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ChapterChapter 7 

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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GeneralGeneral conclusion 

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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