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A toluene-degrading methanogenic consortium enriched from creosote-contaminated aquifer material was
maintained on toluene as the sole carbon and energy source for 10 years. The species in the consortium were
characterized by using a molecular approach. Total genomic DNA was isolated, and 16S rRNA genes were
amplified by using PCR performed with kingdom-specific primers that were specific for 16S rRNA genes from
either members of the kingdom Bacteria or members of the kingdom Archaea. A total of 90 eubacterial clones
and 75 archaeal clones were grouped by performing a restriction fragment length polymorphism (RFLP)
analysis. Six eubacterial sequences and two archaeal sequences were found in the greatest abundance (in six
or more clones) based on the RFLP analysis. The relative abundance of each putative species was estimated
by using fluorescent in situ hybridization (FISH), and the presence of putative species was determined
qualitatively by performing slot blot hybridization with consortium DNA. Both archaeal species and two of the
six eubacterial species were detected in the DNA and FISH hybridization experiments. A phylogenetic analysis
of these four dominant organisms suggested that the two archaeal species are related to the genera Methano-
saeta and Methanospirillum. One of the eubacterial species is related to the genus Desulfotomaculum, while the
other is not related to any previously described genus. By elimination, we propose that the last organism

probably initiates the attack on toluene.

Hydrocarbons, such as toluene, frequently contaminate
soils, sediments, and groundwater as a result of inadvertent
spills, leaks, or improper methods of disposal. Microbial deg-
radation of toluene occurs readily under both aerobic and
anaerobic conditions (15, 24, 28). While much is known about
aerobic toluene degradation pathways and the many aerobic
species that mineralize toluene, comparatively little is known
about anaerobic degradation of toluene. Anaerobic conditions
often prevail at contaminated sites, and therefore a better
understanding of the fate of toluene and other contaminants
under anaerobic conditions is required for proper site assess-
ment and remediation.

Toluene degradation occurs under all of the major anaero-
bic electron-accepting conditions, including nitrate-reducing
(1, 20, 24), sulfate-reducing (7, 18, 32), iron(III)-reducing (29),
and methanogenic (17, 40) conditions, and pure cultures of
nitrate-reducing, sulfate-reducing, and iron-reducing bacteria
that degrade toluene have been isolated. In contrast, toluene
degradation to methane and CO, requires more than one
species because of the limited substrate range of methanogenic
bacteria. It is thought that fermentative or acetogenic bacteria
first transform toluene to methanogenic precursors, such as
acetate and hydrogen; methanogenic bacteria then convert
these substrates to methane and CO,. Since transformation of
toluene to acetate and hydrogen is energetically favorable only
when the concentrations of hydrogen and acetate are kept low
by the activity of methanogenic bacteria, toluene degradation
is necessarily dependent on syntrophic relationships between
species in a consortium. To date, no toluene-degrading organ-
ism has been isolated from such a consortium.
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A methanogenic mixed culture that mineralizes toluene to
carbon dioxide and methane was enriched from creosote-con-
taminated aquifer sediments (17). This stable culture (or con-
sortium) has been maintained on toluene as the sole source of
carbon and energy for the last 10 years. Our attempts to isolate
toluene-degrading organisms from this consortium by conven-
tional serial dilution or plating techniques have been unsuc-
cessful, presumably because it is difficult to resolve syntrophic
associations. The objectives of this research were to identify
the different species in this consortium by using a molecular
approach and to determine the role which each species plays in
the degradative process. We identified the majority of the
species in the consortium, and we propose a model which
explains the roles of these species in toluene degradation.
Identifying the different organisms in a consortium and deter-
mining their roles are important steps in improving our under-
standing of anaerobic biodegradation and, specifically, metha-
nogenic  biodegradation. Methanogenic transformation
processes are independent of an external electron acceptor
source, such as sulfate, nitrate, or oxygen, and therefore rep-
resent the ultimate degradation mechanism for organic com-
pounds in the environment.

MATERIALS AND METHODS

Bacterial consortium. A toluene-degrading methanogenic enrichment culture
described previously was maintained in a series of 160-ml serum bottles in a
reduced, defined, mineral medium (16, 17). Each bottle contained 100 ml of
liquid culture and was fed 10 pl of neat toluene every 2 weeks. The bottles were
incubated in a Coy anaerobic chamber. Prior to each feeding, the accumulated
methane (approximately 16 ml) was removed from each bottle. Occasionally
(about twice a year), cultures were transferred (20 to 50% inoculum) into new
bottles and topped up with fresh medium. The rate of degradation has been
constant for the past 5 years, and there is no indication that any trace element or
vitamin in the medium is actually essential. The cultures in several bottles have
not been transferred for more than 2 years, and there has been no significant
reduction in the rate of toluene degradation; furthermore, the rate of degrada-
tion does not increase appreciably when the cultures are transferred. Samples
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used for DNA extraction were taken in September 1996, March 1998, and July
1998 from stable cultures that had been receiving toluene every 2 weeks for at
least 6 months and were actively degrading toluene at the time of sampling.

Chemicals. All chemicals were purchased from Sigma and were more than
99.9% pure.

DNA extraction and purification. DNA was extracted by using a modified
version of the protocol developed by Zhou et al. (41). The cells from 100 ml of
an active culture (ca. 10° cells/ml) were harvested by centrifugation under an-
aerobic conditions at 4,000 X g for 30 min. The cells were resuspended in 1 ml
of anaerobic medium, transferred to a 1.5-ml Eppendorf tube, and centrifuged at
14,000 rpm for 15 min. The supernatant was decanted, and the pellet was
transferred into a sterile mortar to which 5 g of sterile glass beads had been
added. The pellet and glass beads were ground with a mortar and pestle under
liquid nitrogen to physically disrupt the cells. DNA extraction buffer (13.5 ml)
was added to the mortar, and the resulting mixture was transferred to a clean
tube. DNA extraction buffer consisted of 100 mM Tris-HCI (pH 8.0), 100 mM
sodium EDTA (pH 8.0), 100 mM sodium phosphate (pH 8.0), 1.5 M NaCl, and
1% hexadecylmethylammonium bromide. For the rest of the protocol we used
the procedures described by Zhou et al. (41). The DNA pellet was resuspended
in 500 pl of double-distilled water (ddH,O) and stored at —20°C.

Oligonucleotide synthesis. Oligonucleotides were synthesized by Dalton
Chemical Laboratories Ltd. (Mississauga, Ontario, Canada) or the MOBIX
Facility at McMaster University (Hamilton, Ontario, Canada).

Amplification of 16S rRNA genes. Eubacterial 16S rRNA genes were selec-
tively amplified from purified genomic DNA by PCR by using forward primer
5'-AGAGTTTGATCCTGGCTCAG-3' (corresponding to positions 21 to 41 of
the Escherichia coli 16S rRNA gene [12, 39]) and reverse primer 5'-GGTTACC
TTGTTACGACTT-3' (corresponding to positions 1510 to 1492 [39]). Archaeal
16S rRNA genes were amplified by performing PCR with forward primer 5'-T
TCCGGTTGATCCYGCCGGA-3' (corresponding to positions 21 to 41 of the
E. coli 16S TRNA gene [12, 13]) and the reverse primer described above.

The conditions used for PCR amplification with the eubacterial primers were
as follows: denaturation at 95°C for 1 min, primer annealing at 52°C for 1.5 min,
and chain extension for 1.5 min at 72°C for 30 cycles, followed by a final extension
step consisting of 72°C for 10 min. The same conditions were used with the
archaeal primers, except that the annealing temperature was 55°C. The amplified
products were separated on a 1% agarose gel that was stained with ethidium
bromide and were visualized with UV excitation.

Cloning of 16S rRNA genes and restriction fragment length polymorphism
(RFLP) analysis. PCR products were purified by using a QIAEX gel purification
kit (Qiagen Inc., Chatsworth, Calif.) and were cloned into pCR 2.1 by using a TA
cloning kit (Invitrogen, San Diego, Calif.). Plasmid DNA was purified by the
alkaline lysis method (35), the insert was excised with restriction enzymes BamHI
and Notl (New England Biomedical, Mississauga, Ontario, Canada), and the
products were resolved on a 1% agarose gel and stained with ethidium bromide.
The inserts were excised from the gel, purified with a QIAEX gel purification kit,
and then digested at 37°C for 1 to 2 h with either Hhal or Rsal (New England
Biomedical) in parallel digestion reactions. Each reaction mixture (total volume,
30 pl) contained 300 ng of insert DNA, the appropriate buffer, bovine serum
albumin (if required), 1 pl of Rsal or 1 pl of Hhal, and ddH,O. The digested
DNA fragments were separated by agarose gel electrophoresis, stained with
ethidium bromide, and visualized with UV excitation.

Sequencing of cloned 16S rRNA gene fragments. The flanking regions of each
unique clone were sequenced with forward primer M13 and reverse primer T7
located on plasmid pCR 2.1. The complete 16S rRNA genes were sequenced by
using internal primers designed for this study. The internal eubacterial primers
used were 5'-CCTAGGG(A/T)GCAGCAG-3' (complementary to E. coli posi-
tions 341 to 357) and 5'-CACCAGT(C/G)GCGAAGGCGG-3' (complementary
to positions 718 to 735). The internal archaeal primers used were 5'-GAGACA
CGAATCCAGGC-3' (complementary to positions 324 to 340) and 5'-AAGCG
TCTCACCAGAACG-3' (complementary to positions 727 to 745).

Phylogenetic analyses of sequences. Unaligned sequences were entered into
the GenBank BLAST search program (2) and the Ribosomal Database Project
SIMILARITY_RANK program (30) in order to obtain closely related phyloge-
netic sequences. Sequences were aligned by using ClustalW (26). Maximum-
likelihood phylogenetic trees were created for eubacterial and archaeal se-
quences by using the DNAmlI program of PHYLIP, version 3.5 (21). The trees
were rooted by including an archaeal sequence in the eubacterial tree and a
eubacterial sequence in the archaeal tree. We assessed the significance of the
maximum-likelihood branch points by performing a bootstrap analysis with 100
replicates in order to generate a consensus tree (19).

Oligonucleotide probe sequences. Oligonucleotide probe sequences comple-
mentary to amplified rRNA sequences either were obtained from previously
published papers or were designed de novo for the new organisms identified in
our culture. The sequences of the following four probes were obtained from
previously published papers: eubacterial probe EUB338 (4), archaebacterial
probe ARCHO915 (34), probe MX825 specific for Methanosaeta sp. (34), and
probe SRB385 specific for Desulfovibrio sp. (4). A nonsense probe complemen-
tary to EUB338 was used as a negative control (4). The probes used for the
cloned 16S rRNA genes were designed to be complementary to regions unique
to each sequence by using a primer design program (39a). The sequences of the
specific primers differed from all other sequences by at least 2 bp. Potential probe

TOLUENE-DEGRADING METHANOGENIC CONSORTIUM 5577

sequences were analyzed with the CHECK_PROBE program of the Ribosomal
Database Project (30).

Probe labeling. The oligonucleotides used for fluorescent in situ hybridization
(FISH) analysis were purchased from Dalton Chemicals already conjugated with
a fluorescent label at the 5’ end. Probes ARCH915, Eub-1, and MX825 were
conjugated with rhodamine. Probes EUB338, Eub-2, Eub-3, Eub-4, SRB325,
Eub-6, nonsense, and Arch-2 were conjugated with fluorescein. The oligonucle-
otides used for slot blot analysis were 5’ end labeled with 5 pl of [y->*P]JATP
(6,000 Ci/mmol; 10 mCi/ml; Amersham) by using 10 pmol of oligonucleotide and
10 U of T4 polynucleotide kinase (New England Biolabs) in a 25-ul reaction
mixture that was incubated for 45 min at 37°C. Labeled oligonucleotides were
purified by using Qiaquick Nucleotide Removal spin columns (Qiagen), and the
level of incorporation was quantified (35).

Preparation of slides for FISH. HTC supercured Teflon-coated slides with 10
or 12 wells per slide (Cel-Line, Newfield, N.J.) were used for FISH analysis. Prior
to probing, the slides were soaked for 1 h in ethanolic KOH (10% [wt/vol]
potassium hydroxide), rinsed with ddH,O, and air dried. To enhance cell adhe-
sion, all of the slides were dipped in a gelatin solution (0.1% gelatin, 0.01%
chromium potassium sulfate; 70°C) and dried in a vertical position (4).

Cell fixation and whole-cell hybridization. Culture samples were removed 2
days after feeding with toluene. The cells were harvested by centrifugation at
13,000 X g for 5 min, and each cell pellet was resuspended in 750 wl of a solution
containing freshly prepared 4% paraformaldehyde (PFA) in water (33). The
PFA fixation solution was prepared by mixing 1 drop of 10 M NaOH, 2 g of PFA,
and 16.5 ml of 3X phosphate-buffered saline with 33 ml of ddH,O. The PFA
solution was heated to 60°C and cooled on ice, the pH was adjusted to 7.2, and
finally the solution was filtered through a 0.45-wm-pore-size filter. The cells were
resuspended in PFA by vortexing the preparation for approximately 60 s and
then were incubated at room temperature for 1 min or 2 h or 12 h. The cells were
recovered by centrifugation and washed in a solution containing 900 wl of
phosphate-buffered saline (130 mM NaCl plus 10 mM sodium phosphate, pH
7.2) and 100 pl of 0.1% Igepal CA-630 (Sigma) (a nonionic detergent). Then the
cells were recovered by centrifugation and washed with 500 pl of 0.1% Igepal
CA-630. The final cell pellet was resuspended in a solution containing 200 .l of
storage buffer (20 mM Tris-HCI [pH 7.2], 0.1% Igepal CA-630) and an equal
amount of absolute ethanol (33) and stored at 4°C. One microliter of the fixed
cell suspension was added to each well of a gelatin-treated, Teflon-coated slide.
The cell smear was allowed to air dry. The slides were then dehydrated by
immersing them in 50% ethanol for 3 min, in 80% ethanol for 3 min, and then
in 100% ethanol for 3 min and finally were air dried. Ten microliters of protein-
ase K (10 mg/ml in 20 mM Tris-HCI-2 mM CaCl, [pH 7.4]) was added to each
well. The slides were incubated at 37°C for 10 min, washed with ddH,O, and air
dried. Nine microliters of hybridization buffer, 1 wl of 4’,6'-diamidino-2-phe-
nylindole (DAPIT) stain (0.2 wg/pl), and 25 to 50 ng of probe were added to each
well. The hybridization solutions contained 0.9 M NaCl, 0.1% sodium dodecyl
sulfate (SDS), 20 mM Tris-HCI (pH 7.2), and different concentrations of form-
amide (0 to 60%). The optimum formamide concentration was different for each
probe but ranged from 20 to 40%. The concentration of SDS (0.01, 0.1, or 1%)
had no effect on the success of hybridization; therefore, 0.01% SDS was used
throughout the study. The slides were incubated at 34 to 52°C for 4 h in a tissue
culture dish sealed with Parafilm in a humid atmosphere. After incubation, the
wells were washed once with 20 ul of prewarmed hybridization buffer and then
incubated at 34 to 52°C for 20 min. The slides were briefly rinsed with ddH,O,
air dried in the dark, and mounted in Dako fluorescent mounting medium (Dako
Corporation, Carpinteria, Calif.). Fluorescence was detected with an Axioskop
microscope (Zeiss, Oberkochen, Germany) fitted for epifluorescence microscopy
with a type HBO 100-W AttoArc bulb and Zeiss filter sets I, III, and IV. The
magnification used was X1,000. Color photographs were taken with Kodak Gold
400 ASA film; the exposure times were 8 s for DAPI photographs and 8 to 15 s
for epifluorescence photographs.

Slot blot hybridization. Nucleic acids were diluted with 200 wl of 6X SSPE
(20 SSPE is 3.6 M sodium chloride, 0.2 M sodium phosphate [monobasic], and
20 mM EDTA [pH 7.4]) to give final concentrations of 0.1, 1, and 2 pg of nucleic
acids per 200-pl sample. Each diluted sample was boiled for 10 min and then
kept on ice. Samples were applied to Hybond N membrane filters (Amersham)
by using a Minifold II slot blot apparatus (Schleicher & Schuell). The membrane
filter preparations were denatured for 5 min with 1.5 M sodium hydroxide-0.5 M
sodium chloride and were neutralized for 5 min with 1.5 M sodium chloride-0.5
M Tris (pH 7.4). The DNA was cross-linked by treatment with UV light (1,200
wJ; Stratagene 1800). The membrane filters were prehybridized for at least 2 h
at 40°C in heat-sealed bags by using 0.2 ml of hybridization solution (6X SSPE,
5% Denhardt’s reagent, 1% SDS, 50 pg of denatured single-stranded DNA per
ml) per cm?. Labeled oligonucleotides were added to the appropriate membrane
filters along with fresh hybridization solution, and the preparations were incu-
bated at 40°C overnight. The membrane filters were washed three times (10 min
each) in low-stringency wash solution (6X SSPE, 1% SDS) at room temperature
and once for 45 min in high-stringency wash solution (1X SSPE, 1% SDS) at the
appropriate temperature. The high-stringency wash temperatures used were as
follows: UNIVS522, 45°C; Eub-1, 50°C; Eub-2, 50°C; Eub-3, 40°C; Eub-4, 55°C;
SRB385, 50°C; Eub-6, 50°C; MX825, 65°C; and Arch-2, 40°C. The membranes
filters were wrapped in plastic wrap and exposed to Biomax MR film (Kodak)
either overnight or for up to 2 days by using an intensifying screen.
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RESULTS

DNA extraction and amplification. Approximately 300 g of
genomic DNA was isolated from 100 ml of bacterial culture.
The extracted DNA was large (>12 kb). Both eubacterial and
archaeal 16S rRNA genes were readily amplified with the
primers used. No amplification occurred with the negative
PCR controls (i.e., samples without a DNA template), indicat-
ing that there was no contamination with other sources of
DNA.

Clones and RFLP analysis. The amplified 16S rRNA gene
sequences were cloned. A total of 90 eubacterial clones and 75
archaeal clones were grouped by performing an RFLP analysis.
While it has been recommended that three restriction enzymes
should be used in order to ensure that all organisms are dif-
ferentiated properly, we used only two enzymes, Rsal and
Hhal, in separate digestions, because these enzymes are re-
ported to have a high combined efficacy for distinguishing
known bacterial taxa (31). Using these restriction enzymes
resulted in between two and seven bands per digest for both
eubacterial and archaeal clones.

Six dominant eubacterial operational taxonomic units
(OTUgs), designated OTUs Eub-1 though Eub-6, were identi-
fied based on the RFLP patterns. Fourteen percent of the
clones grouped with OTU Eub-1, 18% grouped with OTU
Eub-2, 7% grouped with OTU Eub-3, 11% group with OTU
Eub-4, 15% grouped with OTU Eub-5, and 8% grouped with
OTU Eub-6. The remaining 27% of the eubacterial clones
produced RFLP patterns that differed from the six dominant
patterns found. RFLP patterns that were obtained for only one
clone were not examined further, as they were probably the
result of an operational artifact (e.g., incomplete digestion). In
four cases, a unique RFLP pattern was obtained for two
clones. To determine if these patterns were distinct from the
six patterns described above, we sequenced the first 500 bp of
the inserts of the clones. We found that the sequences were
essentially the same as sequences obtained for the dominant
six clones and therefore did not represent additional OTUs.

Two archaeal OTUs, designated OTUs Arch-1 and Arch-2,
were identified; 84% of the clones belonged to the Arch-1
group, and 13% belonged to the Arch-2 group. The remaining
3% of the clones each produced a unique RFLP pattern and
were not considered further.

Phylogenetic analysis. The 16S rRNA gene insert sequences
were determined for two representative clones belonging to
each of the six eubacterial OTUs and two archaeal OTUs. The
CHECK_CHIMERA program of the Ribosomal Database
Project (30) did not detect chimeric sequences in any of the
eight cloned sequences. Phylogenetic trees were generated for
the eubacterial and methanogenic OTUs by using maximum-
likelihood methods at two separate points in the sequencing
process; the first was when approximately 800 bp of the se-
quence was known (data not shown), and the second was when
the entire amplified fragment had been sequenced (Fig. 1 and
2). The groups on the trees did not differ, an observation that
supports the results of previous work in which the results of
analyses based on the first 500 bp of the 16S rRNA gene were
consistent with the results of analyses based on the entire
sequence (9, 11). It is generally accepted that bootstrap values
greater than 95% are statistically significant (22).

Some of the OTUs grouped with previously described gen-
era in the phylogenetic analysis when 16S rRNA genes were
used. In general, species are defined as organisms that exhibit
95 to 99% sequence similarity (3, 8, 9), whereas similarity
values of 85 to 95% are used to group organisms belonging to
families or genera (11, 14, 38). The exact criteria used for

APPL. ENVIRON. MICROBIOL.

grouping organisms vary depending on the author and the
taxonomic groups. When the guidelines described above were
used, three of the eubacterial OTUs grouped with previously
described organisms; OTU Eub-5 grouped with Desulfovibrio
sp., OTU Eub-1 grouped with Desulfotomaculum sp. (both
groups of organisms are sulfate-reducing bacteria), and OTU
Eub-4 grouped very closely with an unidentified organism iso-
lated from the aeration basin of a municipal sewage plant in
Munich-Grosslappen, Germany (36). Both archaeal OTUs
grouped with previously described taxa; OTU Arch-1 grouped
with Methanosaeta sp., and OTU Arch-2 grouped with Meth-
anospirillum sp. OTUs Eub-2, Eub-3, and Eub-6 did not group
closely with any previously described organism in the database.

Oligonucleotide probe sequences. PCR-RFLP analysis is a
crude first step for examining community composition, espe-
cially in slowly growing, batch cultures with very low dilution
rates. Confirmation is required to establish that sequences
which are found actually correspond to dominant organisms in
a consortium. To do this, we designed species-specific probes
for the six eubacterial OTUs and the two methanogenic OTUs
or used previously described species-specific probes. Kingdom-
specific probes were obtained from previously published pa-
pers. The sequences of 16S rRNA probes used and their target
groups are shown in Table 1.

FISH. FISH was used to determine if the 16S rRNA se-
quences that were obtained in the PCR-RFLP analysis actually
represented major species in the toluene-degrading culture.
The FISH technique provides definitive confirmation of the
presence of active species in a consortium, since the probes
target labile rRNA and not DNA, which is targeted in slot blot
experiments. Furthermore, FISH data provide information
that links morphology to identity. All of the probes listed in
Table 1 except the universal probe were used in FISH exper-
iments. Preliminary experiments were conducted to validate
the FISH analysis procedure; known eubacterial and archaeal
populations were probed with the kingdom-specific probes
(EUB338 and ARCH915 at 45°C and in the presence of 30%
formamide, respectively) and with the nonsense probe. The
kingdom-specific probes hybridized only with expected targets.
The nonsense probe (same strand as the target sequence)
highlighted only clumps of cells and not individual cells, and
the fluorescence was thought to result from trapping of the
probe between cells in the clumps rather than from specific
hybridization.

The probes were then tested with cell preparations obtained
from the toluene-degrading culture. The kingdom-specific eu-
bacterial probe, EUB338, hybridized to the rRNA of cells
having two different morphologies (thick rods that formed
small straight chains and extremely long curving chains) (Fig.
4A). The archaeal probe, ARCH915, highlighted short rods
and filamentous chains (Fig. 4B). Next, the species-specific
probes were tested. The probe for OTU Eub-1 hybridized to
short to medium-length rods that occurred in chains (Fig. 4C).
The probe for OTU Eub-6 hybridized to long slender chains
similar to the chains highlighted by EUB338 (Fig. 4D). The
fluorescent probes for OTUs Eub-2, Eub-3, Eub-4, and Eub-5
(SRB385, specific for Desulfovibrio sp.) did not hybridize to any
cells (data not shown). The probe for OTU Arch-1 (MX825),
which was specific for Methanosaeta sp., hybridized to distinc-
tive chain-forming rods which appeared to be encased in a
sheath (Fig. 4E). In this preparation, the cells in a chain ap-
peared to have been stained unevenly with both DAPI and the
fluorescent probe. The small coccoidlike cells in Fig. 4E are
just single cells of the same species as the species whose cells
occurred in chains. This observation is consistent with the
unique morphology of Methanosaeta sp. The probe for OTU
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FIG. 1. Phylogenetic tree for eubacteria, showing the positions of the six OTUs obtained by RFLP analysis. Scale bar = 10 substitutions/100 nucleotide positions.

Arch-2 hybridized to rods that characteristically formed short
chains, although the number of cells of this type was apparently
low (Fig. 4F). The ratio of fluorescent cells to total (DAPI-
stained) cells was determined by directly counting the visible
cells in at least two fields for each probe (Table 2). Together,
the two kingdom-specific probes, EUB338 and ARCH915, hy-
bridized to all of the cells in the culture since the cells detected
with these two probes accounted for 104% of the DAPI-
stained cells. About two-thirds of the cells were methanogenic
bacteria, and one-third were eubacteria. Probes Eub-1 and
Eub-6 hybridized to all of the eubacterial cells since these two
probes accounted for 34% of the total counts, which compares
well with the value obtained with the eubacterial probe (39%)

(Table 2). In contrast, the two probes for methanogenic spe-
cies, MX825 and Arch-2, hybridized to only about 19% of the
total cells, compared to the value of 65% obtained with the
archaeal probe; this indicated that not all of the archaeal cells
were detected with probes Arch-2 and MX825 (Table 2). The
FISH results obtained with Arch-2 were very poor, although
this probe hybridized quite well in slot blot experiments (see
below); these findings suggest that probe Arch-2 may not be
suitable for detecting cells by FISH and should be redesigned.

When observing cells under the microscope with the filter
set used to view fluorescein-labeled probes, we noticed that
sometimes cells fluoresced even though no probe was applied
to the preparation. Many methanogenic bacteria contain high
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FIG. 2. Phylogenetic tree for archaebacteria, showing the positions of the

two OTUs obtained by RFLP analysis. Scale bar = 5 substitutions/100 nucleotide
positions.

levels of the electron carrier F,,, and thus autofluoresce blue-
green when they are illuminated with light at wavelengths near
420 nm (blue-violet) (42). To avoid interference with autofluo-
rescence, we recommend that probes be synthesized with rho-
damine as a fluorescent marker instead of fluorescein. For
example, the autofluorescent cells are the fatter, diffuse cells in
Fig. 4D. These cells were not included in the cell counts ob-
tained for OTU Eub-6.

Only four of the eight species identified by PCR-RFLP anal-
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ysis were detected in the consortium by FISH. However, a lack
of hybridization in the FISH experiments did not necessarily
mean that the species were not present. Since we had no way
of testing the probes with known cultures, it is possible that the
probes did not hybridize because the targeted region of the 16S
rRNA was inaccessible or the specific cells were not sufficiently
permeable for the probe to enter. To rule out these access
problems, we used all of the probes in slot blot experiments to
determine if they hybridized to purified nucleic acid prepara-
tions.

Slot blot hybridizations. Aliquots of DNA extracted from
the toluene-degrading consortium on three different dates (in
September 1996, March 1998, and July 1998), as well as control
DNA from E. coli, were adsorbed onto membranes at three
different concentrations. The DNA extracted in September
1996 was the DNA used to generate the clone library described
in this paper. The DNA samples were probed with a universal
probe (as a control for the relative amount of DNA in each
preparation) and with each of the species-specific probes (Fig.
3). The probes were also tested with plasmid DNA extracted
from clones that belonged to each group; all of the probes used
hybridized with the intended target sequences (data not
shown). Only two of the six eubacterial probes tested, the
probes for OTUs Eub-1 and Eub-6, exhibited significant and
specific hybridization to the consortium DNA. The probes for
OTUs Eub-3, Eub-4, and Eub-5 (SRB385) did not hybridize at
all with DNA from the consortium. The probe for OTU Eub-2
hybridized slightly with all of the DNA samples, including the
E. coli sample, suggesting that the probe was not specific. In
Fig. 3, the hybridization signal in the bottom slot of the center
column for OTU Eub-2 is artificially dark as a result of a spot
on the film. The relative intensity of hybridization to probe
Eub-2 was greatest with the DNA obtained in September 1996
compared to DNA samples obtained later (this was especially
noticeable with the data obtained with 2 pg of DNA), suggest-
ing that if OTU Eub-2 was present, its relative abundance
decreased with time. In contrast, OTUs Eub-1 and Eub-6 be-
came relatively more abundant with time. Both archaeal
probes hybridized significantly and specifically with the consor-
tium DNA.

In summary, the slot blot experiments qualitatively con-
firmed the results of the FISH experiments, perhaps with the
exception of the results for OTU Eub-2. Of the six eubacterial
sequences obtained by PCR amplification of 16S rRNA genes,
only two were clearly detected in the FISH experiments; the
same two were clearly detected in slot blot hybridization ex-
periments. Probe Eub-2 was the only other eubacterial probe
which hybridized in the slot blot experiments, suggesting that

TABLE 1. Oligonucleotide probe sequences used in slot blot and fluorescent hybridization experiments

Target (E. coli

Probe Sequence (5’ to 3") positions) Specificity Reference
UNIV522 GWATTACCGCGGCKGCTG 522-540 All bacteria 25
EUB338 GCTGCCTCCCGTAGGAGT 338-355 Eubacteria 4
ARCHY15 GTGCTCCCCCGCCAATTCCT 915-935 Archaebacteria 34
Nonsense ACTCCTACGGGAGGCAGC 338-355 Control 4
Eub-1 GGGAACTCCACTCCCCTG 664-681 OTU Eub-1 This study
Eub-2 ACTGGTTGTGCGCCTCC 927-942 OTU Eub-2 This study
Eub-3 AATCTTTACTCTAAAACACAC 197-218 OTU Eub-3 This study
Eub-4 CCACCTCCCTCTACCATCC 656-674 OTU Eub-4 This study
Eub-5 (SRB385) CGGCGTCGCTGCGTCAGG 385-402 Desulfovibrio 4
Eub-6 CCACTCCCCTCTGTCACC 657-674 OTU Eub-6 This study
Arch-1 (MX825) TCGCACCGTGGCCGACACCTAGC 825-847 Methanosaeta 34
Arch-2 ATAGTCTATGGGGTATTATC 171-190 OTU Arch-2 This study
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FIG. 3. Autoradiographs showing the results of slot blot hybridization experiments. In all nine panels, the first row contained E. coli DNA, and the next three rows
contained different DNA samples from the consortium that were extracted on three separate dates (as indicated). Each DNA sample was applied at three
concentrations (2, 1, and 0.1 pg in 200 pl). The DNA extracted from the consortium in September 1996 (third row) was the sample used for molecular characterization.
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ARCH915

FIG. 4. Photomicrographs of DAPI-stained cells (upper panels) and FISH results (lower panels) for the same fields of view for a toluene-degrading methanogenic
consortium. The fluorescent probes used were EUB338 (A), ARCH915 (B), Eub-1 (C), Eub-6 (D), Arch-1/MX825 (E), and Arch-2 (F).

OTU Eub-2 may have been missed by FISH; however, this
probe may not be specific as it also hybridized to E. coli DNA.
It is also possible that OTU Eub-2 was not sufficiently abun-
dant to be detected by FISH. The two archaeal sequences
obtained by PCR amplification of 16S rRNA genes were de-
tected by both FISH and slot blot hybridization. However, the
FISH results suggest that OTU Arch-2 may not have been very
abundant and that other archaeal species may have been
missed.

DISCUSSION

Complete anaerobic degradation of relatively complex or-
ganic molecules to carbon dioxide and methane requires the
concerted effort of three major metabolic groups of bacteria,
the hydrolytic fermentative bacteria, the syntrophic acetogenic
bacteria, and the methanogenic bacteria (5). Because of the
various syntrophic associations in methanogenic consortia, iso-
lation of pure cultures is difficult, and few consortia have been
thoroughly described.

The use of a combination of molecular techniques (PCR-
RFLP, FISH, and slot blot hybridization) enabled us to iden-
tify several species in a very well-established, stable, toluene-
degrading methanogenic consortium. Using PCR-RFLP
analysis, we identified six different eubacterial OTUs and two
different archaeal OTUs. While both archaeal OTUs were
subsequently also detected by slot blot hybridization and in situ
hybridization, the same was not true for the eubacterial OTUs.
Only three of the six eubacterial OTUs were detected by slot
blot hybridization (OTUs Eub-1, Eub-6, and possibly Eub-2),

and only two were detected by FISH (OTUs Eub-1 and Eub-
6). Each of these methods suffers from biases and shortcom-
ings that may have resulted in overestimation or underestima-
tion of the number of species in the consortium. PCR
amplification may have amplified DNA from very minor spe-
cies or dormant or dead residual cells that were not abundant
and therefore were not detected by slot blot hybridization or in
situ hybridization, whose detection limits are much higher. For
example, OTU Eub-5 detected by PCR grouped very closely
with Desulfovibrio species, and the sequence of the previously
described Desulfovibrio-specific probe (SRB385) matched ex-
actly the sequence of our clone, suggesting that this OTU was
not an artifact; however, the probe did not hybridize in either
slot blot or FISH experiments. Perhaps if we had used less
template DNA and fewer cycles in the initial PCR we would
have obtained better representation of the community when
this method was used. Also, we may have completely missed
some species in the consortium whose DNA were not ampli-
fied by PCR. Despite these caveats, both slot blot and fluores-
cent hybridization experiments confirmed that the toluene-
degrading methanogenic consortium which we studied consists
of at least two methanogenic species and two eubacterial spe-
cies. These four species accounted for more than one-half of
the total population (as determined by FISH).

In FISH experiments, the fluorescent eubacterial kingdom-
specific probe hybridized to cells with two distinct morpholo-
gies (long thin chains and shorter fatter chains) which were
also specifically targeted by species-specific probes for OTU
Eub-1 (short fat rods) and OTU Eub-6 (long thin chains).
Thus, all of the eubacterial cells detected by the more general
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TABLE 2. Proportions of the total population hybridizing
in FISH experiments

% of population hybridizing” with:

Probe Type or target Kingdom-specific ~ Species-specific
probes probes

Eub-1 Desulfotomaculum 16
Eub-2 Species specific 0
Eub-3 Species specific 0
Eub-4 Species specific 0
Eub-5 (SRB385)  Desulfovibrio 0
Eub-6 Species specific 18
EUB338 All eubacteria 39

Arch-1 (MX825) Methanosaeta 17
Arch-2 Methanospirillum 2
ARCH915 All archaeabacteria 65

Total recovery 104 53

“ Data are expressed as the percentages of fluorescent cells that hybridized to
a probe; the values were obtained by using the number of fluorescent cells and
the total number of DAPI-stained cells in the same field of view.

probe were accounted for by the two species-specific probes.
This conclusion is supported by the cell count data (Table 2);
the two species-specific probes accounted for about 87% of the
cells that hybridized to the kingdom-specific probes. There-
fore, it is reasonable to conclude that all of the dominant
eubacterial species were identified. The FISH results were less
conclusive for the archaea; in this case the two species-specific
probes accounted for only about 29% of the cells that hybrid-
ized to the kingdom-specific probe. The archaeal kingdom-
specific probe did not hybridize to cells with easily distinguish-
able morphologies; thus, it was not possible to clearly
distinguish all of the archaeal cell types present. However, as
only two OTUs were detected by RFLP analysis and since both
methanogenic sequences were clearly detected by slot blot
hybridization, it is reasonable to conclude that two methano-
genic species are present in the consortium and that they are
probably the dominant species. In addition, while many differ-
ent types of methanogenic bacteria autofluoresce blue-green
when they are illuminated with light with wavelengths near 420
nm (blue-violet), previously described Methanosaeta species do
not typically contain high enough concentrations of F,,, to
autofluoresce (42), suggesting that the autofluorescence which
we observed in FISH control experiments without probes came
from methanogenic species other than Methanosaeta, such as
Methanospirillum-like organisms or other methanogenic spe-
cies not detected by PCR.

While some archaeal species in the consortium may have
escaped detection, the identity, morphology, and function of
each of the four species that were detected are consistent with
previous experimental observations of this culture and with
how methanogenic consortia are known to operate. Three of
the four organisms identified grouped relatively closely with
previously described organisms, and thus we can postulate
functions for these organisms. The two methanogenic species
found in the consortium play complementary roles. Methano-
saeta species (OTU Arch-1) are aceticlastic methanogens that
split acetate, oxidizing the carboxylic group to CO, and reduc-
ing the methyl group to methane. No other substrate supports
growth. Thus, these organisms presumably utilize the acetate
produced from toluene by other species in the consortium.
Acetate has been detected in the culture medium, and when
acetate is added to a culture, it inhibits toluene degradation
(17). Methanosaeta species grow in sheaths which confer a rod
shape; often the organisms form in chains which are typically
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longer than 100 pm (42). This type of blunt-ended rod-shaped
organism was observed previously in scanning electron micro-
graphs of our consortium and was at the time tentatively iden-
tified as a Methanosaeta sp. (17). Methanospirillum species
(OTU Arch-2) use formate and hydrogen as electron donors
(10). Thus, these organisms presumably utilize hydrogen or
formate produced by other organisms in the culture. Hydro-
gen-utilizing methanogens have been detected previously in
subcultures of toluene-degrading cultures that were fed only
hydrogen. Furthermore, hydrogen has been detected at very
low concentrations (around 10~* atm) in culture headspaces,
and when hydrogen was added to culture bottles at a high
concentration, toluene degradation was inhibited (17). While
OTU Arch-2 certainly groups with Methanospirillum spp. on a
phylogenetic tree, its morphology appears to be unlike the
morphology of previously described Methanospirilla in culture.

One of the two eubacterial species (OTU Eub-1) is related
to Desulfotomaculum spp. The cells of Desulfotomaculum spe-
cies are gram-positive, endospore-forming, straight or curved
rods that are found primarily in soil (14). Gram-positive en-
dospore-forming cells with a morphology similar to that high-
lighted by fluorescent probe Eub-1 were observed previously in
the culture when light microscopy and an endospore stain were
used (data not shown). Desulfotomaculum species are sulfate-
reducing bacteria but in the absence of sulfate grow acetogeni-
cally on substrates such as ethanol, propionate, butyrate, ben-
zoate, and other reduced intermediary metabolites (37). Since
sulfate inhibited degradation in the culture (17, 23), it seems
unlikely that this organism initiated the attack on toluene; if it
was the toluene-degrading organism, one would expect that
sulfate would stimulate toluene degradation, not inhibit it. The
other eubacterial species found in the consortium (OTU
Eub-6) does not group with any previously described genus.
The fluorescent probe for this organism hybridized with long
thin chains of cells. At least in some sections, these chains
appeared to wrap around or intertwine with other bacteria in
the consortium (Fig. 4D). Close proximity of organisms is
probably necessary for interspecies metabolite transfer in syn-
trophic cultures. If it is argued that the species that initiates the
attack on toluene is most probably a eubacterium (it is unlikely
to be a methanogen), then by elimination we postulate that
OTU Eub-6 is the organism that initiates the degradation of
toluene.

Benzoate is a central intermediate in anaerobic transforma-
tion and mineralization of many aromatic compounds and has
been shown previously to be an early intermediate during deg-
radation of toluene by the consortium which we studied (16).
Several methanogenic consortia that degrade benzoate have
been described (27), and pure cultures of syntrophic benzoate
degraders have been isolated in some cases. Belaich et al. (6)
described a stable benzoate-degrading consortium that closely
resembles our consortium. This benzoate-degrading consor-
tium was composed of four morphologically dominant species
that were tentatively identified as two methanogens (resem-
bling Methanospirillum sp. and Methanosaeta sp.) and two eu-
bacteria (a spore-forming sulfate reducer and a syntrophic
benzoate degrader). The authors proposed that the sulfate-
reducing bacterium might play a homoacetogenic role in a
process in which H, and CO, resulting from benzoate oxida-
tion by the syntroph are used. This benzoate-degrading con-
sortium is remarkably similar to our toluene-degrading con-
sortium. By analogy, we can begin to formulate a hypothetical
model (that needs to be verified) for the degradation of tolu-
ene by the latter consortium. OTU Eub-6 may initiate the
attack on toluene, converting toluene to some as-yet-undeter-
mined intermediate(s). The intermediate(s) is then converted
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by OTU Eub-1 (Desulfotomaculum sp.) to acetate and hydro-
gen, which in turn are consumed by OTU Arch-1 (Methano-
saeta sp.) and OTU Arch-2 (Methanospirillum sp.), respec-
tively.

In summary, we found that a methanogenic toluene-degrad-
ing consortium was composed of at least two eubacterial spe-
cies and two archaeal (methanogenic) species. Only one of
these four species, the putative toluene-degrading eubacte-
rium, was not closely related to any previously described genus.
Further experimentation is required to verify the proposed
roles of the identified species in the consortium and to deter-
mine if there are any species in the consortium that have not
been detected yet.
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