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Abstract

The dynamics of a multispecies biofilm population in a laboratory-scale trickle-bed bioreactor for the treatment of
waste gas was examined. The model pollutant was a VOC-mixture of polyalkylated benzenes called Solvesso 100®.
Fluorescence in-situ hybridization (FISH) was applied in order to characterise the population composition. The
bioreactor was operated under transient conditions by applying pollutant concentration shifts and a starvation phase.
Only about 10% of the biofilm mass were cells, the rest consisted of extracellular polymeric substances (EPS). The
average fraction of Solvesso 100®-degrading cells during pollutant supply periods was less than 10%. About 60%
of the cells were saprophytes and about 30% were inactive cells. During pollutant concentration shift experiments,
the bioreactor performance adapted within a few hours. The biofilm population exhibited a dependency upon the
direction of the shifts. The population reacted within days after a shift-down and within weeks after a shift-up.
The pollutant-degraders reacted significantly faster compared to the other cells. During the long-term starvation
phase, a shift of the population composition took place. However, this change of composition as well as the
degree of metabolic activity was completely reversible. A direct correlation between the biodegradation rate of
the bioreactor and the number of pollutant-degrading cells present in the biofilm could not be obtained due to
insufficient experimental evidence.

Introduction

Trickle-bed bioreactors have proven to be effective
systems for waste gas treatment. This is especially the
case for relatively low pollutant concentration levels
of around 1 g CxHy per m® of waste gas. The biode-
gradation of the organic pollutants takes place mainly
via aerobic oxidation by a mixed population of mi-
croorganisms. These microorganisms are immobilised
in a biofilm which covers the surface of a packing
material of the trickle-bed column. Previous studies
have confirmed the suitability of trickle-bed bioreact-
ors for the treatment of volatile organic compounds
(VOC’s) such as dichloromethane (Diks & Ottengraf
1991), toluene (Arcangeli & Arvin 1992; Mgller et al.

1996; Pedersen et al. 1997), and polyalkylated ben-
zenes (Hekmat & Vortmeyer 1994). Further work was
performed with regard to the biodegradation dynam-
ics, since the industrial process under real conditions
is usually unsteady (Deshusses et al. 1996). This is
because on one hand, the pollutant source is not con-
stant over time and on the other hand, the bacterial
culture exhibits an internal dynamic behavior depend-
ing upon variable physiological conditions. Therefore,
the start-up behavior of trickle-bed bioreactors and the
effect of feed pollutant concentration cycling was in-
vestigated (Hekmat et al. 1997). For simplification,
however, the biofilm was regarded as a homogen-
eous mass in most studies. Thus, the properties of
individual species was ignored (Siebel & Characklis
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Figure 1. Schematic diagram of the experimental set-up of the trickle-bed bioreactor (GC (FID) = gas chromatograph with flame ionization

detector).

Figure 2. Left: segment of the packed column during continuous long-term operation in the trickle regime. Right: hydrophilised polypropylene
Ralu®-ring packing material. The carrier material is covered with a thick biofilm.



1991) and the biofilm was treated as a black box.
However, it is well known that in any open environ-
ment biological system, multispecies biofilms exist.
In these biofilms, different bacterial populations in-
teract with each other. These interactions influence
the structure and the physiology of the biofilm as it
develops (James et al. 1995). The evidence of direct
metabolic interactions between community members
was reported by Mgller et al. (1998) who studied a
binary population biofilm of Pseudomonas putida and
Acinetobacter sp. degrading toluene. In a later work,
Christensen et al. (2002) analysed the metabolic inter-
actions of the above mentioned two-species microbial
consortium degrading benzyl alcohol. It was observed
that the two organisms exhibited competition and/or
commensal interactions depending on their relative
physical positioning in the biofilm. Thus, it was shown
that multispecies biofilms represent quite differenti-
ated systems with various complex processes taking
place simultaneously.

In order to identify microorganisms and to determ-
ine their quantity in biofilms, the fluorescence in-situ
hybridization (FISH) method was developed (Amann
et al. 1990) and has been successfully applied in order
to detect individual microbial cells without cultiva-
tion (Amann et al. 1995). The FISH-method was used
to characterise the microbial populations of a trickle-
bed bioreactor degrading polyalkylated benzenes from
synthetic waste gas (Hekmat et al. 1998; Stoffels et
al. 1998). In these studies, the population dynamics
during the start-up phase of the trickle-bed bioreactor
was examined. However, no data of the long-term
operation was obtained.

Due to the above mentioned complexity, current
understanding of biofilm systems for waste gas treat-
ment is limited. Only little work exists on the de-
scription of the population dynamics in a multispecies
biofilm of trickle-bed bioreactors for the treatment
of waste gas. In fact, very few examinations of the
microbial population behavior during long-term oper-
ation under transient conditions of such systems have
been carried out. Therefore, the aim of the present
study was to perform laboratory experiments under
transient conditions with a trickle-bed bioreactor using
polyalkylated benzenes as a model pollutant. It was
planned to determine the population dynamics during
pollutant concentration shift experiments and during a
long-term starvation period.
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Description of model pollutant and bioreactor
system

The model pollutant was a mixture of hydrophobic
polyalkylated benzenes (Solvesso 100®, Deutsche
Exxon Chemical GmbH, Cologne, Germany). This
product is commonly used in industrial applications
as a solvent. Solvesso 100® contains mainly aromatic
hydrocarbons such as trimethylbenzenes or ethyltolu-
enes (composition given in Hekmat et al. 1997).
The inoculum of the bioreactor originated from the
wastewater of a car painting facility (BMW AG, Mu-
nich, Germany). The experiments were performed in
a laboratory-scale trickle-bed bioreactor under non-
sterile conditions (Hekmat et al. 1997). A schematic
diagram of the experimental set-up is presented in Fig-
ure 1. The synthetic waste gas entered the column
continuously from the top. The recirculating mineral
salt solution flowed co-currently with the gas down-
ward through the column. The inner diameter of the
column was 140 mm and the height was 0.7 m res-
ulting in a column volume of 10.8 1. The column was
packed with hydrophilised polypropylene Ralu®-rings
(Raschig AG, Ludwigshafen, Germany). A segment
of the trickle-bed column during continuous long-term
operation and Ralu®-ring carrier material are presen-
ted in Figure 2. As can be seen, the carrier material
is covered with a thick biofilm. Detailed specifications
of the packing material, GC analytics, and media are
given in Hekmat et al. (1997).

Preliminary experiments were performed in or-
der to examine the component-specific biodegradation
of Solvesso 100®. It was shown that the standard
deviation of the degree of conversion of six major Co-
components of Solvesso 100® with fractions higher
than 5% was about 30%. However for reasons of sim-
plicity, the pollutant was treated as one single carbon
source during the subsequent investigations.

Description of analytical methods, isolation of
Solvesso 100®-degrading strains, and design of
Solvesso 100®-specific oligonucleotide probes

The fixation of liquid samples for FISH measure-
ments was performed as reported by Wagner et al.
(1993). Solid samples were obtained from biofilms
grown on glass coverslips and Ralu®-ring carriers.
Solid sampling ports existed at four positions along
the reactor height as indicated in Figure 1. From each
port, glass coverslips or Ralu®-rings being distributed
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along the reactor cross section were removed. The
biofilm of the carriers was removed and disintegrated
in 0.9 M phosphate buffered NaCl solution (pH 7.4)
by a combination of scraping and vigorous shaking,
subsequent vortexing for 5 min, and final treatment
in an ultrasonic bath for 2 min. The biofilm suspen-
sion was cooled in an ice bath inbetween the steps.
In order to be able to differentiate the biomass into
cells and extracellular polymeric substances (EPS),
a quantitative EPS extraction method using a cation
exchanger resin (Dowex 50X8, 20-50 mesh, Fluka,
Neu-Ulm, Germany) was developed (Linn 1999). The
biofilm of the carriers was removed and disintegrated
using the above mentioned procedure. 60 ml of biofilm
suspension was then separated in a Sorvall centrifuge
(Kendro Laboratory Products, Langenselbold, Ger-
many) at 12000 min~! for 15 min at 4 °C. 20 ml
phosphate buffered extraction solution (pH 7) contain-
ing 30 g Dowex was added to the pellet. After shaking
this solution for 3 h at 4 °C, the centrifugation step was
repeated. The pellet was then separated from the resid-
ual Dowex and the weight of the pellet was determined
gravimetrically. Two parallel samples from 10 carriers
were treated every time. The standard deviation was
+4.5%.

Total cell counts (active and inactive cells) from
homogenized biofilm samples from three carriers were
determined by a combination of membrane filtra-
tion and staining with 4’,6-diamidino-2-phenylindole
(DAPI) as described by Wagner et al. (1993). De-
pending on the cell concentration, 5-20 ul sample
solution was incubated in the dark with 50 ul of a
1 ug ml~! DAPI solution in 100 ul purified HO
for 15 min at room temperature. Vacuum filtration
under sterile conditions in the dark for 5 min was
performed using a 0.2 um GTTP-polycarbonate fil-
ter (Millipore, Schwalbach, Germany). After drying
in the dark for 5 min, the filter was embedded in
Citifluor solution (Citifluor Ltd., London, UK) and
examined with an Axioplan microscope (Carl Zeiss,
Oberkochen, Germany) using the filter set 01. For each
sample, 25 randomly chosen microscopic fields were
counted. Mean values and standard deviations were
determined. Color photomicrographs were taken with
Kodak Ektachrome P1600x films. For the application
of the FISH-method, the biofilm suspension samples
were fixed with paraformaldehyde. This fixation pro-
tocol was adequate since almost no Gram-positive
bacteria were present in the bioreactor system (Linn
1999). Combined FISH and DAPI measurements of
fixed samples from three carriers immobilised on glass

slides were obtained by hybridization and subsequent
DAPI staining using the above mentioned microscopic
procedure with filter sets 01, 09, and 15. The se-
quences, hybridization conditions, and references for
the oligonucleotide probes used in this study are given
in Table 1. The oligonucleotides were synthesized and
labeled at the 5’ terminus with fluorescein, CY3 or
CY5 (Interactiva, Ulm, Germany).

The isolation procedure of Solvesso 100®-
degrading bacteria was as follows: serial solutions in
the range of 10~! to 10~!? of biofilm suspension and
circulation liquid were plated in duplicate on mineral
medium (Hekmat et al. 1997). A filter paper soaked
with Solvesso 100® was placed at the bottom of an
inverted glass petri dish and served as the sole carbon
source. Then, the dishes were incubated in an air-tight
metal box at 30 °C. The filter paper was replenished
with Solvesso 1009 every 3-4 days. Pure cultures
were isolated by striking out single colonies. Two
distinct new Solvesso 100®-degrading strains were
isolated from a mature biofilm after about 2 months of
bioreactor operation (Linn 1999). They were identified
as Pseudomonas sp. by sequencing of the 16S rRNA
gene. The new isolates were named Pseudomonas sp.
strain w20 (accession number: Y18344) and Pseudo-
monas sp. strain g24 (accession number: Y 18345).
The 16S rRNA sequences were used to design two
new isolate-specific oligonucleotide probes Pw20-586
and Pg24-586, both complementary to position 586-
605 according to E. coli-numbering (Brosius et al.
1981) (see Table 1). Oligonucleotides of the selec-
ted regions were synthesized and CY3-labeled at the
5’-end. Hybridization conditions for the new oligonuc-
leotide probes were optimised by gradually increasing
the formamide concentration in the hybridization buf-
fer as described previously (Manz et al. 1992). The
newly designed probes Pw20-586 and Pg24-586 were
used together with the probe Bcv13b to monitor the
Solvesso 100®-degrading bacteria. The latter probe
was characterised by Stoffels et al. (1998) to be spe-
cific for Burkholderia vietnamensis and Burkholderia
cepacia, both representing Solvesso 100® degrading
bacteria. The probes BET42a and GAM42a were used
with competitor oligonucleotides as described earlier
(Manz et al. 1992).

During preliminary experiments, the gradients of
biofilm density/composition along the reactor height
were examined. However, no significant gradients
were observed. Thus, it was deduced that the biomass
distribution and the microbial community composi-
tion were practically homogeneous and non-variant
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Table 1. Oligonucleotide probes used in this study

1

Probe Specificity Target site, % FA Reference
rRNA position in-situ®
(probe sequence 5’ to 3')
ALF968 Alpha subclass of  16S, 968-985 20% Neef 1997
Proteobacteria
Bevl3b Burkholderia 23S, 255-277 30% Stoffels
vietnamensis,3 et al. 1998
Burkholderia
cepacia3
BET42a Beta subclass of 23S, 1027-1043 35% Manz
Proteobacteria et al. 1992
EUB338 Bacteria 168, 338-355 0% Amann
et al. 1990
GAM42a Gamma-subclass 23S, 1027-1043 35% Manz
of Proteobacteria et al. 1992
Pw20-586  Pseudomonas sp. 16S, 586605 40% This study
w203 (ACATCCAACTTGCTGA
ACC)
Pg24-586  Pseudomonas sp. 16S, 586605 30% This study
9243 (ACCTTCAACTTGCTGA
ACC)
1 Escherichia coli numbering (Brosius et al. 1981).
2 percent formamide (FA) in in-situ hybridization buffer.
3 Specific for Solvesso100® -degrading isolate.
along the column height. Hence, the chosen sampling PL = ¢o/t

method ensured representative biofilm samples of the
entire reactor. For further experiments, solid samples
from only one port (port 4, see Figure 1) were ex-
amined.

Performance of the trickle-bed bioreactor during
operation with pollutant concentration shifts and
during a long-term starvation period

The performance of the trickle-bed bioreactor un-
der transient conditions was examined for a period
of approx. 9.5 months. During this time period, the
pollutant gas inlet concentration was altered instantan-
eously and then kept constant for several weeks (shift
experiments). The bioreactor performance is charac-
terised by the three parameters: specific pollutant load
(PL), specific elimination capacity (EC), and degree
of conversion (DC). These parameters are defined as
follows

EC = (co —c1)/7
DC = (co — c1)/co,

where ¢ is the gas inlet concentration, c; is the gas
outlet concentration, and t is the mean gas resid-
ence time. The operating conditions for the transient
experiments with pollutant concentration shifts and
a long-term starvation period are given in Table 2.
The time courses of the specific pollutant load and
the specific elimination capacity are presented in Fig-
ure 3. After a quasi-steady-state at co = 600 mg m™—>
had been reached for several weeks (average specific
elimination capacity EC = 80 g m™> h™!), the first
shift-down to co = 200 mg m~3 took place on the
38th day. The gas inlet concentration was then kept
constant for 3 weeks (EC = 38 g m™ h™!). The
first shift-up occurred on the 55th day and the gas
inlet concentration was then kept constant again at
co = 600 mg m~3. It was observed that the EC rose
within a few hours up to the original value of approx.
80 g m™> h™! and stayed relatively constant at this
level. Since this observed fast response was surprising,
the response times of abiotic physical mechanisms and
of biological processes were compared (Roels 1983).



138

Table 2. Operating conditions for the transient experiments with
pollutant concentration shifts and a long-term starvation period

1440 (peak value); 600; 200; 0 mg m3
Gas flow rate 351 min~!

Recirculating liquid flow rate 12010~}

Average gas residence time t 18.5s

Trickling density 7.8m3 m=2 h~!

Specific pollutant load 280 (peak value); 120; 40;0 g Al
Temperature 30°C

pH 7

Gas inlet concentration

The response times of relevant abiotic mechanisms
(e.g. convective mass transfer, diffusion, and absorp-
tion processes) were typically in the range of seconds
or minutes. On the other hand, the biological response
times (e.g., growth, population dynamics) were in the
order of hours or days. Therefore, it was deduced that
abiotic mechanisms were not responsible for the short-
term responses in the range of hours of the mixed
population in the bioreactor.

The second shift-down to ¢p = 0 mg m™ took
place on the 112th day. From then on, the population
dynamics were examined during a prolonged phase
without external supply of a carbon source. Further-
more, the recovery behavior of the biofilm population
at the end of the 146 days long starvation phase was
studied. The second shift-up was on the 258th day and
had a peak shape. The peak gas inlet concentration
was ¢ = 1.44 ¢ m™3 and the maximum PL was
280 g m™3 h~!. Again, the EC rose within a few
hours after the shift-up and reached a maximum of
224 ¢m~3 h~!. Thus, it was shown that the population
was not irreversibly damaged during the long starva-
tion phase and was able to raise the biodegradation rate
almost instantaneously after re-supply of pollutant.
The EC plotted versus the PL is presented in Figure 4.
The slope of the solid line represents the maximum
achieved degree of conversion DCyax & 80%. The
average DC, however, was only approx. 65%.

For further examinations of the biofilm, the im-
mobilised biomass dry weight per single Ralu®-ring
carrier (DW) and the total number of cells per carrier
(TNC) via above described DAPI-measurements were
determined. The results are presented in Figure 5. The
pollutant concentration shifts are depicted by vertical
arrows. As can be seen, both time courses rose after
a shift-up and decreased after a shift-down. The DW
during the pollutant supply phase (13th—112th day)
was roughly between 100—140 mg/carrier. During the
starvation phase, the DW dropped by 55% down to

a value of approx. 60 mg/carrier. After the second
shift-up at the 258th day, a relatively fast increase of
the DW to about 120 mg/carrier was observed. The
time course of the TNC was comparable to the one of
the DW. However, the decrease to the TNC with time
was more pronounced as can be seen after the first
shift-down at the 38th day. Here, the TNC dropped
down to approx. a third of the previous value within
8 days. On the other hand, the TNC increased rel-
atively slow after the shift-up at day 55. In fact, it
took about 8 weeks to reach the original level again.
This surprising dependency of the TNC time course
upon the direction of the shifts was observed during
the starvation phase, too. The observed behavior sug-
gested that endogeneous decay occurred at a higher
rate than net specific growth. Other influencing factors
such as hydrodynamic conditions, physical shearing,
and oxygen supply rates were kept constant during the
shift-experiments. Hence, these factors did not con-
tribute to the above mentioned behavior. The TNC
dropped by 77% during the starvation phase. It was
observed microscopically that the size of most of the
cells was reduced during the starvation phase. How-
ever, no reproducible quantitative data were obtained
with regard to the degree of size reduction. Further-
more, it was observed that the rod-type shape of the
cells turned into a rather coccoidal shape during the
starvation phase.

The application of the above mentioned EPS ex-
traction method using a cation exchanger resin yiel-
ded surprisingly high EPS fractions. Two independent
measurements revealed EPS values of 89% and 93%
of the total biomass. Thus, only a fraction of about
10% of the total biomass were actually cells (active
and inactive ones).

Characterisation of the biofilm population
dynamics during operation with pollutant
concentration shifts and during a long-term
starvation period

In a first step, the mixed population of the biofilm
was characterised using the oligonucleotide probe
EUB338 to detect the majority of Proteobacteria
(Amann et al. 1990). The bacterial phyla not targeted
by the EUB 338 probe set such as Planctomycetales
and Verrucomicrobia (Daims et al. 1999) were as-
sumed not to play a significant role in the present
engineered system. The probes ALF968, BET42a, and
GAM42a were used to detect the alpha-, beta, and
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Figure 3. Time courses of the specific pollutant load (PL) and the specific elimination capacity (EC). First shift-down on the 38th day, first
shift-up on the 55th day, second shift-down on the 112th day (start of starvation phase), second shift-up on the 258th day.

gamma-subclasses of the Proteobacteria. These three
subclasses of the Proteobacteria include practically
all relevant species to be found in the present sys-
tem. The measured data are presented in Figure 6
as fractions of all detected cells (via DAPI-counts).
As can be seen, alpha-subclass bacteria were dom-
inant during the pollutant supply phases (before and
after the starvation phase). However, the capability
of alpha-subclass bacteria to mineralize polyalkylated
benzenes was not reported. The fractions of beta- and
gamma-subclass bacteria were variable during the pol-
lutant supply phases. As already mentioned, these
subclasses include genera which are able to utilize
polyalkylated benzenes such as Burkholderia (beta-
subclass) (Stoffels et al. 1998) and Pseudomonas
(gamma-subclass) (Mgller et al. 1996). Interestingly,
a shift of the population composition was observed
shortly after the start of the starvation phase: the frac-
tion of alpha-subclass bacteria decreased and instead,
gamma-subclass bacteria were dominant. This was
somewhat contradictory since the gamma-subclass
population representing pollutant-degraders was ex-
pected to be rather disadvantaged during the starvation
phase. These observations led to the conclusion that
a satisfactory characterisation of the mixed popula-
tion was not possible using subclass-specific oligo-
nucleotide probes. Furthermore, it was obvious that a

population was present in the biofilm which did not de-
grade the primary carbon source, i.e. the polyalkylated
benzenes. This population was believed to consist
of saprophytes belonging to all three subclasses of
Proteobacteria. These saprophytes were assumed to
be able to utilize a secondary carbon source (not
measured) such as metabolic intermediates and lysis
products but not the polyalkylated benzenes. Based
on a conceivable simplified model assumption, a dif-
ferent strategy was used to characterise the biofilm
population: the potential pollutant-degraders were as-
sumed to be measured as the sum of cells detected with
the above mentioned isolate-specific oligonucleotide
probes Bev13b, Pw20-586, and Pg24-586. The sap-
rophytes were then calculated from the difference of
the pollutant-degraders and the cells measured with
the EUB338 probe. The inactive cells were then cal-
culated from the difference of the cells measured with
the EUB338 probe and the total number of cells meas-
ured with the DAPI-method. This simplified model
assumption implies that no other pollutant degraders
were present in the reactor which were not detectable
with the three isolate-specific probes. However, it can-
not be ruled out that other strains capable to degrade
Solvesso 100® existed in the reactor. Applying the
above mentioned strategy yielded the results presented
in Figure 7.
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Figure 4. Specific elimination capacity (EC) plotted versus specific pollutant load (PL). The data can be regarded to be stationary with regard
to abiotic physical mechanisms. The slope of the dotted line represents the maximum achieved degree of conversion DCpax =~ 80%.

As can be seen, the fraction of pollutant-degraders
was surprisingly small during the pollutant supply
phases (13th—112th day and 258th-284th day). In-
stead, the saprophytes dominated the mixed popula-
tion by far. On the average, only 8.8% of all biofilm
cells during the pollutant supply phases were Solvesso
100®-degraders. During the starvation phase (113th—
257th day), only 0.2% of all cells were detected by
the isolate-specific probes and nearly 60% of all cells
were inactive. After the starvation phase, the biode-
gradation rate of the bioreactor rose within a few hours
and the fractions of active cells increased within sev-
eral days. This led to the conclusion that the long-term
starvation phase did not damage the biofilm population
irreversibly. The change of cell fractions followed the
direction of the pollutant shifts, i.e. a decrease of cell
fractions resulted after a shift-down and vice versa.
However, the dynamics of cell fraction change of
pollutant-degraders and saprophytes differed strongly
independent of the direction of the shifts. In order to
quantify these different dynamics, the specific change
of cell fractions (CCF) between two consecutive meas-
urement points " and £"*" was calculated from the
experimental data. CCF is defined as

(n+1) ()
1 f — f.

“CF (n) fl(n+1) J}n) ’
it 1

1

1, degraders
2, saprophytes
3, inactive cells

i=1,23

fi is the fraction of the type i of cells of the total num-
ber of cells. The parameter CCF is a measure of the
intensity of the change of cell fraction with time. The
time courses of the CCF of pollutant-degraders, sapro-
phytes, and inactive cells are given in Figure 8. As can
be seen, the dynamics of the pollutant-degraders were
by far the most sensitive ones. Interestingly, the degree
of change of the degrader cells was higher after a shift-
up than after a shift-down. Here, a dependency upon
the direction of the shifts was observed again. Further-
more, it was noticed that the intensity of change of
the saprophytes was lowest. Hence, the changes of the
fraction of inactive cells were faster compared to the
saprophytes.

Correlation of the performance of the trickle-bed
bioreactor with the population composition of the
biofilm

It is known that a dynamic and flexible complex com-
munity, as it was observed in the present study, could
maintain an ecosystem with a stable and sustainable
function (Fernandez et al. 1999; Tresse et al. 2002).
Therefore, a possible correlation of the function of
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the microbial system with the community composi-
tion was examined. This was a difficult task due to
the following facts: (i) obviously, not only the number
of cells but also the individual cell-specific physiolo-
gical activity determined the biodegradation activity.
However, in the present study, only cell numbers were
measured without evaluating the physiological activ-
ity; (ii) the removal rate of pollutant from the gas phase
was not only determined by the biodegradation rate
but also depended upon various simultaneous mass
transfer processes. The rates of these mass transfer
processes were variable depending upon factors such
as the amount of rhamnolipid biosurfactants present
in the biofilm (Vandyke et al. 1993); (iii) moreover,
not all Solvesso 100®-degrading bacteria might have
been detected using the three above mentioned isolate-
specifc oligonucleotide probes. In addition, metabolic
interactions between community members could have
altered the biodegradation rate (Mgller et al. 1998).
Hence, it was expected that a direct correlation of
bioreactor performance and community composition
was not evident. As a matter of fact, the existing exper-
imental evidence was not sufficient to provide a direct
correlation. Therefore, further experiments have to be
performed in the future using improved techniques.

Conclusions

The cultivation-independent fluorescence in-situ hy-
bridization (FISH) method was applied in order to
analyse the mixed population of a biofilm from exper-
iments using a laboratory scale trickle-bed bioreactor.
The model pollutant was a VOC-mixture of polyal-
kylated benzenes called Solvesso 100®. Two new
types of Solvesso 100®-degrading bacteria were isol-
ated from the mature biofilm and specific oligonuc-
leotide probes for FISH measurements were designed.
Both isolates belonged to the gamma-subclass of the
Proteobacteria and showed a strong sequence similar-
ity to the genus Pseudomonas. It is well known that
these types of microorganisms are able to mineralize
aromatic hydrocarbons and to produce large amounts
of EPS in order to facilitate immobilisation and sub-
sequent formation of biofilms. Furthermore, these EPS
contain rhamnolipid biosurfactants which enhance the
availability of hydrophobic carbon sources (Vandyke
et al. 1993). A major experimental result was that
the fraction of Solvesso 100®-degrading bacteria in
the biofilm was low. About 90% of the biofilm was
EPS, hence, only about 10% of the biomass were cells.
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The average fraction of Solvesso 100®-degrading cells
during the pollutant supply periods was less than 10%
of all cells. About 60% of the cells were saprophytes
and about 30% were inactive cells.

It was observed during the transient shift-
experiments that the bioreactor performance adapted
to abrupt changes of the pollutant gas inlet concen-
tration within a few hours. Even after the prolonged
starvation phase, the biodegradation rate rose rapidly
a few hours after re-supply of pollutant. Thus, it was
shown that a robust biofilm population existed. The
pollutant-degraders were capable to utilize the primary
carbon source (the pollutant) as well as the second-
ary carbon source consisting of metabolic intermedi-
ates and lysis products. During the starvation phase,
so called ‘cryptic growth’ took place (Hamer 1985).
Besides the intermediates and lysis products, other
endogeneous energy reserves might have been meta-
bolized such as polyhydroxy fatty acids stored in the
biofilm EPS-matrix (Freeman & Lock 1995). Hence,
the EPS-matrix played a role as a buffer against chan-
ging organic substrate supply. The measured biomass
dry weight per Ralu®-ring carrier dropped during the
starvation phase. However, it is known that the mixed
population was not likely to be capable to utilize the
abundant EPS as a carbon source and/or energy source
(Grinberg et al. 1991). On the other hand, microscopic
observations showed that the cells during the starva-
tion phase were smaller and their shape had turned
into coccoidal cells. This finding confirmed similar
observations by Egli (1995). The investigations of
the biofilm population dynamics revealed that a direc-
tional dependency existed with regard to the pollutant
shifts. The population reacted within days after a shift-
down. On the other hand, it took several weeks for the
population to reach previous conditions after a shift-
up. Another dependency on the direction of the shifts
was observed with regard to the intensity of the change
with time of the Solvesso 100®-degrading cell fraction
after shifts. The degree of change was higher after a
shift-up than after a shift-down. A clear shift of the
population composition occurred during the starvation
phase. However, this change of composition as well
as the degree of metabolic activity was completely
reversible. After the shifts, the pollutant-degraders re-
acted significantly faster compared to the other cells.
A direct correlation between the biodegradation rate of
the bioreactor and the number of pollutant-degrading
cells present in the biofilm could not be obtained due
to insufficient experimental evidence.
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It can be concluded that the above findings lead
to a further understanding of the microbial com-
munity composition and the population dynamics of a
multispecies biofilm-reactor operated under transient
conditions.
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