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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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ChapterChapter 6 

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 | 

)) 10 20 30 4C 
t imm e ( d a y s ) 
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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 

LLCC 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 

LLCC + 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 

LLCC 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 . . 

* * 

11 1 I -I 
bb a 

DGGE-sphingomonad d 
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DGGE-Mycobacterium DGGE-Mycobacterium H H 
f f 
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EffectEffect of bioaugmentation and biostimulation on PAH-degradation 

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 

155 20 25 

s) ) 

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 ( , • ) . 

t imm e (day 
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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 
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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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