— 

Abstract t 

Wee examined the biotransformation of several azaarenes to get information on their 

ratee of removal from contaminated soil by cometabolic degradation. Acridine, 9-

methyl-acridine,, phenanthridine, benzo[/lquino!ine and benzo[/i]quinoline were found 

too be cometabolised by phenanthrene-degrading Sphingomonas sp. strain LH128. The 

transformationn of acridine and benzof/i/quinoline was shown to be inhibited at 

relativelyy high concentrations (24.9 mg/L and 58.2 mg/L respectively). Maximum 

biotransformationn rates (Vm;iX), Michaelis-Menten half saturation constants (Km) and 

biotransformationn constants (ki) were estimated for acridine, phenanthridine and 

benzo[/]quinolinee ranging from 14.0 - 26.1 mg/g total protein/hour for Vmus, 0.57 - 2.9 

mg/LL for Km and 4.9 - 30.8 L/g U)Ll| proteir/hour for k\. For 9-methyl-acridine only a /c, of 

0.66 L/g wtai pmteii/hour was estimated and for benzo|/?]quinoline, the highest 

biotransformationn rate measured was 6.8  0.4 mg/g lol;i, pm[ein/hour. To our knowledge. 

thiss is the first effort to determine both VmdX and Km kinetic parameters describing the 

biotransformationn of phenanthrene- and anthracene-analogue azaarenes. The results 

showw that the rate of removal of azaarenes from contaminated soil wil l probably be 

ratherr high, although accumulation of metabolites can be expected. 
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Introductio n n 

Polycyclicc Aromatic Hydrocarbons (PAHs) are molecules composed of two or more 

fusedd 6- and/or 5-membered aromatic rings. Although in recent years more and more 

informationn has become available on the environmental fate and toxic effects of 

homocyclicc PAHs. such as phenanthrene. information on the fate of heterocyclic 

PAHss is relatively scarce. Relatively high azaarene-eoncentrations (N-heterocyclic 

PAHs)) have been detected in river water (15) and groundwater polluted with coal and 

oill  or near wood preserving-facilities (10, 22). This in itself can be explained by the 

factt that heterocyclic aromatic hydrocarbons are expected to be relatively mobile 

pollutantss compared to their homocyclic analogues (11), partly because of their higher 

waterr solubility (21). 

Inn general, azaarenes are suspected to be more toxic than their homocyclic analogues, 

especiallyy in the aquatic environment, because their higher water solubility may 

increasee their biological availability (5). However, just because the nitrogen in 

azaareness causes large differences in physical-chemical properties between these 

compounds,, direct comparison of the toxicity of azaarenes of homocyclic PAHs is 

difficult .. Like homocyclic PAHs, azaarenes induce narcosis, or base line toxicity, to 

somee extent. Also genotoxic, teratogenic and other developmental effects of azaarenes 

orr their abiotic or biotic transformation products have been reported (5). 

Understandingg of the environmental fate of azaarenes is important for assessing the 

hazardss these chemicals may present to both human health and the environment. An 

importantt process that may play a significant role in determining the environmental 

fatee of azaarenes, is their metabolism by microorganisms, and metabolism by bacteria 

inn particular. This is because biotransformation processes can modify both the 

bioavailabilityy and toxic effects of azaarenes. Usually, bioavailability and toxicity of 

compoundss are influenced by the fact that they may be transformed into more polar 

metabolites,, thus facilitating their transport in the aquatic environment. 

Similarr to homocyclic PAHs, biotransformation of azaarenes often leads to reduction 

off  narcotic activity of the compound, as was demonstrated for the effect of acridine 

andd its metabolite(s) on zebra mussels (15) and the effects of phenanthridine. acridine 

andd their metabolites on midge larvae (5). Developmental effects and genotoxicity 

towardss midge larvae however, appeared to be significantly enhanced by the 

occurrencee of these biotransformation products (5). 

Aromaticc N-heterocyclic compounds are predominantly n>electron deficient molecular 

systems.. The electronegative N-atom leads to polarisation of the molecule, resulting in 
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thee ring carbon atoms having a positive net charge. As a consequence, they are 

amenablee for nucleophilic attack, preferably on C2- and C4-position (24). The 

presencee of the N-moiety in smaller azaarenes (< 4 aromatic rings) leads to metabolic 

routess which differ from those of the homocyclic analogues (5). 

Inn order to be able to predict the effects of biotransformation processes on the 

persistencee and environmental impact of azaarenes, it is not only important to have 

knowledgee of the variety of possible transformation products that can be formed via 

differentt metabolic reaction pathways. Information on the kinetics of 

biotransformationn is also essential, because it permits prediction of the levels of a 

chemicall  likely to be present at some future time. Without these kinetic parameters it 

iss impossible to predict their transformation rates and their concentrations at some 

futuree time. 

SphingomonasSphingomonas sp. strain LH128. isolated from soil samples heavily polluted with 

diesell  oil (containing relatively high amounts of different PAHs) (4). is capable of 

growthh on phenanthrene and. in addition, is able to cometabolise anthracene, 

dibenzothiophenee and fluorenc. Based on this observed substrate specificity, the 

phenanthrenee analogues phenanthridine. ben/.o[/]quinolinc and bcnzo[//]quinoline, and 

thee anthracene analogues acridine and 9-methylacridine, a methylated form of acridine 

(figuree 4.1). were selected to serve as substrates for Sphingomonas sp. strain LH128. 

Too our knowledge, this is the first effort to determine both Vmax and Km kinetic 

parameterss describing the biotransformation of phenanthrene- and anthracene-

anthracenee ^ " ^ 9-methylacridine 
benzo[fr]quinoline e 

FigureFigure 4.1. Three-ring azaarcne test compounds used for this study together with their 
homocvclicc analogues. 
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analoguee azaarenes. Earlier, only Smith (26) and Willumsen (30) derived a first-order 

biotransformationn constant k\ and initial transformation rates of benzo[/lquinoline. 

Withh our research we want to obtain kinetic parameters of the examined three-ring 

azaareness that can be used to improve the knowledge on their biotransformation. With 

thiss knowledge better predictions can be made on the rate of removal of those 

compoundss from a contaminated soil and also on the possible accumulation of 

metabolitess in this soil. 

Material ss and methods 

Chemicals Chemicals 

Phenanthrenee was provided by J.T. Baker Chemical co. (Philipsburg, Walkerburn, 

Scotland).. Fluoranthene (>99%), phenanthridine (>99%), acridine (97%), 9(10H)-

Acridinonee (99%) and 6(5H)-phenanthridinone (98%) were provided by Sigma-

Aldrichh (Zwijndrecht, The Netherlands). Benzof/i]quinoline (97%), lodomethane 

(99%)) and K2CO3 (p.a. grade) were provided by Acros Organics co. (Den Bosch, the 

Netherlands).. Benzo[/]quinoline (99%) 9-methyl-acridine (99%) were provided by 

Janssenn Chimica (Geel, Belgium). All organic solvents used were of glass distilled 

grade,, except acetonitrile and methanol, which were of HPLC grade, and were 

providedd by Rathburn (Walkerburn, Scotland). Na:S04 (p.a. grade) and Florisil (60-

1000 mesh ASTM) were provided by Merck (Darmstadt, Germany). 

BacterialBacterial strain ami culture conditions 

SphingonumasSphingonumas sp. strain LH128 was selected because oï its capability to mineralise 

andd utilize phenanthrene as sole source of carbon and energy and cometabolise 

anthracene,, dibenzothiophene and fluorene (4). The strain was grown in a phosphate-

bufferedd minimal medium containing 1 % v/v of a trace elements solution (27). The 

pHH of the medium is adjusted to 6.8-7.0. Crystalline phenanthrene was added as 

carbonn source at a concentration of approximately 1 g/1. Transformation experiments 

onn lag phases of cometabolism were carried out in 250 ml erlenmeyer flasks 

containingg 90 ml medium. Before inoculation, azaarenes were added to the media in 

0.05-0.22 ml methanol and shaken for 30 minutes to evaporate the methanol. The batch 

culturess were inoculated with 10 ml Sphingomonas sp. LH128 culture, corresponding 

too 65 to 345 mg total protein/1. The inoculum was prepared with cells pregrown on 

phenanthrenee at 25°C, harvested in the late-exponential growth phase by centrifugation 
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(40800 G, IOC, 15 min) washed once in minimal medium, and resuspended in minimal 

medium. . 

TotalTotal protein analysis 

Thee total protein concentration was determined with use of a Bio-Rad Df Protein 

Assayy kit (Bio-Rad Laboratories, Veenendaal). Crystalline bovine serum albumin (98-

999 %), provided by Aldrich Chemical co., St. Louis, MO, USA, was used as protein 

standardd for the calibration procedure. Absorption was measured at 750 nm. 

CellCell count 

Populationn densities were determined by direct cell count using a Scharfe Systems 

CASYY 1 cell counter, containing a 60 urn diameter capillary and calibrated for 

particless with diameters ranging from 1 to 5 u.m. 

CorrelationCorrelation between protein concentration and population density 

Too be able to compare the transformation rates determined during different 

experiments,, they are normalised to total protein concentration, as is also done in other 

studiess on the biological breakdown of azaarenes (12, 20). However, in order to also 

bee able to compare the results of studies using viable counts (26, 30) with the results 

presentedd in this paper, research was done on the relationship between protein 

concentrationn and population density, using certain samples taken during the 

transformationn rates ([P] = 75.3 * C + 28.0; [P] = total protein concentration (mg/l): C 

== cell concentration (*109/1); R2 = 0.82). This relationship is used to convert protein 

concentrationn into cell density. 

AzaareneAzaarene transformation assays 

Transformationn of azaarenes was monitored by HPLC (see below). After inoculation, 

thee flasks were incubated on a shaker table at 175 rpm at 25°C in the dark. Chemical 

(noo bacteria) and bacterial (cultures killed by acidification with H2S04) controls were 

included.. Subsamples of 2 ml were taken in duplicate at periodic intervals and added 

too 10 ml bottles, containing 2 ml acetonitrile and acidified with a 2M H2SO4 to pH 2, 

too both kil l the bacteria and extract the azaarene compounds from the bacterial cells. 

Thee subsamples were filtered through a 13 mm 0.2 \im PTFE syringe filter. Both the 

subsamplee bottle and the filter were washed twice with 2 ml acetonitrile. The filtrate 

wass added to other 10 ml bottles and analysed directly with High Performance Liquid 

Chromatography-Fluorescencee (HPLC-FLU). To make quantitative analysis possible. 
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fluoranthenee was used as an injection standard. Recoveries of the different compounds 

duringg sample preparation were determined by analysing samples of killed cultures, 

spikedd with known amounts of test compound. 

IsolationIsolation of metabolites 

Bacteria!!  cultures, bacterial controls and chemical controls were sampled 5 hours after 

startingg incubation for qualitative analysis of azaarene metabolites. The samples were 

extractedd twice with 50 ml ethyl acetate at pH7 and twice at pHl. The extracts were 

preparedd for GC-MS analysis similarly to the sample preparation for the qualitative 

analysiss of metabolites of homocyclic PAHs (27). The samples were dissolved in 

2,2,4-trimethylpentanee (TMP) and analysed with use of GC-MS. 

Analysis Analysis 

Analysiss was performed by HPLC with a Waters 600E system controller equipped 

withh a Waters 717 plus autosampler and a Waters 474 scanning fluorescence detector. 

Thee column used was a Lichrospher RP18 125 x 2.0 mm with 3u pore size maintained 

att a temperature of 40°C. The mobile phase composition was maintained at 60/40 (v/v) 

acetonitrile/ammonium-acetatee (acidified with acetic acid solution to pH4). The 

wavelengthss of excitation and emission were 250 and 400 nm for acridine, acridinone 

andd 9-methyIacridine, 252 and 364 nm for phenanthridine, phenanthridinone, 

benzo[/]quinolinee and benzo[/j]quinoline and 288 and 462 nm for fluoranthene. 

Calibrationn was performed using authentic compounds, including the injection 

standardd fluoranthene. GC-MS measurements were performed on a Thermoquest 

Tracee GC equipped with a Finnigan Trace MS (electron impact, ionisation energy: 70 

eV),, using a J&W DB-5 (60 m x 0.32 mm) fused-silica capillary column. 

DataData analysis 

Linearr regression analysis 

Thee uncorrected initial transformation rates V' of the different azaarenes at different 

initiall  concentrations were estimated by linear regression of between 6 and 24 data 

pointss (at between 3 and 12 different time points) using equation 1. 

fS]] = V ' * t + b Equation 1 

Wheree t = time; [SJ = substrate concentration. The uncorrected V' is normalised with 

respectt to the total protein concentration to yield V. The standard deviation of V (=SD) 

iss assumed to be a result of the standard deviations in the uncorrected V' determined 
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byy the linear regression procedure and the standard deviation of the protein 

concentrationn of the medium, and is calculated via a spreadsheet method described by 

Kragtenn (16). In the same way, the degrees of freedom associated to the determination 

off  V, can be calculated using the Welch-Statterthwaite-equation (28). 

Nonlinearr regression analysis 

Nonlinearr regression analyses for estimating the kinetic parameters, Vmas and Km, were 

conductedd with SGPLUS (Oasis, Nieuwegein, The Netherlands), which performs fits 

minimizingg least squares to data by the method of Marquardt. The model equations 

usedd in this study are a modified form of the Michaelis-Menten equation and the 

integratedd form of the Michaelis-Menten equation. 

First,, the corrected initial transformation rates (V) of benzo[/]quinoline and 

phenanthridine,, estimated by linear regression at different initial concentrations ([S(} ]). 

weree directly fitted to (a modified form of) the Michaelis-Menten equation (equation 

2). . 

VV [S | ,] Equation 2 
<[S(I]]  + K m ) 

Inn this equation the initial transformation rate V is the dependent variable, the initial 

substratee concentration [S0] is an independent variable and Vma, and Km are parameters 

too be found. Nonlinear regression analysis was used as a means for generating values 

off  these parameters. Second order biotransformation rate constants (k\) can be 

determinedd by the assumption that [S0] « Km from Vmax and Km giving equation 3. 

VV = *|*[S 0] *, = Vmax / Km Equation 3 

Thee integrated form of the Michaelis-Menten equation: 

K m- ln ( -^ )) + ([5]-[S()l ) = -Vltli ,v-r Equation 4 

wass used to determine Vm.M, Km and k\ by determining the progress curves of single 

degradationn experiments. The substrate concentration [SI in this equation is the 

dependentt variable, time (t) is an independent variable, and Vmax and Km are 

parameters.. Values for the variables [SJ and t are provided as data to the analyses, 

whereass values for the parameters VmM and Km are the output desired from the 

analyses.. Technically, S(> is an initial condition. It is however recommended that initial 
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conditionss should be treated as parameters subject to nonlinear estimation when their 

valuess are known with only moderate accuracy (as is assumed to be the case in this 

study).. Therefore, in this study S<> is also treated as a parameter to be found. 

Inn order to choose between the Michaelis-Menten-model and second-order-kinetics. 

thee F-test of Fischer and Snedecor was used, comparing the residual standard 

deviationss of the two models; the testing variable F being equal to the quotient of the 

twoo found variations SD~: F,,, , ,,.,..,.,= —-
"""" SD 

Thee distribution function of F was calculated mathematically with the statistical y~-

distributionn of the standard deviations. This means that for the F-distribution, the 

probabilityy value of F is 1 and the form of the F-distribution. and corresponding 

confidencee intervals, depend on the number of degrees of freedom of both estimations. 

Thee model with the lowest residual standard deviation was accepted as the model with 

thee best fit, only when the difference with the other model is significant within a 10% 

levell  of probability (p<0.1). 

Additionally,, a second-order transformation constant kt is calculated from the values 

off  Km and Vlli;l x using equation 3. The standard deviation of k] is also assumed to be the 

resultt of the contributions of the standard deviations of Km and Vnm and was 

determinedd using the spreadsheet method of Kragten (16). 

Resultss and discussion 

ProductsProducts of the biotransformation of' azemrenes 

SplungomonasSplungomonas LH128 was not able to use the azaarenes acridine. phenanthridine. 

benzo[/lquinoline,, benzo[/i]quinoline and 9-methyl-acridine as sole carbon source for 

growth.. Colouring of the medium was observed for bacterial cultures with initial 

substratee concentrations of 9.0 mg/L and higher. Media with phenanthridine and 

acridinee coloured yellow-green, those with methyl-acridine light green, those with 

benzo[/lquinolinee deep yellow and those with benzo[/?]quinoline green-red. Willumsen 

ett al. (30) also observed yellow colouring of the medium during the biotransformation 

off  benzo[/]quinoline. This coloration seems to be the result of the formation of a "dead 

end'""  metabolite. These observations suggest that these compounds might be 

transformedd into calcitrant products that might accumulate in soil however in an actual 
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soill  containing a complete bacterial ecosystem these dead-end metabolites might be 

furtherr transformed by other bacteria. 

Fromm the HPLC-chromatograms of all the investigated azaarenes the transient 

accumulationn of a metabolite could be detected. In the case of benzo[/]quinoline and 

acridinee peaks corresponding to these possible metabolites were very predominant. 

Thesee metabolites show a transient accumulation during the disappearance of the 

parentt compounds. The transformed amount of acridinone detected corresponds to 

aboutt 30% of transformed acridine. Comparison of retention times demonstrated the 

metabolitee of acridine to be 9( lO//)-aeridinone. De Voogt et at. (9) also demonstrated 

acridinonee to be a major biological breakdown product of acridine by zebra mussel, 

greenn alga and bacteria. 

Forr the elucidation of the structure of these potential metabolites of azaarene 

biotransformation.. GC with MS detection was used. The GC-MS chromatograms were 

screenedd for the occurrence of specific m/z values that could be assigned to potential 

metabolitess of azaarene biotransformation. This only resulted in the notification of a 

peakk at 18.96 min. in the chromatogram of the experimental sample of the batch 

culturee amended with benzo[/]quinoline. The mass spectrum ((m/z (assignment, 

relativee intensity)) 209(AT, 92.5), 194(AT-CH3, 1.7), 178(M+-OCH3, 1.2), 166(A/+-C-

OCH3,, 100.0), 151(A/+-OCH3-HCN, 16.0), 152(AT-OCH3-CN, 36.6), 139(9.7), 

113(3.5),, 105(14.3). 89(9.6), 70(1.6)) shows an M+ of 209. This mass corresponds 

withh benzo[/]quinoline with a -OCH3 group attached to one of the aromatic rings. The 

originall  compound would have been a monohydroxylated or keto-derivative of 

benzo[/]quinoline.. This assumption is supported by the loss of -CH3, -OCH3, -C-OCH3 

andd -OCHrHCN fragments. Subsequently, the removal of another carbon atom and 

ethylenee group can account for the detection of a relatively abundant peak at m/z 139 

andd a peak at 113 m/z, respectively. 

Thee mass spectrum of the unknown metabolite shows similarity with the mass 

spectrumm of derivatised 6(5H)-phenanthridinone ((m/z (assignment, relative intensity)) 

209(AT,, 100.0), 178(A/+-OCH3. 33.1), 166(M+-C-OCH3, 3.5), 152(19.4), 151(8.5), 

139(M+-C-OCH3-HCN,, 5.1), 105(7.6), 90(10.5). 76(9.3)). This suggests that keto 

groupss of azaarenes also become methylated during the derivatisation. 

Benzo[/]quinolinee is probably attacked adjacent to the N-hctero atom because of 

polarisationn of the molecule by the electronegative N-atom. Willumsen et al. (30) also 

seemedd to have identified (2-)oxo-benzo[/lquinolinone as a metabolite of the bacterial 

transformationn of benzo[/]quinoline. Altogether 2-oxo/hydroxy-benzol/lquinoIinone is 
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aa likely identification for the accumulating metabolite of the cometabolic 

transformationn of benzo[/]quino!ine by LH128. 

CometcibolismCometcibolism of three-ring ctzciarenes 

LH1288 was able to degrade the azaarenes without lag phase when the culture was 

grownn on phenanthrene as a sole carbon and energy source. When grown on 2 g/1 

glucosee the bacteria were also able to cometabolise the azaarenes. but only after a lag 

phasee of several days. Transformation rates were also much lower when grown on 

glucosee than when grown on phenanthrene. A possible explanation for this observation 

iss that the enzymes responsible for the breakdown of azaarenes are induced for the 

biologicall  breakdown of phenanthrene. Furthermore, it is possible that catabolic 

repressionn of enzymes that are involved in the transformation of phenanthrene occurs 

byy glucose or one of its breakdown products (1). 

Basedd on these observations, it seemed possible to describe the transformation of 

azaareness by Sphingomonas LH128 using Michaelis-Menten kinetics, taking into 

accountt that no lag phase would occur before the start of biological transformation 

process,, and there would be no major changes in population density or biomass (and 

thereforee of enzyme levels) during the biotransformation experiments. Therefore, the 

culturee was pregrown on phenanthrene, and the protein concentration (proportional to 

biomass)) was measured at different stadia during the experiment. 

EstimationEstimation of initial transformation rates with varying initial substrate concentrations 

Experimentall  recoveries of the azaarenes were 96-101 % and the analysis of chemical 

andd bacterial controls showed a maximum decrease in azaarene concentration of 2 % 

duringg the biotransformation experiments as a result of abiotic losses. Initial 

transformationn rates (V) of acridine. phenanthridine, benzo[/]quinoline. 

benzo[/i]quinolinee obtained with linear regression (equation 1) from transformation 

experimentss with different initial substrate concentrations are given in table 4.1. 

Bothh the transformation of acridine and benzo[/jJquinoline seems to be inhibited at 

relativelyy high concentrations (24.9 mg/1 and 58.2 mg/1 respectively), while the 

microbiologicall  breakdown of phenanthridine and benzo[/]quinoline still increases at 

initiall  concentrations of 36.9 mg/1 and 30.6 mg/1 respectively. It is possible however, 

thatt at higher substrate concentrations than those tested the transformation of 

phenanthridinee and benzo[/]quinoline may also be inhibited. Inhibition of the 
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transformationn process at relatively high substrate concentrations is possibly the result 

off  the toxic potential of the compounds and/or their metabolites on the bacterial cells 

orr inhibition of enzymes. Quinoline and benzo[/]quinoline were found to cause 

respiratoryy inhibition, membrane damage, decreased cellular ATP synthesis, and 

decreasedd cell viability in E. coli (7). In addition, Bundy et al. (6) showed that the 

azaareness quinoline, isoquinoline and acridine possess a higher toxic potential to 

PseudomonasPseudomonas fluorescence than their homocyclic polyaromatic analogues. Also 

Willumsenn et al. (30) found inhibition of the microbial transformation of 

benzo[/]quinolinee at a substrate concentration of 49.9 mg/1 or higher and the inhibition 

off  the transformation of phenanthridine and benzo[/i]quinoline at a substrate 

concentrationn of 20.0 mg/1. 

TableTable 4.1. Initial biotransformation rates (V) of acridine, phenanthridine, benzo[f]-

quinolinee and benzo|h|quinoline at different initial concentrations ([So]). 

Compound d 

Acridine e 

Phenanthridine e 

Benzoo [ƒ] -quinoline 

Benzoj/i]-quinoline e 

(mg/1) ) 
0.54 4 

2.7 7 

27.9 9 

58.2 2 

0.54 4 

1.4 4 

3.0 0 

15.9 9 

36.9 9 

1.3 3 

2.3 3 

3.4 4 

14.1 1 

30.6 6 

0.18 8 

0.9 9 

15.2 2 

24.9 9 

VV  (stdev*) 

(mg/gr r„„ m/ l /h) ) 

6.66 {1.6) 

8.44 (0.9) 

27.00 [5.9) 

10.99 (0.4) 

6.11 (0.7) 

6.44 (0.4) 

8.11 (0.2) 

15.4(0.5) ) 

16.8(7.*) ) 

4.55 (0.4) 

6.44 (0.2) 

8.44 (0.4) 

11.8(0.5) ) 

12.77 (0.9) 

2.33 (0.2) 

3.99 (0.4) 

6.88 (0.4) 

4.88 (0.9) 

tpc"**  (stdei) 

(mg/1) ) 

655 (0 

744 (7) 

1177 (2) 

1055 (2) 

l\9{4) l\9{4) 

2244 (5) 

2244 (2) 

114(7) ) 

114(2) ) 

2111 (15) 

4100 (7) 

220( / /) ) 

3322 (J) 

3455 (19) 

H99 (4) 

7 9 (0 0 
3400 (?) 

177(6) ) 

R:° ° 

0.56 6 

0.93 3 

0.84 4 

0.89 9 

0.85 5 

0.98 8 

0.99 9 

098 8 

0.98 8 

0,97 7 

0.99 9 

0.99 9 

0.97 7 

0.97 7 

0.94 4 

0.97 7 

0.99 9 

0.98 8 

dff  (Y)°° 

12 2 

4 4 

4 4 

15 5 

13 3 

12 2 

22 2 

12 2 

6 6 

3 3 

8 8 

3 3 

4 4 
7 7 

15 5 

3 3 

6 6 

7 7 

dff  (n-2) * 

12 2 

20 0 

4 4 

18 8 

12 2 

12 2 

20 0 

10 0 

6 6 

11 1 

6 6 

18 8 

4 4 

5 5 

14 4 

14 4 

6 6 

7 7 

**  stdev: standard deviation; **  tpc: total protein concentration; c Rn: correlation coefficient of the 

linearr regression; °° dffA'): degrees of freedom of the normalised transformation rate Y; ' df(n-2): 

degreess of freedom of the linear regression procedure. 
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FigureFigure 4.2. Initial transformation rate of benzo [/[quinoline (V) vs. initial substrate 
concentrationn ([So]). The line is the result of a nonlinear fit of the Michaelis-
Mentenn equation. 

Inn figure 4.2 the initial transformation rates of benzo[/]quinoline are plotted against the 

initiall  substrate concentrations. As a consequence of the small number of data points 

andd because of the possible inhibiting effect of relatively high substrate concentrations 

mentionedd earlier, the Michaelis-Menten equation could only be fitted to the data of 

benzo[/]quinoline.. This nonlinear fitting procedure resulted in a Vmaxof 14  0.18 mg 

substrate/gg protein/hour, a Km of 2.8 4 mg/L and a calculated reaction constant A', 

(=Vmaxx / Km) of 4.9  0.2 L/g protein/h. 

EstimationEstimation ofK„„ Vmax and k/ by nonlinear regression of data from single 

biotransformationbiotransformation experiments 

Becausee determination of kinetic parameters Vmax, Km and k}, from the initial 

transformationn rates at several different substrate concentrations did not seem to yield 

satisfyingg results (as a consequence of having too littl e data and inhibition of the 

transformationn process at higher substrate concentrations), the parameters were 

estimatedd by determining the progress curves of single transformation experiments 

withh initial concentrations in the range of (an estimation of) Km with use of nonlinear 

regressionn of the integrated form of the Michaelis-Menten equation (equation 4). 

Accuratee initial estimations of A",,,. Vmax and [S0J are needed for this computational 
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fittingg process. That is why, preceding this nonlinear regression method, Km and Vm.M 

weree determined using the numerical optimisation method of Counotte and Prins (8). 

Thee results of this procedure were subsequently used as initial estimations for the 

unknownn parameters. 

Inn table 4.2, the determined kinetic parameters are presented. Additionally, the values 

off  the kinetic parameters of benzo[/]quinoline. as determined by a direct nonlinear fit 

off  the initial transformation rates V with varying initial substrate concentration [S0] to 

thee Michaelis-Menten model (equation 2), are given. VmM is normalized to total 

proteinn concentration. 

Studiess using different kinetic models for describing the transformation of substrates at 

differentt initial concentrations (13, 23, 25) showed that it is possible that more models 

cann be fitted to the experimental data in a proper way. In this way, it also seemed to be 

possiblee to describe the transformation of the azaarenes by second-order kinetics 

(equationn 3) fairly well at the concentration used in these experiments. The integrated 

Michaelis-Mentenn model (equation 4) was fitted to the transformation data of acridine, 

phenanthridinee and benzo[/]quinoline. In those cases the Michaelis-Menten model was 

significantlyy better than the second-order kinetic model (p<0.01) (equation 3) and k\ 

wass calculated from Km and Vlliax (equation 3). The transformation of 9-

methylacridinee however seemed to be best described by second-order kinetics 

(equationn 3), although the difference with the Michaelis-Menten model did not seem to 

TableTable 4.2. Kinetic parameters of azaarenes determined by a nonlinear fitting 

proceduree of biotransformation data obtained with different initial substrate 

concentrationss (|So|) to Michaelis-Menten and second-order kinetics. 

Compound d 

Acridine e 

Phenanthr id ine e 

BB en z o [/J t] ui n oli n e 

[S„] ] 

(mg/IO O 
2.1 1 

5.0 0 

1.1 1 

.12 2 

1.8 8 

4.3 3 

varyingg substrate 

concentt rations 

9-Mcthvlacndine e 4.4 4 

KKmm (sfJrr*) 

fmg/L) ) 

1.488 (ft 35) 

3.655 (0.3(f) 

0.577 (0.05) 

1.044 (0.40) 

0.455 (0.05) 

2.311 (0.20) 

2.855 (ft/-/) 

--

II  ™, (stdei 

(mg/gpr.,,. . 

26.11 (3.9) 

42.88 (3.0) 

17.99 ( M ) 

32.44 (ftp) 

8.22 (ft 5) 

18.11 ( / . /) 

14.DD (0.2) 

--

*) *) 
Jh) Jh) 

k\k\ (shier*) 

(Wgpt.,,„,, /") 
14.22 (3.2) 

11.1(1.2) 11.1(1.2) 

30.88 (3.5) 

31.11 (//.ft) 

IH.7IH.7 (2.3) 

7.8(0 .7, , 

4.99 (0.2) 

0.6(0.0) 0.6(0.0) 

R:: *-

0.998 8 

0.999 9 

1.000 0 

0.989 9 

0.994 4 

0.997 7 

(1.999 9 

0.991 1 

stved.L L 

0.10 0 

0.12 2 

d.02 2 

0.19 9 

0.19 9 

0.14 4 

0.1)0 0 

1.37 7 

,, dfuu 

9 9 

13 3 

7 7 

6 6 

12 2 

15 5 

10 0 

19 9 

""  stdev: standard deviation; **  K1: correlation coefficient; " stdev u.„: residual error or the fit;  "" dt: 

degreess of freedom of the fit. 
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bee very significant (p~().65). In figure 4.3 the kinetic models of acridine, 

benzo[/Iquinolinee and phenanthridine are fitted to the data points of the transformation 

experimentss with the different substrates at two different initial substrate 

concentrationss (see table 4.2). In table 4.2 the degrees of freedom of the nonlinear 

regressionn procedure (df). the correlation coefficient R" and the residual error of the fit 

(stdevres)) are also shown. 

Forr both acridine, phenanthridine and benzo[/]quinoiine the value of Vnm determined 

att higher initial concentrations (respectively 5.0, 3.2 and 4.3 mg/1) is 1.6 to 2.7 times 

higherr than the Vmax value determined at lower initial concentrations (respectively 2.1. 

1.22 and 1.8 mg/1). When taking the standard deviation into account, the value of Km of 

phenanthridinee seems to be not very different for the two initial substrate 

concentrationss tested 0.57  0.05 ((S„] = 1 mg/1) and 1.04  0.38 ([S0] = 3.2 mg/1). The 

200 40 60 
timee (min) 

—I I 
^ ) ) 
E. . 

4 4 

33 ' 

2 2 

11 i 

n n — ** — 

c c 

100 20 30 
timee (min) 

40 0 

100 0 

FigureFigure 4.3. kinetic models of acridine (A), benzo[/Jquinoline (B) and phenanthridine 
(C)) are firred To the data points of the transformation experiments with the 
differentt substrates ar low (A.) and high ) initial substrate 
concentrations. . 
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valuess of Km derived from transformation experiments with benzo|/]quinoline and 

acridine,, however, are determined to be much higher at higher initial concentrations 

thann the values determined at lower initial concentrations (5.1 and 2.5 times as high, 

respectively).. Earlier research on the ability to use a nonlinear regression method for 

thee determination of Vmax and Km from a single transformation curve, showed that, 

whenn the initial substrate concentration is smaller than Kmt the estimated values of the 

kineticc parameters are lower than the values derived from initial transformation rates at 

varyingg initial substrate concentrations (2). Additionally, the values of the kinetic 

parameters,, as determined for benzo[/lquinoline using a direct Michaelis-Menten-fit of 

VV versus [So], seem to be in better agreement with the values using nonlinear 

regressionn of a single transformation curve at a higher initial substrate concentration 

(4.33 mg/L). 

Smithh et ah (26) derived a second-order transformation constant of 3.5*10"" 

L/cell/hourr for the transformation of benzo[/]quinoline by a bacterial culture isolated 

fromm a heavily polluted lake, using quinoline as sole carbon source. By converting the 

populationn density into total protein concentration one can derive an estimated second-

orderr transformation constant of 5.1  0,2 L/g ma] prült.Jn/hour, comparable to the k{ 

valuee of benzo[/]quinoline (4.9  0.2 L/g taIal proIein/hour), determined during the study 

reportedd in this paper. Willumsen et ah (30) derived initial transformation rates of 0.17 

 0.04 mg/L/hour (at [S0] = 20 mg/L) and 0.10  0.10 mg/L/hour (at [S0] = 50 mg/L) 

forr the breakdown of benzo[/]quinoline by Mycobacterium gilvum sp. LB307T at a 

populationn density of 27.5*109 cfu/L. These values correspond to approximately 0.14 

 0.04 mg/g total protein/hour and 0.09 + 0.09 mg/g ,(rta]  pmtem/hour respectively, about 

1000 times lower than the results obtained by the study described in this report. 

However,, Mycobacterium gilvum sp. LB307T was shown to be able to use 

benzoo [/I quinoline as sole sources of carbon, nitrogen and energy. 

Valuess of the Michaelis-Menten-kinetics of the transformation of the homocyclic 

analoguess phenanthrene and anthracene are scarcely presented in literature. For 

anthracenee Km values of 0.07 mg/L and 0.04 mg/L and a Vmax value of 1388 

mg/gproteine/hh have been found (14, 29). For phenanthrene Km values in soil vary from 

0.522 mg/kgsoi! to 174 mg/kgwM and Vma, values are given of 0.005 mg/kgsui|/h and 0.006 

mg/kgSüM/hh (18). Those values cannot be compared with the Km and Vnm values of the 

examinedd azaarenes since those values are obtained under different circumstances or 

aree given in units that cannot be converted. 
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Variouss authors have reported the existence of more than one A'm or K  ̂value for the 

transformationn of xenobiotic compounds. Simkins and Alexander (25) derived A\, 

valuess of 0.04 to 0.20 mg/1 for benzylamine from experiments with polluted lake water 

att initial substrate concentrations of 0.1 to 2.8 mg/1. In the same way. Jones and 

Alexanderr (13) derived two different Ks values (0.005 mg/1 and 0.40 mg/1 at substrate 

concentrationss below and above 0.005 mg/1 respectively) from transformation 

experimentss with phenol in water samples from a lake, and also Bandyopadhyay et at. 

(3)) found different K, values (varying from 11.3 to 677 mg/1) for different initial 

phenoll  concentrations (varying from 94 to 996 mg/1). Lewis et at. (17) suggested that 

thee breakdown of methyl parathion by Fiavobacterhun species follows so called 

multiphasicmultiphasic kinetics involving at least two different uptake and transformation systems 

withh different Km and Vmux values operating at different substrate concentrations. In 

otherr words, the Monod half-saturation constant A\, or Michaelis-Menten half-

saturationn constant Km seem to vary at different substrate concentration because of the 

presencee of different uptake and transformation systems with different affinity and 

capacityy towards a certain compound. The activity of transport and transformation 

systemss with relatively high affinity (low Ks or Km) is expected to increase at relatively 

loww substrate concentrations in comparison to systems with lower affinity (high Ks or 

KKmm).). This suggests that during bioremediation of a polluted site pollutant degrading 

organismss with a high affinity a wil l increase their transformation rate towards the 

timee point that most of the contaminant is degraded. In addition higher affinities can 

bee expected for transformation of poorly available hydrophobic pollutants like 

homocyclicc PAHs. 

ObservedObserved trends in biodegradability between different azaarenes at different substrate 

concentrations concentrations 

Thee highest biotransformation rate observed for benzo[/;]quinoline is determined to be 

lowerr than the maximum biotransformation rates (Vnm) of the other substrates (table 

4.1).. Table 4.1 shows also that the initial transformation rates of this compound are 

lowerr than the initial transformation rates of the other azaarenes at approximately the 

samee initial concentrations. Based on these results, it can be assumed that the 

maximumm transformation rate of benzo[/?]quinoline will also be smaller than the 

maximumm transformation rate of the other tested substrates nevertheless this cannot be 

staledd for certain since a Km value is not known. 
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Inn general, the following trends with respect to the kinetic parameters of the tested 

azaareness can be given: 

KJphemmthridine)KJphemmthridine) < Kjacridine) < Kjbenzolfjquinoline) 

VmaJacridine)VmaJacridine) > Vmax(phenanthridine) > VIIUJ benzoffj quinoline) 

(>V(>Vmm„J„J  benzol hjquinoline)) 

Fromm this it can be concluded that at azaarene concentrations much higher than the 

calculatedd values of Km ([S0] > 9.0 mg/L) the sequence of decreasing substrate 

disappearancee rates wil l be: acridine - phenanthridine - benzo[f] quinoline -

benzolhj'quinoline,benzolhj'quinoline, because under these circumstances V approaches Vimx. It must be 

stated,, however, that one must take into account that at relatively high substrate 

concentrations,, there can be inhibition of the biotransformation process, as was 

showedd for acridine (at 58.2 mg/L) and benzo[/i]quinoline (at 24.9 mg/L) and in this 

casee V will not approach Vmax. 

Whenn azaarene-coneentrations decrease and approach Km (0.9 mg/L < [S(>] < 9.0 

mg/L),, the substrate transformation rate will be in the order; phenanthridine-acridine-

benzolf]benzolf] quinoline (possibly followed by benzol hjquinoline), because in this case the 

transformationn process is best described by Michaelis-Menten-kinetics. 

Too compare the transformation rates of the different azaarenes at concentrations much 

lowerr than Km ([S0] <0.18 mg/L), one could compare the second-order-transformation 

constantss A], which are calculated from Vm;iX and Km: 

kitkit phenanthridine) > kf(acridine) > k /(benzolJ'j'quinoline) » k }{9-methylacridine) 

Thee actual order of substrate disappearance at a contaminated site thus will depend on 

thee concentration of the contaminants. 

Inn conclusion, it appears that the rate of cometabolic transformation of azaarenes by 

SphingomonasSphingomonas sp. strain LH128 is relative high. The rate is similar to that reported for 

cometabolicc transformation by a bacterial culture isolated from a polluted lake (26) 

andd 100 times higher than that reported for the metabolic transformation by the isolate 

MycobacteriumMycobacterium gilvum sp. LB307T (30). Comparison with transformation rates of 

homocyclicc PAHs can hardly be made because of the fact that known values are 

obtainedd under different conditions or are given in units that cannot be converted. As 

iss the case for azaarenes, the values reported for homocyclic PAHs show a high 

variety.. However, it can be stated in general that the disappearance rate of a similar 

homocyclicc PAH will be lower than that of azaarenes since it has a lower solubility 

andd therefore a lower availability for biotransformation (19). 
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Forr most examined compounds, accumulating metabolites are observed in the cultures 

thatt are probably not further degraded by LH128. It' this strain was used for 

remediationn of polluted soil, it should be taken into account that complete 

mineralizationn is probably not performed, possibly resulting in the accumulation of 

metabolitess in the soil. Since biotransformation might result in more toxic compounds, 

thee concentration of potentially recalcitrant and toxic metabolites should be monitored 

duringg the remediation process. 
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Influencee of phenanthrene and fluoranthene on the 
degradationn of fluorene and glucose by Sphingomonas sp. 
strainn LB126 in chemostat cultures 

Renéé van Herwijnen, Bas F. van de Sande, Frans W.M. van der Wielen, Dirk 

Springael.. Harrie A.J. Govers, John R. Parsons 

—FEMS—FEMS Microbiology Ecology, 2003, Vol. 46. No. I, p. 105-111 — 

Abstract t 

Sincee bacteria degrading polycyclic aromatic hydrocarbon compounds (PAHs) in 

pollutedd soils are generally exposed to mixtures of PAHs. we examined the influence 

off  simple PAH mixtures on the degradation activity of Sphingomonas sp. strain 

LBB 126. Fluorene serves as sole carbon and energy source for the strain LB 126 and 

phenanthrenee and fluoranthene are cometabolically degraded by this species. 

Chemostatt cultures of the strain LB 126 were used to study a potential inhibiting effect 

off  phenanthrene and fluoranthene on the degradation of fluorene that was previously 

observedd in batch cultures. We also looked at the effect of phenanthrene on the 

degradationn of glucose in a chemostat culture to see if this effect was specific for the 

PAH-metabolicc pathway or for the total metabolism of the strain. The co-substrates 

weree supplied in a 5% to 30% fraction of the fluorene. Phenanthrene and fluoranthene 

hadd no significant influence on the growth. However, fluorene degradation was 

inhibitedd by both phenanthrene and fluoranthene. The effect of phenanthrene was 

aboutt 10 times stronger than the effect of fluoranthene. Nevertheless, more than 95% 

removall  of fluorene took place together with more than 95% removal of either 

phenanthrenee or fluoranthene. The effect of phenanthrene on the strain LB 126 could 

bee ascribed to both toxicity and competitive inhibition, but the effect observed at 

steadyy state was due to competitive inhibition only. It appeared that the strain LB 126 

adaptss to the toxicity of phenanthrene within five generations. The inhibitory effects 

observedd previously in batch cultures of the strain LB 126 should mainly be ascribed to 

thee toxic effect of phenanthrene. 
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Introductio n n 

Fluorenee (FLU), phenanthrene (PHE) and fluoranthene (FAT) are persistent and toxic 

polycyclicc aromatic hydrocarbons (PAHs) present at many contaminated sites such as 

«ass factories and wood preservation plants (8, 9. 14). Sphingomonads are a major 

groupp of PAH degrading bacteria present at many contaminated sites and are 

consideredd for use in bioremediation of those sites. Bioremediation is a low cost and 

loww disturbance solution for cleaning those sites and has already been tested for 

severall  PAHs (10). A general problem of bioremediation of PAH contaminated soil is 

thatt the degradation appears rather slow. A proposed solution is the addition of 

bacteriaa that use PAHs as sole carbon and energy source and have bioavailability-

promotingg capabilities (21). It is also important that the bacteria perform a complete 

degradationn of the PAHs in order that no metabolites accumulate in the soil. Therefore, 

aa thorough understanding of PAH biodegradation is important. When an isolated strain 

iss exposed to a mixture of PAHs, degradation of the PAH that serves as substrate for 

thiss strain is often influenced by toxicity or competitive inhibition by other PAHs in 

thee mixture (2, 5, 7, 17). 

Al ll  studies published on the inhibition caused by PAH mixtures on degradation have 

beenn performed in batch cultures without carbon limitation. Carbon-limited chemostat 

culturess are more representative for the situation in nature (11). The growth of 

heterotrophicc microorganisms under natural conditions, as well as in chemostat 

cultures,, may be limited by the availability of carbon and energy sources (11) and 

underr such limiting conditions inhibition from PAHs may not be a problem. Even in 

highlyy contaminated soils. PAHs may be considered as a limiting carbon source 

becausee of the low bioavailability of this substrate. It is also known that multiple 

carbonn sources are utilized simultaneously under carbon-limited conditions (11. 13). 

Preferentiall  biodegradation as reported in batch cultures (12, 15) may not even take 

placee in carbon-limited chemostat cultures. In addition, the possible accumulation of 

toxicc metabolites that inhibit degradation will not take place in a chemostat culture. 

Forr these reasons it can be expected that different inhibiting effects might be observed 

inn chemostat cultures than those observed in batch cultures (2). In order to study the 

growthh and cometabolism of PAHs by a bacterium under steady state conditions with 

differentt PAHs simultaneously present, we set up a chemostat system with the 

bacteriumm Sphingomonas sp. strain LB 126 with FLU as carbon source. In addition to 
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thee utilization of FLU as sole carbon and energy source using a degradation pathway 

throughh 9-fluorenone and protocatechuic acid (19, 20), strain LB 126 is capable of 

cometabolismm of PHE. FAT, anthracene and dibenzothiophene (3). This stain is able to 

degradee these compounds but cannot utilize them as sole carbon and energy source, 

althoughh no accumulation of metabolites is observed in batch cultures (19). In this set-

up,, we examined the influence of co-metabolism of PHE and FAT on the degradation 

off  FLU by LB126 to see whether different inhibiting effects can be seen than observed 

previouslyy in batch experiments (2). We also performed additional experiments to 

explainn the observed differences. The results provide data on the possibilities of the 

strainn LB 126 to survive in the presence of mixtures of PAHs and to perform 

degradationn of FLU. PHE and FAT. 

Material ss and Methods 

BacterialBacterial strain, media and growth conditions 

SphingomonasSphingomonas sp. LB 126 was isolated from a PAH-contaminated soil by liquid 

enrichmentt with FLU as sole carbon source (3). Strain LB 126 is also able to degrade 

FATT and PHE cometabolically but it cannot utilize them as sole source of carbon and 

energy.. The strain was grown in chemostats in 400 ml phosphate-buffered minimal 

mediumm containing 1% v/v of a trace elements solution (18) and stirred at 300 rpm 

withh a teflon stirrer. The temperature was maintained at 25°C and air was supplied 

throughh a sterilized 0.2 urn filter at 20 ml min '. The medium was supplied at 24.2

2.66 ml h ! giving a dilution rate of 0.06 h"1. Since the PAHs could not be dissolved in 

thee medium because of their low solubility, they were supplied separately dissolved in 

methanoll  as has been done before with naphthalene by Ahn et al. (1). On the basis of 

mediumm flow, methanol flow and concentration of the PAHs in the methanol we 

calculatedd the nominal PAH concentration in the medium. For FLU this concentration 

wass calculated as 85 mg 1 ! with a variation of 10% due to fluctuation in the medium 

andd methanol flows. PHE and FAT were supplied in a fraction of the FLU 

concentrationn (nominal concentrations: 4.3 - 26.0 mg l 1 for the fractions of 5% -30%). 

Despitee the nominal concentrations being above the maximum solubilities of the 

suppliedd PAHs no crystals were observed in the chemostat cultures. This is supposedly 

causedd by the high degradation rate (FLU and PHE) and sorption to the cells (FAT). 

Forr the experiments with glucose as growth substrate the PHE and FLU were supplied 

inn similar concentrations to those in the experiments with FLU as growth substrate. 
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Mediumm and methanol solutions were pumped with Gilson minipuls peristaltic tube 

pumps.. PVC tubing was used to supply the medium to the chemostat and isoversinic 

tubingg was used for the FLU/methanol solution. 

InfluenceInfluence of methanol 

Inn the chemostat experiments FLU was supplied as a methanol solution separately 

fromm the medium. Methanol was used as a carrier for the PAHs and could not be 

utilizedd by the strain LB 126 as growth substrate. To check for toxic effects, firstly an 

experimentt was performed on the influence of methanol. The experiment on growth of 

thee strain LB 126 consisted of two parallel chemostats supplied with phosphate-

bufferedd minimal medium containing glucose as carbon source at a flow of 24.5 ml h"1. 

Thee chemostats were run for 38 days. Glucose was supplied at a concentration of 4 g 1 

betweenn day 0 and 29 and after 29 day the glucose was supplied at a concentration of 

0.77 g l . Methanol was supplied separately to one chemostat at a flow rate of 0.97 ml 

hh '. No significant difference was observed in optical density (OD) between the 

chemostatt cultures after steady state was established. Based on the Henry's law 

constantt of methanol (6, 22) and the assumption that at steady state the input of 

MEOHH is equal to the output of MEOH by evaporation and dilution, it can be 

calculatedd that the methanol concentration is around 1% (16). Another experiment 

underr similar conditions showed no toxic effects for concentrations of 1% methanol 

(1). . 

ChemostatChemostat set-up for studying the influence of phenanthrene and fluoranthene on the 

degradationdegradation offluorene 

Forr the experiments to study the influence of a PAH as co-substrate on the degradation 

off  FLU. FLU was supplied separately from the medium as sole carbon source under 

carbon-limitedd conditions as a 3 g l 1 methanol solution (1) at a flow of 0.71  0.21 ml 

h"1.. The co-substrates PHE and FAT were supplied in the FLU/methanol solution in 

concentrationss increasing from 0.15 g l ' to 0.9 g l"1 for PHE and 0.3 g l"1 to 0.9 g l'1 

forr FAT (mass/mass ratio to FLU from 5% to 30%). Two chemostats were run in 

parallel,, one with the strain LB 126 growing on FLU and one with the strain LB 126 

growingg on FLU supplied with an increasing concentration of a PAH as co-substrate. 

Thee chemostats supplied with PHE were run for 94 days and the chemostats supplied 

withh FAT were run for 58 days. At the end of the experiment, the chemostat cultures 
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weree tested for growth on the co-substrate by inoculating them on medium containing 

thee co-substrate as sole carbon source. 

ChemostatChemostat set-up for studying the influence of phenanthrene on the degradation of 

glucose glucose 

Forr the experiments to study the influence of PHE on the degradation of glucose, this 

compoundd was supplied to the medium instead of FLU. The concentration used was 

0.088 g l ' . The concentrations of PHE in the methanol solution were in the same range 

ass those in the experiment with FLU as carbon source (0.3-0.9 g l"1). The culture was 

sampledd after steady state had been established. A similar experiment was performed 

inn which the culture was monitored during establishment of a steady state. Starting 

withh a chemostat culture with 0.15 g l ' glucose in the medium and a flow of pure 

methanol,, the pure methanol was replaced by a 1 g l"1 PHE solution after steady state 

hadd been established. The cultures were sampled daily during the experiment. 

AdaptationAdaptation to toxicity of phenanthrene 

Batchh experiments for the investigation of adaptation of the strain to the toxicity of 

PHEE were performed in 25 ml phosphate-buffered medium containing 12.5 mg FLU 

andd 1.25 g, 3.75 g, 6.25 g or 12.5 g PHE. The cultures were inoculated from the FLU-

grownn chemostat cultures containing no PHE or 30% PHE and the OD was measured 

afterr 12 and 24 days. 

AnalyticalAnalytical procedure 

Duplicatee samples (10 ml) of the chemostat culture were collected after steady state 

hadd been established. The samples were acidified with 0.5 ml 2 M H2S04 and an 

internall  standard was added. The internal standards were 200 u.1 2.5 jig ml" FAT for 

thee PHE experiment and 200 u.1 4.8 ng ml"1 anthracene for the FAT experiment. The 

sampless were extracted three times with 10 ml pentane, 1 ml acetonitrile (ACN) was 

addedd to the combined pentane extract and the pentane was evaporated until only ACN 

wass left. All samples were filtered over a 0.2 u.m teflon filter. 

Analysiss was performed by HPLC with a Waters 600E system controller equipped 

withh a Waters 717 plus auto sampler and a Waters 474 scanning fluorescence detector 

(wavelengths:: FLU: ex 280, em 330; PHE: ex 252, em 364; ANT: ex 252, em 400: 
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FAT:: ex 288. em 462). The column used was a Lichrospher RP18 125 x 2.0 mm with 

33 urn pore size. The mobile phase was 36% water containing 0.05 M ammonium 

acetatee and 64% ACN with a flow of 0.2 ml min"1. 

Qualitativee analysis for metabolites was performed on the cultures of the FLU-grown 

chemostatss cultures. One hundred ml of the outflow was collected in an Erlenmeyer 

flaskflask containing 10 ml 2 M H2S04 to stop growth immediately. Sample treatment was 

performedd as by van Herwijnen et al. 2003 (18). These samples were analysed by GC-

MSS on a Thermoquest Trace GC containing a J and W DB-5 (60 m x 0.32 mm) 

columnn equipped with a Finnigan Trace MS (ionization energy: 70 eV). 

Analysiss of the glucose concentration in 500 ul supernatant of the culture was 

performedd with 1ml Trinder reagent supplied by Sigma Diagnostics, Zwijndrecht, the 

Netherlands.. After incubation at 37 °C the absorbance was measured at 515 nm 

relativee to a blank of minimal medium. OD was determined at 540 nm. Because of 

theirr fast degradation, the PAH concentrations in the culture were very low and they 

didd not affect the OD. Furthermore a test with a sterile chemostat with PAHs showed 

ann OD below detection level. Protein concentrations were determined with use of a 

Bio-RADD DC protein assay kit supplied by Biorad Laboratories (Veenendaal, the 

Netherlands).. A portion (2 ml) of the culture was centrifuged (3 min. at 14000 rpm), 

andd concentrated to 50 \i\ on which the protein assay was performed according to the 

manual.. The concentration was calculated on the basis of a bovine gamma globulin 

standard. . 

Chemicals Chemicals 

Alll  organic solvents were glass-distilled grade or HPLC grade (Rathburn, Walkerburn, 

Scotland).. FLU, FAT and glucose (Trinder) analyzer kit were purchased from Sigma-

Aldrichh (Zwjjndrecht, the Netherlands), PHE was purchased from J.T. Baker Chemical 

Coo (Philipsburg, New Jersey, USA). 

Al ll  components of the medium were of P.A. grade and were provided by Sigma-

Aldrichh (Zwijndrecht, the Netherlands) or Merck (Darmstadt, Germany). Iodomethane 

(99%)) was provided by Acros Organics (Geel, Belgium). Florisil (60-100 mesh 

ASTM),, K2COi (p.a.) and Na2S04 (p.a.) were provided by Merck (Darmstadt, 
Germany). . 
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Resultss and discussion 

Slightt wall growth was observed in all chemostat cultures and no accumulation or 

formationn of PAH crystals was observed. All experiments were performed at the same 

constantt dilution rate. 

InfluenceInfluence of phencmthrene on the degradation offluorene 

Noo significant difference was observed in OD at steady state between the chemostat 

culturee supplied only with FLU and the chemostat culture supplied with FLU and 

differentt concentrations of PHE. In the chemostat culture supplied only with FLU, a 

steadyy state FLU concentration was observed of 2.5 ug l"1 with a standard deviation 

(S.D.)) of 2.3 ug l1. When PHE was supplied as co-substrate, the FLU steady state 

concentrationn increased from 116.5 ug l ' (S.D. = 59.6 ug l ' ) at a nominal 

concentrationn of 4.3 mg l"1 PHE to 2663.3 ^g l"1 (S.D. = 1152.2 ug l"1) at a nominal 

concentrationn of 26.0 mg l"1 PHE, resulting from a lower degradation rate (figure 

5.11 A). In the latter case, still more than 95% of the supplied FLU was degraded (figure 

5.IB).. The steady state degradation rate of PHE in the culture increased linearly with 

thee increasing nominal concentration of PHE (lower FLU/PHE ratio) (figure 5.1A). 

Whenn the PHE concentration is expressed relative to the amount of PHE supplied 

(figuree 5.IB) it can be concluded that the PHE was degraded less efficiently at higher 

PHEE concentrations. Figure 1 shows that the effect of PHE is only significant above a 

nominall  concentration of 8.7 mg/1. However this observation can also be caused by the 

detectionn limit of the analytical method used. 

Ass mentioned above PHE has previously been reported to inhibit the degradation of 

FLUU in batch cultures of the strain LB 126 (2). Depending on the concentration, 

inhibitionn was either partial or complete and seemed to result from an outright toxicity 

off  PHE. Similarly, PHE was cometabolised by an unidentified FLU-degrading strain 

isolatedd from soil and partly inhibited FLU degradation, again in batch culture (4. 5). 

Inn this case, other PAHs also inhibited FLU degradation, but were not cometabolised 

byy the strain under these conditions. Strains isolated on other PAHs also showed 

competitivee inhibition in mixed substrate experiments. As a result, only limited 

degradationn was achieved of a five-PAH mixture in defined mixed cultures of these 

strains.. In contrast, an undefined soil consortium was able to mineralize the mixture 
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FigureFigure 5.1. Degradation rare (A) and degradation efficiency > nor degraded) (B) of 

fluorenee (FLU) and phenanthrene (PHE) in chemostar cultures of 

SpbingomonasSpbingomonas sp. LB126 growing on FLU supplied with FLU onlv or an 

equall  amount of FLU with an increasing nominal concentration of PJ IK in 

thee supplied medium. 

(4).. Apparently the influence on degradation by inhibitory or toxic effects of other 

PAHss might be a phenomenon for isolated species but probably not for whole PAH-

degradingg bacterial communities. 
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InfluenceInfluence offluoranthene on the degradation of fluorene 

Similarr to the experiment with PHE. no significant difference in OD was observed at 

steadyy state between the chemostat culture supplied only with FLU and the chemostat 

culturee supplied with a constant concentration of FLU and different concentrations of 

FAT.. An average steady state concentration of 2.12 ug l ' FLU (S.D. = 1.84 ug 1" ) was 

observedd in the chemostat culture growing on FLU only. In the chemostat culture 
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FigureFigure 5.2. Degradation rate (A) and degradation efficiency (% not degraded) (H) of 
fluorenee (FLU) and fluoranthene (FAT) in chemostat cultures of 
SpbingomonasSpbingomonas sp. LB126 growing on W.l supplied with FLl only or an 
equall  amount of FLU with an increasing nominal concentration of FAT in 
thee medium. 
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wheree FAT was supplied, the steady state concentration of FLU was determined as 

12.77 ug l 1 (S.D. = 5.3 ug l ' ) to 28.5 ug l 1 (S.D. = 9.3 ug l ' ) at nominal 

concentrationss from 8.7 mg l"1 FAT up to 26.0 mg l1 FAT, respectively, indicating a 

lowerr degradation rate at higher nominal concentrations of FAT (figure 5.2A). The 

steadyy state concentration of FAT in the culture was estimated at 1.47 mg I"1 (S.D. = 

0.622 mg 1"') to 2.92 mg l ' (S.D. = 0.40 mg 1 ') at nominal FAT concentrations from 8.7 

mgg 1 up to 26.0 mg 1 , respectively. Despite the FAT concentration being higher than 

thee water solubility no crystals were observed, presumably due to sorption of FAT to 

thee cells. The concentration of FAT can be expressed relative to the amount of 

suppliedd FAT {figure 5.2B). There is no significant difference between the FAT 

concentrationss in the culture at the three concentrations at which FAT was supplied. 

However,, FAT degradation appears to be more rapid at higher concentrations of FAT. 

Thesee effects of FAT were generally similar to those of PHE; increased exposure to 

FATT (lower FLU/FAT ratio) resulted in a less efficient degradation of FLU (figure 

5.2B),, but the rate of removal of FAT in the cultures increased with higher exposure 

(figuree 5.2A). However, the effect of FAT is much weaker than the effect of PHE, 

whichh may be related to a much lower affinity of FAT for PAH-degrading enzymes. 

Thee inhibiting effect of FAT was not observed in similar experiments in batch cultures 

(2).. A lower availability of FAT due to its lower solubility as explanation for the 

observedd effect is not likely since the observed concentrations, higher that the water 

solubilityy but no visible crystals, suggest that the FAT was sorbed to the cells and 

thereforee highly available. 

InfluenceInfluence of phencuithrene on the degradation of glucose 

Too examine whether PHE has an effect on the enzymes involved in the degradation of 

FLUU or on the total metabolism (outright toxicity) of the strain LB 126. we performed a 

similarr experiment with a similar dilution rate to study the effect of PHE on a 

chemostatt culture growing on glucose instead of FLU. No significant difference was 

observedd in OD between the chemostat cultures at steady state with and without PHE 

(dataa not shown). The average steady state glucose concentration was 0.98 mg l"1 (S.D. 

== 0.95 mg I ') irrespective of the nominal PHE concentration in the supplied medium. 

Thee actual glucose concentrations in the culture were 0.59 mg l"1, 0.65 mg 1 ' and 1.4 

mgg l"1 for nominal PHE concentrations of 10 mg l ' . 20 mg l"1 and 35 mg l1, 

respectivelyy (S.D. = 0.54. 1.3 and 1.6 mg l ' , respectively). PHE concentrations in the 

chemostatt culture growing on glucose were 22.2 ug I1 (S.D. = 5.5 ug I"1) and 33.3 ug 
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l '' (S.D. = 11.1 ug l"1) for nominal PHE concentrations of 10 mg 1 ' and 20 mg l"1, 

respectively.. The resulting removal of PHE was more than 99%, which is higher than 

thee percentage observed in the FLU-grown culture. The higher removal in this case 

suggestss that inhibition seen in the chemostat culture exposed to both FLU and PHE is 

relatedd to a specific effect on the PAH-degrading enzymes and not to a general toxic-

effectt on the strain, which is in contradiction to the total inhibiting effect previously 

observedd in batch cultures for similar FLU/PHE ratios (2). 

AdaptationAdaptation to toxicity of phenanthrene 

Inn order to see whether adaptation to the presence of PHE took place in chemostat 

culturess we performed the following experiment. Batch cultures with FLU and 

differentt concentrations of PHE were inoculated from the cultures from the chemostat 

culturee growing with FLU only and from the chemostat culture growing with FLU and 

PHEE and their growth was monitored. Figure 5.3 shows that after 12 days, cultures 

inoculatedd from the chemostat culture growing on FLU supplied with PHE obtained a 

higherr OD than cultures inoculated from the chemostat culture growing on FLU 

withoutt PHE. When the PHE amount present in the batch culture equalled the amount 

off  FLU (100% PHE). almost no growth could be observed after 12 days. However 
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FigureFigure 5.3. OD of batch cultures reached after 12 and 24 days or growth of 
SphingomonasSphingomonas sp. LB 126 on fluorene (I'LL ) with different percentages of 
phenanthrenee (PHK). The cultures were inoculated from a chemostat 
culturee growing on ITT* or ITT* with PHI'.. 
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afterr 24 days of growth, adaptation did occur at 100% PHE. In this case the culture 

inoculatedd from the chemostat culture with FLU and PHE showed more growth than 

thee culture inoculated from the chemostat with FLU only. 

Att the end of the experiment all chemostat cultures were tested for their ability to grow 

inn batch cultures with the co-substrate as sole carbon source. None of the cultures 

turnedd out to be able to use PHE or FAT as sole carbon source. 

Too obtain more details on the rate of adaptation of the strain to the outright toxicity of 

PHEE after long term exposure the following experiment was performed. We monitored 

thee glucose concentration. OD and protein concentration in a chemostat culture 

growingg on glucose. From day 0 to day 6 no PHE (only pure methanol) was supplied 

too the chemostat and from day 6 to day 14 PHE was continually supplied at a nominal 

concentrationn of 35 mg 1" . The results given in figure 5.4 show an effect of PHE for 

thee first 2 days only after the start of the PHE addition. Glucose concentration 

increasedd during 2 days and also a decrease in the protein concentration and OD was 

seen.. Those results suggest that the strain adapted to the outright toxicity of PHE 

withinn two days. Therefore, the effects observed at steady slate in the previous 

experimentt are apparently to be not due to the outright toxic effects of PHE but to 

competitivee inhibition. The slight inhibition of FLU degradation in the presence of 

PHEE or FAT and the more efficient degradation of PHE in glucose-grown cultures at 
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steadyy state also suggests that there is competitive inhibition when cultures are 

exposedd to two PAHs. 

Wee have demonstrated that strain LB 126 is able to cometabolize PAHs such as PHE 

andd FAT while growing on either FLU or on another substrate such as glucose without 

aa high impact on growth. However, an impact on the cometabolism of PHE was seen 

inn batch cultures (2). The results of this study demonstrate that mixed substrate effects 

aree potentially important for the degradation of PAHs in soils. It is therefore important 

too understand how PAH-degrading bacteria perform in the presence of mixtures of 

PAHss and other substrates in order to assess the potential for bioremediation of PAH-

pollutedd soil. From the fact that dissimilarity has been observed between batch and 

chemostatt cultures regarding cometabolism of PAHs and their effects on the 

degradationn of PAHs, the question which system provides the best approach to 'real 

world'' conditions has arisen. Chemostat cultures have been proposed as the best 

systemm for this type of study (11), but validation of the results obtained in such 

systemss by comparison to the effects in soil are required. 
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Effectt  of bioaugmentation and supplementary carbon 
sourcess on degradation of PAHs by a soil derived culture: 
aa chemostat study 
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Annettee Schnell, Martina Hausner, Dirk Springael, Harrie A.J. Govers 

andd John R. Parsons 
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Abstract t 

Bioaugmentationn and biostimulation are methods that are applied in the 

bioremediationn of contaminated soils. Prediction of the effects of these methods 

requiress knowledge of the performance of contaminant-degrading bacteria under 

differentt conditions. We examined the performance of PAH degrading bacterial 

mixturess under different carbon-limited conditions. The bacteria included mixtures of 

33 bacterial strains that are able to utilize one or more PAHs as sole carbon and energy 

substrate,, an undefined culture obtained from a PAH-polluted soil and the latter 

culturee bioaugmented with the 3 strains. The 3 bacterial strains used for augmentation 

weree Sphingomotias sp. strain LB 126, Sphingomonas sp. strain. LH128 and 

MycobacteriumMycobacterium gilvum strain VM552. The effects of augmentation and biostimulation 

onn the degradation of PAHs and on the composition of the mixed culture were 

examinedd in three different experiments. PAHs were degraded efficiently by the soil 

culture,, both with and without bioaugmentation. In addition, bioaugmentation did not 

significantlyy improve the PAH degrading performance of the soil culture and the 

augmentingg strains did not obtain a dominant position in the mixed culture. Initial 

effectss of biostimulation on the degradation of the examined PAHs disappeared during 

establishingg of the steady state and only the presence of salicylate in the additional 

carbonn sources had a slightly stimulating effect on the degradation of phenanthrene. 

Neverthelesss in a system without the soil-derived culture, the augmenting strains 
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establishedd very well in the chemostat culture and a clear stimulating effect was 

observedd by biostimulation on the concentration of VM552. The presence of PAHs 

influencedd the steady state bacterial composition of the bioaugmented and non-

bioaugmentedd soil culture, resulting in the increase in cell concentration of 

sphingomonadd strains. The augmenting strains remained present in the soil culture and 

thee cell concentration of LB 126 and LH128 was stimulated by the presence of PAHs. 

Thee results revealed that the composition of the supplied carbon sources had an 

importantt effect on the steady state bacterial composition of the mixed cultures. 

However,, bioaugmentation and biostimulation appeared to have littl e effect on PAH 

degradation. . 

Introductio n n 

Anthropogenicc activities caused contamination of soil with polycyclic aromatic 

hydrocarbonss (PAHs) at many locations such as sites allocating gas plants, wood 

preservationn plants and petrochemical industry (5, 13). Many PAHs have mutagenic 

andd teratogenic effects and some are potentially carcinogenic. Bioremediation is 

generallyy considered to be a promising approach to remediate PAH-contaminated 

soils.. Methods to improve remediation are bioaugmentation (the addition of strains 

withh desired degradative capacities) and biostimulation (the addition of supplementing 

carbonn sources or other nutrients to support endogenous or inoculated PAH degrading 

strains).. In the case of bioaugmentation it is important to examine if the strains used 

wil ll  survive in the system competing with the endogenous community that is present 

inn such a contaminated soil and especially if they will participate in the main energy 

fluxflux processes and improve pollutant removal (12). The influence of supplementing 

additionall  carbon sources (often used in combination with augmentation) should be 

examinedd by questioning whether or not the added compound influences the added or 

endogenouss populations (PAH degrading or non-degrading). To test the competitive 

behaviourr of added strains, chemostat cultures, implying a high selection pressure on 

thee present strains, are a useful tool. Carbon-limited chemostat cultures are considered 

too be more representative for the situation in nature than batch cultures because the 

growthh of heterotrophic microorganisms in nature is limited by the availability of 

carbonn and energy sources as is the case in chemostats (27). PAHs can similarly be 

consideredd as a limiting carbon source in highly contaminated soils because of their 

lowerr bioavailability. Under such carbon-limited conditions it has been shown that 
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moree enzymes are expressed than in batch conditions (15) and that multiple carbon 

sourcess (sugars) are utilized simultaneously (15. 17). Therefore, although preferential 

biodegradationn (diauxie) is well known in batch cultures (16, 19) this will probably 

nott be the case in carbon-limited chemostat cultures. In addition, chemostat cultures 

cann be used to test the effect of additional carbon sources on the degradation of PAHs 

byy mixed cultures and the effect of the carbon source on the composition of the 

culture.. Finally, it has been shown that in steady state chemostat cultures some 

bacteriaa became adapted to the toxic effects of PAHs observed in batch experiments 

(27). . 

Usingg a chemostat set-up, we examined the performance of PAH degrading bacterial 

mixturess under different carbon-limited conditions, including mixtures of 3 bacterial 

strainss that are able to utilize one or more PAHs as sole carbon and energy substrate, 

ann undefined culture obtained from a PAH-polluted soil and the latter culture 

bioaugmentedd with the 3 strains. The bacteria used for augmentation were 

SphingomonasSphingomonas sp. strain LB126 (6), Sphingomonas sp. strain LH128 (6) and 

MycobacteriumMycobacterium gilvum strain VM552 (Springael, unpublished results) which utilize 

fluorene,, phenanthrene and pyrene and phenanthrene as sole carbon sources, 

respectively.. The effect of augmentation and the composition of the added carbon 

sourcee on the degradation of PAHs and on the composition of the mixed culture were 

examinedd in three different experiments. The first experiment examined the behaviour 

off  a mixture of the three augmenting bacteria without the presence of a soil inoculum 

inn the chemostat under different substrate conditions. We tested the survival of the 3 

bacteriaa and their PAH degradation efficiency when they were supplied with either a 

mixturee of PAHs, a mixture of easy utilizable carbon sources (EUC) or a mixture of 

bothh PAHs and EUC. In the second experiment the effect of bioaugmentation and 

biostimulationn on the degradation performance of PAHs and the composition of a 

bacteriall  community grown from a PAH-polluted soil was examined. The third 

experimentt was similar to the second experiment but in this case a different 

compositionn of the EUC was used to examine the effect of nonadecane or salicylate. 

Nonadecanee was tested because previous experiments showed that it stimulated 

MycobacteriumMycobacterium species (Springael and Bastiaens, unpublished results) and the effect 

off  salicylate was tested because it is a known metabolite of several PAHs and it might 

havee an inducing effect on PAH transforming enzymes (25). During the experiments 

wee monitored the concentration of the different PAHs and composition of the culture 
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usingg selective rRNA-directed oligonucleotide probes with fluorescent in situ 

hybridisationn (FISH), denaturing gradient gel electrophoresis (DGGE) and plating. 

Ourr results provide more information on the effect of bioaugmentation and addition of 

otherr carbon sources on PAH degradation and on the composition of the bacterial 

culture.. The obtained knowledge can be used to improve bioremediation of PAH 

contaminatedd soil. 

Materialss and Methods 

BacterialBacterial strains 

SphingomonasSphingomonas sp. strain LB126 (6), Sphingomonas sp. strain LH128 (6) and 

MycobacteriumMycobacterium giivum strain VM552 (Springael, unpublished results) were enriched 

fromm PAH-contaminated soils using fluorene, phenanthrene and pyrene as sole carbon 

andd energy source, respectively. VM1217 is a spontaneous rifampicin-resistant 

derivativee of VM552 

ChemostatChemostat cultures 

Thee soil culture was obtained by incubation for several days of a PAH contaminated 

soill  sample obtained from a former gaswork factory site. The incubation was 

TableTable 6.1. Composition of carbon source mixtures supplied to the chemostats in the 3 
experiments. . 

Compound d 

Sodiumm acetate 

Glucose e 

Benzoicc acid 

Sodiumm citrate 

Salicylicc acid 

Nonadccane'" " 

Phenanthrene' ' 

I luorenc' ' 

Pyrenc' ' 

Chrvscnc' ' 

Concentrationn in 

Kxpcrimentt 1 

i£L'CC + P 

33.0 0 

25.2 2 

14.7 7 

18.1 1 

11 41 
11 y.y 

12.7 7 

12.8 8 

1.9 9 

--

II  I s 

medium m 

IX' C C 

54.9 9 

42.0 0 

24.4 4 

30.2 2 

6.9 9 

11.3 3 

(mgg 1 

PAA J-Is 

36.9 9 

37.11 1 

2.8 8 

! ! 
experimentt 2 

f-LL.'C;; + PAIIs 

33.0 0 

25.2 2 

14.7 7 

18.1 1 

4.1 1 

9.9 9 
i ]]  i 

4.2 2 

1.9 9 

--

euc c 

54.9 9 

42.0 0 

24.4 4 

30.2 2 

6.9 9 

11.3 3 

experimentt 3 

PAIIss < 1 
++ salicylic 

39.6 6 

30.2 2 

17.6 6 

21.7 7 

5.0 0 

--
TT 1 1 

4.2 2 

1.9 9 

1.3 3 

:i."C C 
acid d 

PAIIss + F.l'C; 
++ nonadccane 

34.6 6 

26.5 5 

15.4 4 

19.0 0 

9.9 9 
->]]  o 

4.2 2 

1.9 9 

1.3 3 

IiL'C '.::  Fasy 1'tili/able Carbon; ' Nominal concentrations 
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performedd in 3 flasks containing 25 ml phosphate-buffered liquid medium (26){table 

6.2)) each with the different carbon sources as indicated in table 6.1 in excess (EUC, 

PAHss + EUC, PAHs-only). The chemostats were inoculated with 2 ml soil culture 

fromm the appropriate flask and/or 2 ml fresh culture of each bioaugmenting isolate. 

Thee inoculated chemostat cultures were first grown as a batch culture without medium 

floww with their appropriate growth substrates in excess concentration until a visible 

culturee density was observed. Then medium flow was started. The bacterial mixtures 

weree grown in the chemostats in phosphate-buffered minimal medium (26)(table 6.2) 

containingg 100 [ig/ml cycloheximide to prevent growth of protozoa and fungi (24). 

Carbonn sources were supplied dissolved in the medium or in a separate methanol flow 

(27)) if not well-soluble in water (PAHs and nonadecane). The working volume of the 

chemostatt vessels was 400 ml and these were stirred at 300 rpm with a Teflon stirrer. 

Thee temperature was maintained at 25°C. Air was supplied through a sterilized 0.2 \im 

filterr at 20 ml min"1. The medium was supplied at 24.2  2.6 ml h"1 giving a dilution 

ratee of 0.06 h' and if appropriate, methanol, containing the non-water soluble carbon 

sources,, was supplied at 0.65 1 ml h '. Medium and methanol were pumped with 

Gilsonn minipuls peristaltic tube pumps. PVC tubing was used to supply the medium 

andd isoversinic tubing was used to supply the methanol solution. 

TableTable 6,2. Composition of phosphate buffered minimal medium and trace element 

solutionn used in the experiments. 

Bufferr Stock-Solution 

(dilutee l:40)(25mll ') 

Minerall  Stock-Solution 

(dilutee l:10)(100m1P) 

Tracee Element Stock-

Solution n 

(dilutee 1:20u)(5mlP) 

Compounds s 

Na2 I lP04L ' 2H ; 0 0 

KH2PO4 4 

(NIl4j:S04 4 

M g C h ' ó I hO O 

Ca(NO,):: * 4 11:0 

Na-liDTAA  " 2 H : 0 

l-eChh * 4 H ;0 

MnCh*44 11;0 

C o C l ; * 6 H ;0 0 

CuS044 ' 5 I K ) 

N a ; M o 0 4 * 2 H ;0 0 

ZnCh h 
LiCl l 

SnCl;; * 2 H;Q 

IhBOi i 

KBr r 

Kl l 

BaChh ' 2 H20 

Stockk concentration 

70.44 g 1 ' 

4 g l ' ' 

100 gP 

2 g P P 

t g P P 

8000 m gP 

3000 mg 1 ' 

100 mg l1 

44 m g l' 

1.566 mg 1' 

33 mg 1 ' 

22 m g l' 

0.55 mgl ' 

0.55 m g l' 

11 mg l1 

22 mg l1 

22 mgl-1 

0.599 mg 1 ' 

Mediumm concentration 

1.766 g l ' 

0.11 g P 

I g l ' ' 

0.22 g l ' 

0.11 g l ' 

44 m g l' 

1.55 mg 1 ' 

500 ug 1 ' 

200 ug 1' 

7.88 ug 1 ' 

155 ug 1 ' 

100 ug 1 ' 

2.55 ug 1 ' 

2.55 ug 1' 

55 ug 1 ' 

lOug l' ' 

100 ug 1 ' 

2.955 ug 1' 
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Thee supplied carbon consisted of 'easy utilizable' carbon (EUC) and/or PAHs. In the 

firstt experiment only LB 126, LHI28 and VM552 were added as a mixture to three 

differentlyy operated chemostats. One chemostat was supplied with EUC only, one with 

PAHss only and one with EUC + PAHs. In the second experiment four chemostats 

weree run. Two chemostats were inoculated with the soil culture only and two with the 

soill  culture and the augmenting isolates. Of both pairs of chemostats one was supplied 

withh EUC only and the other with EUC + PAHs. In the third experiment the 

chemostatss were inoculated as in the second experiment. However, of both pairs of 

chemostatss one was supplied with PAHs + EUC with salicylate and the other was 

suppliedd with PAHs + EUC with nonadecane. The exact compositions of the EUC 

(afterr Sprenger et al. (24)) and PAH mixture supplied during the experiments are 

givenn in table 6.1. All combinations of the total carbon sources were supplied at a total 

atomicc carbon concentration of 6 mM. 

PAHPAH analysis 

Analysiss of the PAH concentration was performed on 10 ml samples of chemostat 

culture.. The samples were acidified with 0.5 ml 2M H2S04 and an internal standard, 

i.e.. 200 ul 2.5 ug ml"1 fluoranthene solution, was added. The samples were extracted 3 

timess with 10 ml pentane and the extracts were pooled, 1 ml acetonitrile (ACN) was 

addedd to the pentane extract and the pentane was evaporated to leave only ACN. 

Analysiss was performed by HPLC with a Waters 600E system controller equipped 

withh a Waters 717 plus auto sampler and a Waters 474 scanning fluorescence detector 

(wavelengths:: FLU: ex 280, em 330; PHE: ex 252. em 364; FAT: ex 288. em 462; 

PYR:: ex 123. em 456). The column used was a Lichrospher RP18 125 x 2.0 mm with 

33 u pore size. The mobile phase was 40% water and 60% acetonitrile with a flow of 

0.22 ml min" . 

FISHFISH analysis 

Forr FISH, chemostat culture samples were fixed in 4% mefhanol-stabilized 

formaldehydee (Sigma) for 2 h at room temperature or overnight at 4°C and stored in 

50%% ethanol at -20°C. DNA-RNA hybridisation was performed following the protocol 

suggestedd by Amann et al. (4) in wells of epoxide-covered slides (Marienfeld, 

Germany)) coated with gelatine. Four oligonucleotide probes targeting 16S rRNA were 

used:: (i) a probe specific for Sphingomonas sp. strain LB126 and several related 
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strainss (see below), (ii ) a probe specific for Sphingomonas sp. strain LH128 (see 

below),, (iii ) Sph-120 probe detecting most of the Sphingomonadidae and several 

closelyy related species (22), and (iv) the eubacterial probe EUB 338 (3). All probes 

weree conjugated with both Cy3 and Cy5 so that two reciprocal fluorochrome 

combinationss could be used for 2-color FISH. Cell DNA was counterstained with 

DAPI.. Material was observed using a Zeiss Axioplan 2 microscope supplied with the 

appropiatee set of filters and an Axiocam HRm digital camera. 

Hybridizationn conditions to estimate the ratio of LB126 to LH128, 2-color FISH was 

carriedd out; cells of each species (labelled with different fluorochromes) were 

identifiedd and counted on images using a macro for Image Pro 4.5 software (Media 

Cybernetics).. To estimate the ratio of bioaugmenting isolates to soil-derived 

sphingomonads,, 2-color double-staining FISH was carried out, using a mixture of 

probess for LB 126 and LH128 conjugated with the same fluorochrome and universal 

sphingomonadd probe conjugated with a different fluorochrome. Presence and 

approximatee abundance of double- and single-stained cells were at first roughly 

estimatedd by of microscopic observations; then single- and double-stained cells were 

identifiedd on images and counted. 

Inn most cases, 10 images (view fields at maximal magnification, objective xlOO and 

1.66 zoom) were used for all estimates. All values were calculated as means across 

view-fieldss and are presented in the text together with standard error. In cases when 

positivee cells were too rare for quantification (present only in a minority of view 

fields),, qualitative scaling was used as follows: (i) single positive cells may be found 

afterr search in numerous view fields, (ii) positive cells may be readily found in clumps 

(whichh contain numerous cells), (iii ) positive cells are also observable in cells spread 

ass "monolayer', though not sufficiently common for quantification. 

DesignDesign and testing of FISH probes 

Thee probe LB126 has sequence 5-CTCAAGGGCAGTTCCAGTGT. The optimal 

concentrationn of formamide is 40%, at the hybridisation temperature used (48°C)(4)„ 

BLASTT search (2) shows that Sphingomonas strain sp. LB 126 is the only known strain 

withh a 16S rRNA sequence corresponding to this probe without mismatches. Two 

otherr strains are one nucleotide different from the probe, with T instead of C in 

positionn 6 (table 6.3). Another 6 strains have a single mismatch with C instead of T in 

positionn 16. Experimental testing showed that sequences of the first type are 

recognizedd by the probe, while sequences of the second type are not. All other 
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TableTable 6.3. HI-AST analysis and results of experimental testing of the probes LB 126 

andd IJ 1128 on strains with target regions similar to these probes. 

Hybridization n GenBank k 

accession n 
ipcCICr r Secjucnce e 

Pn.bcc LB 126 

AI ;3355Ull  Spi'iiifififflriHLK  sp. LB126 

Y128H33 S. jQirsthD|" 

AYM269488 Sphiwmik» >p. MI. I 

X8~"1644 S.juiraKM 

X 8 "" 161 .V. Mompkwih-a DSM"11 >9K 

XH 71622 .V. chiwop'r>ew>iiiii  SR3 

Af :17lHl9nn Sphiii'itinmnji sp. L'G.il) 

Afu.VJJ ] 68 Sphifiuwmikis sp. I 1 26 

1)161488 Spl<i>vymwkis sp. SS86 

AJ-I457544 .L//U^f/,M7;rRB25in 

Probee 1.11128 

AV II  51 394 Spbinoomwu sp. LI 1128 

X941022 .J'. . W / W / A - J K R 

X941044 .f. .W&/;V//LÏ/NKI-" I 

X941033 . f . . i ï / /Mi/ ; i aKF.i 

1/373477 Sphin'iomonas sp, UN 1P1 

N. t .:: N ot tested. 

result t 
Source e 

3'TGTGACCTTGACGGGAACTC C 

acactggaactgcccttga gg Ye s 

acactggaactgccQttga gg Ye s 

acactggaactgcc^ttga gg N.t . 

acactggaactgcccttga gg N o 

acactggaactgcccttga gg N o 

acactggaactgcccttga gg N.t . 

acactggaactgcccttga gg N.t . 

acactggaactgcccttga gg N.t . 

acactggaactgcccttga gg N.t . 

acactggaactgcccttga gg N o 

3'CCAGCGCCTAAACCCTCT T 

ggtcgcggatttgggag aa Ye s 

ggtcgcggatttgggag aa Ye s 

ggtcgcggatttgggag aa N.t . 

ggtcgcggatttgggag aa N.t . 

ggtcgcggatttgggag aa N.t . 

(6) ) 

DSM6824 4 

DS\L<)98 8 

LMG18875 5 

(6) ) 

DSM]i i70n n 

LSM10698 8 

DSM10699 9 

sequencess deposited in GenBank differ from the probe in at least 2 nucleotides (results 

off  test on Sphingomonas alaskensis illustrate the fact that no signal is produced even if 

onee of the mismatches has a terminal position, table 6.3). The probe LH128 has 

sequencee 5*- TCTCCCAAATCCGCGACC which completely corresponds to 

sequencess of 16S rRNA of all known strains of 5. subarctica. including LH128. All 

otherr sequences deposited in GenBank differ from the probe in at least 2 nucleotides. 

Thiss probe was optimised for the same formamide concentration as the LB126 probe, 

i.e.. 409K which allows simultaneous detection of both species. Both probes were 

testedd on a set of 20 reference strains (data not shown) which represent species 

clusterss from all parts of the phylogenetic tree of Sphingomonas s.lato (30). The 

resultss of this test wholly corresponded to the targeted specificity of the designed 

probes. . 
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DGGEDGGE analysis 

Nucleicc acids from the pellet of 1 ml chemostat cultures were extracted as described 

byy Boon et al. (7). The DNA pellet was resuspended in 100 ul TE buffer and co-

precipitatedd impurities were removed by a Wizard clean-up (Wizard DNA Clean-up 

System,, Promega, USA). Eubacterial 16S rRNA gene fragments were amplified via 

PCRR from the isolated DNA using the general eubacterial primerset GC-63F and 518R 

ass described by Marchesi et al. (20) in a reaction volume of 100 u.1. The thermal 

profilee of the PCR reaction consisted of an initial denaturation step at 94°C for 5 min., 

400 cycles of denaturation for 1 min. at 94°C, of primer annealing during 1 min. at 

55°CC and extension for 1 min. at 65°C and a final extension step of 5 min. at 65°C. 

Denaturingg gradient gel electrophoresis (DGGE) of the eubacterial 16S rDNA 

ampliconss was based on the protocol of Muyzer et al. (21). PCR samples were loaded 

ontoo 8 % (w/v) polyacrylamide gel in IX TAE (BioRad, Hercules. USA) with a 

denaturingg gradient ranging from 40 to 60% (100% denaturant contains 7 M urea and 

40%% formamide). Electrophoresis was performed at a constant voltage of 160 V for 5 

hh at 60°C. Sphingomonas and Mycobacterium 16S rDNA fragments were amplified by 

PCRR from the extracted DNA using primer sets which specifically target the 

SphingomonasSphingomonas and Mycobacterium 16S rDNA (unpublished results and (18) 

respectively).. The primers were chosen such that they allow to amplify a variable part 

off  the Mycobacterium or Sphingomonas 16S rRNA gene for efficient separation by 

DGGEE analysis of the resulting amplicons. The sequence of these primers and the 

correspondingg PCR protocol and DGGE protocols wil l be described elsewhere. In all 

cases,, PCR was performed in a Thermocycler (Biometra) apparatus and DGGE on a 

INGENYphorU-22 (INGENY International BV, The Netherlands) DGGE apparatus. 

Afterr DGGE electrophoresis, gels were soaked for 2 min in fixation buffer (0.5% 

aceticc acid) and subsequently for 30 min in a SYBR greenl nucleic acid gel stain 

solutionn (1:10000 dilution, FMC BioProducts, France). The gels were photographed 

underr UV light using a Pharmacia digital camera system with Lyscap Image Capture 

Softwaree 1.0 (Pharmacia Biotech, England). The DGGE pictures were processed using 

thee Bionumerics software 2.5 (Applied maths, Belgium). 

PlatePlate counting 

Platee counting was performed by a MPN drop test using appropriate selective plates. 

Thee plates used were phosphate buffered glucose (0.4% w/v) agar for determining the 

totall  number of bacteria, phosphate-buffered mannitol (0.55 g l ' ) agar for 
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MycobacteriumMycobacterium species in experiment 1, s phi n go monad agar consisting of phosphate-

bufferedd glucose (i)Ac/c w/v) agar containing 200 \ig ml1 streptomycin for determining 

thee number of sphingomonads (28) and phosphate-buffered mannitol agar with 100 u,g 

mll  rifampicin to determine the number of strain VM12I7. In the first experiment 

performedd with the pure strains only, LB 126 and LH128 were counted selectively 

usingg sphingomonad agar without glucose but sprayed with fluorene or phenanthrene 

too count LB 126 and LH128, respectively. 

Opticall  density was determined at 540 nm. Analysis of the glucose concentration in 

5000 ul supernatant of the culture was performed with 1 ml Trinder reagent supplied by 

Sigmaa Diagnostics, Zwijndrecht, The Netherlands. The absorbance is measured at 515 

nmm after incubation at 37°C for 15 minutes. Protein concentration was determined 

withh use of a protein assay kit. 2 ml of culture was centrifuged down, and concentrated 

too 50 ul on which the protein assay was performed according to the manual. The 

concentrationn was calculated with use of a calibration with a bovine gamma globulin 

standard. . 

Chemicals Chemicals 

Alll  organic solvents were glass-distilled grade or HPLC grade (Rathburn, Walkerburn, 

Scotland).. Fluorene, fluoranthene, glucose (Trinder) analyser kit were supplied by 

Sigma-Aldrichh (Zwijndrecht, the Netherlands), phenanthrene and pyrene were 

suppliedd by J.T. Baker Chemical Co (Philipsburg, New Jersey). Bio-RAD DC Protein 

assayy kit was supplied by Biorad Laboratories (Veenendaal, the Netherlands). 

Streptomycinn and rifampicin were provided by Sigma-Aldrich (Zwijndrecht, the 

Netherlands). . 
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Results s 

PerformancePerformance of a mixture of LB 126, LH128 LH128 and VM552 in the chemostat system under 

differentdifferent carbon-limited conditions 

AA mixture of LB 126, LH128 and VM552 was grown in three chemostats under 

differentt carbon-limited conditions (EUC-only. PAH-only. EUC+PAH). PAH 

concentrationss monitored in the reaction vessel during the experiment are shown in 

figuree 6.1. Fluorene and phenanthrene removal exceeded more than 99% for both the 

culturee growing on PAHs only and the culture growing on EUC + PAHs. Initially 

degradationn of pyrene was poor but improved towards the end of the experiment. The 

presencee of EUC initially supported the degradation of pyrene and phenanthrene but 

nott fluorene. Fluorene degradation was impaired initially. However at the end of the 

experiment,, high degradation efficiencies were obtained for all PAHs whether or not 

thee systems were supplied with EUC. The results of plate counting for the three strains 

aree given in figure 6.2. It shows that the EUC supported the growth of Mycobacterium 

sp.. strain VM552. i.e., at steady state the number of CFU counts in the systems 

suppliedd with PAHs + EUC and EUC only was significantly higher than in the system 

withh PAHs only. The CFU counts of LB 126 and LH128 were not significantly 

0.35 5 
0.3 3 

0.25 5 
0.2 2 

0,15 5 
0.1 1 

0.05 5 
0 0 

• • 

•• • • • * 

• • 
•• • • • • 

•• • 
55 10 15 

timm e (days) 

00 5 10 15 20 

timm e (days) 

FigureFigure 6.1. Degradation efficiency of fluorene (A), phenanthrene (B) and pvrene (C) in 

chemostatt cultures consisting of LB 126, LI 1128 and VM552 supplied with 

I'MM Is and LLC ( ) or PAHs only . 
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t i mm e ( d a y s ) 

FigureFigure 6.2. (;dl density (expressed as CFU/ml) of LB126 (A), LI 1128 (B) and VM552 

(C)) in chemosrars supplied with LLC ( ), EL'C + PAHs ( ) and PAHs 

onlyy . 

differentt between the 3 systems while at steady state the cell numbers of VM552 were 

10-10000 limes less than cell numbers of LB 126 and LH128. 

Determinationn of protein concentration and optical density showed a stable 

concentrationn during the experiment. However, due to partial bacterial growth on 

vessell  walls there was a small increase in biomass in the chemostat. The glucose 

concentrationn in all cultures was below detection limit indicating a degradation of 

almostt 1009r. 

InfluenceInfluence of bioaugmentation on the performance of a soil culture in the chemostat 

systemsystem under different carbon-limited conditions 

Thee effect of bioaugmentation on PAH degradation was tested by operating two 

chemostatss supplied with EUC + PAHs of which one chemostat contained an 

augmentedd soil culture and a second chemostat a non-augmented soil culture. In 

additionn the effect of the presence of the PAHs on the composition of the chemostat 

culturess was tested by running two chemostats with the same inoculum (augmented 

andd non-augmented) but supplied with EUC only. Concentrations of PAHs monitored 
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inn the chemostats supplied with EUC + PAHs showed no difference between the 

augmentedd soil culture and the non-augmented soil culture (figure 6.3). The 

degradationn efficiency of fluorene and phenanthrene was more than 99f/r. For both 

chemostats.. pyrene was initially degraded for about 80% but this improved towards 

thee end of the experiment to more than 95c/c. The results of plate counting (figure 6.4) 

off  the 4 chemostat cultures showed that there was no difference with respect to cell 

countss between the chemostats at steady state. In all chemostats. the sphingomonad 

speciess were 10-100 times less abundant than the total bacterial cell number. It was 

observedd that in the augmented cultures the initial number of sphingomonads was high 

butt decreased during the experiment to the same sphingomonad concentration as in the 

casee of the non-augmented cultures for both chemostats supplied with and without 

PAHs.. The number of VM1217 CFU remained constant in the augmented chemostats 

butt in a concentration of about 10: to I03 CFU/ml. The protein concentration showed 

att steady state a constant level of 7.6 mg f' (  2.4 mg l'1), however there was an 

accumulationn of biomass during the experiment that was not observable by protein and 

ODD measurement, due to cell growth on the vessel wall. The glucose concentration in 

alll  cultures was below detection limit (< 4mg T1). 
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FigureFigure 6.3. Degradation efficiency in chemostat system of fluorene (A), phenanthrene 

(B)) and pyrene (C) by cultures consisting of augmented ( ) and non-

augmentedd soil culture ) supplied with PA I Is + EUC. 
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FigureFigure 6.4. Cell concentration (expressed as CFU/ml) of total bacterial cell number 

)) and sphingomonads ( ) in cbemostat systems with augmented soil 

culturess (A + B) and non-augmented soil cultures (C + D) supplied with 

EUCC (A + C) or EUC + PAHs (B + D). 

FISHH results (table 6.4 and figure 6.5) showed that the initial cell number of 

bioaugmentingg sphingomonad isolates (LB 126, green (probe LB126-Cy5) and LH128. 

redd (probe LH128-Cy3) was high in both bioaugmented chemostats (figure 6.5 A, B) 

andd other cells, in this case they are stained only with DAPI (blue), are not numerous. 

Inn the chemostat culture growing with EUC only. LB 126 and LH128 comprised 43.4

3.88 and 33.4  2.4 % of cells, respectively. In the chemostat culture growing with 

EUCC + PAHs. the initial concentration of LB 126 was notably higher (73.2  1.9 %), 

whilee the concentration of LH128 was notably lower (12.8  1.5 %). Total initial cell 

numberr of bioaugmenting sphingomonad strains was similar in the chemostat culture 

growingg with EUC + PAHs (86.0  1.7 %) and in the chemostat culture growing with 

EUCC only (76.8  2.0%). The cell number of bioaugmenting strains fell quickly in 

bothh chemostats. In the chemostat culture growing on EUC only, both LB 126 and 

LH1288 became very rare by the end of experiment, so that only a few cells could be 

observedd after a search through numerous view-fields. Similar population dynamics 

wass observed in the chemostat culture growing with EUC + PAHs and sphingomonads 

becamee rare (figure 6.5 C. D. red (sphingomonad-specific probe Sphl20-Cy3)). but 

timm e (days | 
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FigureFigure 6.5. (Characteristic images showing results of FISII on bacteria from experiment 

2.. A-D, bacteria from the chemostat with augmented culture growing on 

EUCC + PAHs. E-H, bacteria from the chemostat with non-augmented 

culturee growing on EUC + PAHs. I, a double stained clump of cells from 

thee chemostat with augmented culture growing on EUC + PAF Is at the end 

off  the experiment. 

LBB 126 and LH128 were relatively more abundant here at all stages of the 

experimentthann in the chemostat culture growing with EUC only. In particular, by the 

endd of experiment cells of either species could be easily observed in clumps (which 
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aree comprised of huge amounts of cells and where, correspondingly, rare cells may be 

observed)) and, though rarely, outside them (figure 6.5 I). 

Interesting,, the total sphingomonad population (as judged by hybridisation with the 

probee Sph-120-Cy3, figure 6.5 C, D, red) by the end of the experiment in both 

augmentedd chemostat cultures was more developed in the chemostat culture growing 

withh EUC + PAHs, than in the chemostat culture growing with EUC only. 

Noteworthy,, the population of soil-derived sphingomonads grew in bioaugmented 

chemostatt cultures. No soil-derived sphingomonads could be reliably detected by 

FISHH in either of the two bioaugmented chemostat cultures at the start of experiment. 

TableTable 6.4. Results ot FISH on chemostat cultures consisting of augmented and non-

augmentedd soil culture supplied with EUC only or EUC + PAI Is in 

experimentt 2. 

%% LB 126 

%% LI 1128 

""  u all Sphinspmonas 

(Sphl20) ) 

"»» ot soil derived in all 

Sphin^nmonufSphin^nmonuf * 

""  n cells other than 

SphitispmoiidsSphitispmoiids * * 

day y 

1 1 

9 9 

16 6 

29 9 

1 1 

9 9 

16 6 

29 9 

1 1 

9 9 

16 6 

29 9 

1 1 

29 9 

1 1 

9 9 

16 6 

29 9 

Augmented d 

LL CC only 

43.44  3.8 

++ + 

+ + 

--
33.44  2.4 

++ + 

+ + 

+ + 

n.d.. (76.8*) 

+ + / + ++ + 

++ / + + 

++ + 

0* * 

24.99  8.4 

23.11 2 

<U)U U 

== 1(J(') 

== 100 

soill  culture 

LL CC + PAHs 

73.22  5.3 

+++ + 

++ + + 

++ + + 

12.88  1.5 

++ + + 

++ + + 

++ + + 

n.dd (86.0*) 

++ + + 

++ + + 

+ + / + ++ + 

0* * 

6.77  1.6 

14.00  1.9 

<100 0 

<10(J J 

<1(I0 0 

Non-augmentedd soil culture 

F.UCC + PAHs 

--
--
--
--
--

--
--
+ + 

++ + 

++ + + 

++ + + 

n.d.. (100V c.f. 

withh LB 126 

== 100 

== 100 

<1()0 0 

<100 0 

LL CC only 

--
--
. . 
--
--
--
--
--
+ + 

+ + 

+ + 

++ + 

negativee results 

andd LI 1128) 

== 100 

== 100 

== 100 

== 100 

Alll  numbers are ° <> of total cell number; n.d.: not determined; + single positive cells found after 

observingg numerous view fields; ++ positive cells are readilv observed in clumps, but rare outside 

them;; +-t--t- positive cells readily observed outside clumps, bur still in a minority of view fields; 

== 100 corresponds to +/ + +;< 100 corresponds to + + + ; * Sum of I.B126 and LI 1128; **  Based 

onn double-staining with Sph 120 and LB126+LIII28; * Below detection level;**  Initially-

practicallyy a monoculture of large long rods, then mixture of those and short rods. 
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Concentrationn of sphingomonads in soil-derived culture itself was below 1-0.1% (see 

above)) while soil-derived cells comprised less than 20% of initial population in 

bioaugmentedd chemostat cultures: this indicates that soil-derived sphingomonads 

representedd less than 0.01% of the initial sphingomonad population and less than ca. 

0.002%% of the total initial population in these chemostats. By the end of the 

experiment,, as shown by double-staining with probes for all sphingomonads (Sph-

120)) and the mixture of probes for LB 126 and LH128 (figure 6.5 I, LB 126 and 

LH128,, yellow (Cy3 + Sphl20-Cy5) soil derived, red (Sphl20)), soil-derived 

sphingomonadss comprised 24.9  8.4% of sphingomonad cells in the chemostat 

culturee growing with EUC only and 6.7  1,6% in the chemostat culture growing with 

EUCC + PAHs. 

Cellss detectable with probes for LB 126 and LH128 were not found at any stage of the 

experimentt in the non-augmented chemostats. The initial population in these 

chemostatss (soil derived culture) at the microscopic level appeared to be a very 

homogeneouss culture of long strongly EUB338-positive rods (figure 6.5 E, R light 

greenn (overlay of green colour for eubacterial probe EUB338-Cy5) and blue (DAPI)). 

Thee concentration of sphingomonads was very low: using FISH, occasionally cells 

couldd be detected with the Sph-120 probe (figure 6.5 E, F, red, errorhead) which 

indicatess a concentration definitely below 1% (probably, about 0.1% or less). 

However,, by the end of the experiment, a small, but reliably detectable proportion of 

sphingomonadd cells was found in both non-augmented chemostat cultures (figure 6.5 

G,, H, red, Sphl20-Cy3). In the chemostat culture growing with EUC + PAHs 

sphingomonadd cells were readily seen in cell clumps and could be found outside them 

(figuree 6.5 G, H). In the chemostat culture growing with EUC only, this 

sphingomonadd population was clearly less developed, i.e., sphingomonad positive 

cellss could be only observed in clumps. 

DGGEE community fingerprinting was performed using eubacterial, Mycobacterium 

andd sphingomonad 16S rRNA products obtained by PCR, using the appropriate primer 

sets,, from DNA extracts from samples from all 4 chemostat cultures at the end of the 

experiment.. DGGE profiles of eubacterial 16S rRNA products (figure 6.6) were 

similarr for all chemostats but showed at least 3 bands more for the chemostat cultures 

growingg with PAHs compared to the chemostats cultures growing without PAHs (see 

arrowss figure 6.6). Clearly the presence of PAHs influenced eubacterial community 

structure.. No clear bands for LB 126, LH128 and VM552 were observed in these 

profiless indicating that their corresponding populations did not exceed 1 % of the total 
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FigureFigure 6.6. DC JGE profiles of eubacterial, sphingomonad and Mycobacterium 16S rRNA 

PCRR products obtained trom steady state cultures of augmented and non-

augmentedd soil culture chemostats supplied with EUC +PAII and EUC 

onlyy in experiment 2. a = LB126, b = LH128 c = VM552. 

community.. The DGGE profiles of sphingomonad 16S rRNA showed different 

populationss for all 4 different chemostat cultures (figure 6.6) showing that both 

bioaugmentationn and PAH addition influences the sphingomonad population. A band 

correspondingg to the 16S rRNA PCR product of LB 126 could be observed for the 

augmentedd chemostat cultures. This band was stronger for the culture supplied with 

EUCC + PAH. indicating that the PAHs increased the LB 126 population density as 

observedd with FISH. It shows that LB 126. in contrast with LH128 remained more than 

\%\% of the total sphingomonad population. The DGGE profiles of Mycobacterium 16S 

rRNAA (figure 6.6) showed a clear band corresponding to Mycobacterium gilvum for 

thee augmented chemostat supplied with EUC only. The non-augmented chemostat 

culturess showed a DGGE profile different from the augmented culture, i.e.. the band 

off  VM552 was replaced by another strong band (see arrows). It shows that VM552 

remainedd an important strain in the .Mycobacterium population when EUC was 

supplied. . 

Att the end of the experiment, different batch cultures were inoculated from the 

chemostatt cultures to test the ability of the chemostat cultures to grow on each of the 

DGGE-eubacterial l i . . 

* * 
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suppliedd PAHs as sole source of carbon and energy. All augmented chemostats. 

whetherr or not supplied with PAHs, produced cultures able to utilize either fluorene. 

phenanthrenee or pyrene as sole carbon and energy source. For the non-augmented 

culturess only the chemostat culture growing on PAHs and EUC gave fluorene. 

phenanthrenee or pyrene utilizing cultures. However, fluorene and pyrene-utilizing 

culturess showed increased turbidity only visible after an extended incubation 

period.Onlyy a phenanthrene utilizing culture could be obtained from the non-

augmentedd chemostat culture growing on EUC-only. 

InfluenceInfluence of salicylate and nonadecane on the degradation efficiency and the 

compositioncomposition of the chemostat cultures 

Inn experiment 3. we tested the influence of salicylate and nonadecane on PAH 

degradationn and composition of an augmented and a non-augmented culture. Analysis 

off  PAH concentrations showed no significant difference between the augmented and 

thee non-augmented cultures in degradation efficiency for all PAHs. In addition, no 

effectt of salicylate or nonadecane on the degradation efficiency of fluorene, pyrene 

andd chrysene could be observed. The degradation efficiency of fluorene, pyrene and 

chrysenee at steady state were 99.7%-100%, 94%-100% and 60%-90% respectively for 

alll  cultures. For phenanthrene the highest degradation efficiency observed was 99.9-

100%% (figure 6.7) and there was a minor effect of the presence of salicylate in the 

EUCC on the degradation efficiency. The degradation efficiency of phenanthrene for 
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FigureFigure 6.7. Efficiency of phenanthrene degradation in augmented , ) and non-

augmentedd chemostat cultures (A, ) supplied with a mixture ofPAl Is 

andd easy utilizable carbon. The composition of the easy utilizable carbon 

containedd salicylate , A) or nonadecane ( , . 
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thee chemostats supplied with EUC with nonadecane was at almost all sampling points 
lowerr than the degradation efficiency of the chemostats with EUC with salicylate in 
thee augmented and non-augmented systems. 
Thee results of plate counting of the 4 chemostats were similar to those obtained in the 
previouss experiment, i.e no differences could be observed between the chemostats at 
steadyy state. The sphingomonad cell number were 10-100 times less abundant than the 
totall  bacterial viable cell concentration. The content of sphingomonads in the 
augmentedd cultures also evoluated similarly to that observed in the previous 
experiment.. The cell number of the VM1217 strain was about 103 CFU/ml. The 
proteinn concentration showed a constant level of 6.0 mg l"1 (  2.2 mg l1) at steady 
state.. Due to growth of cells on the wall there was an accumulation of biomass during 
thee experiment that was not observable by protein and OD measurement. The glucose 
concentrationn in all cultures was below detection limit (<4 mg l1). 

FISHH (table 6.5) showed sphingomonad population dynamics similar to that observed 
inn experiment 2. Although all augmented chemostat cultures were inoculated with 

TableTable 6.5. Results of FISII on chemostat cultures consisting of augmented and non-

augmentedd soil culture supplied with ELC + PAHs with salicylate or EL'C 

++ PAHs with nonadecane. 

111 «I.HI 26 

"""  all Sphingomonas 

(Sphl2d) ) 

"DD at soil derived 

inn all Sphingomonas* 

""  i) cells other than 

sphingomonass *" " 

dav v 

-> -> 

10 0 

21 1 
o o 

ID D 

21 1 
T T 

21 1 

0 0 

10 0 

21 1 

Augmented d 

salicylate e 

=100 0 

--

-- + + 

++ + -

, ) , : . , , 
100 0 

— h h 

<1U0 0 

<100 0 

soill  culture 

nonadecane e 

<100 0 

++ + 

--
++ + -

++ + -

0 " " 

20.00  5.4 

-- + + 

<100 0 

<100 0 

Non-augmentedd soil culture 

salicylate e 

--
+ + 

++ + + 

++ + + 

n.d.. ('100° 

nonadecane e 

--
+ + 

++ + + 

++  + + 

i,i, c.f. negative 
resultss with LB 126} 

== 100 

<100 0 

<100 0 

== 100 

<100 0 

<1(MI I 

Alll  numbers are " u of total cell number; n.d.: not determined; + single positive cells found after 

observingg numerous view fields; ++ positive cells are readily observed in clumps, but rare outside 

them;; + + + positive cells readily observed outside clumps, but still in a minority of view fields; 

== 100 corresponds to + / + + ; >1()0 corresponds to + + + ; " Based on double-staining with Sph120 

andd LB 126-*-1X 1128; rJr Below detection level; rJflr Long rods dominate; smaller rods and more 

cocci-likee cells also present. 
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LB126.. LH128 and VM1217, LH128 could not be observed in any of the chemostats. 

Att the start of the experiment, LB 126 comprised 98%-99% of cells in both augmented 

chemostats.. By day 10 of the experiment and later on, only a small number of LB 126 

cellss could be observed in clumps of cells in the chemostat supplied with nonadecane 

inn the EUC and no LB 126 at all could be detected in the chemostat supplied with 

salicylatee in EUC. 

Ass in experiment 2, the cell number of soil derived sphingomonads also grew in both 

augmentedd chemostats, initially populated nearly exclusively with LB 126. At the start 

off  the experiment, soil-derived sphingomonads were not detectable in either of them 

(sphingomonadd cells represented less than 1% of soil-derived culture which in turn 

representedd only 1-2% of the chemostat population). By the end of the experiment 

soil-derivedd sphingomonads represented 20  5.3 % of the sphingomonad population 

inn the chemostat supplied with nonadecane in EUC. 

Thee initial population of non-augmented chemostats was predominantly comprised of 

longg rods, though shorter rods and more cocci-like cells were also present. No LB 126 

orr LH128 cells could be observed in these chemostats at any stage of the experiment. 

Thee initial cell number of sphingomonads was very low. Using FISH, one could only 

detectt occasional cells with Sph-120 probe which indicates a population density 

definitelyy below 1%. By day 9 of the experiment, sphingomonads reached a reliably 

detectablee cell number in both non-augmented chemostats: probe-positive cells could 

bee readily observed in cell clumps and were also present outside them. 

DGGEE community fingerprinting was performed using eubacterial, Mycobacterium 

andd sphingomonad 16S rRNA products obtained by PCR from DNA extracts of 

culturee samples from all 4 chemostats, one when the medium flow was started and one 

att steady state of the experiment. At the start of the medium flow, the DGGE profiles 

off  eubacterial 16S rRNA products (figure 6.8) showed for the augmented chemostat 

culturee a band corresponding to LB 126 but not for LH128 and VM552. At the end of 

thee experiment the eubacterial DGGE profiles showed a different pattern for all 4 

chemostatt cultures, indicating that both bioaugmentation and EUC composition 

stronglyy influenced eubacterial community composition. At the end, no bands were 

observedd corresponding to LB126, LH128 or VM552 indicating that their respective 

populationn was less than 1 % of the total community. At the start of the experiment the 

DGGEE profiles of sphingomonad 16S rRNA products (figure 6.8) showed one strong 

bandd corresponding to LB 126. This band remained strong at the end of the experiment 

forr the chemostat culture supplied with nonadecane in the EUC while it became weak 
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FigureFigure 6.8. DGGE profiles of eubacterial, sphmgomonad and Mycobacterium 16S rRNA 

productss obtained from samples of chemosiar cultures raken ar the start of 

thee medium flow (initial = i) and end (final = f)(steady state) of experiment 

3.. The different conditions of the chemostat were: augmented and non-

augmentedd soil culture supplied with PAJ Is + EUC either including 

salicylatee or nonadecane. a = LB126, b = 1.11128, c = VM552. 

forr the chemostat culture supplied with salicylate in the EUC (figure 6.8). It shows 

thatt LB 126 in the chemostat supplied with nonadecane remains a dominant 

Sphingomonas,Sphingomonas, as was observed with FISH. The final augmented culture supplied with 

salicylatee showed sphingomonad DGGE patterns similar to the sphingomonad DGGE 

patternss of the non-augmented cultures both at the start of the medium flow and at the 

endd of the experiment, indicating that in that case LB 126 cells did not survive and that 

noo significant changes occurred in Sphingomonas populations during the experiment 

whenn LB 126 was not added. DGGE profiles of Mycobacterium 16S rRNA products 

(figuree 6.8) showed at the beginning of the medium flow one band for the augmented 

chemostatt cultures corresponding to Mycobacterium gilvum strain VM552. The profile 
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off  one of the non-augmented chemostat cultures also contained a band that was very 

closee to that for Mycobacterium gilvum. At the end of the experiment only a DGGE 

profilee was observed for the augmented chemostat culture supplied with nonadecane 

inn the EUC. In general can be stated that the bioaugmenting strains did not obtain a 

highh concentration in the chemostat cultures but the relative abundance appears to be 

dependentt on the supplied substrates. 

Att the end of the experiment, different batch cultures were inoculated from the 

chemostatt cultures to test for capacity to grow on each of the supplied PAHs as sole 

sourcee of carbon and energy. All batch cultures inoculated from augmented chemostat 

cultures,, whether or not supplied with PAHs, were able to utilize either fluorene. 

phenanthrenee or pyrene as sole source of carbon and energy. The non-augmented 

chemostatt cultures gave also fluorene-, phenanthrene- and pyrene-utilizing batch 

cultures.. However, fluorene- and especially the pyrene-utilizing batch cultures were 

obtainedd only after an extended incubation period. In addition, the pyrene-utilizing 

batchh cultures inoculated from the augmented cultures obtained a much higher density 

thann the pyrene-utilizing batch cultures inoculated from the non-augmented cultures. 

Batchh cultures inoculated on chrysene as sole source of carbon and energy obtained no 

visiblee density. However, 2 months after inoculation vital bacteria could be observed 

withh a microscope and plating on glucose agar resulted in the formation of colonies. 

Discussion n 

Thee use of chemostat cultures has been proposed as an appropriate method to study 

thee kinetic and physiological response of bacteria to the presence of mixed substrates 

inn the natural environment (15). In our study we examined the degradation of a 

mixturee of PAHs by a PAH-degrading soil culture under the influence of different 

carbonn conditions. We also tested whether the performance of the soil culture can be 

improvedd by augmentation with PAH degrading isolates and we checked whether the 

strainss used for augmentation survived in the soil culture. 

Thee experiments on augmentation showed that at steady state all chemostat cultures, 

includingg the non-augmented cultures, performed an efficient degradation of the 

PAHs.. However no differences could be observed between the augmented and non-

augmentedd cultures. These results are similar to those reported for other natural 
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culturess (9, 10, 23. 29) but in contradiction to an experiment performed on the effect 

off  augmentation with Pseudomonas cepacia EA100 (I) for which stimulation of 

biodegradationn of PAHs in soil was reported. However, it was also stated that the 

microfloraa in the soil was capable of PAH degradation on its own. Apparently the soil 

wee used also contained an efficient PAH-degrading bacterial community. In general it 

cann be stated that in soils with a long history of PAH contamination, like the soil we 

used,, indigenous bacteria are probably very well adapted to PAH degradation. 

Additionn of carbon sources other than PAHs seemed to have a minor effect on PAH 

degradation.. The results of the first experiment with the mixture of the three isolates 

showedd that the improvement of the PAH degradation by the EUC was a temporary 

effectt since the culture without EUC performed similarly after some time and 

thereforee addition of other carbon sources than PAHs was not essential to improve the 

degradation.. This indicates that physiological adaptation of the bacteria is an 

importantt factor for an effective degradation of PAHs, as could also be seen from the 

factt that cultures derived from historically polluted soil perform an efficient 

degradationn (10, 23, 29). The addition of salicylate, however, seemed to have a 

slightlyy improving effect on the degradation of phenanthrene, as was observed by Tian 

ett al. (25). This effect can be due to the fact that salicylate is a metabolite in the 

degradationn pathway of several PAHs and also of phenanthrene. It is a known inducer 

off  enzymes in the degradation pathway of naphthalene (8) and its presence might 

inducee more enzymes involved in the degradation of phenanthrene. It is also possible 

thatt this substrate specifically supports PAH degrading bacteria. Why no effect is 

observedd for the other examined PAHs is not known. 

Althoughh the degradation of the PAHs was not improved by the bioaugmenting strains 

thee survival of the added sphingomonad strains themselves was improved by the 

presencee of the PAHs. At the same time the stimulation of LB 126 seems to be a 

combinedd effect of the PAHs and nonadecane. Nevertheless, in all cases, the relative 

populationn density of the bioaugmenting strains was quickly reduced in the presence 

off  soil-derived bacteria from 100-70% of the total bacterial population to 10% or less. 

Inn all our experiments, the initial population density of bioaugmenting isolates was 

severall  orders of magnitude higher than that of soil-derived sphingomonads but the 

populationn density of indigenous sphingomonad species always increased absolutely 

andd relatively (the proportion of total sphingomonad cells) density towards steady 

state.. A similar trend was observed with DGGE analysis of the bioaugmenting 

MycobacteriumMycobacterium strain. Nevertheless under specific conditions (supply of PAHs + 
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EUC)) especially LB 126 and VM552 remained in the system at more than \% of the 

sphingomonadd and Mycobacterium population, respectively. Similar results were 

observedd by Boon et al. in a semi-continuous system (7). Nevertheless the indigenous 

strainss seem quite successful in competition and that may be tentatively explained by 

thee fact that soil-derived cultures contained - even though in tiny amounts - whole 

consortiaa of mutually co-adapted species (11, 12, 14). The survival of the augmenting 

sphingomonadd species indicates that they filled a gap in this consortium, probably the 

utilizationn of fluorene and pyrene. The latter can be observed from the fact that 

fluorenee and pyrene utilizing batch cultures were more difficult to obtain from the 

non-augmentedd chemostat cultures than from the augmented chemostat cultures. 

Thereforee these strains may be useful augmenting candidates for a contaminated soil 

wheree augmentation is necessary to improve the biodegradation of PAHs. On the other 

handd bioaugmentation with soil grown cultures like those used in our experiment 

mightt also be more promising because in that case mutually co-adapted species are 

addedd that cooperatively can perform an efficient degradation. 

Consideringg the effect of EUC composition, FISH and especially the DGGE results 

showw that the composition of the steady state chemostat culture is different for the 

differentt compositions of the EUC. For example, sphingomonads are more numerous 

whenn PAHs are supplied but in the first experiment it was observed that a certain 

MycobacteriumMycobacterium species was supported by the presence of EUC. Thus, choice of EUC 

mayy help to specifically affect populations of PAH-degrading bacteria both in situ and 

inn soil-grown cultures used for bioaugmentation. More research on the stimulation of 

specificc bacterial groups and specific biodegradative capacities by additional carbon 

sourcess is therefore recommended. 
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Generall  conclusion 

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

polycyclicc aromatic hydrocarbons (PAHs) by PAH utilizing bacteria. Potentially, the 

examinedd bacteria can be used for biological cleaning of soils that are polluted with 

PAHs. . 

Metabolicc and kineti c characterization of PAH degrading bacteria 

MetabolicMetabolic characterization of PAH degrading bacteria 

Inn order to get more information on the metabolic characteristics of PAH-degrading 

bacteriaa we have elucidated several metabolic and cometabolic pathways of homo- and 

heterocyclicc PAHs. For Sphingomonas LB 126 it was found that this strain degrades 

fluorenee through a known pathway via 9-fluorenone (chapter 2). The cometabolic 

degradationn of phenanthrene, fluoranthene and anthracene seems to be performed via a 

dihydroxylation,, but several monohydroxy metabolites were also identified. 

Monohydroxylationn of phenanthrene, fluoranthene and anthracene has not been 

presentedd before and the similarity with the monohydroxylation of fluorene suggests 

thatt the same enzymes are involved. The observed cometabolic degradation of 

dibenzothiophenee by LB 126 suggests a pathway similar to the fluorene pathway 

becausee of the formation of dibenzothiphenene-5-oxide. However, this appeared to be 

aa dead-end pathway: dibenzothiophen-5,5-dioxide is formed from dibenzofhiophene-5-

oxidee and both metabolites accumulated in the culture. 

Degradationn of anthracene by Mycobacterium LB5Ü1T (chapter 3) was shown to 

proceedd via a novel pathway. The first part of the pathway is similar to pathways 

presentedd in literature proceeding through 2-hydroxy-3-naphthoic acid but from here a 

previouslyy unknown pathway is used through o-phfhalic acid and protocatechuic acid. 

Experimentss on the cometabolic degradation of the azaarenes acridine and 

benzo[/]quinolinee by Sphingomonas LH128 (chapter 4) revealed the formation of 

acridinonee and 2-oxo/hydroxy-benzo[/lquinolinone as dead end products respectively. 
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KineticKinetic characterization of the cometabolism of azaarenes 

Parameterss of Michaëlis-Menten kinetics of cometabolic degradation of 4 azaarenes 

weree determined (chapter 4). The results showed that, despite of the accumulation of 

metabolites,, the azaarenes were degraded at the high rates of 27.0 mg/g pmtem/L/h, 16.8 

mg/gg proteh/L/h- 12.7 mg/g prillein/L/h and 6.8 mg/g protem/L/h for acridine, 

phenanthridine.. benzo[f]quinoline and benzo[hJquinoline respectively. It was shown 

thatt LB 126 has different Km and Vm;n values at different substrate concentrations. This 

observationn can be assigned to different uptake and transformation systems with 

differentt Km and Vmax values that operate at these concentrations. The observed 

cometabolicc rates in this study were 100 times higher than the metabolic rates reported 

forr Mycobacterium gilvum sp. LB307T. This difference suggests that cometabolic 

degradationn of azaarenes might be an active process in their removal from a 

contaminatedd soil. 

Thee order in disappearance rate for the tested compounds was estimated with the 

obtainedd Km and Vmax values. At high concentration ([S]>Km), where the degradation 

ratee is determined by Vmax, the order in degradation rate from high to low rate is 

expectedd to be acridine - phenanthridine - benzol fjquinoline - benzo[h]quinotine. At 

lowerr concentrations, [S]=Km and [SJ<Km, this order is expected to change to 

phenanthridinephenanthridine - acridine - benzolfjquinoline (benzolhjquinoline) because in those 

casess respectively Michaelis-Menten-kinetics and the pseudo-first-order-degradation 

constantt determine the degradation rate. 

AccumulationAccumulation of metabolites 

Concerningg the accumulation of metabolites and the cometabolic degradation of the 

heterocyclicc PAHs especially, the azaarenes and dibenzothiophene, appeared to result 

inn accumulation of metabolites. It can therefore be stated that especially these 

compoundss deserve high attention during remediation of polluted soil, especially since 

thosee compounds have a higher solubility and therefore a higher bioavailability in 

comparisonn to heterocyclic PAHs. However, it should be kept in mind that the 

examinedd bacteria are selected for their capability to degrade homocyclic PAHs. For a 

betterr understanding of the degradation of heterocyclic PAHs in soil, research with 

bacteriaa selected on heterocyclic PAHs is recommended. 
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Factorss influencing the degradation of PAHs 

InfluenceInfluence of cometabolism of PAHs on the degradation offluorene 

Chemostatt experiments were performed on the degradation of mixtures of PAHs. 

Chemostatt cultures were preferred over batch cultures since they are considered to be 

moree representative for the processes in the environment. In a PAH-contaminated soil 

aa mixture of PAHs is always present. This mixture can influence the degradation of a 

singlee PAH by a single strain (chapter 5). Degradation of fluorene by LB 126 was 

suppressedd by the cometabolism of phenanthrene and to a lesser extent by the 

cometabolismm of fluoranthene. LB 126 appeared to be sensitive to both competitive 

inhibitionn and toxicity of phenanthrene. However, the toxicity of phenanthrene had a 

temporaryy effect and the strain adapts to this compound after longer exposure. This 

indicatess that toxicity of other PAHs is probably not a major issue for PAH degrading 

bacteriaa in soil. 

EffectEffect of augmentation on degradation by a soil culture 

Inn chapter 6 we tested the PAH degradation capacity of an undefined bacterial culture 

grownn from soil. Augmentation of PAH contaminated soil with PAH degrading strains 

iss often mentioned as a method to enhance bioremediation. The results of our tests 

revealedd that bioaugmentation with the strains Sphingomonas LB 126, Sphingomonas 

LH1288 and Mycobacterium VM552 was not necessary for the undefined culture. 

Resultss reported in literature on bioaugmentation, mention either an effective or no 

contributionn by augmentation. In general could be stated that in soils with a long 

historyy of PAH contamination, like the soil we used, indigenous bacteria are probably 

veryy well adapted to PAH degradation. 

Despitee the fact that addition of our strains did not result in a better degradation, FISH 

resultss showed that they survived in the undefined culture and they showed a stable 

concentrationn at steady state only if PAHs were supplied. It can be concluded that the 

strainss were not necessary to improve the performance of the soil culture, but they 

weree able to compete with the other soil bacteria in the utilization of carbon sources. 

Thereforee it is most likely that they will survive in soil cultures where 

bioaugmentationn is necessary. Nevertheless bioaugmentation with soil grown cultures 
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likee used in our experiment might be more promising because in that case mutually co-

adoptedd species are added that cooperatively can perform an efficient degradation. 

InfluenceInfluence of the composition of the carbon source on the degradation efficients 

Thee influence of the supply of easy utilizable carbon on the degradation of PAHs was 

testedd on a mixture of three strains that could be used for augmentation (chapter 6). It 

appearedd that the degradation efficiency of fluorene and pyrene was increased by the 

presencee of easy utilizable carbon. However the mixed culture growing with the PAH 

mixturee as sole carbon source showed an increasing degradation efficiency and at the 

endd of the experiment a similar degradation efficiency was performed as observed for 

thee culture growing with PAH and easy utilizable carbon. This suggests that addition 

off  easy utilizable carbon might increase the degradation rate at the beginning of a 

remediationn process but after a certain lag phase similar degradation efficiencies can 

bee expected. It should be kept in mind that non-PAH degrading bacteria will also be 

stimulatedd by addition of easy utilizable carbon and they might outcompete the PAH 

degradingg strains in the utilization of other necessary nutrients. Experiments on the 

influencee of two specific members of the mixture of easy utilizable carbon showed a 

slightt supporting effect for salicylate. This effect could be subscribed to the fact that 

salicylatee is a general metabolite of PAH degradation and therefore its presence might 

havee an inducing effect on PHE transforming enzymes. 

influenceinfluence of the carbon source on the composition of the culture 

Inn addition to the effect of easy utilizable carbon on the degradation PAHs, the effect 

off  the composition of the carbon course on the composition of the culture was 

monitored.. In the experiment (chapter 6) in which we tested a mixture of the three 

bacteriaa Sphingomonas LB 126, Sphingomonas LH128 and Mycobacterium VM552 it 

wass observed that VM552 showed an increasing concentration when the carbon source 

consistedd of PAHs only, both easy utilizable carbon and PAHs, and easy utilizable 

carbonn only. The concentration of Sphingomonas was similar in the three chemostats 

andd it was higher than that of the Mycobacterium strain in all cases. FISH and DGGE 

resultss of the experiments on augmentation with the three selected strains showed that 

underr different carbon conditions there is also a different composition of the culture. 

Basedd on these observations can be stated that a good choice of additional carbon 

sourcess can stimulate the biodegradation of PAHs in a contaminated soil by supporting 
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PAH-degradingg bacteria. On the other  hand, addition of the 'wrong' carbon sources 
mightt  suppress the PAH-degrading bacteria and so also an efficient degradation of the 
PAHss in a contaminated soil More research on the stimulation of specific bacterial 
groupss and specific Wo<fegradative capacities by actional carbon sou^^ 
recommended. . 
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EnglishEnglish summary 

Metabolicc and cometabolic degradation of polycyclic 
aromaticc hydrocarbons 

Introductio n 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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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. 

134 134 



Summary Summary 

Metabolicc and kineti c 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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Metabolee en cometabole afbraak van 
polycyclischee aromatische koolwaterstoffen 

Inleiding g 

Polycyclischee aromatische koolwaterstoffen (PAKs) vormen een groep van giftige 

stoffenn die op vele locaties als bodemvervuiling in de grond zitten. Voorbeelden van 

mett PAKs vervuilde locaties zijn de terreinen van (voormalige) gasfabrieken en 

terreinenn waar houtconservering heeft plaatsgevonden. PAKs zijn moleculen 

opgebouwdd uit twee tot meer dan zes aromatische ringen, zoals de molecuulstructuren 

weergevenn in figuur 1 voor de in dit proefschrift bestudeerde PAKs. Hun giftigheid, ze 

zijnn onder andere kankerverwekkend en mutageen, maakt de sanering van met PAKs 

vervuildee terreinen erg belangrijk. Een methode om deze vervuilde bodems te saneren 

iss het gebruik van organismen zoals bacteriën en schimmels die in staat zijn deze 

stoffenn af te breken, ook wel biosanering genoemd. De bacteriën gebruiken de PAK 

alss groeisubstraat. ook wel metabolisme genoemd, waarbij de PAKs energie en 

bouwstoffenn voor de cel leveren en uiteindelijk omgezet worden in water en CCK Een 

vann de problemen die optreden bij biosanering is dat de afbraak in eerste instantie 

fluoreenn fenantreen antraceen 

fluoranteenn chryseen pyreen 

FiguurFiguur 1. Overzicht van de in dit proefschrift onderzochte PAKs. 
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effectieff  lijk t te zijn maar dat er altijd een rest achter blijf t die niet wordt afgebroken. 

Dezee restconcentratie is over het algemeen zo hoog dat de bodem nog niet als schoon 

kann worden aangemerkt. Een mogelijke oorzaak van het probleem is dat PAKs in 

waterr erg slecht oplosbaar zijn en hierdoor de beschikbaarheid voor de bacteriën erg 

laagg is. De restconcentratie zit waarschijnlijk zo gesorbeerd aan de bodemdeeltjes dat 

dee bacteriën hier bijna niet meer bij kunnen komen. Een mogelijke oplossing voor dit 

probleemm is het gebruik van bacteriën die beschikken over mechanismen om de 

beschikbaarheidd van deze stoffen te vergroten. Voorbeelden van dergelijke 

capaciteitenn zijn het groeien van de bacteriën op (de bron van) het groei substraat, het 

hebbenn van een hoge affiniteit voor een specifieke PAK die als groei substraat dient en 

hett uitscheiden van stoffen die de oplosbaarheid vergroten. 

Hett onderzoek beschreven in dit proefschrift is uitgevoerd in het kader van twee EC 

projectenn (BIOVAB en BIOSTIMUL) die gericht waren op het benutten van bacteriën 

mett dergelijke beschikbaarheid vergrotende capaciteiten voor sanering van met PAKs 

vervuildee bodems. De twee projecten vormden een samenwerkingsverband van 

onderzoeksgroepenn van universiteiten en andersoortige onderzoeksinstellingen uit 

zevenn verschillende Europese landen. Ook waren er drie bedrijven bij het project 

betrokkenn die zich bezighouden met het saneren van vervuilde bodems. De projecten 

warenn zo ingedeeld dat elke onderzoeksgroep bijdragen leverde op het gebied van zijn 

eigenn expertise. Dit leidde tot intensieve samenwerking tussen deelnemers uit de 

verschillendee vakgebieden milieuchemie en microbiologie en tussen deelnemers uit 

verschillendee landen. De belangrijkste schakel was het gebruik van bacteriën die in het 

laboratoriumm van de Belgische projectleider met een nieuw ontwikkelde methode uit 

vervuildee bodems zijn geïsoleerd en opgekweekt. Het onderzoek in dit proefschrift is 

uitgevoerdd in samenwerking met wetenschappers uit Mol (België), Louvain-La-Neuve 

(België)) en München (Duitsland). 

Inn tegenstelling tot wat men uit het voorgaande zou verwachten, is aan het onderzoek 

inn dit proefschrift bijna geen grammetje grond te pas gekomen. Het onderzoek was in 

eerstee instantie vooral toegespitst op drie bacteriën die afzonderlijk werden onderzocht 

opp de mechanismen waarmee zij e'én enkele PAK afbreken (hoofdstukken 2, 3 en 4). 

Hierr ging het vooral om het oplossen van fundamenteel wetenschappelijke vragen 

waarbijj  een metabole en/of kinetische karakterisering van de drie onderzocht bacteriën 

wordtt gegeven. Deze karakterisering moet uiteindelijk leiden tot meer kennis over de 

toegepastee praktijksituatie. Het onderzoek is geleidelijk verschoven van fundamenteel 
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wetenschappelijkee vragen naar meer toegepast onderzoek doordat met steeds grotere 

mengselss van stoffen is gewerkt en ook met mengsels van meerdere bacteriën 

(hoofdstukkenn 5 en 6). Hierdoor zouden de experimenten een grotere overeenkomst 

moetenn vertonen met wat er in een vervuilde bodem werkelijk gebeurt dan 

experimentenn met een cultuur met een enkele soort bacterie en een enkele PAK. In 

dezee hoofdstukken is vooral gekeken naar factoren die de degradatie van PAKs 

beïnvloeden.. In het volgende deel van deze samenvatting zullen per hoofdstuk de 

hoofdlijnn van het onderzoek en de belangrijkste resultaten worden. 

Metabolee en kinetische karakteriserin g van PAK afbrekende bacteriën 

HoofdstukHoofdstuk 2 en 3, Opheldering van metabole en comeiabole afbraak routes 

Inn de hoofdstukken 2 en 3 zijn twee bacteriën onderzocht die respectievelijk fluoreen 

enn antraceen als groeisubstraat gebruiken. Behalve dat bacteriën één of twee bepaalde 

PAKss afbreken om dit als groeisubstraat te benutten heeft dit proces ook enkele neven-

effecten.. Andere PAKs worden namelijk ook afgebroken terwijl dit geen groei 

oplevertt voor de bacterie. Dit proces wordt cometabolisme genoemd. Deze cometabole 

afbraakk is erg belangrijk bij de biosanering van bodems omdat sommige PAKs niet als 

groeisubstraatt voor bacteriën dienen terwijl deze via cometabole degradatie toch uit de 

bodemm kunnen verdwijnen. Het nadeel hiervan is echter dat er een kans bestaat dat 

dezee PAKs niet volledig worden afgebroken en daardoor kunnen zich giftige afbraak-

productenn ophopen in de bodem. 

Eenn metabolisch afbraakproces van PAKs vindt plaats via een stapsgewijze 

afbraakroutee die wordt uitgevoerd door enzymen die in de bacteriële cel aanwezig 

zijn.. Deze stapsgewijze afbraak houdt over het algemeen in dat er eerst een of twee 

hydroxygroepenn aan de PAK worden gezet. Door deze hydroxylering ontstaat een 

nieuwee stof waarvan de volgende enzymen dan weer een ring kunnen openbreken. Op 

dezee wijze wordt de PAK steeds verder afgebroken waarbij hij energie en bouwstoffen 

(koolstof)) voor de bacteriële cel levert en de bacterie zich kan vermenigvuldigen. 

Vanwegee het belang van metabolisme en cometabolisme in de biodegradatie van 

PAKss in vervuilde bodems is in hoofdstukken 2 en 3 gekeken naar de manier waarop 

dezee processen in een bacterie plaatsvinden. Resultaten van dit onderzoek kunnen 

wordenn gebruikt om bij sanering van een vervuilde bodem vast te stellen of de 

gevondenn tussenproducten zich niet ophopen. 
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Inn hoofdstuk 2 is gekeken naar de afbraak van de PAK fluoreen door de bacterie 

SphingomonasSphingomonas LB\26 (kortweg LB126) die deze stof als grocisubstraat gebruikt. Deze 

bacteriee is ook in staat om vier andere PAKs (fenantreen, fluoranteen, antraceen en 

dibenzothiofeen)) cometabolisch af te breken. Als eerste is de afbraakroute van 

fluoreenn opgehelderd; deze stof bleek volledig te worden afgebroken via een route die 

all  bekend was voor andere op fluoreen groeiende bacteriën. De cometabole afbraak 

vann fenantreen, fluoranteen en antraceen door een op fluoreen groeiende bacterie was 

echterr nog nooit eerder onderzocht. Een van de belangrijkste resultaten was dat terwijl 

dee afbraak van fluoreen door LB126 via één specifieke route gaat, de cometabole 

afbraakk van de andere drie stoffen niet via één specifieke route gaat, maar via 

meerderee routes. Een belangrijke verklaring is dat bij de cometabole afbraak zeer 

waarschijnlijkk dezelfde enzymen zijn betrokken als bij de metabole afbraak van 

fluoreen.. Het komt er op neer dat deze enzymen waarschijnlijk gespecialiseerd zijn in 

dee afbraak van fluoreen maar met de andere PAKs minder goed raad weten waardoor 

eenn hogere variëteit aan tussenproducten ontstaat. Desondanks werden fenantreen, 

fluoranteenn en antraceen volledig afgebroken en kon geen ophoping van 

tussenproductenn worden aangetoond. De stof dibenzothiofeen echter, werd niet 

volledigg afgebroken. Hiervan hoopten zich twee eindproducten in hoge concentraties 

op.. De oorzaak hiervan kon worden gezocht in het feit dat in ieder geval een van de 

tweee afbraakprodukten giftig was voor LB126. 

Hett onderzoek in hoofdstuk 3 leek in grote mate op het onderzoek in hoofdstuk 2. Hier 

iss echter alleen gekeken naar de metabole afbraak van de PAK antraceen door de 

bacteriee Mycobacterium LB501T. Deze afbraak bleek via een route te gaan die nog 

niett eerder voor de bacteriële afbraak van antraceen was gepubliceerd. In deze route 

leekk zich door LB501T een tussenproduct op te hopen, maar verder onderzoek wees 

uitt dat dit tussenproduct na verloop van tijd weer door LB501T zelf wordt afgebroken. 

HoofdstukHoofdstuk 4, Afbraak van azaarenen 

Naastt 'gewone' PAKs, die zijn opgebouwd uit koolstof en waterstof, worden er ook 

NPAKs,, die naast koolstof en waterstof ook een stikstof atoom bevatten, aangetroffen 

inn met PAKs vervuilde bodems. Deze NPAKs worden ook wel azaarenen genoemd 

(figuurr 2). Door deze variatie in bouw gedragen azaarenen zich anders dan PAKs. Ze 

zijnn over het algemeen minder giftig maar wel beter oplosbaar in water wat de kans op 
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fenanthridine e 

benzo[/?]quinoline e benzo[f|quinoline e 

FiguurFiguur 2. Overzicht van de in dit proefschrift onderzochte azaarenen. 

blootstellingg aan deze stoffen juist weer vergroot. Als de giftigheid en de 

oplosbaarheidd bij elkaar worden opgeteld kan worden gesteld dat ze net zoveel 

aandachtt nodig hebben als gewone PAKs. Vandaar dat in dit proefschrift ook aandacht 

wordtt besteed aan de biologische afbraak van azaarenen. 

Inn hoofdstuk 4 is onderzoek beschreven waarbij snelheden van cometabole afbraak 

vann azaarenen door de bacterie Sphingomonas LH 128 werden bepaald. LH 128 

gebruiktt de gewone PAK fenantreen als groeisubstraat. maar bleek ook de op 

fenantreenn lijkende azaarenen fenantridine. benzo[/]quinoline en benzo[k] quinoline en 

dee op antraceen lijkende azaarenen acridine en 9-methylacridine cometabolisch af te 

breken.. De te bepalen kinetische waarden zouden kunnen worden gebruikt om te 

schattenn hoe lang het duurt voordat een vervuilde bodem weer schoon is. 

Dee bepaalde kinetische parameters zijn Vmax en Km die gebaseerd zijn op de Michaëlis-

Mentenn theorie. Vmax is de maximale snelheid waarmee een enzym een substraat kan 

omzettenn en Km is de affiniteit die een enzym voor een bepaald substraat heeft. Hun 

waardenn werden bepaald voor de stoffen fenantridine. benzo[/]quinoline en acridine. 

Voorr de andere twee azaarenen bleken deze waarden zo laag dat ze niet betrouwbaar 

bepaaldd kon worden. In de gevallen waar Vmax en Km wel werden bepaald kwam dit 

niett geheel overeen met de Michaëlis-Menten theorie. Bij verschillende concentraties 
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werdenn verschillen waarden voor de parameters V nm en Km gevonden, terwijl dit 

volgenss de theorie constante waarden moeten zijn. De Michaêlis-Menten theorie gaat 

echterr uit van een systeem met één substraat en één enzym. Een bacterie is eehter veel 

complexerr dan één enzym; er zijn namelijk naast enzymen die de azaarenen afbreken 

ookk enzymen die de azaarenen van buiten de cel naar binnen transporteren. Daarnaast 

kann een bacterie, als het nodig is, meer van hetzelfde enzym of andere enzymen 

aanmakenn die kunnen bijspringen in de uit te voeren processen. Al deze aspecten bij 

elkaarr maakt dat VmLlx en Km voor een bacterie minder constante factoren zijn dan 

verwachtt mag worden voor één enkel enzym. Voor alle stoffen zijn ook pseudo le-

ordee constanten (k|) bepaald, constanten die van belang zijn bij lagere concentraties. 

Dee waarden voor Vmax. Km en k, zijn gebruikt om te voorspellen welke azaarenen bij 

verschillendee concentraties in een vervuilde bodem het snelst zullen worden 

afgebrokenn als LH 128 als enige verantwoordelijk zou zijn voorde afbraak. 

Vann deze azaarenen is net als in hoofdstuk 2 en 3 gekeken of ze bepaalde metabolieten 

ophopen.. LH 128 bleek benzo[/]quinoline en acridine beide niet volledig af te breken. 

Vann deze stoffen hoopte zich een metaboliet op die ook is aangetroffen voor andere 

bacteriënn die deze stoffen afbreken. 

Factorenn die de afbraak van PAK s beïnvloeden 

HoofdstukHoofdstuk 5, De invloed van cometabole processen op metabole processen 

Inn de hoofdstukken 2 t/m 4 is steeds onderzocht hoe een bacterie één enkele PAK 

tegelijkertijdd afbreekt. In een vervuilde bodem komt een bacterie echter altijd in 

aanrakingg met een mengsel van diverse PAKs. De bacterie LB126, die in staat is tot 

metabolee afbraak van fluoreen en cometabole afbraak van verscheidene andere PAKs, 

zall  dus in zo'n situatie deze twee processen tegelijkertijd uitvoeren. Het is een feit dat 

alss metabole en cometabole afbraak door dezelfde enzymen wordt uitgevoerd, deze 

processenn elkaar zullen beïnvloeden. 

Inn hoofdstuk 5 is gekeken naar het effect van de cometabole afbraak van fenantreen en 

fluoranteenn op de afbraak van fluoreen door de bacterie LB126. Om dichter bij de 

situatiee in de "natuur" te komen is een andere groeimethode voor de bacteriën gebruikt 

dann gebruikelijk. In de meeste onderzoeken, zoals ook in de hoofdstukken 2 t/m 4, 

wordenn "batch"-culturen gebruikt. In deze culturen worden enkele bacteriën geënt in 
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kweekmediumm met een grote hoeveelheid groeisubstraat. De cultuur maakt dan een 

exponentiëlee groeifase door tot een van de voor groei noodzakelijke stoffen 

(bijvoorbeeldd fosfaten, nitraten, ijzer en ander mineralen) op raakt en de groei stopt. 

OpOp dat moment zijn nog niet alle PAKs afgebroken. In een natuurlijke (ook een 

vervuilde)) bodem is. in tegenstelling tot een batch-cultuur. juist een langzame maar 

continuee groei van bacteriën aanwezig waar het groeisubstraat (in dit geval de PAK) 

meestall  de snelheidsbepalende factor is. Om de natuurlijke situatie dichter te 

benaderenn is gebruik gemaakt van chemoslaalculturen (figuur 3). Dit zijn culturen met 

continuu groeiende bacteriën doordat ze continu worden verdund met medium met 

groeisubstraat.. Deze culturen zijn zo ingesteld dat het groeisubstraat de limiterende 

factorr is. In deze chemostaatculturen is de bacterie LBI26 al groeiend op het substraat 

fluoreenn blootgesteld aan steeds grotere concentraties van een cosubstraat (fenantreen 

off  fluoranteen). 

FiguurFiguur 3. ()pstelling van chemostaatcultuur zoals gebruikt voor her onderzoek in de 

hoofdstukkenn 5 en 6. 
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Resultatenn lieten zien dat fluoreen bij hogere concentraties van het cosubstraat 

fenantreenn steeds slechter werd afgebroken. Voor het andere cosubstraat, fluoranteen, 

werdd hetzelfde effect waargenomen, maar dit was ongeveer 100 x lager dan dat van 

fenantreen.. Deze effecten kunnen door twee processen worden verklaard: inhibitie en 

toxiciteit.. Inhibitie kan het beste vertaald worden met verdringing; het cosubstraat 

verdringtt fluoreen bij de enzymen die fluoreen juist zouden moeten afbreken. Hierdoor 

wordtt dan minder fluoreen afgebroken. Als er meer cosubstraat aanwezig is. dan wordt 

fluoreenn vaker verdrongen en dus minder afgebroken. In het geval van inhibitie is de 

inhibitiee van fenantreen dus veel effectiever dan van fluoranteen. De mogelijkheid van 

toxiciteitt is nader onderzocht. Dit nader onderzoek liet zien dat de bacterie LB126 in 

eerstee instantie wel gevoelig was voor de toxiciteit van fenantreen, maar de 

chemostaatcultuurr met deze bacterie paste zich binnen drie dagen aan en was daarna 

niett meer gevoelig voor deze toxiciteit. Deze aanpassing was in een batch-cultuur niet 

waargenomen.. De effecten van fenantreen en fluoranteen die in het begin zijn 

waargenomenn zijn dus in hun totaal toe te schrijven aan inhibitie. Er moet wel gezegd 

wordenn dat ondanks de constatering dat het effect van fenantreen 100 x groter was dan 

hethet effect van fluoranteen, fluoreen zelfs bij de hoogste concentraties fenantreen voor 

meerr dan 95% werd afgebroken. Hieruit kan dan weer worden afgeleid dat in een 

vervuildee bodem waarin ook fenantreen aanwezig is, echt grote problemen voor de 

bacteriee LB126 niet kunnen worden verwacht. 

HoofdstukHoofdstuk 6, Verbetering van de PAK-ajbraak door een gemengde cultuur van 

bodembacteriën bodembacteriën 

Err zijn verschillende methoden om de afbraak van PAKs in een vervuilde bodem te 

verbeteren.. Een van deze methoden is het toevoegen van bacteriën die. zoals de 

bacteriënn die in dit proefschrift zijn onderzocht, gespecialiseerd zijn in het afbreken 

vann PAKs. Deze methode wordt verrijking genoemd. Een andere methode is het 

toevoegenn van andere groeisubstraten die voor de in de bodem aanwezige bacteriën 

makkelijkerr te benutten zijn. In dit laatste hoofdstuk werd gekeken naar de effecten 

vann verrijking en het toevoegen van makkelijke groeisubstraten op de afbraak-

efficiencyy van mengsels van PAKs door mengsels van bacteriën. Door het gebruik van 

mengselss van bacteriën en mengsels van PAKs in chemostaatculturen werd nog een 

stapjee dichter naar de situatie in het veld gezet dan in hoofdstuk 5. Het mengsel van 

bacteriënn was een mengsel van onbekende bacteriën, opgekweekt vanuit een 

bodemmonsterr van een met PAKs vervuild terrein (bodemcultuur). Deze 
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bodemcultuurr werd verrijkt met drie PA K-degraderende bacteriën die beschikken over 
mechanismenn om de beschikbaarheid te vergroten. Vervolgens werd getest of de 
verrijktee bodemcultuur PAKs efficiënter afbreekt dan de niet verrijkte bodemcultuur. 
Err bleek dat het verrijken van de bodemcultuur geen positieve werking had op de 
efficiëntiee van de PAK-afbraak. De onderzochte bodemcultuur was vanuit zichzelf in 
staatt om PAKs efficiënt af te breken. Ook het toevoegen van makkelijke 
groeii  substraten bleek zo goed als geen invloed te hebben op de PAK-afbraak. 

Behalvee de afbraak van PAKs werd er ook onderzocht of de toegevoegde bacteriën in 
staatt waren om te overleven in de bodemcultuur. Dit bleek in geringe mate alleen het 
gevall  als er PAKs aanwezig waren. Dit duidt erop dat de bacteriën die zijn gebruikt 
voorr de verrijking een nuttige bijdrage kunnen leveren in vervuilde bodems wanneer 
dee daar aanwezige bacteriën niet in staat zijn om alle PAKs af te breken. Het is 
waarschijnlijkk echter nuttiger om een volledige bodemcultuur toe te voegen die is 
opgekweektt van een vervuilde bodem en die wel een goede PAK afbraak vertoont in 
plaatss van enkele bacteriën. De in zo'n bodemcultuur aanwezige bacteriën zijn veel 
beterr op elkaar ingespeeld zodat ze een volledigere bijdrage leveren aan de processen 
inn de bodem. Er bleek ook dat de geteste groei sub straten, de PAKs en de makkelijke 
groeisubstraten,, de samenstelling van de bacteriële cultuur beïnvloeden. Meer kennis 
overr dit effect kan worden gebruikt om de juiste bacteriën in een vervuilde bodem te 
stimuleren. . 
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