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ChapterChapter 5 

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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FigureFigure 5.4. Conditions in a chemostat culture of Spbingomonas sp. LB 126 growing on 

glucosee before and after starting continuous addition of phenanthrene to 

thee culture. 
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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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