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The control and understanding of processes catalyzed by
biofilms are important from an industrial as well as an ecological perspective, and this importance has motivated attempts to
model biofilm growth and reaction kinetics mathematically.
Most models envision biofilms as uniform structures, where
active bacteria are randomly distributed in the biofilm matrix
(17, 38). However, advances in nondestructive methods of microscopic analysis using scanning confocal laser microscopy
(SCLM) (9, 23) have led to a more detailed picture, where
biofilms consist of cell aggregates or microcolonies embedded
in exopolysaccharide matrices. Microcolonies are interspersed
with voids and water channels, making the biofilm heterogeneous (11). Liquid flow in such channels has been demonstrated (41), indicating that molecular diffusion is not the only
process governing mass transport in biofilms. In fact, DeBeer
et al. (12) showed that the channels can supply as much as 50%
of the oxygen consumed by the biofilm.
In order to better understand the structure-function relationship in microbial biofilms, information about activity and
spatial distribution of different subpopulations in biofilms is
necessary. Applications of fluorescently labeled rRNA targeting probes have allowed identification of taxonomic groups of
bacteria in multispecies biofilms (3, 36). However, the spatial
distribution of the active bacteria in multispecies biofilms has
been described in only a few cases. In a detailed study, the
sulfate-reducing bacteria (SRB) of a trickling filter biofilm
were investigated (35) by in situ hybridization in combination
with O2 and H2S microelectrodes. The SRB population was
shown to be predominant in the anoxic zone. Furthermore, the
distribution of the major groups of gram-negative bacteria and
a subpopulation of filamentous gram-negative bacteria has

been visualized in activated sludge flocs by SCLM and in situ
hybridization (44, 45).
The physiological activity and the growth rates of organisms
present in multispecies biofilms are also poorly investigated. In
a study by Poulsen et al. (33) using in situ hybridization coupled with image analysis, the SRB population of a multispecies
biofilm grew faster in young biofilms than in an old, established
biofilm community. Korber et al. (20) used cell elongation
after addition of an inhibitor of DNA gyrase as an indicator of
growth rate for Pseudomonas fluorescens in a monoculture
biofilm. They found that cells at the biofilm-liquid interface
elongated significantly more than cells located close to the
substratum, indicating faster growth rates for cells close to the
biofilm-liquid interface. Furthermore, cells at the biofilm-liquid interface have a higher energy charge than cells close to the
substratum (19), also indicating a stratification in activity
within the biofilm.
In the present analysis, we have used specific 16S rRNA
probes to obtain information about the toluene-degrading
population in a multispecies microbial consortium from a laboratory-scale biological filter for waste gas treatment. We have
chosen a simplified approach in a first attempt to describe the
toluene-degrading population from the biofilm community. A
single toluene-degrading species was isolated from the community, and this isolate was investigated as a representative of
the toluene-degrading population. Therefore, the validity of
our predictions is based on the assumptions that this model
organism is present in the community, that it participates in
toluene degradation by performing at least some of the initial
(rate-limiting) steps in the toluene degradation pathway in situ,
and that it is responsible for a significant part of toluene removal by the community. In this framework, two features expected to be important in subsequent mathematical modeling
of the system were investigated: (i) the spatial location of
toluene degraders in the biofilm and (ii) the rate of toluene
removal accomplished by this toluene-degrading subpopulation in the biofilm.
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As a representative member of the toluene-degrading population in a biofilter for waste gas treatment,
Pseudomonas putida was investigated with a 16S rRNA targeting probe. The three-dimensional distribution of
P. putida was visualized in the biofilm matrix by scanning confocal laser microscopy, demonstrating that P.
putida was present throughout the biofilm. Acridine orange staining revealed a very heterogeneous structure of
the fully hydrated biofilm, with cell-free channels extending from the surface into the biofilm. This indicated
that toluene may penetrate to deeper layers of the biofilm, and consequently P. putida may be actively degrading
toluene in all regions of the biofilm. Furthermore, measurements of growth rate-related parameters for P.
putida showed reduced rRNA content and cell size (relative to that in a batch culture), indicating that the P.
putida population was not degrading toluene at a maximal rate in the biofilm environment. Assuming that the
rRNA content reflected the cellular activity, a lower toluene degradation rate for P. putida present in the biofilm
could be estimated. This calculation indicated that P. putida was responsible for a significant part (65%) of the
toluene degraded by the entire community.
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MATERIALS AND METHODS
Design of the waste gas biofilter. The filter column was composed of stainless
steel (Fig. 1) and consisted of five separated compartments in a stacked configuration (a total column height of 1.27 m). In each compartment was placed a
polyvinyl difluoride cube (Mellapak 250; Sulzer Brothers Ltd., Wintherthur,
Switzerland) providing in total 4.83 m2 of surface for biofilm growth (5.44 m2,
including the wall of the container). Each cube could be removed for biofilm
sampling. The specific surface area was 250 m2 m23. Liquid was collected in the
bottom of the column in a 5-liter container and recycled by addition to the top
of the column (0.12 m3 h21), where it was distributed over the packing material
through a plate with holes (5 mm in diameter and spaced by 20 mm). The toluene
gas was produced by passing air through pure toluene and afterwards mixing the
air-toluene mixture with the major airflow before entering the column at the
bottom. This provided a countercurrent operation. The gas effluent was cooled
to prevent the liquid from escaping from the column. A gas flow meter was
placed at the gas effluent.
Inoculation and operation of the biofilter. The column was inoculated with a
multispecies culture originating from a creosote-polluted aquifer (Fredensborg,
Denmark). The starter culture was obtained from a previous experiment in which
a trickling filter treating toluene was studied (31). Samples of the multispecies
biofilm from the trickling filter were kept at 2808C. A sample was enriched on
toluene (4 g m23) in batch culture before inoculation of the column. The
inoculation was done in the water-filled column (with recirculation of the liquid),
and after one day of starvation toluene (4 g m23) was added. After one more day
of recirculation, the column was emptied and toluene was supplied in the gas
flow. The filter was operated in the following way. Five liters of liquid was
recirculated in the system and was renewed every three or four days. This liquid
consisted of sterile tap water supplemented with nutrients at the following
concentrations (in milligrams per liter): NaNO3, 85; Na2HPO4 z 12H2O, 23;
KH2PO4, 13; FeSO4 z 7H2O, 6; EDTA, 1.1; (in micrograms per liter): MnSO4 z
H2O, 93; Co(NO3)2 z 6H2O, 160; Na2BO7 z 10H2O, 53; Zn(NO3)2 z 6H2O, 146;
Na2MoO4 z 2H2O, 133; NiSO4 z 7H2O, 77; KI, 20; CuSO4 z 7H2O, 138. Furthermore, a nutrient solution was continuously added and contained the following
components (in milligrams per day): NaNO3, 1,300; Na2HPO4 z 12H2O, 345;
KH2PO4, 195; FeSO4 z 7H2O, 90; MnSO4 z H2O, 1.4; Co(NO3)2 z 6H2O, 2.4;
Na2B4O7 z 10H2O, 0.8; Zn(NO3)2 z 6H2O, 2.5; Na2MoO4 z 2H2O, 2.0; NiSO4 z
7H2O, 1.2; KI, 0.3; EDTA, 17; CuSO4 z 7H2O, 2.1. The pH in the liquid was
8.2 6 0.1, and the temperature was 24 to 268C. Toluene was constantly fed to the
column at 30 g m23 h21, with a volumetric gas flow of (0.287 6 0.002) m3 h21
and an inlet gas concentration of (2.0 6 0.1) g m23. In order to obtain a constant
liquid concentration through the column, the water was recirculated with a high
volumetric flow ([0.11 6 0.01] m3 h21).
Analytical techniques. Toluene in the liquid from the column was analyzed
with a gas chromatograph (GC-9A; Shimadzu, Kyoto, Japan) equipped with a

J & W Scientific column (DB1, 28 m) (catalog number 125-1032, series 9416145;
J & W Scientific, Folsom, Calif.). The detector was a flame ionization detector
connected to a computing integrator (C-R3A Chromatopac; Shimadzu). The
analysis was carried out isothermally at 508C. Liquid samples were collected in
10-ml volumetric flasks, and extraction was conducted by adding 500 ml of
pentane containing heptane as an internal standard. One microliter of the pentane phase was injected into the gas chromatograph, and the ratios of the toluene
and heptane responses were compared with standards. A Shimadzu gas chromatograph (GC-14 A) equipped with an on-line injection system was used for
analysis of toluene in the gas phase. The gas chromatograph was supplied with a
packed column of stainless steel containing 80/120 Carbopack B (3% SP-1500
packing) (Supelco Inc., Bellefonte, Pa.). The on-line injection system consisted
of a two-points valve (Valco Instruments Co. Inc., Schenkon, Switzerland) with
a sample loop of 1.0 ml and an eight-points valve to select the sampling point.
The eight-points valve was connected to the gas inlet and the gas effluent from
the column by stainless steel tubes. Gas samples were loaded by a peristaltic
pump at the outlet of the two-points valve with a flow rate of 10 ml min21.
On-line injection was conducted automatically and carried out isothermally at
1808C. A flame ionization detector was used, and the responses were collected by
a computing integrator (C-R5A Chromatopac; Shimadzu). Gas standards of
defined concentrations were made for calibration.
Isolation and characterization of toluene degraders. Samples from the community were repeatedly plated on LB medium (4). Selected isolates with a
distinct colony morphology were isolated and tested for toluene degradation in
the following way. Isolates were inoculated into 50 ml of medium with toluene (4
g m23). The flasks were closed with Mininert valves (Dynatech Precision Sampling Corp., Baton Rouge, La.) and incubated at 258C. Toluene degradation was
measured by withdrawing 1 ml of the liquid phase, and the toluene concentration
was determined by gas chromatographic analysis as described above (Analytical
techniques). The data were compared with those from a sterile control. The
isolate with the highest toluene degradation rate was closely related to Pseudomonas putida (see below) and was named P. putida R1.
The potential for toluene degradation of the P. putida population was tested by
plating samples from the community on rich media and isolating autofluorescent
colonies (when illuminated with UV light). These were taken to be indicative of
fluorescent pseudomonads. Sixteen individual colonies were isolated and tested
for the ability to grow on AB minimal media (10) either with toluene supplied as
vapor or with 5 mM benzyl alcohol. The Biolog test was performed according to
the manufacturer’s recommendations, and isolates were identified with ML release 3.50 (Biolog, Hayward, Calif.). For testing of probe specificity, all isolates
were grown exponentially in LB medium (4).
Degradation kinetics of P. putida R1. The toluene degradation kinetics of P.
putida R1 were examined in batch culture at 258C with toluene (3 g m23) as the
sole carbon source. Toluene removal was monitored by measuring the toluene
concentration on-line in a liquid loop (22) with a membrane inlet mass spectrometer (TCP-121; Balzers AG, Balzers, Fürstentum Liechtenstein). The liquid
in the batch system was passed through a cell with a silicone-rubber membrane
separating the liquid from the vacuum chamber of the mass spectrometer. The
mass spectrometer was equipped with a quadruple analyzer and a Faraday cup
detector. The software Quadstar 421 (Balzers AG) was used for collecting the
data and for quantitative analysis. Calibration was made with standards controlled by the gas chromatograph. Development of biomass in the system was
measured as protein in 10-ml liquid samples withdrawn by adding air through a
sterile filter. Toluene and protein concentrations were fitted to a Monod model
(7), and the kinetic parameters were estimated (see Table 4).
Sampling of biofilm. The biofilm thickness was measured by the weight of the
total amount of biomass on one cube using a biofilm density of 1 g cm23 and the
total surface area of one cube (0.967 m2). The biofilm was sampled by scraping
of a known area (6 to 20 cm2) of biofilm, which was transferred to Milli-Q water
(Millipore Corp., Bedford, Mass.). Samples were disintegrated with a sonicator
(Branson Sonifier; Branson Ultrasonics Corp., Danbury, Conn.) for 4 min at an
output control of setting 2 and a duty cycle of 50%. The protein content of the
biofilm was determined by the method of Lowry et al. (25) with bovine serum
albumin (Sigma Chemical Company, St. Louis, Mo.) as the standard. Before
analysis, cells were lysed with 0.5 M trichloroacetic acid. Biofilm polymer was
determined by a colorimetric method (14) using glucose as a standard.
For quantitative hybridizations, disintegrated samples were fixed in 3% paraformaldehyde. For the structural analysis, intact biofilm samples for hybridization were collected from the column on small 8- by-40-mm plastic strips (pieces
of a regular plastic folder) (BIPC; Barfod & I. Chr. Petersen a/s, Glostrup,
Denmark) mounted on a coverslip (10 by 50 mm). This support was found to be
practically nonfluorescent and hence ideal for subsequent hybridization. Coverslips with plastic pieces were glued onto the polyvinyl difluoride cubes and placed
in the column before inoculation. Biofilm samples were fixed in 3% paraformaldehyde, washed in phosphate-buffered saline, dehydrated as previously described
(29), and then stored at 2208C.
Sequencing of 16S rRNA. Sequencing of 16S rRNA was performed with an
automatic 373A DNA Sequencer (Applied Biosystems, Foster City, Calif.) directly on PCR products generated from chromosomal DNA extracts according to
the manufacturer’s recommendations. The following primers, optimized for pseudomonads, were used (in the 59-to-39 direction): 11F, GTTTGATC(A/C)TGGC
TCAGATTG; 344R, CCCCACTGCTGCCTCCCGT; 515R, GTATTACCGCG
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FIG. 1. Experimental setup. 1, gas flow meter; 2, integrator (Shimadzu
C-R3A Chromatopac); 3, gas chromatograph (Shimadzu GC-14A); 4, two-points
valve and eight-points valve for gas sampling; 5, filter column; 6, mixing coil; 7,
membrane pump for air supply; 8, peristaltic pump; 9, pure toluene flask; 10,
liquid container; 11, recirculation pump. L, sampling point for liquid.
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hybridizing the biofilm with CY3-labeled PP986 and CY5-labeled EUB338. Dual
excitation was obtained by using the 633-nm line (for CY5) and the 543-nm line
(for CY3) of a helium-neon laser. Lasers were operated at 1/10 maximum
strength, and the pinhole was set to 17. Images were optimized by adjusting the
brightness and contrast settings. Simultaneous sampling of the two fluorochromes was achieved with an NT 80/20 filter (Carl Zeiss). For visualization of
AO-stained biofilm, the setting for CY3 was used (excitation filter LP 515). A
363 Apochromat (numerical aperture, 1.4; Carl Zeiss) was used in all experiments. Images were processed with Photoshop (Adobe, Mountain View, Calif.),
and three-dimensional space-filling reconstructions were made with Spyglass
Slicer (Spyglass Inc., Champaign, Ill.).
Calculation of in situ toluene degradation kinetics. Based on the high affinity
of P. putida R1 for toluene (half saturation constant [Ks] 5 0.1 mg liter21) the
maximal toluene degradation by P. putida in the biofilm was described by assuming a zero-order reaction using the following equation:
ra,putida(max) 5 km,putida Xa,putida

(1)

ra,putida(max) is the maximal surface removal rate of toluene (in grams per square
meter per day) (gs m22 d21). Xa,putida is the concentration of active biomass of
P. putida per unit surface area of the biofilm (in grams per square meter) (gx
m22), and km,putida is the maximal specific substrate degradation rate (gs gx d21)
measured in a batch experiment. By using cellular rRNA levels as an indication
of in situ activity, km,putida is reduced by a factor R, called the correction factor
for metabolic activity in situ. This gives the following equation for estimating
toluene degradation kinetics for P. putida in the biofilm:
ra,putida 5 R km,putida Xa,putida

(2)

R was estimated for toluene-degrading P. putida in the biofilm by comparing the
measured rRNA content with a standard curve correlating growth rate and
rRNA content for P. putida KT2442. The correlation between rRNA content and
growth rate was found to be similar for the two P. putida isolates (29a). The
regression line obtained for P. putida KT2442 was C 5 1.05m 1 0.193 (29), where
m is the growth rate and C is the rRNA content measured relative to the rRNA
content at maximum growth rate. From a relative rRNA content measured in the
biofilm an apparent m can be calculated, which is then normalized to mmax 5 0.77
h21 (where C 5 1) to give the correction factor for metabolic activity, R. The
complete equation is then:
R 5 (C 2 0.193)/0.81

(3)

Nucleotide sequence accession number. The sequence reported here will appear in the EMBL, GenBank, and DDBJ nucleotide sequence databases under
the accession number X93997.

RESULTS AND DISCUSSION
Design of a probe specific for toluene degraders. In the
process of isolating an important toluene degrader from the
multispecies biofilm community, numerous different colony
morphologies were observed when samples from the community were cultured on plates. Various dominant isolates were
tested for toluene degradation, and the degradation kinetics of
several toluene degraders were determined (data not shown).
The isolate with the highest specific toluene degradation rate
was identified as P. putida by sequencing of the 16S rRNA
gene, and the isolate was named P. putida R1. The 16S rRNA
sequence was used by sequence comparison to design a P.
putida-specific ribosomal probe, PP986, complementary to the
region around base number 986 of the 16S rRNA (E. coli
numbering [8]). PP986 was tested against published sequences
and showed one or more mismatches to all species except P.
putida. For further evaluation of probe specificity, PP986 was
tested by whole-cell hybridization against a broad spectrum of
bacteria and was apparently specific for the P. putida A subgroup (Table 1). A P. putida-specific probe has previously been
designed that targets the 23S rRNA (40). However, this probe
also targets P. mendocina (2). The probe PP986 targets P. putida biotype A and is therefore more specific.
The toluene degradation potential of the P. putida population in the biofilm was tested by isolating fluorescent pseudomonads from the community and testing these for toluene
degradation. All isolates (16 individual clones) and P. putida
R1 were able to grow with toluene as the sole carbon source,
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GC(G/T)GCTGGCAC; 922R, GCTTGTGCGGGCCCCCGTC; 1101R, GACA
AGGGTTGCGCTCGTT; 1389R, GTGACGGGCGGTGTGTACAAG; and
1465R, CCCCAGTCATGAATCATAAAGTGGT. F indicates forward and R
indicates reverse. The isolate from the column with the highest specific toluene
degradation rate was closely related to P. putida as inferred from the 16S rRNA
sequence with the PHYLIP software (15).
Oligonucleotide probes. For hybridizations, the probe EUB338, specific for
the domain Bacteria (1), and a probe specific for the P. putida 16S rRNA (PP986;
59-TCTCTGCATGTCAAGGCCT-39) were used. Initially, the specificity of
PP986 was tested against published sequences with the CHECK_PROBE program from the ribosomal database project (26). Oligonucleotide probes were
synthesized with an automatic DNA synthesizer, and an aminohexyl linker
(Aminolink 2; Applied Biosystems) was attached at the 59 terminus by use of a
standard DNA synthesis cycle. The probes were labeled with the isothiocyanate
derivative CY3 or CY5 (Biological Detection Systems, Pittsburgh, Pa.) and
purified by fast protein liquid chromatography as previously described (34).
Furthermore, probes were labeled with fluorescein at the 59 end during the
synthesis of the oligonucleotide with fluorescein–N,N-diisopropyl-b-cyanoethyl
phosphoramidite (Peninsula Laboratories, Inc., Belmont, Calif.).
Hybridization of whole cells. For quantitative hybridization of disintegrated
biofilm samples, cell smears were applied to poly-L-lysine (Sigma Chemicals, St.
Louis, Mo.)-coated slides (slides were cleaned in 1% HCl in 70% ethanol, dipped
into 0.01% poly-L-lysine solution, and air dried) and dehydrated by sequential
washes in 50, 80, and 96% ethanol (3 min each). After the samples were washed
with ethanol, 10 ml of hybridization mixture (30% formamide, 0.9 M NaCl, 100
mM Tris [pH 7.2], 0.1% sodium dodecyl sulfate) containing 25 ng of the probe
was added to each hybridization well. Cells were incubated with hybridization
solution for 16 h at 378C in a moisture chamber. For washing, the slides were
submerged in 100 ml of washing solutions. First the slides were washed in
washing solution I (30% formamide, 0.9 M NaCl, 100 mM Tris [pH 7.2], 0.1%
sodium dodecyl sulfate) for 20 min at 378C, then they were transferred to a DAPI
(49,6-diamidino-2-phenylindole) staining solution (0.1 M Tris [pH 7.2], 0.9 M
NaCl, 6.25 mM DAPI) for 3 min at 218C, subsequently they were washed for 15
min in washing solution II (0.1 M Tris [pH 7.2], 0.9 M NaCl) at 378C, and finally
they were rinsed in 100 ml of distilled water. Intact biofilm samples were hybridized in the following way. A small piece of the plastic support with biofilm was
cut from the coverslip with a scalpel and glued to a Teflon-coated slide with
regular nail polish. Subsequently, the biofilm samples were hybridized as cell
smears except that the washing steps were longer: 1 h and 1.5 h in washing
solutions I and II, respectively.
Acridine orange staining. To preserve biofilm structure, biofilm samples from
the reactor were embedded in 0.7% agarose (Sigma, St. Louis, Mo.) as suggested
by Massol-Deyá et al. (28), fixed in 3% paraformaldehyde, and stored in 13
phosphate-buffered saline at 48C. Staining with acridine orange (AO) was performed directly on a piece of biofilm cut out of the agar by placement of the
sample in a petri dish in 10 ml of AO staining buffer (22 mM AO, 5 mM EDTA,
0.15 M NaCl, 0.1 M phosphate-citrate buffer [pH 6]) as described previously (29).
However, no washing step was performed.
Epifluorescence microscopy. Hybridized samples were analyzed by the use of
a Carl Zeiss Axioplan epifluorescence microscope. The excitation source was a
100-W HBO bulb, and digital images were captured with a 12-bit cooled slowscan charge-coupled device (CCD) camera (KAF 1400 chip; Photometrics, Tucson, Ariz.). The CCD camera was controlled by PMIS software (Photometrics).
For quantitative hybridizations, CY3-labeled probes were used. CCD exposure
times of 2 s were used, and the cells were counterstained with DAPI and EUB338
labeled with fluorescein. Furthermore, the captured images for rRNA measurements were focused with the filter set 1 (Carl Zeiss) for DAPI to avoid bleaching
of the CY3 fluorochrome. CY3-, CY5-, and fluorescein-labeled cells were visualized by the use of the filter sets XF40 (Omega Opticals, Brattleboro, Vt.), XF45
(Omega Opticals), and 10 (Carl Zeiss), respectively.
Image analysis. The amount of light from hybridized cells was quantified by
use of the Cellstat image analysis program (29). For each analysis, the average
intensity of three different images corresponding to between 30 to 150 cells was
used. Cellstat is a UNIX-based image analysis program capable of handling
16-bit image data. The basis for the Cellstat object recognition are cell size (area,
in pixels) and various shape parameters. On-line information is available on the
World Wide Web at URL http://www.im.dtu.dk/cellstat/index.html.
Counting of P. putida in biofilm samples. One-microliter aliquots of disintegrated biofilm samples were applied to a poly-L-lysine-coated slide, and hybridization was performed as described above. In seven randomly chosen microscopic fields, PP986- (CY3) and EUB338 (fluorescein)-stained cells were
counted with appropriate filter sets. The sizes of fields were chosen such that the
average was 20 to 30 cells per field, and statistics were calculated with the
COUNT program from Bloem et al. (5). The utility of in situ hybridization in
describing this multispecies community was confirmed by showing that between
75 and 95% of the DAPI-stained organisms also stained with the probe EUB338,
specific for the domain Bacteria (data not shown). This indicates that most
bacteria could be detected by whole-cell hybridization, and the proportion detectable is similar to that found in other natural communities (46).
SCLM. A Carl Zeiss confocal laser microscope (LSM 410; Carl Zeiss,
Oberkochen, Germany) was used to obtain optical thin sections of the biofilm. P.
putida and members of the domain Bacteria were visualized simultaneously by
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TABLE 1. Test of specificity of the P. putida probe PP986 as assessed by whole-cell hybridization
Hybridizationa
Source

Phylogenetic affiliation

g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
g-Proteobacteria
a-Proteobacteria
a-Proteobacteria
b-Proteobacteria
b-Proteobacteria
b-Proteobacteria
Gram positive (low G1C)
Gram positive (high G1C)

Pseudomonas putida R1
Pseudomonas putida KT2442
Pseudomonas putida A
Pseudomonas putida A
Pseudomonas putida
Pseudomonas putida
Pseudomonas putida B
Pseudomonas putida B
Pseudomonas fluorescens R2F
Pseudomonas fluorescens
Pseudomonas fluorescens
Pseudomonas fluorescens
Pseudomonas fluorescens
Pseudomonas acidovorans
Pseudomonas aeruginosa
Pseudomonas aeruginosa
Pseudomonas chlororaphis
Pseudomonas chlororaphis
Pseudomonas chlororaphis
Pseudomonas aureofaciens
Pseudomonas stutzeri
Pseudomonas mendocina
Acinetobacter calcoaceticus
Acinetobacter calcoaceticus
Acinetobacter strain C6
Enterobacter cloacae
Escherichia coli BJ4
Rhizobium meliloti
Rhodospirillum rubrum
Chromobacterium violaceum
Pseudomonas cepacia
Alcaligenes eutrophus
Bacillus subtillis
Micrococcus luteus

EUB338

PP986

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

1, positive reaction with PP986; 2, no visible hybridization.
From de Lorenzo et al. (13).
From Ole Nybroe (42) at The Royal Veterinary and Agricultural University, Frederiksberg, Denmark.
d
From van Overbeek et al. (43).
e
From Pedersen and Jacobsen (32).
f
From Krogfelt et al. (21).
g
From the Department of Microbiology strain collection, The Technical University of Denmark.
a
b
c

and all hybridized with the probe PP986. By evaluation of
Biolog substrate utilization patterns, the isolates were identified as P. putida type A1 with similarity indexes between 0.734
and 0.857. The probe PP986 was therefore highly specific for
targeting toluene-degrading P. putida in this biofilm community.
By using the probe PP986 to enumerate the population of
toluene-degrading P. putida in the steady-state bioreactor, the
relative frequency of P. putida in the community was about 4%
(Table 2). This shows that the strain of P. putida, which was
isolated by simple plating and which had the highest toluene
degradation rate of the different isolated species, was also
present in the community as a significant subpopulation. We
have previously developed methods for describing the physiological state of bacterial cells at the single-cell level by measuring growth rate-related parameters such as rRNA content
and cell size with quantitative hybridizations coupled with image analysis (29). With this method, the average rRNA content
of the P. putida population in the biofilm was found to be
65% 6 36% (mean 6 coefficient of variation) of the rRNA
content of a batch culture of strain R1 grown on toluene
(Table 2). The cell volume was 95% 6 57% of exponentially

grown P. putida R1 (Table 2). This further suggested that the
P. putida population was quite active in the community, and we
therefore chose P. putida as a model organism for the toluenedegrading population in the biofilm.
Biofilm architecture. The three-dimensional distribution of
the P. putida population and the spatial heterogeneity of the
biofilm were visualized by SCLM. Figure 2 shows optical thin
sections of the hybridized biofilm at different depths, demonstrating the presence of P. putida at all depths in the biofilm.
P. putida was present in dense cell clusters (microcolonies) and
as individual cells distributed throughout the biofilm. In the
optical section 20 mm from the biofilm surface, a dividing cell

TABLE 2. Data on P. putida in the biofilm
Parametera

Value 6 coefficient
of variation

Relative no. of P. putida cells in biofilm ..........................
4%
Relative rRNA content ...................................................... 65 6 36%
Relative cell vol ................................................................... 95 6 57%
a

Measured with PP986.
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Isolated from the community
—b
ON27c
ON34c
DSM50226
DSM291
DF45c
DF13c
—d
DSM50090
DSM50148
DSM50106
ATCC 13525
DSM39
ATCC 10145
LM2402-8
ATCC 9447
ATCC 43928
ATCC 10857
ATCC 13985
DSM50227
ATCC 25411
DSM1532
DSM590
Isolated from the community
—e
—f
—g
DSM107
—g
DSM50180
DSM416
—g
—g

Strain
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FIG. 2. Optical sectioning of the toluene-degrading biofilm visualizing the spatial distribution of P. putida. The biofilm was hybridized with CY3-labeled PP986 and
CY5-labeled EUB388 to visualize P. putida and members of the domain Bacteria simultaneously. Optical thin sections at different depths of the biofilm are shown. 0
mm indicates the surface of the biofilm, whereas 210, 220, 230, and 240 mm indicate the distance from the surface. Optical sections were sampled with 1.0-mm
increments, and each section represents a sum of three images. Cells stained with a probe for the domain Bacteria are sampled in the red channel and will appear red,
whereas cells stained with the P. putida probe are sampled in the green channel. Since P. putida cells are targeted with both EUB338 and PP986, such cells are sampled
in both channels and will appear yellow.

bedded in agarose and positively stained with AO. Figure 4A
shows optical sectioning of a fully hydrated biofilm stained with
AO, and horizontal sections at different depths from the surface of the biofilm are shown. This visualizes the presence of
cell-free volumes extending from the surface into deeper regions of the biofilm. Figure 4B shows a sagittal section visualizing channels extending from the surface into the biofilm,
further indicating the heterogeneity of the biofilm structure.
A simple biofilm model based on diffusion-limited substrate
transport in the biofilm would predict that toluene-degrading
bacteria are located in the outermost layers of the biofilm,
where the substrate concentration is the highest (37). Such a
model does not seem to be sufficient to describe the three-

FIG. 3. Illustration of the three-dimensional distribution of toluene-degrading P. putida cells in the matrix of the multispecies biofilm. Only P. putida cells are shown
as positively stained (white) cells, whereas members of the domain Bacteria are not visualized. The three-dimensional space-filling reconstruction was made from 40
individual optical sections sampled with 1-mm increments.
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was observed (see arrow in Fig. 2), indicating an actively growing population. By generating space-filling reconstructions, the
three-dimensional localization of P. putida in the biofilm matrix could be visualized (Fig. 3). This clearly documents the
presence of P. putida as single cells and dense cell clusters
throughout the vertical dimension of the biofilm.
The hybridization protocol includes a dehydration step,
which causes collapse of the biofilm structure. To give an
indication of the degree of dehydration, the average thickness
of the fully hydrated biofilm was 356 mm (Table 3), compared
with thicknesses between 25 and 70 mm when the dehydrated
biofilms were observed by SCLM. To investigate the structure
of the fully hydrated biofilm, samples of the biofilm were em-
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TABLE 3. Biofilm data at steady state
Parameter

Abbreviation
for parameter

Value

Biofilm thickness
Protein content
Active biomassa
Polymer content
Toluene surface removal rate
Toluene load
% Toluene removal

L
Xprot
Xa
Xp
ra
Ld
E

356 mm
3.23 g m22
6.46 g m22
2.04 g m22
2.30 gs m22 day21
30 g m23 h21
80%

a
The active biomass in the biofilm is estimated as two times the protein
content.

FIG. 4. Optical sectioning of a fully hydrated biofilm stained with AO to visualize the heterogeneous structure of the toluene-degrading biofilm. (A) Optical sections
at different depths from the biofilm surface (0 mm). Optical sections were sampled with 0.4-mm increments, and each section represents a sum of three images. (B)
Sagittal optical section. The biofilm was sampled from the column and embedded in 0.7% agarose to preserve the hydrated structure. See axis legend to identify the
plane of image display.
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dimensional location of toluene degraders in the biofilm developed in this waste gas biofilter. The porous biofilm structure
observed here suggests that toluene could penetrate the biofilm to a higher degree than if the mass transport were governed by diffusion alone. Channel structures have been shown
to facilitate substrate transport into biofilms (12, 23, 41), indicating that substrate may be available to the P. putida cells
localized deep inside the biofilm, allowing them to degrade
toluene.
Determination of the rate of toluene removal. In the biofilter, a quasi-steady state was obtained after about 1.5 months of
operation. The data in Table 3 give the details of biofilm
composition and reactor performance. An estimate of the con-

tribution of the P. putida population to the total toluene degradation in the biofilm was calculated by combining the in situ
hybridization data (Table 2) and the kinetic data (Table 4).
Although the biofilm was quite heterogeneous, as was discussed above, there is no indication that toluene is metabolized
only in specific parts of the community. In contrast, since the
coefficient of variation (CV) of the rRNA content for the P.
putida population (36% [Table 2]) is in the range of what has
been found for chemostat cultures of P. putida KT2442, measured by hybridization and image analysis (from 20 to 30%
[29]), it is likely that the physiological activity of the P. putida
biofilm population was rather homogeneous. There are further
indications that toluene degradation could be taking place in
deeper regions of the biofilm. The P. putida cells in the biofilm
contained significantly more rRNA than the heterotrophic
population as judged by hybridization with the probe for the
domain Bacteria (data not shown). This indicated that the
P. putida cells located deep in the biofilm were more physiologically active than the surrounding bacteria, suggesting that
P. putida had access to a substrate (toluene) not available to
the heterotrophic population. Furthermore, all the fluorescent
pseudomonads isolated from the system grew on benzyl alcohol (data not shown), which provided a very preliminary indication that the initial steps in the degradation of toluene were
similar to the upper pathway of the TOL plasmid (27). This
suggested that all of the P. putida cells in the biofilm were using
the same degradative pathway, making the existence of a subpopulation of non-toluene-degrading P. putida unlikely. There-
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TABLE 4. Kinetics of toluene degradation by P. putida in
pure culture and in the biofilm
Parameter

km,putida

Xa,putida
ra,putida(max)

Value

10.1 gs gxa,putida21 day21
258 mgs m22
2.61 gs m22 day21

R

0.57

ra,putida

1.49 gs m22 day21

a
Xa,putida was calculated assuming that 4% of the total biomass (Xa) consisted
of P. putida.
b
ra,putida(max) was calculated by assuming that P. putida degrades toluene with
the maximal rate in the biofilm using ra,putida 5 km,putida 3 Xa,putida (equation 1).
c
R was calculated from the rRNA content of P. putida measured in the biofilm
(equation 3).
d
ra,putida was calculated as R 3 km,putida 3 Xa,putida (equation 2).

fore, the toluene degradation rate for the P. putida population
was estimated as an average, ignoring spatial heterogeneity
and using the kinetic data for the isolate R1. Assuming a
zero-order reaction rate, the maximal surface removal rate for
P. putida R1 was determined to be ra,putida(max) 5 2.61 gs m22
d21 (Table 4). This maximal rate is 14% higher than the surface removal rate measured for the entire biofilm community
(ra 5 2.30 gs m22 d21).
However, assuming a maximal zero-order degradation rate
for P. putida (i.e., no substrate limitation in the biofilm) may
overestimate the substrate removal rate of this population in
the biofilm. The rRNA content and cell size of P. putida in the
biofilm environment were reduced relative to those measured
under optimal conditions for P. putida R1 grown in batch
culture with toluene as the only carbon source (Table 2). The
ribosome content of the bacterial cell is believed to be tightly
regulated and coupled to the level of cellular activity, i.e.,
protein synthesis (18). The rate of protein synthesis, and hence
the rRNA content, must depend on the flux of carbon available
to the cell. Furthermore, the cellular rRNA content and growth
rate have been demonstrated for many bacterial species to be
proportional (6, 29, 30, 39), and basic chemostat equations
show that the growth rate, under such conditions, is determined by the substrate concentration (16). Therefore, this altered physiological state could reflect a suboptimal toluene
degradation rate in situ. The toluene degradation rate could be
calculated, considering the reduced cellular activity, by correcting the maximal specific toluene removal rate (km,putida) with a
factor R (the correction factor for the metabolic activity in
situ). The factor R is taking the measured rRNA content into
account (Materials and Methods, equation 3). For the P. putida population present in the biofilm, R was 0.57 (Table 4),
giving an estimated surface removal rate of P. putida in the
biofilm of ra,putida 5 1.49 gs m22 d21. This constituted about
65% of the toluene degradation rate of the entire biofilm. The
calculation illustrated how a toluene-degrading population
constituting only 4% of the total population may be sufficient
to account for most of the toluene removal performed by the
entire biofilm community and suggested that P. putida may be
a major toluene degrader in the community.
The correlation between rRNA content and toluene degradation is valid only if toluene is the limiting substrate. During

the operation of the biofilter, toluene vapor was generated by
bubbling air through liquid toluene with a high volumetric
flow, suggesting that oxygen was supplied in ample amounts.
Furthermore, a nutrient salt solution was continuously added
in surplus after the initial discovery that the nutrient salts
concentrations seemed to be limiting (data not shown). Thus,
the supply of carbon was considered to be limiting in this
system.
The approach presented here illustrates how a description of
the physiological state of a subpopulation in a biofilm community may give an indication of how this population is performing in the community. Prediction of substrate concentrations
within biofilms requires knowledge of diffusion coefficients,
which can be variable in heterogeneous biofilms (24). In the
present study, the activity was calculated as a population average, but by applying the spatial resolution of SCLM it may be
possible to relate structural complexity to the description of
the cellular physiological state. Presently, in situ information
about the toluene-degrading population is being incorporated
into modeling of the early growth phase of the biofilm, and the
reduced activity of the P. putida population seems to be necessary to explain biofilm growth and toluene removal kinetics
(31a).
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