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Abstract In this study we used the assimilation of

isotope labeled CO2 to measure the substrate prefer-

ences by two different bioaugmentation mixtures

proposed for bioremediation of diesel oil contamina-

tion. All active microorganisms assimilate CO2 in

various carboxylation processes involved in growth.

The CO2 assimilation by the two mixtures was

measured upon addition of glucose, diesel oil or

specific compounds present in diesel oil (naphthalene,

toluene, hexadecane, and octane). It was shown that

within short term incubations with diesel oil (\5 h),

one bioaugmentation mixture was superior to the

other regarding the assimilation of CO2. This obser-

vation was confirmed in a labor-intensive long term

microcosm study (60 days). The applied method open

various possibilities for fast pre-testing of substrate-

preferences by microbial-bioaugmentation mixtures

without microcosm experiments, onsite tests, and

complicated chemical analysis. This study also

demonstrates the possibility to obtain further infor-

mation on the substrate preferences at a single cell

level of phylogenetically defined microbial subgroups

in bioaugmentation mixtures, based on combined

analyses of microautoradiography and fluorescence

in situ hybridization.
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Abbreviations

AI CO2 assimilation Index

BS and JR Microbial-bioaugmentation mixtures

tested in this study (see material and

methods)

FISH Fluorescence in situ hybridization

HetCO2-

MAR

Microautoradiography of heterotrophic

bacteria on the basis of assimilation of
14CO2

MAR Microautoradiography

Introduction

Bioremediation of contaminated soil or groundwater

based on addition of non-indigenous microorganisms

is called bioaugmentation. Many scientific studies

have questioned the value of bioaugmentation using
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lab-cultured bacterial mixtures (Mueller et al. 1992;

Bouchez et al. 2000; Smith et al. 2005). The most

successful application of bioaugmentation is generally

seen in confined systems rather than in natural habitats

such as soil and water (El Fantroussi and Agathos

2005). Often poor results from bioaugmentation can

be explained by poor survival of the inoculated

organism (van Veen et al. 1997; Hesselsoe et al.

2001) or low bioavailability of the compounds

subjected to remediation (Alexander 1995). However,

in some cases bioaugmentation has been reported as

a relevant supplement or prerequisite to obtain

improved removal of xenobiotic compounds such

as di-(2-ethylhexyl)phthalate (Roslev et al. 1998),

pentachlorophenol (Miethling and Karlson 1996),

atrazine (Rousseaux et al. 2002), methyl-tert-buthyl

ether (Salanitro et al. 2000) and tetrachloroethene

(Major et al. 2002). Further development of e.g.

encapsulated bioaugmentation cells or rhizosphere

bioaugmentation may increase the efficiency and

effect of bioaugmentation technology in the near

future (Gentry et al. 2004).

Large numbers of different microbial mixtures

have been proposed for bioaugmentation of organic

contaminants. Quantitative comparison of such pro-

ducts or functional verification of a given mixture

selected for a specific remediation task can only be

inadequately determined with existing techniques.

Hence, tools for verification of the claimed properties

and the efficiency of bioaugmentation mixtures are

somehow missing.

The purpose of this study was to develop a new

quantitative tool to describe the substrate prefer-

ences of bacteria in bioaugmentation mixtures prior

to application in the field. The proposed method is

based on substrate responsive isotope assimilation

in active bacteria. Heterotrophic organisms assimilate

CO2 during biosynthesis in various carboxylation

reactions induced by enzymes such as pyruvate

carboxylase, phosphoenolpyruvate carboxylase, CoA

carboxylase etc. (Barker 1941; Werkman and Wood

1942; Dijkhuizen and Harder 1985). This phenome-

non, often described as ‘‘heterotrophic CO2

assimilation’’, has been used previously for quantifi-

cation of microbial activity in environmental samples

(Romanenko 1964; Saralov et al. 1984), as a measure

of perturbations by xenobiotic compounds (Johnson

and Romanenko 1984), and for autoradiographic

detection of growing bacteria (Romanenko 1961).

However, in the last decades heterotrophic CO2

assimilation has received somewhat less attention

in microbial ecology. We recently applied heterotro-

phic CO2 assimilation in combination with modern

techniques in microbial ecology and obtained a

method for detection of the survival of organisms in

the environment (Roslev et al. 2004) and a tool for

single cell detection of active bacteria based on

microautoradiography (MAR), the so called HetCO2-

MAR approach (Hesselsoe et al. 2005). The HetCO2-

MAR approach enables isotope labeling of active

organisms in samples, which respond to unlabeled

substrates in the presence of 14CO2. Complex sub-

strates which are not available as radiochemicals can

thus be applied and numerous substrates can be tested

simultaneously, using only one radiolabeled com-

pound (14CO2).

In this study we quantify the assimilation of 14CO2

in two different bioaugmentation mixtures as a

response to addition of glucose, diesel oil and relevant

components present in diesel oil. Based on these data

the degradation capacity and substrate preferences of

the two bioaugmentation mixtures were evaluated.

We also applied the HetCO2-MAR approach in

combination with FISH to describe the substrate

preferences by different phylogenetic subgroups of

bacteria in the bioaugmentation mixtures. To our

knowledge, this is the first time the combined

MAR-FISH technique has been applied to examine

enrichment cultures of microorganisms involved in

the metabolism of xenobiotic compounds.

Materials and methods

Growth of bioaugmentation mixtures

Two different test mixtures were applied in this

study. The mixtures were treated differently as

described below. Different treatment was applied to

obtain bioaugmentation mixtures with different phys-

iological and phylogenetic properties.

JR mixture

The JR mixture represents a generic enrichment

culture for biodegradation of diesel oil and was

enriched from leachate collected at a soil remediation
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plant in Aalborg, Denmark (Soilrem). Enrichment was

carried out at ambient room temperature (18–25�C) in

tap water supplemented with a commercial blend of

nutrients and trace elements (NPK 6:1:5, summed

concentration 6.5 mg/l) and diesel oil (5–20 mg/l).

The culture was supplemented with nutrients and

diesel oil every 1–2 days and re-inoculated weekly.

The enrichment culture was continuously aerated.

BS mixture

The BS mixture (DSC BS03) represents a commer-

cialized culture proposed for bioaugmentation of

diesel oil contamination. The culture was supplied by

the company bioREM (www.biorem.dk), and was

grown under constant aeration at a constant temper-

ature of 23�C. The culture was grown from a

lyophilized form in tap water with addition (-

according to the supplier-) of glucose (100 mg/l),

diesel oil (20 mg/l) and a mixture of mineral nutrients

as supplied from bioREM. Substrates and nutrients

were added every 3 days and the mixture was culti-

vated for up to 4 weeks without re-inoculation. New

cultures were started with the original lyophilized

inoculum as described above.

Fluorescence in situ hybridization (FISH)

Samples from JR and BS mixtures were fixed directly

with freshly defrosted paraformaldehyde (PFA) for 1 h

and subsequently stored in phosphate buffered saline

and 50% ethanol at -20�C as described previously

(Amann et al. 1990). PFA fixed samples were sub-

jected to FISH according to earlier descriptions (Manz

et al. 1992) using a broad collection of previously

published oligonucleotide probes targeting various

bacterial subgroups: ALF968 (Neef 1997), BET42a

(Manz et al. 1992), GAM42a (Manz et al. 1992),

BONE23a and, BTWO23a (Amann et al. 1996),

ARCH915 (Stahl and Amann 1991), CREN499 and

EURY498 (Burggraf et al. 1994), HGC69a (Roller

et al. 1994), LGC354A (Meier et al. 1999), PLA46 and

PLA886 (Neef et al. 1998), SRB385 and EUB338

(Amann et al. 1990), EUB338-II and EUB338-III

(Daims et al. 1999). Sequences, target organisms,

stringency conditions and other information on the

applied probes are available from ‘‘probeBase’’ (Loy

et al. 2003). Thermo Hybaid (Ulm, Germany) supplied

all probes. A mixture of EUB338, EUB338-II and EUB

338-III (‘‘EUB-mix’’) was used simultaneously in all

samples with the same fluorescent modification

(FLUOS) for detection of most Eubacteria (Daims

et al. 1999). All other probes were used with Cy3

fluorescent modification and hybridized together with

the ‘‘EUB-mix’’ to visualize the target group and all

Eubacteria on the same slide.

Isotope labeling

Both bacterial mixtures were harvested by centrifu-

gation. After harvest the cells were resuspended and

washed twice in fresh liquid mineral (LM)-medium to

a final optical density measured at 600 nm of

approximately 0.3 and stirred gently in the dark for

1 h prior to the simultaneous addition of isotope and

electron donor. This preincubation was carried out to

remove residual substrates before adding isotope. An

optical density of 1 was equivalent to approximately

1 9 109 cells ml-1 as derived from microscopic

enumeration.

LM-medium was modified from McDonald and

Spokes (1980) with the following composition (l-1):

(NH4)2SO4, 0.13 g; KH2PO4, 0.2 g; CaCl2�2H2O,

20 mg; MgSO4�7H2O, 40 mg; FeNaEDTA, 3.8 mg;

N-(2-hydroxyethyl) piperazine-N0-2-ethanesulfonic

acid (HEPES) buffer, 4.8 g; trace element solution

(Donaldson and Henderson 1989), 1 ml. The medium

was adjusted to pH 7.5 with 10 M NaOH and

autoclaved.

NaH14CO3 (58 mCi mmol-1, Amersham Phama-

cia Biotech, Buckinghamshire, UK) was added to

1 ml cell suspension (above) in 9.5 ml glass vials

(between 10 and 30 lCi ml-1). Immediately after

addition of isotope, the growth was initiated by

addition of electron donor. Glass vials were sealed

with Teflon-coated gas-tight rubber stoppers.

Different electron donors were tested in the

isotope labeling experiments: Glucose (5000 mg/l),

diesel oil (2000 mg/l), toluene (10 mg/l), naphthalene

(10 mg/l), hexadecane (50 mg/l) and octane (50 mg/

l). Different concentrations were applied to ensure

that an excessive amount of substrate was present

during the incubation without reaching toxic levels of

the applied substrates. Control samples without any

substrate addition were always included.
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Quantification of radioactive incorporation

(filter-count)

Subsamples of suspensions (100 ll) from radioactive

incubations were filtered through a 0.2 lm mixed

cellulose filter (Advantec MFS Inc., Pleasanton, CA,

USA); 5 ml 0.1 N HCl was subsequently added to the

filtration unit. After 3 min of acidification, the acid

was washed through the filter and the filter was

immediately transferred to a scintillation vial (20 ml),

and dissolved in 10 ml scintillation fluid (Filter-

Count
TM

, Packard, Groningen, NL). Radioactivity was

subsequently quantified by liquid scintillation count-

ing and corrected for quench using external standards

(Packard 1600 TR, Groningen, NL).

Microautoradiography (MAR) and FISH

The combined MAR-FISH procedure includes incuba-

tion with radiolabeled compounds under well defined

incubation conditions, fixation and hybridization with

oligonucleotide probes, and subsequent coverage by a

radiosensitive film emulsion, exposure, processing and

microscopic investigation of the combined FISH signal

(recorded by fluorescence microscopy) and the MAR

signal (light microscopy). The entire procedure was

described previously (Nielsen and Nielsen 2005). Mod-

ifications of the MAR-FISH procedure applied in the

current study are briefly summarized: fixed samples

were washed thoroughly in 0.1 N HCl and distilled

water to remove precipitated radioactive carbonate,

which would potentially interfere with the MAR signal.

Prior to hybridization, small subsamples were smeared

in a monolayer onto gelatin-coated coverslips (24 9

60 mm) and immobilized by drying at 50�C. The

samples were briefly rinsed with distilled water to

remove precipitates and hybridized with fluorescent-

labeled oligonucleotide probes. After hybridization the

slides were covered with radiosensitive film emulsion,

exposed in the dark and processed following standard

procedure (Nielsen and Nielsen 2005). A series of pre-

experiments was used to determine the optimal exposure

time. Enumeration of MAR-positive cells was carried

out with a combination of light microscopy and epifluo-

rescence microscopy (Axioskop 2 plus, Carl Zeiss,

Oberkochen, Germany). Images applied for presentation

were recorded on a confocal laser scanning microscope

(LSM510, Carl Zeiss, Oberkochen, Germany).

The percentage of FISH-positive cells that assim-

ilated 14CO2 was estimated by enumeration of MAR-

positive cells among at least 100 FISH-positive cells

on at least two different specimens. Standard devi-

ations presented in Fig. 4 are calculated from the

percentage variation in MAR-positive cells observed

in each quantified field of view. At least 10 different

fields of view were enumerated on each specimen.

Microcosm experiments

Sandy soil (4% sand, 4% silt; 91% sand, pH(H2O) 6.1,

soil organic matter 2.2% of dry wt.) was homogenized,

sieved ([ = 2 mm), and air dried to a water content of

2% relative to dry weight. The soil was mixed

thoroughly with 3 mg diesel oil g-1 dry soil, mineral

nutrient solution (0.3 mg ammonium N and 0.03 mg

phosphate P g-1 dry soil), and 4 9 107 cells g-1 dry

soil from the bioaugmentation mixtures suspended in

water after thoroughly washing the cells twice by

centrifugation. Pure water substituted the cell suspen-

sion in the controls. After mixing the soil water content

was adjusted with pure water to obtain a final water

content approximately equivalent to the field capacity

of the soil (12% water of dry weight). Soil mixture

(samples of 80 g dry soil) was transferred to rubber

sealed glass vials (500 ml) and incubated aerobically

in the dark. Headspace samples (0.3 ml) were col-

lected for CO2 analysis on gas chromatograph

(Chrompack CP9002, Delft, NL) equipped with a

thermal conductivity detector. CO2 is considered the

most important respiration product for aerobic organ-

isms, hence representing the gross microbial metabolic

activity in the microcosms. The first measurement of

CO2 in the headspace was carried out after one day,

followed by repetitive analysis twice a week for

60 days of incubation. Subsamples from each treat-

ment (control, JR mixture and BS mixture) from the

first day of the experiment and after 64 days of

incubation was frozen and shipped for analysis of total

hydrocarbon content in a certified commercial labora-

tory (AnalyCem A/S, Fredericia, Denmark).

Statistical evaluation of data

All experiments were carried out in duplicates or

triplicates. Data are shown in all figures with error
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bars indicating standard deviation between replicates.

Only exception is Fig. 1 showing all single observa-

tions available. Data derived from manually

enumeration by microcopy (Fig. 4) are shown with

standard deviations between two parallel microscopy

slides enumerated by the same person.

Results

Microbial composition

Thirteen group-specific FISH probes were tested on the

two microbial mixtures. Three probes representing the

most abundant subgroups were selected for further

quantitative FISH analysis: ALF968 (targeting

Alphaproteobacteria), BET42a (targeting Betaprote-

obacteria), and GAM42a (targeting Gammaproteo-

bacteria). The FISH results were quantified relative to

the number of cells hybridized with the general

Eubacteria probe combination EUB-mix. It was found

that the JR mixture contained approximately 19%

Alphaproteobacteria, 23% Betaproteobacteria and

less than 2% Gammaproteobacteria. The BS mixtures

contained 8% Alphaproteobacteria, 6% Betaproteo-

bacteria and 71% Gammaproteobacteria. The rest of

the biomass was not covered by the applied FISH

probes.

Based on morphological evaluation of the FISH-

stained cells, it was clear that several morphotypes

(mainly rod and coccoid shapes) were present in each

of the groups covered by the three probes applied for

FISH quantification.

Isotope labeling

Incorporation of 14CO2 as a response to addition of

diesel oil or glucose as organic substrates was

monitored by filtration of biomass samples. The

isotope assimilation was continuously compared with

the isotope assimilation in parallel samples without

any addition of substrate. The cell specific gross

assimilation of isotope was clearly stimulated by

addition of the tested substrates compared to the

control without substrate addition (Fig. 1). Cell

specific assimilation was calculated on the basis of

the initial cell density measured as optical density

before addition of isotope. The data in Fig. 1 are all

single observations based on samples with the same

isotope addition (10 lCi14C ml-1). No statistical

evaluation of the single observations has been made.

Fig. 1 Gross assimilation

of 14CO2 in

bioaugmentation mixture

JR (Panel A and B) and BS

(Panel C and D). Filled

symbols indicate

assimilation of 14CO2 in the

presence of organic

substrate (glucose or diesel

oil). Open symbols shows
14CO2 assimilation in

parallel control without any

substrate addition. The

radioactivity is expressed

per cell based on the cell

density at the beginning of

incubation

Biodegradation (2008) 19:621–633 625

123



The isotope labeling clearly indicated that the BS

mixture responded considerably less to the addition

of diesel oil than the JR mixture. This difference was

further evaluated by adding selected compounds

present in diesel oil (naphthalene, toluene, hexadec-

ane and octane). To illustrate the comparative effect

of the different substrates we calculated an assimi-

lation index (AI) of 14CO2 defined as follows:

AITreatment ¼ ATreatment � AControlð Þ=AControl

where ‘‘A’’ is the absolute assimilation of radioac-

tivity and ‘‘Treatment’’ is the different substrates

tested after a specified incubation time.

The 14CO2 assimilation index after 5 h of labeling

showed a considerably greater response from the JR

mixture after addition of diesel oil and typical oil

components than the BS mixture (Fig. 2).

HetCO2-MAR-FISH imaging

The MAR approach was used to quantify the relative

fraction of cells in the analyzed mixtures which

assimilated 14CO2 during incubation. After isotope

labeling the bacterial cells were hybridized with

general and group-specific oligonucleotide probes.

Immobilized FISH-stained cells on glass slides were

covered with a photographic film emulsion. The

exposure time was optimized to 10 days before

processing, fixation and MAR-FISH visualization

by microscopy. Multiple layers and clustering of cells

under the photographic film were avoided by care-

fully smearing the sample into a monolayer on the

glass slide, to obtain a MAR signal with a single cell

resolution. Black silvergrains precipitated in the

photographic film above cells which assimilated the

isotope (see Fig. 3). Silvergrains were detectable up

to 3 lm from the cells.

It was clearly seen that background assimilation of
14CO2 without addition of organic substrate was very

low with the applied MAR-FISH approach, and

almost no cells were MAR positive (Fig. 3a). With

the exposure time and radioactive labeling applied in

this study, MAR-positive cells were defined as single

cells having four or more silver grains in the closest

sphere around the cell (3 lm radius from the cell

sphere). In the JR mixture exposed for 2 h to glucose,

only a few cells assimilated a lot of radioactivity as

seen in Fig. 3b, whereas more cells were MAR

positive when the JR mixture was exposed to diesel

oil (Fig. 3c).

The relative abundance of MAR-positive cells as

compared with the total number of Eubacteria was

manually quantified in all samples through a combi-

nation of epifluorescence microscopy (FISH signal)

and light microscopy (MAR signal). The cells

responding to glucose as the substrate made up a

considerably larger fraction of all bacteria in the BS

mixture than the JR mixture (Fig. 4). On the other

hand, diesel oil was the preferred substrate among the

organisms in the JR mixture (Fig. 4a). As seen in

Fig. 4, relatively few MAR-positive cells were

observed in the control samples without any substrate

addition. These were carefully enumerated to empha-

size the difference between the absence and addition

of potential energy substrates.

The probes ALF968, BET42a, and GAM42a

were used for further quantitative analysis of the

Fig. 2 14CO2 assimilation index (AI) for bioaugmentation

mixture JR (Panel A) and BS (Panel B) after exposure to

selected relevant substrates for 5 h (BS and JR). ‘‘AI’’ is

defined in the text. Error bars indicate standard deviation
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bioremediation mixtures in combination with MAR

and the general eubacterial probe mixture (EUB338,

EUB338-II and EUB338-III). The purpose was to

describe substrate preferences by phylogenetic sub-

groups in the bioremediation mixtures. Figure 5

demonstrates the strength of the applied HetCO2-

MAR-FISH approach exemplified by the BS mixture

after 21 h of incubation with diesel oil. Figure 5a

shows the FISH result which consist of a superim-

posed signal from the general EUB probes targeting

all bacteria and the GAM42a probe targeting the

Gammaproteobacteria. Cells with a positive signal

from the GAM42a and EUB probes simultaneously

(i.e. all Gammaproteobacteria) are yellow.

Figure 5b shows the FISH signal (as Fig. 5a) but

superimposed on the MAR signal. Finally, Fig. 5c

presents the MAR signal alone with only the

GAM42a positive cells visible, showing that most

GAM42a positive cells did not assimilate radioactive

CO2 in the presence of diesel oil as a substrate. The

quantitative distribution of the MAR-positive cells in

the probe-defined taxonomic subgroups was evalu-

ated as presented in Table 1.

Quantification showed that only 9% of the Gam-

maproteobacteria in the BS mixture were MAR

positive after 21 h of exposure to diesel oil (Table 1).

On the other hand 98% of Gammaproteobacteria in

the BS mixture were MAR positive in the alternative

Fig. 3 Superimposed microautoradiography (MAR) and fluo-

rescence in situ hybridization (FISH) of JR mixture after short

incubation (2 h) with 14CO2 and no organic substrate added

(A), glucose (B) and diesel oil (C). FISH signal from a general

mixture of probes targeting all Eubacteria is shown in red

pseudocolor. Positive MAR signals are defined as 4 or more

silver grains within 3 lm around each single cell

Fig. 4 Enumeration of

MAR positive cells relative

to all FISH stained

Eubacteria after 5 and 24 h

of 14CO2 labeling in the

presence of test substrates.

Bioaugmentation mixture

JR (Panel A and B) and BS

(Panel C and D). Error bars

indicate standard deviation.

ND: Not determined
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exposure to glucose (Table 1). Analysis of the initial

phylogenetic composition of the BS mixture showed

that approximately 70% of all cells in the mixture

belonged to the Gammaproteobacteria. The Betapro-

teobacteria comprised more than 50% of the MAR-

positive cells when the BS mixture was fed on diesel

oil, whereas about 20% of the MAR-positive cells

belonged to the Alphaproteobacteria when feed on oil

(data not shown). Quantification of MAR-positive

cells in the probe-defined phylogenetic subgroups of

the JR mixture (after only 2 h of incubation with test

substrates) showed that Betaproteobacteria were

stimulated more than Alphaproteobacteria when

exposed to diesel oil. It was also observed that

members of the Alphaproteobacteria in the JR mixture

were stimulated with glucose in contrast to the BS

mixture, whereas no Alphaproteobacteria were MAR

positive after exposure to glucose (Table 1).

Microcosm experiment

The microcosm experiments showed that diesel oil-

contaminated soil inoculated with the JR mixture

mineralized four times more organic material within

18 days than a parallel control sample inoculated with

the same amount of BS mixture. No difference was

observed between inoculation with BS mixture and a

parallel diesel-oil contaminated control, which was

only enriched with mineral nutrients solution. The

observed pattern did not change during the prolonged

incubation period (up to 60 days). Measurement of

Fig. 5 Bioaugmentation mixture BS after 21 h of incubation

with 14CO2 and diesel oil. Panel A: Superimposed fluorescence

in situ hybridization (FISH) of general Eubacterial probe

mixture (green) and a group specific probe (GAM42a)

targeting Gammaproteobacteria (yellow). Panel B: As Panel

A but further superimposed with image of microautoradiogra-

phy (MAR). Panel C: MAR signal superimposed with FISH

signal from a group specific probe (GAM42a) targeting

Gammaproteobacteria (red)

Table 1 Relative

abundance (%) of

microautoradiography

(MAR) positive cells in

three phylogenetic

subgroups of bacteria

% MAR positive Probe name

Alphaproteobacteria
ALF968

Betaproteobacteria
BET42a

Gammaproteobacteria
GAM42a

JR mixture

Control (no substrate

added) (%)

0 10 Absent

Glucose (%) 75 12 Absent

Diesel oil (%) 34 40 Absent

BS mixture

Control (no substrate

added) (%)

5 7 2

Glucose (%) 0 69 98

Diesel oil (%) 50 18 9
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total hydrocarbon content in the microcosms

showed 17% removal in the control within 64 days,

whereas 26% of the hydrocarbon was degraded

after augmentation with JR mixture. Bioaugmentation

with the BS mixture gave only 14% removal of oil

components.

Discussion

CO2 assimilation index (AI) as a screening

method

Heterotrophic organisms generally assimilate CO2

when metabolic active, but the quantity of assimila-

tion may vary considerably from substrate to substrate

(Romanenko 1964; Doronina and Trotsenko 1984;

Roslev et al. 2004; Hesselsoe et al. 2005). Addition-

ally, the incorporation of isotope labeled CO2 will

depend on the background concentration of inorganic

carbon and the dilution of the inorganic carbon pool

during the metabolization of available substrates.

Assimilation of 14CO2 as a response to the added

substrate will indicate, that the substrate is metabo-

lized, but quantitative interpretation of the CO2

assimilation must be done with caution.

It is well known, that metabolic activity and growth

in some cases may be induced as stress response e.g.

when organisms are exposed to toxic compounds. In

this study we carefully kept the initial concentrations of

potentially toxic compounds on a level, which did not

induce any toxicity response. This was confirmed by

lack of isotope assimilation in the BS mixture when

exposed to diesel oil. Considering additionally, that

both tested microbial mixtures were enriched in the

presence of diesel oil, it is unlikely that the observed

CO2 assimilation can be interpreted as a toxicity

response. Finally, chemical analysis of remaining oil

components in the long term microcosm experiments

confirmed the results based on CO2 assimilation, since

more degradation of oil was observed after soil aug-

mentation with JR compared to BS. Hence, it is

evident, that the observed excessive CO2 assimilation,

as compared to the unamended control sample,

was associated with metabolization of the added

compounds.

To enable quantitative interpretation of the CO2

assimilation, we introduced the CO2 assimilation

index (AI). The index expresses the assimilation of

radioactive CO2 after incubation with a given substrate

relative to a control sample without substrate addition

but with similar initial cell density and isotope

addition. Hence, through elimination of variations in

specific isotope activity and initial cell density, the AI

value can be used when comparing substrate responses

from different bioaugmentation mixtures. Since sub-

strate dependent differences in CO2 assimilation have

often been reported, the AI value must be compared for

the same substrate between different organisms and

mixtures. In the present study we reported AI = 4.5

after 5 h of exposure to diesel oil of the JR mixture and

AI = 0.4 for the BS mixture under similar conditions.

This indicates significantly more metabolic activity

induced by the same substrate (diesel oil) for the JR

than for BS mixture (Fig. 2). We suggest that the AI

determined within 5 h is a clear indication of superior

bioremediation capacity of the JR mixture. Further, all

examined single substrates originating from diesel oil

also gave a significant higher AI after 5 h for JR

compared to BS (Fig. 2). In fact, a negative AI was

observed for BS exposed to toluene for 5 h, which

indicated less CO2 assimilation than in the control. It is

also important to emphasize the relatively low stan-

dard deviations observed, which support the strength

of the method as a screening tool (Fig. 2).

MAR-FISH detection of xenobiotic degraders

MAR applications (without FISH identification) for

detection of bacteria assimilating different radioactive

substrates in the environment have been used for years

e.g. in freshwater (Gray et al. 1999) and marine

environments (Meyer-Reil 1978; Tabor and Neihof

1984; Grossmann 1994; Paerl et al. 2001) and soil

(Romanenko 1961; Sengeløv et al. 2000). However,

most applications of the combined MAR-FISH have

been carried out in activated sludge from sewage

treatment plants (Dedysh et al. 2000; Daims et al.

2001; Nielsen and Nielsen 2002; Nielsen et al. 2003).

Recently Yang et al. (2003) investigated a mixture of

two pure cultures and applied MAR-FISH to show

which of the two species assimilated 14C labeled

O-nitrophenol. This study demonstrated in a simple

model system the strength of MAR-FISH when study-

ing microbial degradation of xenobiotic compounds.

Biological degradation of xenobiotic compounds in

natural environments as well as engineered reactors
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will always occur in mixed species systems. To our

knowledge the work presented here is the first appli-

cation of MAR-FISH for studying xenobiotic

degradation in multi-species microbial enrichment

cultures.

From the presented data it is possible to derive new

information when comparing the CO2 assimilation

and the obtained MAR results. The assimilation of

CO2 in the JR mixture after 5 h of incubation with

glucose was six times higher than the background

(AI = 6), and AI was 4.5 after 5 h of incubation with

diesel oil (Fig. 2). In contrast to the AI observations,

the percentage of MAR-positive cells was less (14%)

after incubation with glucose than after incubation

with diesel oil (45% MAR positive, Fig. 4). This

showed that the average cell-specific CO2 assimila-

tion with glucose as a substrate was higher than

among cells which metabolized diesel oil. This is

most likely due to a very fast growth response from

the cells in the mixture which are capable of using

glucose as a substrate. This is consistent with previous

results for pure cultures of Escherichia coli and

Pseudomonas putida, which showed that assimilation

of CO2 was higher after incubation with glucose than

with other substrates such as pyruvate, acetate and

yeast extract (Hesselsoe et al. 2005).

The quantitatively dominant group in the BS

mixture was the Gammaproteobacteria, which made

up about 70% of the population. Nearly all (98%) the

Gammaproteobacteria were MAR positive with glu-

cose, whereas only 9% were MAR positive with diesel

oil (Table 1). Hence, the phylogenetic information

clearly indicates that Gammaproteobacteria in the BS

mixture are not quantitatively important for the

metabolization of diesel oil. The frequency of MAR-

positive cells in the Alphaproteobacteria group from

the BS mixture was considerably higher with diesel

oil compared to glucose (Table 1). This indicates that

some species in the BS mixture which are involved in

the degradation of diesel oil belong to the Alphapro-

teobacteria. However, when looking at all MAR-

positive cells in the BS mixture after incubation with

diesel oil, 55% of the MAR-positive cells still

belonged to the Betaproteobacteria (data not shown).

Diesel oil clearly increased the fraction of MAR-

positive Betaproteobacteria in the JR mixture

(Table 1), and also in this microbial mixture more

than 50% of the MAR-positive cells belonged to the

Betaproteobacteria after incubation with diesel oil.

In conclusion, the HetCO2-MAR-FISH approach

showed that the dominating populations of Gammapro-

teobacteria in the BS mixture were not actively

involved in the metabolization of diesel oil. Hence

approximately 70% of the biomass in the BS mixture

was not directly relevant for the proposed purpose. The

dominant population of Gammaproteobacteria was

clearly enriched by glucose feeding, which was supplied

during the production of the BS biomass. In the JR as

well as the BS mixture, the organisms mainly involved

in the degradation of diesel oil belonged to the group of

Alpha- and the Betaproteobacteria. The Gammaprote-

obacteria, which responded poorly to the diesel oil in the

BS mixture, were nearly absent in the JR mixture. Hence

the enrichment procedures applied for the JR mixture

produced a biomass which was much more appropriate

for the suggested purpose. This is also illustrated in

Fig. 4a, c, where 10 times more cells in JR than BS

obtained a positive MAR signal within 5 h of incubation

with diesel oil. For any bioaugmentation purpose it is

important to introduce mainly those organisms which

are specialized in the desired purpose. As shown, the

approach applied quantitatively describes how many

bacteria in the mixture are relevant for the purpose.

Obviously it will not be beneficial to apply bioaugmen-

tation cultures with less than 10% of the biomass

involved in the degradation of the target compounds as

seen in the BS mixture (Fig. 4). This was further

confirmed in the microcosm experiment where inocu-

lation with BS induced less degradation of oil

compounds than the control.

Further investigations with genus or even species

specific 16S rRNA-targeted oligonucleotide probes

can be applied in future studies for even more

detailed mapping of the substrate preferences by

different genera and species in the bioaugmentation

mixtures. From an academic point of view, further

mapping of the substrate preferences will be inter-

esting. However, from a practical point of view the

major achievement is already obtained: the BS

mixture is quantitatively dominated by glucose-

utilizing Gammaproteobacteria, which are irrelevant

for the degradation of diesel oil.

Advantages of the HetCO2-MAR approach

The present study is based on the application of
14CO2 as a common source for the isotope labeling of
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metabolically active bacteria. The application of
14CO2 for isotope labeling of heterotrophs prior to

MAR (‘‘HetCO2-MAR’’) has been applied previously

in a study on ecophysiology of a filamentous

bacterium in activated sludge (Hesselsoe et al.

2005). The 14CO2 isotope labeling approach has

several advantages which are especially relevant

when studying the metabolization of xenobiotic

compounds in mixed microbial systems:

(1) The CO2 assimilation will occur in all organisms

which respond to a given substrate. Macromo-

lecular or complex substrates which are

metabolized in a successive cascade of reactions

e.g. involving different organisms will induce

CO2 assimilation in all organisms involved in

the metabolization. This fact may be an advan-

tage, depending on the aim of the study. In our

data (Fig. 4) we used the HetCO2-MAR to

enumerate all bacteria in the bioaugmentation

mixtures, which were actively involved in the

metabolization of the tested substrates. This

included species which utilize degradation prod-

ucts and metabolites excreted from other

organisms in the mixture. In total, the numbers

reported in Fig. 4 indicate the fraction of cells

which are actively involved in the entire utili-

zation of the added substrate which occur in the

mixture. Traditional MAR based on specific

isotope-labeled organic compounds identify

mainly microorganisms which take up the radi-

olabeled compound, whereas the HetCO2-MAR

approach indicates metabolic activity. Hence,

the two methods are potentially important sup-

plements as described previously (Hesselsoe

et al. 2005).

(2) Many xenobiotic compounds, also some of

the components in diesel oil, will adhere to

surfaces, e.g. bacterial cell walls, because of their

hydrophobic properties. Hence, when using radio-

actively labeled organic compounds for MAR

experiments, it may be difficult to distinguish

MAR-positive cells, which have assimilated the

studied compound from cells which are covered

with the radioactive test compound. This problem

is not present with the HetCO2-MAR approach.

(3) When using HetCO2-MAR, the metabolic

response of many different substrates can be

tested using only one inexpensive isotope source:

14CO2. Additionally, when using HetCO2-MAR,

the experiments are not restricted to available

radiochemicals. Compounds, or even mixtures of

several compounds (e.g. diesel oil), which are not

commercially available as radiochemicals can be

tested in combination with 14CO2.

(4) Specific radioactivity is normally rather low in

commercially available 14C labeled xenobiotic

compounds, since only one or few C atoms in the

molecules will be isotope labeled. More 14C

atoms in the molecule usually make the com-

pound significantly more expensive. When using

the inorganic [14C]–HCO3
- for isotope labeling,

the maximum specific radioactivity, with nearly

all C-atoms as 14C, is available at a relatively

low price. These circumstances often increase

the sensitivity of the HetCO2-MAR approach,

since more isotope assimilation occurs when

using inorganic 14C as an isotope source rather

than 14C labeled organic substrates (Hesselsoe

et al. 2005).

Evaluation of bioaugmentation mixtures

The BS mixture was resuscitated from lyophilized

samples, and grown on a mixture of glucose and diesel

oil. This mixture was largely dominated by cells, which

in short term incubations (less than 5 h) practically

only assimilated CO2 when supplied with glucose

(Fig. 2b). This was further confirmed by enumeration

of MAR-positive cells after incubation for 5 h with

diesel oil, which showed that very low numbers of cells

in the BS mixture were MAR positive (7 ± 7%, not

significantly different from zero) (Fig. 4c). Hence, it

seems that most of the biomass in BS mixture is not

capable of degrading diesel oil. In contrast, the JR

mixture responded immediately to the addition of

diesel oil as a substrate.

The CO2 assimilation index clearly indicated that

the JR mixture was potentially superior to the BS

mixture as a bioaugmentation culture for treatment of

diesel oil contaminated sites. These results were

further confirmed by the microcosm experiment,

which showed increased mineralization and degrada-

tion of diesel oil in soil after inoculation with the JR

mixture. Our results indicate that augmentation with

bacterial biomass grown with glucose addition (the BS

Biodegradation (2008) 19:621–633 631
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mixture) induce less effective remediation compared

to biomass grown on diesel oil (JR mixture).

To our knowledge the work presented here is

the first application of MAR-FISH for studying

xenobiotic degradation in multi-species microbial

enrichment cultures.
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