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Elucidationn of the metabolic pathway of fluorene and 
cometabolicc pathways of phenanthrene, fluoranthene, 
anthracenee and dibenzothiophene by Sphingomonas sp. 
LB126 6 

Renéé van Herwijnen, Pierre Wattiau. Leen Bastiaens. Ludwin Daal, Lucas Jonker, 

Dirkk Springael, Harrie A. J. Govers, John R. Parsons 

—Research—Research in Microbiology, 2003, Vol. 154, No. 3, p. 199-206— 

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. 
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