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Community composition, succession, and performance were compared in three fluidized bed reactors (FBR)
operated to test preemptive colonization and the influence of toluene compared with a mixture of benzene,
toluene, and p-xylene (BTX) as feeds. One reactor was inoculated with toluene-degrading strains Pseudomonas
putida PaW1, Burkholderia cepacia G4, and B. pickettii PKO1. PaW1 outcompeted the other two strains. When
groundwater strains were allowed to challenge the steady-state biofilm developed by inoculated strains, they
readily displaced the inoculated strains and further reduced the toluene effluent concentration from 0.140 to
0.063 mg/liter for 98% removal. Amplified ribosomal DNA restriction analysis (ARDRA) of reactor community
DNA showed a succession of populations to a pattern that was stable for at least 4 months of operation. Parallel
reactors fed toluene and BTX but inoculated directly from groundwater had the same treatment performance
and the same ARDRA profiles as each other and as the seeded reactor once the groundwater community took
over. Convergence and stability of populations were confirmed by genotype analysis of 120 isolates taken from
all reactors and at several times. Ninety percent of the isolates were of 4 of the 12 genotypes found, and their
ARDRA patterns accounted for most of the community ARDRA patterns. Estimates of the maximum specific
growth rates (mmax), half-saturation constants (Km), and maximum substrate utilization rates (Vmax) of the 12
genotypes isolated revealed a rather high diversity of toluene use kinetics even though the toluene in the feed
was constant. The climax populations, however, generally showed kinetic parameters indicative of greater
competitiveness than the inocula. rRNA sequence analysis of three codominant strains showed them to be
members of the alpha, beta, and gamma subdivisions of the Proteobacteria. Two were similar to Comamonas and
Pseudomonas putida, but the member of the alpha group was somewhat distant from any organism in the rRNA
database. The convergence of communities to the same composition from three different starting conditions
and their constancy over several months suggests that a rather stable community was selected.

Bioremediation of groundwater contaminated with benzene,
toluene, and xylene (BTX) can be accomplished either in situ
or ex situ depending on site conditions. In the latter case,
fluidized bed reactors (FBR) can be used instead of carbon
adsorption to remove BTX compounds in pump-and-treat op-
erations. We used an FBR operated in a manner used for
commercial operations to evaluate whether microbial inocu-
lants could compete effectively with indigenous groundwater
organisms, to determine whether the final communities that
developed in initially inoculated reactors were different from
those communities inoculated with groundwater, and to deter-
mine whether communities selected by feeding only toluene
were different from those fed BTX. We also evaluated the
performance of each of these communities in removing tolu-
ene or BTX.
For inocula, we chose well-studied, toluene-degrading

strains that carried three of the five different toluene pathways
that have been characterized (28). These were Burkholderia
cepacia G4, which carries the toluene ortho-monooxygenase
pathway (8); B. pickettii PKO1, which carries the toluene meta-

monooxygenase pathway (13); and Pseudomonas putida PaW1,
which oxidizes the methyl group of toluene, forming benzoate
as an intermediate (9, 12). These strains are also of interest
because two of them, G4 and PKO1, are good trichloroethyl-
ene cooxidizers, while PaW1 has no trichloroethylene-metab-
olizing ability (6). Hence, the competitiveness of these strains
in different reactor systems is of additional interest. Previous
work on competition of different toluene-degrading popula-
tions in mixed chemostats suggested that strains which initially
hydroxylate the aromatic ring were competitively superior to
those which oxidized the methyl group (5).
The FBRs contained granular activated carbon (GAC) as

the biomass carrier. The surface adhesion of bacterial popula-
tions and the subsequent cell binary fission and exopolymer
production lead to the formation of biofilm communities (2,
24), and FBRs that were fed BTX developed biofilms more
than 100 mm thick (16). We used growth-dependent counting
and isolation methods, community DNA fingerprints of rRNA
genes, and fatty acid analyses to study succession in biofilm
communities from inoculated and uninoculated reactors and
from reactors fed toluene or BTX. We found convergence of
populations in the seeded and the natural groundwater-colo-
nized communities on GAC regardless of the source of inoc-
ulum and the carbon source. Although all inoculated strains
were outcompeted by the indigenous groundwater popula-
tions, the methyl group-oxidizing strain (PaW1) was the only
one to survive, but it survived only at very low levels in mature
biofilms.
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MATERIALS AND METHODS

GAC-FBR and support medium. The reactors were 2.54- by 195-cm glass
columns packed with approximately 100 g of sterile GAC and operated as a
single pass with an aqueous upflow rate of 0.2 liter/min. Oxygen, nutrients, and
3 mg of toluene per liter or 1 mg each of benzene, toluene, and p-xylene per liter
in a mixture were constantly supplied in the feed. A detailed description of the
bioreactor and the operating parameters was given previously (16). The following
FBR systems were operated in parallel for this study: (i) a reactor colonized by
indigenous aquifer microbial populations with toluene as the sole carbon source
(referred to as the TOL.NS reactor [toluene.nonsterile]); (ii) a reactor colonized
by indigenous aquifer microbial populations with BTX added as the sole carbon
source (referred to as the BTX.NS reactor); (iii) a reactor seeded with three
toluene-degrading species (initially referred to as TOL.S [seeded]). This biore-
actor was operated in sequential stages: (i) on days 0 to 53, filter-sterilized
groundwater amended with toluene was fed as the sole carbon source; (ii) on
days 53 to 124, the filter was removed and groundwater with toluene continued
to feed the reactor; and (iii) on days 124 to 175, the groundwater feed was
amended with BTX rather than toluene. This latter configuration is referred to
as the BTX.S reactor. The seeded reactor was sterilized prior to inoculation by
running a 6 N HCl solution through the reactor for 48 h prior to adding
autoclaved GAC. The filter-sterilization system consisted of (in series) a 0.30-
mm-pore-size fiber filter, an activated carbon filter, and two 0.45-mm-pore-size
membrane filters [Polycap 75 ASW/Bell]. The water was university tap (drinking)
water which is taken from 60-m-deep wells under university farms and forest
preserves.
Physicochemical analyses of all FBR, including measurements of BTX, oxygen

consumption, temperature, and pH, were generally conducted at 2- to 3-day
intervals by methods described previously (16).
Bacterial strains and growth conditions. The filter-sterilized FBR (TOL.S

reactor) was inoculated with B. cepacia G4, B. pickettii PKO1, and P. putida
PaW1. All the strains were provided by Ron Olsen, University of Michigan. The
strains were grown to mid-exponential phase in basal salt medium (BSM) (18)
with toluene as the sole carbon source. Cells of the three strains were mixed in
equal numbers (approximately 109 cells per strain) and used to inoculate the
sterile GAC reactor. After recirculation of the inoculum for 2 h, cell adsorption
to the carbon was apparent since the liquid phase changed from turbid to clear.
At this time, continuous feeding of toluene-amended, filter-sterilized groundwa-
ter was started.
Selective media were designed from antibiotic resistance patterns and BI-

OLOG substrate use data and used to determine the population sizes of inoc-
ulant strains. All media were made with distilled water and solidified with 2.2%
(wt/vol) Noble agar. For strain G4, 1% (wt/vol) D-sorbitol was used as the sole
carbon source in BSM; for strain PKO1, 10 mg of kanamycin per ml and g-hy-
droxybutyric acid (1%, wt/vol) was used in BSM; and for strain PaW1, the
medium was composed of the following (grams per liter): sucrose, 10; NaHCO3,
1; MgSO4 z 7H2O, 5; K2HPO4, 2.3; and N-lauroylsarcosine sodium salt, 1.2; as
well as 20 mg of trimethoprim (after sterilization) and 10 ml of glycerol.
Bacterial counting, isolation, and characterization. Biofilm samples were col-

lected aseptically from the bottom column sampling port every 2 to 7 days for the
duration of reactor operation. Cells were removed and homogenized as previ-
ously described (24). Viable bacterial numbers from GAC samples were deter-
mined by using R2A medium (Difco, Detroit, Mich.), which was designed for
improved recovery of environmental heterotrophs. R2A plates were incubated at
258C for 3 to 4 days, and total counts and relative densities of different colony
types were recorded. Populations of the inoculated strains were determined with
selective media after incubation at 258C. Total bacterial cell counts were deter-
mined by acridine orange epifluorescence microscopy, using the method of
Zimmerman et al. (27) with modifications (16). The extracted GAC sample was
desiccated at 1958C for a week or until constant weight for reporting cell density
per gram of GAC.
To isolate numerically dominant bacteria from GAC biofilm communities,

dispersed biofilm bacteria from steady-state reactors were diluted and then
plated on R2A solid medium. Isolates picked from the terminal dilutions were
subcultured three times to ensure purity and screened by the repetitive extra-
genic palindromic (REP) PCR technique (3). One isolate from all groups with
different band patterns was selected for further study. To determine the substrate
range, these isolates were grown on R2A plates, washed and resuspended in
BSM, and transferred to sterile vials containing BSM with 10 mg of toluene,
benzene, or p-xylene per liter in triplicate sets. The inoculated vials were sealed
with Teflon-coated septa and incubated stationary for 2 weeks at 258C. Substrate
removal was analyzed by using a gas chromatograph equipped with a flame
ionization detector. Positive activity was indicated when more than 80% of
substrate was removed relative to the uninoculated control vial.
Isolates representing three dominant populations were further characterized

by partial 16S rRNA gene sequence analyses. The 16S rRNA gene was amplified
from genomic DNA by PCR and cloned into a plasmid vector (26). The 16S
rRNA gene was sequenced in both directions by using an ABI automated fluo-
rescence sequencer with the forward and reverse primers, which span Escherichia
coli 16S rRNA gene positions 785 to 805 and 1115 to 1100, respectively. The
DNA sequences were analyzed using the programs in the Genetics Computer

Group software package (4) and in the PHYLIP phylogeny inference package
(7).
Kinetic parameter estimation of isolates. The dominant biofilm populations

were characterized for their kinetic parameters of toluene use. Duplicate sets of
exponentially growing cultures in BSM containing 50 mg of toluene per liter were
used to determine maximum growth rates by optical density measurements at
550 nm. Km and Vmax values were estimated by fitting progress curve data to the
integrated Michaelis-Menten equation, using a nonlinear analysis. Both kinetic
parameters were calculated from a single substrate depletion curve as a function
of time. Cells freshly grown on toluene (50 mg/liter) were harvested, transferred
to fresh preoxygenated medium with 3 mg of toluene per liter, and immediately
drawn into a 50-ml gastight syringe containing a small magnetic stir bar; this
system was developed to avoid creating any headspace. The biomass concentra-
tion was determined empirically for each culture (high enough not to increase
with the amount of substrate added and low enough to allow collection of
samples at reasonable time intervals). All assays were performed at room tem-
perature (258C). Samples of 1 ml were collected in 10-ml sterile vials sealed with
Teflon-coated septa every 5 to 15 min, fixed with approximately 0.05 ml of 7 N
HCl, and stored at 48C until headspace analysis was performed (generally within
a week). Cell numbers were determined before and after the assay by direct
plating on R2A medium. No significant increase in the cell number was observed.
Three of the cultures were independently assayed twice; their Vmax and Km
values fell within the 95% confidence intervals of the first estimate.
Amplified ribosomal DNA restriction analysis (ARDRA). Nucleic acids were

extracted from cell pellets of bacterial isolates or GAC communities by a ly-
sozyme-sodium dodecyl sulfate method (15). Universal primers were used to
amplify by PCR an approximately 1,500-bp 16S rDNA fragment with a forward
primer which corresponds to nucleotide positions 49 to 68 (59-AGAGTTTGA
TCCTGGCTCAG-39; primer A) of Escherichia coli 16S rRNA and a reverse
primer which corresponds to the complement of positions 1541 to 1518 (5-AA
GGAGGTGATCC AGCCGCA-39; primer H) (22). All primers were synthe-
sized with an Applied Biosystems DNA synthesizer at the Macromolecular
Structure and Sequencing Facility, Michigan State University. In general, am-
plification was done in a 100-ml total reaction volume containing 100 ng of DNA
from communities or isolates as the template, 1 mM each primer, 250 mM each
deoxynucleoside triphosphate, 10 ml of 103 Taq buffer, and 2.5 U of Taq DNA
polymerase (Perkin-Elmer Cetus, Norwalk, Conn.) (17). PCR amplification was
performed in an automated thermal cycler (no. 9600; Perkin-Elmer) with an
initial denaturation (928C for 130 s) followed by 30 cycles of denaturation (928C
for 70 s), annealing (488C for 30 s), and extension (728C for 130 s) and a single
final extension (728C for 6 min). An aliquot of 5 ml of PCR product was initially
run in a 0.7% agarose gel to evaluate the quality of the amplified fragment. In
general, amplification yielded greater than 10 mg of PCR product.
Community (5 mg) or bacterial (1 mg) amplified DNA was digested at 378C for

at least 3 h in a 15-ml final volume with HaeIII, HpaII,MseI, or Hinf (Boehringer
Mannheim, Indianapolis, Ind.). The 16S rDNA restriction fragments were then
separated by electrophoresis on 4% (wt/vol) NuSieve 3:1 agarose gel (FMC,
Indianapolis, Ind.) in 0.53 TAE (Tris acetate-EDTA) at 7 V per cm and stained
in ethidium bromide solution (0.5 mg per ml). The resulting restriction fragment
patterns were used as a fingerprint to recognize whether communities were
similar.
Specific primers complementary to the V3 region of the 16S rRNA gene of

strains G4 and PKO1 were constructed for a more sensitive and specific detec-
tion of these strains by PCR amplification. PCR was performed as described
above but at an annealing temperature of 558C in 50-ml reaction volumes. After
amplification, 10 ml of the PCR product was separated by electrophoresis on a
0.7% (wt/vol) agarose gel in 13 TAE buffer.
Community fatty acid methyl ester (FAME) analysis. Total fatty acids of

microbial communities were analyzed by using the Microbial ID system and
protocol (MIDI, Newark, Del.). Duplicate samples of cells collected from fresh
GAC samples (approximately 0.1 g [wet weight]) were analyzed.

RESULTS

Groundwater. The influent cell concentration in the ground-
water was approximately 107 microscopic cell counts per liter.
These microbial populations were a natural and continuous
inoculum source for colonization of the nonseeded toluene-
and BTX-fed reactors, as well as a challenge to the seeded
toluene reactor after removal of the filter sterilization system.
The groundwater at the bioreactor influent was 13 6 18C and
had a pH of 7.1 6 0.3 throughout the course of the experi-
ments.
Nonseeded reactors. The toluene (TOL.NS reactor)- and

BTX (BTX.NS reactor)-fed reactors were operated in parallel
at the same organic loading rate. A description of the startup
conditions and overall performance is given in Table 1. Steady
state, defined as the phase when the dissolved-oxygen (DO)
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consumption and substrate consumption were constant, was
generally achieved after 15 days. At this time, the substrate
removal efficiency was 98 to 99%. DO and toluene concentra-
tions declined with depth in the reactor column (Fig. 1). More
than 80% of the toluene was consumed in the first 30% of
GAC bed height. Similar results were obtained with the col-
umn-fed BTX as substrate (data not shown).
Seeded reactor. To determine the competitiveness among

seeded strains, equal numbers (2 3 107 cells/g of GAC) of
strains G4, PKO1, and PaW1 grown on toluene were inocu-
lated into the sterilized, toluene-fed FBR. Significant oxygen
consumption and biomass accumulation began after a lag
phase of 14 days. A phase of transient acclimation to toluene
occurred from days 14 to 18. This was followed by a 10-day
biofilm growth phase until maximum cell density was reached.
Analysis of specific population types by selective plating

during the lag phase (Fig. 2), showed a decrease in the densi-
ties of strains PKO1 and G4 but growth of strain PaW1. During
the growth phase, PaW1 was the sole recoverable strain. The
increase in the cell density of PaW1 corresponded to an in-
crease in DO consumption, which confirmed that toluene ox-
idation (not adsorption by carbon) was occurring. At steady
state, the average amount of DO consumed was 5.7 mg/liter
and the toluene effluent concentration was 0.140 mg/liter, for a
96% removal efficiency (Table 1). After 35 days, however, new
bacterial types appeared on R2A plates, which suggested that
groundwater strains may have breached the filter. On day 53,
the filtration system was removed to allow aquifer populations

to freely enter the already colonized GAC. The steady-state
effluent toluene concentration declined from 0.140 to 0.063
mg/liter (Table 1) after the filter was removed.
To evaluate the effects of carbon sources on community

structure, the toluene-selected community (TOL.S reactor)
was switched at 129 days (Table 1) to groundwater amended
with an equal mixture of BTX compounds at the same organic
loading rate. The carbon removal rate and DO consumption
did not change, even immediately after the shift.
Characterization of biofilm isolates. The density of aerobic

heterotrophs in the steady-state reactors was 109 to 1010 CFU/g
of GAC, which corresponds to 20 to 45% of the direct counts.
Isolates from all reactors were obtained at several sampling
times after the steady state was achieved. Only 5 of 120 isolates
from the different reactors failed to transform any of the BTX
substrates as sole carbon sources. At least 12 different toluene-
degrading populations were isolated as determined by unique
REP-PCR and ARDRA patterns (Fig. 3). Inoculum strain
PaW1 was recovered from a 113-day-old GAC sample but only
after prior enrichment on p-xylene. The recovered clone
showed identical substrate range and REP-PCR fingerprint to
PaW1. Isolates GF161, GF261, GF262, and GF281 were the
numerically dominant isolates. They were found in all the
reactor treatments and constituted more than 90% of all iso-
lates. Their ratios changed somewhat with time and substrate
feed.
The dominant GAC isolates with different REP-PCR pat-

FIG. 1. Profile of DO (—) and toluene (ª) concentrations with respect to
depth in the bioreactor column.

FIG. 2. Densities of inoculated strains as determined by selective plate
counts over time in the TOL.S reactor. Error bars indicate 95% confidence
intervals.

TABLE 1. GAC-FBR startup phase and performance under steady-state conditions

Reactor
designation Inoculum source Length of

operation (days) Carbon source Lag (days)
Mean DO
consumption
(mg/liter) (SE)a

Toluene or BTXb

Mean concn
in effluent

(mg/liter) (SE)a
Removal

efficiency (%)

NS.TOL Aquifer 22 Toluene 6–7 4.1 (0.8) 0.066 (0.051) 98.0
NS.BTX Aquifer 98 BTX 5–6 6.1 (2.6) 0.040 (0.035) 99.5
TOL.S G4, PKO1, PaW1 0–53 Toluene 13–14 5.7 (0.7) 0.140 (0.031) 95.8

1Aquiferc 53–129 Toluene 0 4.9 (0.7) 0.063 (0.041) 98.2
1Aquiferd 129–175 BTX 0 4.8 (1.2) 0.094 (0.053) 97.5

aMean (and standard error of the mean [SE]) based on n 5 7 to 20.
b The reactor feed was 3 mg of toluene per liter or a mixture of 1 mg each of benzene, toluene, and p-xylene per liter.
c The filter sterilization system was removed 53 days after inoculation.
d The carbon source was shifted to BTX after 124 days.

272 MASSOL-DEYÁ ET AL. APPL. ENVIRON. MICROBIOL.



terns are described in Table 2. The apparent values for Vmax
ranged from 0.06 to 2.0 mg of toluene/1010 cells/h for strains
G4 and GF272, respectively. Km values ranged from a low of
0.074 mg/liter for strain GF161 to a high of 1.7 mg of toluene
per liter for strain GF272. In general, GAC isolated strains
showed lower Km and/or higher Vmax values than the seeded
populations. Although strain GF272 has a relatively high Km
compared to the other isolates, it also has the highest substrate
utilization rate constant. The majority of the isolates showed
the ability to utilize more than one of the monoaromatic com-
pounds tested. Estimates of mmax on toluene ranged from 0.10
h21 (doubling time [Td] 5 6.9 h) to 0.52 h21 (Td 5 0.93 h).
Phylogenetic analyses of partial sequences established by the

neighbor-joining method showed that three of the dominant
strains were affiliated to the Proteobacteria (Fig. 4). Strain
GF261 was related to Comamonas testosteroni in the beta sub-
division, with a similarity of 93%; strain GF262 was closely
related to Pseudomonas putida in the gamma subdivision, with
a similarity of 99%; and strain GF281 was associated with
Erythrobacter longus and Zymomonas mobilis with a similarity
of 90%. Very similar tree topologies were also obtained by the
maximum-parsimony and maximum-likelihood methods (data
not shown).
Bacterial and community ARDRA fingerprints. More than

65% of the biofilm cells were lysed as determined by direct
fluorescent cell counts. Approximately 60 mg of DNA/g of
GAC was recovered at steady state. The DNA was of high

molecular mass (.23.1 kb) and digestable by restriction endo-
nucleases. Each of the inoculated strains showed a distinct
restriction fragment pattern with the amplified rDNA when
digested by HpaII (Fig. 5, lanes G4, PKO1, and PaW1). These
three patterns could also be discerned in mixed samples taken
after inoculation (Fig. 5, lane Day 0). By day 22, however,
DNA isolated from the GAC biofilm showed only a PaW1-like
pattern. This finding is consistent with the results obtained
from selective plating. Further changes in band pattern profiles
can be seen over time, reflecting further changes in community
composition, but the community profiles remained stable after
day 53. Interestingly, band patterns similar to those generated
from G4 and PKO1 can be seen at these later time points.
Because of the pure-culture results (Fig. 3), we suspected that
these bands were from different populations that shared re-
striction sites with G4 and PKO1. To examine whether these
strains were present, we used the species-specific oligonucleo-
tide primers for these strains for PCR amplification. Samples
from time zero showed amplification products for these spe-
cies-specific primers, but bands for G4 and PKO1 were not

FIG. 3. ARDRA patterns of the dominant biofilm populations obtained with
MseI. The sizes of marker DNA fragments (lanes MW, in base pairs) are indi-
cated on the left.

FIG. 4. Phylogenetic distance tree produced from partial 16S rRNA se-
quences. Representative members of the various subgroups of the Proteobacteria
and three dominant toluene degraders from GAC biofilm communities are
shown. The 16S rRNA sequence of Bacillus subtilis was used as the outgroup.

TABLE 2. Description and comparison of toluene growth kinetic coefficients of inoculum strains and dominant GAC-FBR isolates

Strain Reactora Description Substrate range Mean mmax
(h21) (SD)

Vmax
(mg of toluene/
1010 cells/h)

Km
(mg of toluene/liter) Vmax/Km

G4 Burkholderia cepacia B, T 0.22 (0.04) 0.061 0.44 0.14
PKO1 Pseudomonas pickettii B, T 0.16 (0.03) 0.010 0.20 0.49
PaW1 P. putida T, X 0.40 (0.08) 0.52 0.13 4.0
GF161 1, 2, 3, 4 Pseudomonas spp.c B, T, X 0.33 (0.07) 0.72 0.07 9.7
GF261 1, 2, 3, 4 b subdivisionb B, T, X 0.10 (0.02) 0.40 0.10 4.1
GF262 1, 2, 3, 4 g subdivisionb B, T, X 0.25 (0.05) 1.6 0.09 17.0
GF281 1, 2, 3, 4 a subdivisionb B, T, X 0.26 0.10 2.6
GF272 1 Pseudomonas spp.c B, T 0.52 (0.10) 2.1 1.7 1.2
GF1TP 2 Pseudomonas spp.c T, X 0.38 (0.08) 1.2 0.19 6.3
GF2TY 1 Aeromonas spp.c B, T 0.44 (0.09)

a Reactor from which the isolates, or isolates with the same REP profile, were obtained: 1, TOl.S; 2, BTX.S; 3, TOL.NS; 4, BTX.NS. Isolates for reactor 1 were taken
only after filter removal.
b Based on 16S rRNA sequence analysis.
c Based on the FAME microbial identification system.
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detected on day 22, 38, 53, 90, or 112, confirming that the
inoculated strains were not successful colonizers at these
stages.
To determine whether position within the bioreactor treat-

ment column led to differences in bacterial composition, sam-
ples collected from the bottom, middle, and top of the GAC
bed were subjected to ARDRA (Fig. 6). Identical patterns
were observed at all of these heights with all three endonucle-
ases tested. Hence, we assumed that routine sampling at the
bottom reflects the populations throughout the column.
The composition of mature GAC communities in all FBRs

was also compared by ARDRA (Fig. 7). Similar DNA patterns
were observed between the seeded (TOL.S) and naturally col-
onized (TOL.NS) toluene-fed reactors and between the seeded
(BTX.S) and naturally colonized (BTX.NS) BTX-fed reactors
with each of the three endonucleases. The toluene- and BTX-
fed communities seem to show some differences from each
other, as was particularly noted with the MseI restriction en-
donuclease digestion, in which two signature fragments of ap-
proximately 460 and 410 bp were more apparent in the two
BTX-fed reactors. A thorough evaluation of faint bands as well
as the comparison by other enzymes showed no band pattern
differences between the systems fed with the two substrates.
ARDRA band sizes from the reactor DNA corresponded well

to ARDRA band sizes of isolates (Fig. 3). Summing the data
from three restriction enzymes, 37 total bands from community
DNA matched 34 bands from the 12 isolates and 25 bands
from the dominant 4 isolates. Hence, the isolates appeared to
represent the community well.
FAME community analysis. The reactor community compo-

sition was also compared by FAME profile analysis (Table 3).
At least 22 fatty acids were identified among the different
bioreactor treatments. Fatty acids 16:1 v7c and 18:1 v7c/v9t/
v12t have been reported to be characteristic of the genus
Pseudomonas (11). Significant amounts of both of these fatty
acids were observed in all FBR systems. Some fatty acids were

FIG. 5. ARDRA patterns of a bioreactor seeded with bacterial strains G4,
PKO1, and PaW1. The filtration system was removed on day 53. Shown is an
HpaII digestion of the amplified 16S rDNA from reference cultures (lanes G4,
PKO1, and PaW1) and the GAC community on days 0, 22, 38, 53, 90, and 112.
The sizes of marker DNA fragments (lanes MW, in base pairs) are indicated on
the left.

FIG. 6. ARDRA patterns from the BTX.S reactor on day 159. Samples
correspond to the 20, 60, and 90% reactor column bed height (lanes B, M, and
T respectively) digested with HaeIII, HinfI, and MseI. The sizes of marker DNA
fragments (lanes S, in base pairs) are indicated on the left.

FIG. 7. ARDRA patterns from mature GAC communities digested with
HaeIII, HinfI, and MseI. The lane designations correspond to the bioreactor
treatments. The sizes of marker DNA fragments (lanes MW, in base pairs) are
indicated on the left.

TABLE 3. Relative abundance of fatty acids of the GAC-FBR
communities

Fatty acida

Relative abundance of fatty
acid (% of total)b in: BTX.NS

(day 22)
BTX.S
(day 151)Day

48
Day
98

Day
53

Day
129

10:0 0 2.31 0 1.69 0 2.49
10:0 3OH 3.28 5.94 2.84 1.64 6.37 7.75
12:0 3.91 21.62 1.59 21.11 4.35 25.07
12:0 2OH 0.75 1.61 1.91 0.85 0 5.12
12:0 3OH 0.91 1.00 1.42 0.65 1.99 3.99
14:0 2.20 8.24 1.02 9.43 0 7.68
i15:0 0 1.39 1.24 0 2.55 0
15:0 0 0.53 0 0.69 0 0
14:0 2OH 2.45 0.82 5.31 2.93 0 0
16:1 v7c 44.21 28.24 30.37 23.68 47.52 21.34
i15:0 2OH, 16:1 v7tc 0 0 0 0 14.04 8.76
16:0 15.60 11.74 7.12 9.64 17.43 9.85
17:1 v6c 0 0 2.64 0.50 0 0
17:0 CYCLO 0 1.51 0 0 0 2.37
i16:0 3OH 0 0 1.13 0.85 0 0
18:2 v6, 9c, a18:0c 0 1.94 0 0.55 0 0
18:1 v9c 0 1.11 0 0 0 0
18:1 v7c, v9t, v12tc 25.66 8.58 41.22 22.63 5.74 5.57
18:0 0 1.49 0 1.85 0 0
20:4 v6, v9, v12, v15cc 0 1.24 0 0 0 0
20:0 1.03 0 2.18 0.69 0 0

a Fatty acids are designated by the number of carbon atoms, number of double
bonds, and position relative to the aliphatic (v) end of the molecule; prefixes i
and a refer to iso and anteiso branching, respectively; CYCLO and OH indicate
cyclopropane and hydroxyl substitutions, respectively.
b Data are means of replicate samples.
c A group that MIDI-FAME does not reliably separate.
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detected in only a particular treatment, for example, 14:0 2OH
in toluene-fed systems and i15:0 2OH/16:1 v7t in BTX-
amended reactors. There is also a trend of a higher percentage
of fatty acid 12:0 in older samples regardless of the carbon
source. Although this fatty acid can be found at low levels in
some Pseudomonas species (11), it has been generally associ-
ated with microeukaryotic organisms (20). Yeasts and proto-
zoans were observed by microscopy in these biofilms at older
stages (16).

DISCUSSION

A prominent concept in microbiology has been to inoculate
a habitat with a strain that has desired properties to initiate or
enhance a desired process. An equally prominent fact is that it
is usually difficult to establish the inoculated population. One
approach to enhance the success of inoculation is to preemp-
tively colonize a new habitat so that the invading strains have
less chance to gain a foothold. We evaluated this approach by
using FBR reactors, initially evaluating the competitive out-
come among three inoculated strains and subsequently evalu-
ating their competitiveness against invaders from the ground-
water. The competitive rank of the three strains was PaW1 .
G4 . PKO1, which correlated with their specific growth rates
and competitive coefficients for toluene uptake, Vmax/Km ratio,
indicating that these traits were a consistent (but perhaps in-
complete) explanation. These results are particularly interest-
ing for evaluating whether the superior TCE-cooxidizing
strain, G4, would be competitive in an FBR fed with toluene.
The fact that strain PaW1, which is totally inactive on TCE,
won the competition suggests that it would be difficult to main-
tain G4 in such a reactor.
Challenges to the established PaW1 biofilm occurred in two

stages; the first resulted from strains breaching the filter system
after day 35, and the second occurred after the filter was
removed. In both cases, the invading strains were more com-
petitive than the former community, resulting in a succession
of dominant community types. The new inocula appeared to
rapidly dominate, suggesting that the established community
was not very resistant to the invaders. The invaders did gen-
erally have higher competitive coefficients for toluene than the
original inocula. Particularly important was the decrease in
toluene effluent concentration from 0.14 to 0.063 mg/liter after
the filter was removed. This suggests that the indigenous
groundwater populations are much better suited to scavenging
low toluene concentrations than are the inocula or early in-
vaders. The groundwater population came from deep wells
under university farm property, which has no record of prior
petroleum exposure or measurable petroleum content. Hence,
bacteria with diverse toluene use kinetics probably reside in
aquifer communities, even in pristine sites. The poor compet-
itiveness of the inocula, which are extensively studied labora-
tory strains, may originate from the fact that these strains, as
well as most toluene-degrading laboratory strains, were iso-
lated under saturating toluene concentrations (;600 mg/liter)
and hence may have particularly poor competitive coefficients
for toluene concentrations found in typical pump-and-treat
operations. The constant high flux of inocula from groundwa-
ter (2 3 106 cells/min), of which a significant number are
probably toluene degraders (1), may also explain why the in-
vaders so rapidly overgrew the established community. The
density of invaders is known from ecology studies to be an
important factor in determining the success of a founding
population (23). Hence, the high inoculum flux from ground-
water suggests that it would be very difficult to maintain an
inoculum in any flowthrough reactor if the influent contained

a reasonable diversity of organisms that could grow on the
primary substrate(s).
Populations in all reactors converged to the same climax

community irrespective of seeding, time of start-up, or partic-
ular BTX substrate as indicated by ARDRA, isolate studies,
and FAME analyses. The reactors fed the same substrates, i.e.
TOL.S and TOL.NS versus BTX.S and BTX.NS, were partic-
ularly similar. The reactors fed the different substrates had the
same members, but their relative ratios were probably shifted
since both ARDRA band intensities and particular fatty acids
varied in amounts. The four dominant isolates degraded all
three BTX substrates and were found in the reactors fed tol-
uene only, showing that these reactors had the genetic capacity
to immediately metabolize benzene and xylene and hence did
not need to shift community composition. The finding of a
common climax community among these treatments and over
time suggests that a rather stable community was selected and
was unlikely to be displaced by operational problems such as
shock-loading and short-term periods of anoxia. Indeed, three
failures in the O2 feed caused 24- to 48-h periods of anoxia, but
no shifts in ARDRA patterns or substrate removal was noticed
once the O2 supply was restored.
Current ecological theories of competition are based heavily

on the concept of competitive exclusion and the assumption
that communities exist at competitive equilibrium (10). There-
fore, success or survival is based mainly on the physiological
fitness of each competitor in a stable, uniform environment.
Since competitive equilibrium requires that the rates of change
of all competitors be zero, and since the physical environment,
predation, and other factors are changing constantly, equilib-
rium rarely occurs in nature (14, 25). This reactor, however,
was operated under conditions seemingly much more constant
than nature, yet some diversity was apparent in the climax
community. The particles slowly migrate up and down the
column due to microbial growth decreasing the density and to
shearing of excess cells and sloughing of dead cells increasing
the density. The net effect is a gradual exposure, on a temporal
basis, of each GAC-biofilm complex to changes in both sub-
strate and O2 concentration (Fig. 1). A change in location will
represent a mild disturbance or regeneration of a niche, which
may be advantageous for a given group; hence, a state of
nonequilibrium and coexistence of trophic equivalent species is
maintained.
It is also important to note that a biofilm can serve as a

refugium for a competitively inferior population. Strain PaW1
was isolated from a 113-day-old film more than 60 days after it
had been displaced as a dominant member of the community.
The complex structure of this biofilm, as shown by confocal
laser-scanning microscopy (16), helps explain how biofilms can
be refugees as well as show niche heterogeniety.
Finding a member of the alpha, beta, and gamma (true

Pseudomonas) Proteobacteria groups among the four most
dominant organisms suggests that all Proteobacteria subdivi-
sions have effective competitors for toluene. The isolates for
the beta and gamma groups appear to be similar to the well-
known biodegraders Comamonas and Pseudomonas putida, re-
spectively. The alpha Proteobacteria isolate is associated with
the Sphingomonas group, and its nearest relative was Eryth-
robacter, which is found on the surface of high-tide seaweeds
and sand and in surface seawater (21).
The ARDRA approach greatly simplifies the characteriza-

tion of communities over previous rRNA approaches based on
analyzing individual clones of PCR-amplified 16S rRNA librar-
ies (19), because the information is obtained in one or a few
reactions. The limitations of the community ARDRA method,
compared with analysis of clone libraries, is the lack of sensi-

VOL. 63, 1997 SUCCESSION IN AEROBIC BIOFILM COMMUNITIES 275



tivity for detection of nondominant members, the limited re-
solving power of band sizes on agarose gels, and the lack of
quantitative information. From a practical point of view, how-
ever, the complexity of the community-level pattern can be
controlled by the cutting frequency of the restriction endonu-
clease used. This feature allowed us to quickly screen and
characterize cultures at different time points as well as to
recognize if strains were missing from the isolate collection.
The correlation between fingerprints determined from GAC
samples and those determined for isolated strains was very
good. The ARDRA analysis with three enzymes represents a
moderate level of genetic resolution, and it must be recognized
that considerable phenotypic and strain diversity could still be
present in different organisms that have the same bands.
In this study, we used community-level DNA fingerprint,

isolate, and FAME studies to characterize competition, the
resulting succession, and eventually community stability in
GAC-FBRs. Particularly important were the poor competitive-
ness of the laboratory selected inocula; the convergence to a
stable community irrespective of inocula, time, or BTX sub-
strate; and the success of strains with a variety of kinetic pa-
rameters in what might have been thought to be a highly
selectively constant environment.
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