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We developed a pentachlorophenol (PCP)-degrading, methanogenic fixed-film reactor by using broken
granular sludge from an upflow anaerobic sludge blanket reactor. This methanogenic consortium was accli-
mated with increasing concentrations of PCP. After 225 days of acclimation, the reactor was performing at a
high level, with a PCP removal rate of 1,173 uM day ', a PCP removal efficiency of up to 99%, a degradation
efficiency of approximately 60%, and 3-chlorophenol as the main chlorophenol residual intermediate. Analyses
by PCR-denaturing gradient gel electrophoresis (DGGE) showed that Bacteria and Archaea in the reactor
stabilized in the biofilms after 56 days of operation. Important modifications in the profiles of Bacteria between
the original granular sludge and the reactor occurred, as less than one-third of the sludge DGGE bands were
still present in the reactor. Fluorescence in situ hybridization experiments with probes for Archaea or Bacteria
revealed that the biofilms were composed mostly of Bacteria, which accounted for 70% of the cells. With PCR
species-specific primers, the presence of the halorespiring bacterium Desulfitobacterium hafniense in the biofilm
was detected very early during the reactor acclimation period. D. hafniense cells were scattered in the biofilm
and accounted for 19% of the community. These results suggest that the presence of PCP-dehalogenating D.

hafniense in the biofilm was crucial for the performance of the reactor.

Widespread use of pentachlorophenol (PCP), mostly as a
wood-preserving agent, has led to contamination of the envi-
ronment. PCP and other chlorophenols (CPs) are very toxic
molecules and are common environmental pollutants. PCP can
be transformed into less toxic compounds by anaerobic micro-
organisms (22) such as reductive dehalogenating bacteria (14).
Anaerobic processes can be used to decontaminate PCP-con-
taining waste or groundwater and when coupled with chemical
extraction of PCP can also decontaminate soils and sediments
(25).

Anaerobic-biofilm-based processes, such as upflow anaero-
bic sludge blanket (UASB) reactors and fixed-film (FF) biore-
actors, have been tested for the degradation of PCP and other
halogenated compounds (see reference 41 for a review). FF
bioreactors have many advantages over other types of biore-
actors, such as a shorter start-up period, no requirement for
bed expansion or fluidization, and no risk of accidental wash-
out of the biomass.

In contrast to their aerobic counterparts, the structure of
anaerobic biofilms has been studied in only a few instances.
Juteau et al. (24) examined the biofilm present in anaerobic
PCP-degrading bioreactors by scanning electron microscopy.
They observed that the biofilm surface was populated by var-
ious morphologically different species, namely, cocci, rods such
as Methanosaeta sp., and filamentous microorganisms, whereas
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the bottom of the biofilm was principally dominated by rods
including Methanosaeta-like organisms. Major drawbacks of
scanning electron microscopy are that it provides information
limited to the morphology of the microorganisms and that the
drastic dehydration steps in the preparation of biofilm samples
cause loss of structure. These can be overcome by the use of
fluorescence in situ hybridization (FISH) coupled with confo-
cal laser scanning microscopy (CLSM), which allows the de-
tection of specific microorganisms in a biofilm by hybridization
of specific fluorescent oligonucleotide probes targeting the 16S
rRNA sequences without disruption of the three-dimensional
structure of the biofilm (46).

Looking at UASB reactors, the FISH technique has been
used to localize specific bacterial strains such as halorespiring
bacteria within granules. For instance, Desulfomonile tiedjei
cells in a 3-chlorobenzoate-fed reactor colonized the granules
as inner as well as surface microcolonies (1). In a perchloro-
ethylene-fed reactor inoculated with Sulfurospirillum (formerly
Dehalospirillum) multivorans, microcolonies were detected
mainly at the surface of the granules (20). However, once
added to autoclaved granules of a PCP-fed reactor, Desulfito-
bacterium hafniense DCB-2 showed a uniform distribution in
the granules (11). Finally, we have previously demonstrated in
a PCP-fed UASB bioreactor augmented with D. hafniense (for-
merly D. frappieri) PCP-1 that strain PCP-1 cells colonized the
outer section of granules (27). This spatial organization sug-
gests that strain PCP-1 protects other members of the consor-
tium from PCP toxicity, thus supporting our observation of
enhanced efficiency when PCP-1 bacteria are present.

To our knowledge, no study reporting the spatial arrange-
ment in anaerobic FF reactors of a specific anaerobic, haloge-
nated compound degrader, or any anaerobic xenobiotic de-
grader, has been published. Characterization of biofilms from
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FIG. 1. Schematic representation of the FF reactor.

anaerobic FF reactors has been performed mostly for sulfate-
reducing bacteria (3, 36, 37) and methanogens (38). A better
understanding of biofilm structure in anaerobic FF reactors
may allow the design of improved bioreactors. Here we de-
scribe the biofilm of a methanogenic, PCP-fed FF reactor
containing D. hafniense. This report combines analytical and
biodegradation data on the reactor with the microbial profiles,
the biofilm structure, and the spatial arrangement of D. hafni-
ense within the biofilm.

MATERIALS AND METHODS

Anaerobic FF bioreactor. The bioreactor (Fig. 1) was custom manufactured by
Lasalle Scientifique, Inc. (Montreal, Québec, Canada). The bioreactor had a
total volume of 505 ml and an effective volume of 375 ml. It was packed with
approximately 275 g of Raschig rings (8.0 by 8.0 mm) (Ace Glass Inc., Vineland,
N.J.) to allow biofilm colonization. Since biofilm cannot be examined on rings by
CLSM, small pieces of microscope glass slides (0.5 to 1.0 by 1.0 cm) were
included in the reactor. The bioreactor was made of glass cylinders (height, 25
cm; outside diameter, 7 cm) with large plastic caps (GL-45 threads) on the ends.
It had three screw-cap lateral openings (outside diameter, 24 mm) that allowed
sampling of the packing material. Each of these openings was also plugged with
a butyl stopper that was pierced with a needle for liquid sampling. Another
lateral opening was used as an effluent port. The liquid was recirculated from the
effluent port to the influent port with a peristaltic pump and Pharmed tubing
(Norton Performance Plastics, Akron, Ohio). A sampling port was also located
in the recirculating loop.

The bioreactor was operated at 35°C, with a hydraulic retention time of 28 to
35 h. The pH was adjusted to 7.3 * 0.1 with a 5.0-g/liter NaOH solution.
Recirculation in the reactor provided a linear upflow liquid velocity of 0.79 m
day~!. The reactor was fed with a solution containing the following (in grams per
liter): PCP, 0.0013 to 0.364; sucrose, 1.99; n-butyrate, 0.63; yeast extract (Gibco
Laboratories), 0.05; ethanol (95%), 0.46; KH,PO,, 0.04; K,HPO,, 0.05;
NaHCOs;, 0.88; KHCOs, 1.24; NH,HCO; 0.45; resazurin (BDH Chemicals Ltd.,
Poole, England), 0.001. A trace mineral solution was also added to this feeding
solution. The final concentration of each mineral was as follows (in milligrams
per liter): FeSO, - 7H,0, 5.71; H3BO;, 0.42; ZnSO, - 7TH,0, 1.47; CuSO,, 0.49;
MnSO, - H,O, 4.55; CoSO,-7H,0, 1.82; NiSO,-6H,0, 0.84; (NH,)sMo,
0,,4H,0, 1.47; AIK(SO,), * 12H,0, 0.18; Na,EDTA, 5.26; MgSO, - 7H,0,
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9.00; Na,SeO,, 0.14; Na,WO,, 0.07 (27, 44). The mean chemical oxygen demand
(COD) of the feeding solution was 3,500 mg/liter.

Before use, the nutrient solution was sparged for 10 min with a gas mixture
containing H,-CO,-N, (10:10:80; Praxair, Mississauga, Ontario, Canada), and
then butyrate, ethanol, and PCP (99% pure; Aldrich Chemical Company, Inc.,
Milwaukee, Wis.) were added. Growth of microorganisms in the feeding solution
was limited by keeping it at 4°C.

Anaerobic granular sludge was obtained from an industrial reactor treating
wastewater from an apple-processing plant (Rougemont, Québec, Canada). The
reactor was inoculated with granules (equivalent to 523 mg of volatile suspended
solids) that were homogenized mechanically and diluted 1:4 with anoxic phos-
phate-buffered saline (PBS; 130 mM NaCl, 7 mM Na,HPO,, 3 mM NaH,PO,).
In order to facilitate bacterial attachment to the surface of the packing material
prior to feeding, the reactor was left in recirculation mode for 3 days following
inoculation. The PCP load started at 5 uM day ' and was gradually increased to
1,173 uM day ™! after 225 days of operation.

Chemical analyses of the reactor. Gas production was monitored daily at the
effluent port by water displacement in an inverted cylinder (15) as illustrated in
Fig. 1. Samples were taken weekly from the bioreactor influent and effluent ports
and analyzed for volatile fatty acids (VFA) and CPs. CODs were analyzed every
3 to 5 weeks. For VFA and CP analyses, suspended solids were removed by
centrifugation at 6,000 X g for 2 min.

For acetate, propionate, and n-butyrate (VFA) monitoring, 300-wl samples
were mixed with 100 pl of a heptanoic acid solution (final concentration, 153 mg
liter ') as an internal standard and 200 pl of 3% formic acid (final concentra-
tion, 1%) to increase VFA volatilization. One microliter was manually injected
into a Hewlett-Packard 6890 gas chromatograph (Agilent Technologies, Mon-
treal, Québec, Canada) equipped with a flame ionization detector (SPB-1000;
0.25-pum thickness; Supelco, Bellefonte, Pa.). The sample was injected in splitless
mode with helium as the carrier gas (4.0 ml min~') and run at 120°C for 4 min
and then at 135, 150, 165, and 180°C for 1 min each with a ramp of 15°C min~!
between temperatures. The flame ionization detector was heated at 220°C with
an H, flow of 40.0 ml min~!, an airflow of 450 ml min~!, and an N, flow of 35
ml min~'. A 3% formic acid sample was analyzed between samples to prevent
carryover.

CPs were analyzed by high-performance liquid chromatography as described
before (23, 24). COD was analyzed by the closed-reflux method (12).

DNA extraction, PCR, and denaturing gradient gel electrophoresis (DGGE).
Sampling of Raschig rings and glass slides coated with biofilm was performed in
an anaerobic chamber through the sampling ports (Fig. 1). DNA was extracted
from two Raschig rings for the biofilm samples. Glass beads (300 mg, 0.4- to
0.5-mm diameter) and a volume of 1 ml of extraction buffer (Tris-HCI at 50 mM
[pH 8.0], EDTA at 10 mM, polyvinylpolypyrrolidone at 1%) were added, and
then samples were homogenized in a bead beater (Fast Prep FP120, Bio 101
ThermoSavant; Qbiogene, Carlsbad, Calif.) twice for 20 s at speed 4 and cen-
trifuged at 16,000 X g for 15 min. DNA in the supernatant was purified by
successive phenol-chloroform-isoamyl alcohol and chloroform-isoamyl alcohol
extractions and ethanol precipitation (40).

PCR mixtures of 50 ul contained 10 mM Tris-HCI buffer (pH 9.0), 1.5 mM
MgCl,, 50 mM KCl, 200 pM deoxynucleoside triphosphates, 2.5 U of Taq
polymerase (Amersham Biosciences, Baie d’Urfé, Québec, Canada), 10 pmol of
each primer (Table 1), 0.5 pg of bovine serum albumin per pl, and approximately
10 ng of DNA. Amplifications were carried out with a model 480 Thermal Cycler
(Perkin-Elmer) starting with a 5-min step at 80°C during which DNA was added,
and then the reaction went to 94°C for 5 min and 55°C for 5 min, followed by 30
to 35 cycles at 72°C for 2 min, 94°C for 40 s, and 55°C for 1 min and a final
extension at 72°C for 10 min.

PCR amplification of 16S rRNA gene sequences of Bacteria for DGGE pro-
files was performed with the PRBA341f and PRUNS18r primers (Table 1).
However, for the 16S rRNA gene sequences of Archaea, a nested PCR was
necessary to obtain a detectable amount of amplicons. The first PCR was per-
formed as described above, with the ARC344f and ARC915r primers (with a
hybridization temperature of 50°C), and the nested PCR was performed with the
ARC344f and PRUNS18r primers (Table 1) and 1 to 2 pl of the first PCR
product. DGGE was performed as previously described (26), with a linear urea-
formamide gradient of 20 to 70%.

Detection of Desulfitobacterium bacteria in anaerobic granular sludge. Anaer-
obic enrichment of the indigenous flora of Rougemont sludge was performed as
described by Lanthier et al. (28). Briefly, the granular sludge was broken me-
chanically with an industrial blender and diluted 1:4 in anaerobic sterile mineral
salt medium (8). A volume of 2.8 ml of diluted sludge was used to inoculate 35
ml of liquid medium. Two series of enrichments were done, with and without 1.5
ppm of 2,4,6-trichlorophenol (Sigma-Aldrich). Noninoculated controls were also
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FIG. 2. Reactor monitoring. The PCP load (closed squares; micromolar per day) was determined at the influent port of the reactor. The
hydraulic retention times were 28 to 35 h. Concentrations of acetate (lozenges) and 3-CP (open circles) were determined at the effluent port. Gas
production (open squares) was monitored by water displacement. Arrows indicate the times when the PCP load in the influent was changed.

prepared, as well as extraction-negative controls. The sludge was incubated at
30°C for 14 days. DNA extraction was performed as described above, and PCR
amplifications with Desulfitobacterium-specific primers (Table 1) were done as
previously described (28).

FISH of biofilm samples. Biofilm samples grown on small glass slides were
washed for 2 min in ice-cold filtered PBS and fixed for 45 min in paraformalde-
hyde—4% (wt/vol) PBS (pH 7.2) in 15-ml conic tubes. They were then washed
again in PBS for 5 min and stored at 4°C. For hybridization, biofilm samples were
first dehydrated in a graded series of 50, 80, and 95% ethanol solutions for 5 min
each and then soaked in an acetylation solution as described previously (27). The
slides were then mounted on microscope slides for hybridization experiments.
Hybridization solution (200 to 500 pl of 30% deionized formamide, 0.9 M NaCl,
0.02 M Tris-HCI, 0.01% sodium dodecyl sulfate [final pH 7.2]) containing 2.5 ng
of fluorescent probe per pl~! and helper oligonucleotides (if required) (Table 1)
was added. For D. hafniense detection, biofilm samples were simultaneously
hybridized with probe S-S-D.frapp-576 (D. frappieri)-a-A-19 (PCP-1-8) and
helper probes S-S-D.frapp-555 (D. frappieri)-a-A-21 (h3) and S-S-D.frapp-595
(D. frappieri)-a-A-18 (h4) as described by Lanthier et al. (27). Autofluorescence
controls were prepared with hybridization buffer containing no fluorescent
probe.

Hybridization was carried out in an Omnislide in situ thermal cycler (Thermo
Electron Corporation, Waltham, Mass.) for 2 h at 46°C. The humidity chamber
was filled with towels soaked with 30 ml of hybridization buffer with no fluores-
cent probe. After this step, slides were washed twice for 20 min at 48°C in 10 ml
of the washing buffer. The slides were then rinsed with deionized water, coun-
terstained in the dark with 200 pl of 1 puM YOYO-1 (Molecular Probes, Eugene,
Oreg.) for 15 min, and rinsed with deionized water. Slides were mounted with
antifade (ProLong Antifade Kit; Molecular Probes). Slides were then left over-
night at room temperature in the dark and then stored at 4°C until microscopic
examination. Autofluorescence was very weak in the red channel and absent in
the far red channel and therefore did not interfere with the fluorescence signals
from the different probes tested.

Slides were examined on a Nikon Eclipse E800 confocal microscope (Bio-Rad,
Mississauga, Ontario, Canada) equipped with a Nikon 60X Plan Apo oil immer-
sion objective (numerical aperture of 1.4 and 2.6X zoom) and a Radiance 2000
digital camera (Bio-Rad). The confocal microscope was equipped with a kryp-
ton-argon dual laser (488 and 568 nm) and a diode laser (638 nm). For quanti-
fication analysis, pictures of at least 20 random microscope fields at different
depths were taken with the 60X objective (1.9 zoom). These images (1,280 by
1,024 pixels, 12 bits) corresponded to biofilm sections of 110 by 88 pum (9,680-
wm? area; the total area analyzed was equal to 193,600 pm?) and had a pixel size
of 0.39 pum. Images were averaged by Kalman filtration with eight running scans
per image (32). The acquisition software used was LaserSharp 2000 (version 4.3).

Cell areas of Bacteria, Archaea, and D. hafniense were quantified with the
MetaMorph imaging system (version 4.5r0) (Universal Imaging Corporation,
Downingtown, Pa.). The boundary of the biofilm to be quantified was defined by

setting the background threshold of the images and transforming them into
binary images. Application of a single cycle of two different filters (dilatation and
erosion), followed by another filter to remove single pixels, helped to increase the
signal-to-noise ratio. The biofilm area on binary images was then quantified for
each fluorescent probe and then compared to the total biofilm area stained with
YOYO-1 (29, 32).

RESULTS

Monitoring of the PCP-degrading, methanogenic FF reac-
tor. A methanogenic FF reactor was exposed to an increasing
PCP load (Fig. 2). It reached a PCP-degrading rate of 1,173
uM day ! after 225 days of operation, with a PCP removal
efficiency of up to 99% and a degradation efficiency of approx-
imately 60%. Only 3-CP was observed as a CP intermediate
throughout the experiment.

Gas production and VFA degradation were used as indica-
tors of methanogenic activity (35). The reactor reached an
average gas production of 9.6 ml h™! after 3 to 5 days following
start-up and was mostly stable throughout the experiment (Fig.
2). Analysis of the composition of gas from a similar anaerobic
FF reactor showed that methane accounted for 69%. Acetate
gradually increased after start-up and then stabilized to less
than 100 ppm after 60 days of operation (Fig. 2). Butyrate (0.63
g liter ! at start-up) decreased after start-up and reached trace
level after 20 days of operation. Propionate, generated during
the process, also was detected at a trace level during the time
of operation. To determine the organic matter degradation
capacity of the reactor, the influent and effluent port CODs
were compared. COD reduction varied between 56 and 72%
during the time of operation.

We used PCR primers specific to desulfitobacteria and D.
hafniense to determine the presence of such bacteria (Table 1).
Specific signals were detected with both sets of primers after 14
days of operation (data not shown). To determine if desulfito-
bacteria were present in the original sludge, PCRs with the
same primers were performed on DNA extracted from the
original granular sludge. No specific signal was detected. The
granular sludge was then cultured under conditions promoting
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FIG. 3. Bacteria and Archaea profiles by PCR-DGGE. DNA was
extracted from reactor biofilm samples. 16S rRNA gene sequences
were PCR amplified with primers specific for Bacteria or Archaea, and
PCR products were transferred onto a 20 to 70% urea-formamide
DGGE gel. (A) Bacteria. Lanes: 1 and 9, original granular sludge; 2 to
8, biofilm samples taken after 7, 14, 35, 56, 81, 116, and 180 days of
operation, respectively. Lanes 7 to 9 are from another DGGE gel and
were adjusted on the basis of the profiles of the original sludge. (B) Ar-
chaea. Lane 1, original granular sludge; lanes 2 to 5, biofilm samples
taken after 7, 14, 56, and 81 days of operation, respectively.

desulfitobacterial growth. Positive PCR signals were obtained
with this enrichment, suggesting the presence of endogenous
desulfitobacteria in the original sludge.

Determination of Bacteria and Archaea profiles by PCR-
DGGE. Monitoring of the changes in the microbiota during the
acclimation process was performed by PCR-DGGE. Total
DNA was extracted from biofilm samples, as well as from the
original granular sludge, and 16S rRNA sequences were am-
plified for Bacteria or Archaea. We observed that Bacteria and
Archaea were mostly stable from day 56 in the biofilm (Fig.
3A). Important modifications occurred in Bacteria between the
reactor biofilm and the original granular sludge used as the
inoculum. Although both types of samples contained approx-
imately 25 DGGE bands, only 3 to 6 bands were common.
These differences can be attributed to the reactor type (FF
versus granular) and to the feeding medium. The Archaea
profiles were less complex than the Bacteria profiles, with 8 to
10 bands in the granular sludge (Fig. 3B). The most prominent
bands were also present in the biofilm. This result suggests that
methanogenesis was occurring with the same type of Archaea
in both reactors.

Biofilm structure determined by FISH. Biofilm sampling
was carried out after stabilization of the Bacteria and Archaea
as determined by PCR-DGGE. As observed by phase-contrast
microscopy, the area colonized by the biofilm increased with
time although a number of areas were devoid of biofilm. The
biofilm was irregular, having a thickness varying between 10
and 30 pm.

Several biofilm samples were hybridized with fluorescent
probes at different time points. Representative results are il-
lustrated in Fig. 4. Bacteria were more abundant than Archaea
and were composed of different types of cocci, coccobacilli,
and rods (Fig. 4A). Archaea were less diversified, mostly Meth-
anosarcina-like microorganisms, but some rods were also ob-
served (Fig. 4B). D. hafniense cells were detected in high num-
bers scattered throughout the biofilm, sometimes as loose
microcolonies. The hybridization signals of two specific probes
(PCP-1-4 and PCP-1-8) coupled to different fluorochromes

APPL. ENVIRON. MICROBIOL.

FIG. 4. Spatial arrangement of Bacteria, Archaea, and D. hafniense
in the anaerobic FF reactor. Biofilm samples were fixed, permeabil-
ized, hybridized with fluorescently labeled oligonucleotides, and then
counterstained with YOYO-1 before being examined by CLSM. FISH
was performed with EUB338-Cy3 (Bacteria, panel A), ARC915-Cy3
(Archaea, panel B), and PCP-1-4-Cy3 and PCP-1-8-Cy5 (D. hafniense,
panel C). Panels A, B, and C are biofilms taken after 56, 116, and 225
days of operation, respectively. Bars correspond to 20 pm.
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TABLE 2. Proportions of Bacteria, Archaea, and D. hafniense in the
reactor biofilms

Area,” 3

Probe % (SD) n
EUB338 70 (12) 25
ARCI15 10 (8) 20
PCP-1-4 19 (6) 20

“ Percentage of the total surface of the biomass revealed by the probe as
determined by staining with YOYO-1.
® 5, number of microscopic fields examined by CLSM.

and both targeting D. hafniense in the biofilm gave almost
identical patterns, thus confirming the specificity of D. hafni-
ense detection (Fig. 4C).

Archaea, Bacteria, and D. hafniense were quantified in the
biofilms by taking at least 20 cross-sectional images of the
biofilm (Table 2). This quantitative analysis confirmed the pre-
dominance of Bacteria, with a proportion of 70%, over Ar-
chaea, with a proportion of 10%. Quantitative analysis also
showed that D. hafniense cells covered 19% of the total surface
of the biofilm.

DISCUSSION

The reactor had to be gradually exposed to increasing
amounts of PCP to allow adaptation of the anaerobic consor-
tium, more specifically, the xenobiotic-sensitive methanogens
(4). It has been shown that low PCP concentrations (0.75 to
11.3 M) completely inhibit methanogenesis (13, 49). For in-
stance, Tartakovsky et al. (44, 45) demonstrated with a UASB
bioreactor that when the PCP concentration is increased too
rapidly, accumulation of more toxic intermediates occurs (i.e.,
trichlorophenols), leading to reactor failure. Accumulation of
acetate after start-up can be explained by the lower growth rate
of methanogenic Archaea compared to fermentative and ace-
togenic bacteria, which degraded organic matter, propionate,
and butyrate rapidly following start-up. However, aceticlastic
methanogens, which are responsible for the transformation of
acetate into CH, and CO,, could have been inhibited by the
toxicity of PCP or its intermediates, such as 3-CP, since meth-
anogens are particularly sensitive to toxic compounds (4).
Also, only trace levels of butyrate and propionate were found
in the effluents, thus demonstrating that acetogenic bacteria
were not affected by the toxicity in the reactor and were readily
transforming these VFA. These results are different from those
obtained by Wu et al. (49), who tested the effect of PCP on the
VFA degradation of PCP-acclimatized and nonacclimatized
anaerobic granular sludge. They found that all VFA-degrading
populations were affected by PCP toxicity. More specifically,
propionate degraders were the most sensitive to the presence
of PCP, followed by acetate-utilizing methanogens and then by
butyrate degraders. These differences from our system could
be attributed to the dissimilar inocula used, which probably
contained different microorganisms.

The degradation rate achieved by our reactor (1,173 pM
day~!) compares advantageously to those achieved in other
studies (17, 18). For instance, Juteau et al. (24) obtained 99%
PCP removal with a PCP load of 60 uM day ' with their FF
bioreactor. They observed mostly 3,4-DCP and 3-CP as major
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intermediates and no significant 3-CP degradation. Beaudet et
al. (6) obtained complete dechlorination of PCP with a PCP
loading rate of up to 68 wM day ' in an anaerobic FF reactor
fed with PCP extracted from contaminated wood chips.

More studies on PCP degradation with UASB anaerobic
bioreactors have been performed and have demonstrated that
these reactors could degrade higher PCP loads than FF biore-
actors (13, 17, 19, 48). For instance, Wu et al. (49) reported the
highest PCP load to be degraded by an anaerobic bioreactor.
The maximum PCP load tested was 330 to 364 pM day ', with
removal of more than 99% of the PCP and no detection of CP
intermediates. In the present study, our reactor achieved a
threefold higher PCP removal rate. However, 3-CP, the main
PCP degradation intermediate, was still present in the effluent.
These differences can be attributed to a distinct granular
sludge inoculum. We used granular sludge treating wastewater
from an apple-processing plant, whereas the UASB reactor
studied by Wu et al. (49) was inoculated with both (i) granules
previously enriched with a mixture of VFA and (ii) contami-
nated soils enriched anaerobically in the presence of PCP.

Our FF reactor also achieved better degradation than UASB
reactors inoculated with other desulfitobacteria. Inoculation of
a UASB bioreactor with sterilized granular sludge with D.
hafniense DCB-2 resulted in 99% transformation of PCP into
3,4,5-trichlorophenol when the reactor was fed a PCP load of
up to 158 uM day ' (11), whereas UASB reactors inoculated
with strain PCP-1 reached a PCP load of 300 uM day ' with
99% PCP degradation and less than 5% residual 3-CP was
detected in the effluent (44).

Aerobic systems are also very efficient for the degradation of
PCP. For example, Stinson et al. (43) were able to degrade
PCP loads of up to 1,352 pM day ' in an aerobic FF biore-
actor, which is comparable to what has been obtained with our
reactor. Jarvinen et al. (21) obtained 99.9% PCP degradation
with a PCP load of 2,780 uM day ' with an aerobic fluidized
bed reactor.

D. hafniense was detected in the reactor biofilm and was
present at a low level in the granular sludge. The conditions
that prevailed in the reactor probably allowed this bacterium to
grow and colonize the biofilm. Enrichment of desulfitobacteria
from anaerobic microflora exposed to halogenated compounds
has been frequently observed (7, 9, 10, 30). Lanthier et al. (28)
demonstrated by PCR that desulfitobacteria are widely distrib-
uted in different soils and sediments from the Province of
Québec, Canada. Desulfitobacteria use halogenated com-
pounds as electron acceptors in a process named “halorespi-
ration,” which allows them to generate energy (16).

Stabilization of Bacteria and Archaea as observed by PCR-
DGGE correlates with the acetate profile, which was only
stable after 60 days. Tartakovsky et al. (44) showed stabiliza-
tion of Bacteria after 17 days of operation in a PCP-fed UASB
reactor. Liu et al. (31) demonstrated stabilization of the Bac-
teria and Archaea in two anaerobic acidogenic bioreactors after
13 days of operation. The biofilm in our bioreactor had an
uneven surface ranging in thickness from 10 to 30 um and was
devoid of clear mushroom-like structures or channels. This
result is consistent with the slow-growing nature of anaerobic
microorganisms (33) and also with the lower biomass produc-
tion in anaerobic bioreactors compared to aerobic systems
(41). The general aspect of the biofilms was similar to what has
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been reported with other types of anaerobic biofilm. For ex-
ample, Amann et al. (3) looked at the structure of anaerobic
biofilms on glass coverslips in anaerobic FF sulfidogenic reac-
tors and observed a 5- to 10-wm-thick and irregular biofilm
after 3 weeks of reactor operation. Araujo et al. (5) examined
an anaerobic biofilm growing in a chemostat containing a Rob-
bins device and inoculated with disaggregated granular sludge.
They observed that the biofilm rapidly colonized the polypro-
pylene surface and formed an unequal-thickness layer of 0 to 9
pm after 11 days of operation.

Targeting specific microbial species in multispecies anaero-
bic biofilms has not been reported frequently in the literature.
For instance, Amann et al. (3) and Raskin et al. (37) were the
first to report the detection of specific microorganisms in an-
aerobic biofilms by FISH. With specific hybridization probes
targeting specific 16S rTRNA sequences, they visualized two
sulfate-reducing bacterial populations, named population
types 1 and 2, in sulfidogenic biofilms established in anaerobic
fixed-bed bioreactors. These populations were related to Des-
ulfuromonas acetoxidans and Desulfovibrio vulgaris, respec-
tively, and were arranged as microcolonies. In this study, D.
hafniense cells were found scattered throughout the multispe-
cies methanogenic biofilm and accounted for almost 20% of
the biofilm in the reactor. Scattering could have occurred by
cell motility. For instance, D. hafniense DCB-2 is motile as it
has one or two flagella (10), and even if D. hafniense PCP-1 was
reported as a nonmotile microorganism (7), motile cells have
been observed in pure culture (unpublished results). Scattering
could have also been the result of biofilm detachment and
reattachment elsewhere on the slide. Distribution of D. hafni-
ense throughout the biofilm is probably important for the com-
munity, as this bacterium would dehalogenate PCP in less toxic
compounds, as does D. hafniense PCP-1 (7). In return, syntro-
phic associations with other microorganisms in the biofilm
must occur as D. hafniense, when grown as a pure culture,
needs specific carbon sources such as pyruvate to grow and
specific electron donors to perform PCP dechlorination. In this
respect, D. hafniense could have used chemotaxis toward pyru-
vate producers to scatter throughout the biofilm. We previ-
ously demonstrated that D. hafniense PCP-1 forms microcolo-
nies and is mostly present at the surface of PCP-fed UASB
reactors (27). However, in this particular case, strain PCP-1
was added to already formed granules. The presence of strain
PCP-1 at the surface would then protect the other microor-
ganisms inside the granules from PCP toxicity. Knowing more
about the syntrophic associations between D. hafniense and
Bacteria or Archaea would allow a better understanding of PCP
degradation in these reactors.
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