
Abstract We compared carbon flow under constant
low-substrate conditions (below 20 µM glucose in situ)
in laboratory-scale glucose-fed methanogenic bioreactors
containing two very different microbial communities that
removed chemical oxygen demand at similar rates. One
community contained approximately equal proportions
of spiral and cocci morphologies, while the other com-
munity was dominated by cocci. In the former bioreac-
tor, over 50% of the cloned SSU rRNA genes and the
most common SSU rDNA terminal restriction fragment
corresponded to Spirochaetaceae-related sequences,
while in the latter bioreactor over 50% of the cloned
SSU rRNA genes and the most common SSU rDNA ter-
minal restriction fragment corresponded to Streptococ-
cus-related sequences. Carbon flow was assessed by
measuring 14C-labeled metabolites derived from a feed-
ing of [U-14C]glucose that did not alter the concentration
of glucose in the bioreactors. Acetate and ethanol were
detected in the Spirochaetaceae-dominated reactor,
whereas acetate and propionate were detected in the
Streptococcus-dominated reactor. A spirochete isolated
from a Spirochaetaceae-dominated reactor fermented

glucose to acetate, ethanol, and small amounts of lactate.
Maximum substrate utilization assays carried out on flu-
id from the same reactor indicated that acetate and etha-
nol were rapidly utilized by this community. These data
indicate that an acetate- and ethanol-based food chain
was present in the Spirochaetaceae-dominated bioreac-
tor, while the typical acetate- and propionate-based food
chain was prevalent in the Streptococcus-dominated bio-
reactor.

Introduction

The conversion of organic waste into methane, i.e.,
biomethanation, is a process that converts organic waste
into useable energy, simultaneously reducing pollution
and providing a source of renewable energy. Methane is
also a potent greenhouse gas, and the release of methane
from ruminant animals, termites, and anaerobic sedi-
ments plays a significant role in global warming models
(Oremland 1988). Although many of the Bacteria and
Archaea that are involved in the anaerobic food chain are
well known, the effect of different fermentative organ-
isms on carbon flow through methanogenic environ-
ments has not been well studied. In sewage sludge and
anaerobic sediments, 60–80% of methane was produced
from acetate, with the balance coming from H2/CO2
(Jerris and McCarty 1965; Smith and Mah 1966; 
Cappenberg and Prins 1974). Propionate, a precursor 
to acetate, accounted for 15–24% of the methane formed
during sewage sludge and glucose digestion, while the
butyrate contribution was negligible (Kaspar and 
Wuhrmann 1978; Cohen et al. 1982). In a study of meso-
philic cattle waste digestion, 13% and 8% of the methane
formed originated from propionate and butyrate, respec-
tively (Mackie and Bryant 1981). Alcohols have only
been shown to be an important intermediate in the degra-
dation of lactose (Chartrain and Zeikus 1986). None of
the studies mentioned above examined the fermentative
organisms present or attempted to correlate their physiol-
ogy with the intermediary metabolites formed.
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Molecular techniques now provide an opportunity 
to link the microbial community structure to the func-
tional attributes of biomethanation (Amann et al. 1995).
Other studies have concentrated on the connection be-
tween community structure and function during pertur-
bations and changes in operating conditions (Fernandez
et al. 2000; Hashsham et al. 2000; McCartney and 
Oleszkiewicz 1993; Raskin et al. 1996). The effect of
community structure on system function when substrate
conditions are continually low has not been investigated
in methanogenic systems. The purpose of this study was
to address the fundamental question: Does community
structure affect carbon flow in methanogenic systems
when substrate concentrations are kept continually low?
In particular, we were interested in the influence of 
fermentative bacterial members on carbon flow, since
their role seems to be overlooked in methanogenic 
systems. Microbial communities were examined using
SSU rDNA terminal restriction-fragment-length poly-
morphism (T-RFLP) analysis, SSU rDNA clone libraries,
and phase-contrast microscopy. Addition of [U-14C]glu-
cose to bioreactors and maximum substrate utilization
rates were used to identify important intermediates in
glucose digestion. We found that acetate and ethanol
were formed in bioreactors containing a high number of
spirochetes, while acetate and propionate were formed in
bioreactors containing high numbers of streptococci.
Thus community structure did affect the path of carbon
flow under constant low-substrate conditions.

Materials and methods

Bioreactor operation

Two variable-volume methanogenic bioreactors and two continu-
ously stirred tank reactors (CSTRs) were operated at 34 °C with
an effective mean cell residence time (MCRT) of 16 days as de-
scribed previously (Hashsham et al. 2000). Only the variable-vol-
ume methanogenic bioreactors were used for 14C-carbon flow
studies. Separate substrate and nutrient solutions were fed continu-
ously using syringe pumps at a rate of 12.5 and 5 ml/day (0.52 and
0.21 ml/h), respectively (Hashsham et al. 2000). The volume of
the variable-volume bioreactors increased from 250 ml to 362 ml
over 8 days. Every eighth day, 112 ml of suspended culture was
removed. This resulted in a glucose loading rate that varied be-
tween 0.4 and 0.28 g l–1 day–1. Reactor fluid from an 18-l CSTR
that was inoculated with anaerobic digester sludge from the mu-
nicipal wastewater treatment facility at Jackson, Michigan, and
had been maintained in the lab for over 3 years was used to inocu-
late the variable-volume bioreactor HS (high-spirochete). Bioreac-
tor HS was operated for 250 days before this study commenced.
Variable-volume bioreactor LS (low-spirochete) and CSTR R1
were inoculated with rumen contents at the same time and were
operated for 210 and 330 days, respectively, before they were used
in this study.

Sample preparation and microscopy

Samples (10 ml) were taken the day before addition of [U-14C]glu-
cose for morphological analysis. Freshly collected samples were
dispersed by multiple, rapid passages through a 25-gauge needle,
and diluted to slight turbidity to achieve an ideal spatial density of
separated cells (approximately 100 cells per micrograph) for

morphotype recognition. Slides, photomicrographs, and digital im-
ages were prepared as previously described (Fernandez et al.
2000). Classification of over 2,000 cells per sample into opera-
tional morphological units (OMUs) was carried using the
CMEIAS plug-ins (Dazzo and Petersen 1989; Liu et al. 2001) op-
erating in the UTHSCSA ImageTool, version 1.27 software 
(Wilcox et al. 1997). Averages and 95% confidence intervals of
OMU frequency were calculated by assuming that every photomi-
crograph represented an independent sample of the total communi-
ty. Community similarity was calculated using EcoStat Ecological
Analysis software (Trinity Software, Plymouth, N.H.) based on
the relative abundance of each OMU.

DNA extraction and T-RFLP

Samples (1 ml) for community analysis were taken the day before
addition of [U-14C]glucose and immediately stored at –80 °C.
DNA was extracted using a beadbeater method (Löffler et al.
1997) modified by reducing the beadbeating intervals from 1 min
to 30 s to minimize DNA shearing. Bacterial 16S rDNA was 
amplified using the primers 8F-Hex (AGAGTTTGATCCTGGCT-
CAG), which is specific for the domain Bacteria, and 1392R
(ACGGGCGGTGTGTRC), a universal reverse primer (Amann et
al. 1995). The primer 8F-Hex was synthesized and labeled at the
5′ end with the phosphoramidite dye 5-hexachlorofluorescein by
Operon (Alameda, Calif.). The amplification reaction consisted of
25 ng DNA, 0.5 µM of each primer, 0.2 mM of each deoxynucleo-
side triphosphate, 1.5 mM MgCl2, 0.2 mg ml–1 BSA, 2.5 µl of 10×
Taq buffer and 1 unit of Taq DNA polymerase (Boehringer Mann-
heim, Indianapolis, Ind.) in a 25 µl final volume. The amplifica-
tion was carried out using the following conditions: initial dena-
turation (95 °C for 3 min) followed by 25 cycles of denaturation
(94 °C for 30 s), annealing (55 °C for 30 s), and extension (72 °C
for 30 s) and a final extension of 72 °C for 7 min. Three separate
amplifications of each sample were carried out, pooled, purified
using Microcon-100 spin columns (Millipore, Bedford, Mass.),
and digested overnight with either HaeIII, HhaI, or MspI (Kehl 
et al. 1998). Aliquots (2 µl) containing approximately 30 ng of the
digested DNA mixture and 2 fmol of GENESCAN-2500 TAMRA
internal lane standard (Perkin Elmer Applied Biosystems, Foster
City, Calif.) were then loaded onto a Perkin Elmer Applied 
Biosystems 373A automated sequencer at the MSU DNA Se-
quencing Facility. The resulting chromatograms were processed
with GeneScan 2.1 (Perkin Elmer Applied Biosystems) to deter-
mine the size of each fragment. Community similarity was calcu-
lated using the GelCompar software package (version 4.2; Applied
Maths, Kortrijk, Belgium). Following normalization (no back-
ground subtraction), Pearson product-moment correlation coeffi-
cients were used to calculate similarity matrices for each restric-
tion enzyme digest (Pearson 1926). Alternatively, peaks were
manually aligned and used to compute community similarity indi-
ces with the EcoStat Ecological Analysis software (Trinity Soft-
ware, Plymouth, N.H.). Individual peaks and peak height were
substituted for species and species abundance, respectively. Identi-
fication of organisms corresponding to different terminal restriction
fragments was accomplished by computer-simulated restriction di-
gests of the ribosomal database project (RDP) database, inspection
of clone sequences, and actual amplification and digestion of DNA
from 16S rDNA clones and isolates (Marsh et al. 2000).

SSU rDNA analysis

Amplification of bacterial SSU ribosomal DNA (rDNA), cloning,
screening, and sequencing were as described previously (Fernandez
et al. 1999). Thirty-six clones were analyzed for each sample and
the most frequent clone type was selected for sequencing. Nearly
full-length sequences were obtained in both directions for all se-
quences. The 16S rDNA of spirochete isolate R8 was amplified as
described above for community rDNA. Alignment of sequences,
mask construction, and chimera check were carried out using soft-
ware provided by the Ribosomal Database Project (Maidak et al.
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1999) and ARB (Strunk and Ludwig 1997). Dendrograms were
constructed using ARB and PAUP* 4.0s (Sinauer Associates, 
Sunderland, Mass.).

Determination of intermediary metabolites

Radiolabeled glucose was fed to the HS and LS bioreactors by re-
placing the normal substrate feed with an 8 g l–1 solution of 
[U-14C]glucose with a specific activity of 0.015 mCi mmol–1 and
7 g l–1 NaHCO3. The radiolabeled solution was fed continuously
for 70 h to both bioreactors. Every 12 h, 1-ml samples were taken
and immediately centrifuged at 10,000 g for 10 min, acidified with
0.1 M H2SO4 (100 µl), and held at –20 °C until analysis. The sam-
ples were analyzed for volatile fatty acids (VFAs) using a high
pressure liquid chromatograph (Binary LC Pump 250, Perkin 
Elmer) equipped with a 300-mm HPX-87H ion exclusion column
(Bio-Rad) connected to a Lambda-Max model 480 LC spectropho-
tometer (Millipore) set at 210 nm and a β-detector (Insus Systems,
Tampa, Fla.). The mobile phase was 0.013 N H2SO4 at 0.6 ml
min–1 with the column at 20 °C. VFAs were identified by retention
time using authentic radioactive and non-radioactive standards. A
standard curve of area vs DPM was calculated using [U-14C]ace-
tate of a known specific activity and also by collecting fractions of
other radioactive compounds and counting them on a Tri-Carb
1500 liquid scintillation analyzer (Packard Instrument, Downers
Grove, Ill.). A ratio of 1.55 DPM for every area unit was estab-
lished. The detection limit for glucose and the individual VFAs
with this system was approximately 20 µM. Soluble compound
concentrations were converted to electron equivalents (e–) accord-
ing to the oxidation state of each compound.

Spirochete isolate R8

The spirochete isolation medium consisted of a mineral medium
(Shelton and Tiedje 1984) plus 10% (v/v) clarified rumen fluid,
5 mM glucose, 0.7% agarose, and 50 µg ml–1 rifampin adjusted to
a pH 7.2 (Leschine and Canale-Parola 1986). A dilution series of
R1 bioreactor fluid was done in 10-ml agar shakes with a head-
space of N2:CO2 (80:20) and incubated at 37 °C. Single colonies
from the highest dilution tube in which growth occurred were
picked with a sterile Pasteur pipette and serially diluted in 10-ml
agar shakes. This was repeated three times to ensure that a pure
culture was obtained. Liquid cultures were inoculated with a sin-
gle colony picked from the highest dilution tube containing colo-
nies. Rumen fluid was replaced by a cofactor solution (100×,
pH 7.2) containing (per 100 ml): pyridoxal HCl, 10 mg; pyridoxal
phosphate, 10 mg; calcium folinic acid, 2 mg; β-NAD, 2 mg; co-
enzyme A, 2 mg; FAD, 2 mg; nicotinamide, 1 mg; folic acid,
0.1 mg; riboflavin, 0.02 mg; thiamine pyrophosphate, 100 mg
(Leadbetter et al. 1999). Isolate R8 has been deposited in the
DSMZ under accession number 13955.

Fermentation products

Isolate R8 was grown in spirochete isolation medium for identifi-
cation of fermentation products. Eight days after a 5% (v/v) inocu-
lation with an 8-day-old culture fluid, visible turbidity developed.
Samples were taken 6 and 8 days after inoculation and analyzed
by HPLC for VFAs. Ethanol was measured using an enzyme assay
(ethanol test kit 332-A, Sigma, St. Louis, Mo.). Glucose was mea-
sured using a hexokinase test kit 115 from Sigma. Hydrogen was
measured using a Hewlett Packard 6890 GC equipped with a mer-
cury reduction gas detector.

Maximum substrate utilization rates

Substrate utilization rate assays were performed in 160-ml serum
bottles containing 25 ml of R1 fluid, 10 mM acetate, propionate,

butyrate, lactate, or ethanol, and 10 mM phosphate buffer
(pH 7.2). Reaction rates were determined by measuring the con-
centrations of acetate, propionate, butyrate, lactate, and ethanol
over time by the methods indicated above. Methane was measured
on a Varian GC (model 3700) equipped with a Porapak Q column
and a flame ionization detector.

Nucleotide sequence accession numbers

The SSU rRNA gene sequences determined in this study have
been deposited in the GenBank database under accession numbers
AF157107 and AF157108.

Results

Community structure

Bioreactors HS and LS were operated under identical
conditions at an applied organic loading rate of 0.3–0.4 g
glucose/l per day and were efficiently processing sub-
strate with total VFA concentrations in the effluent less
than 4 mM and chemical oxygen demand removal effi-
ciencies of approximately 90% (data not shown). Glu-
cose concentrations were below the detection limit
(20 µM) in both reactors throughout the duration of the
experiment. Bioreactors HS and LS contained very dif-
ferent dominant microbial populations as ascertained by
morphological analysis. Bioreactor HS contained two
codominant morphotypes, single cocci and spiral-shaped
cells, which comprised 33±3% and 37±3% of the com-
munity, respectively. LS was dominated only by cocci,
which comprised 75±2% of the community and had only
0.5% spiral-shaped cells. The cocci present in bioreactor
LS were phase-light and often found in clusters, in con-
trast to the phase-dark, singly occurring cocci in bioreac-
tor HS.

Visual inspection of the T-RFLP patterns from a
HaeIII restriction digest of amplified SSU rDNA from
the two communities also showed that the HS and LS
bacterial communities were quite different (Fig. 1). The
T-RFLP patterns from all restriction digests were com-
pared by two methods (Table 1). The Pearson product-
moment correlation coefficient calculates similarity
based on every point in the chromatogram produced by
the laser dye reader, and does not require the identifica-
tion and alignment of individual fragments. Correlation
coefficients for HS and LS electropherograms from re-
striction enzymes HaeIII, HhaI, and MspI digests gave
values below 0.50 for all digests. Alignment of T-RFLP
patterns and identification of each fragment allowed the
computation of Horn’s community similarity index
(Brower 1997) based on the abundance of each terminal
restriction fragment. Comparison of LS and HS electrop-
herograms resulted in Horn similarity indices below 
0.2 for all digests. These results agree with the correla-
tion coefficients and indicate that the HS and LS bacteri-
al communities were indeed very different (Table 1). 

The most frequent SSU rDNA clone type from biore-
actor HS, represented by clone HS-B26, accounted for
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53% of the total clones analyzed and was most closely
related to Spirochaeta caldaria, with a sequence simi-
larity of 99.5% (Fig. 2A). In bioreactor LS, the most
frequent clone type, represented by clone LS-B1, ac-
counted for 50% of the clones analyzed and was 98.3%
similar in sequence to Streptococcus bovis (Fig. 2B).
Digestion of clones obtained from HS and LS with
HaeIII revealed a 185-bp fragment that corresponded to
clone HS-B26 and spirochete isolate R8, and a 266-bp
fragment that corresponded to clone LS-B1 (Fig. 1).
HhaI and MspI digestions confirmed that the dominant
peaks in the HS and LS communities also corresponded
to cloned sequences HS-B26 and LS-B1, respectively
(data not shown).

The larger bioreactor R1 also contained a large pro-
portion of spiral-shaped cells. Because its larger volume
provided us with reactor fluid to perform activity assays,
the degree of community similarity between HS and R1
was ascertained using T-RFLP analysis. The dominant
terminal restriction fragment in bioreactors HS and R1
was a 185-bp fragment corresponding to the clone HS-
B26 and isolate R8 (Fig. 1). The two communities also
shared other, less abundant terminal restriction frag-
ments, as reflected in the high community similarity val-
ues and correlation coefficients between HS and R1 
(Table 1). Compared to the values shown in Table 1,
three separate samples taken from bioreactor R1 on the
same day gave Horn similarity indices between 0.90 and
0.99 with a HaeIII digest, and two samples taken from
bioreactor R1 2 weeks apart yielded a Horn similarity in-
dex of 0.83 (data not shown).

Tentative identification of other community members
was accomplished through in silico digestion of the RDP
database. The 210-bp fragment seen in the HaeIII digest
of the LS community corresponds to the predicted frag-
ment size for Selenomonas ruminantium, an obligate an-
aerobe known to rapidly ferment lactate to propionate
(Bryant 1984) (Fig. 1). A 210-bp fragment was not
found in either the HS or R1 communities. A 212-bp
fragment was found in communities HS and R1, but this
fragment was always distinguishable from the 210-bp
fragment in repeated PCR amplifications and T-RFLP
gels of the three communities. Evidence for the presence
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Fig. 1 Terminal restriction-
fragment-length polymorphism
(T-RFLP) electropherograms of
the HaeIII-digested SSU rDNA
amplified from isolate R8 and
bacterial communities LS, HS,
and R1. Peaks corresponding to
the restriction fragment length
of the most frequently cloned
SSU rRNA gene sequences are
labeled

Table 1 Similarity of bacterial HaeIII, HhaI, and terminal restric-
tion-fragment-length polymorphism (T-RFLP) electropherograms
as measured by Horn’s community similarity index (Brower 1997)
and Pearson product-moment correlation coefficient (Pearson
1926). HS High-spirochete, LS low-spirochete

Community

LS R1
HaeIII/HhaI/MspI HaeIII/HhaI/MspI

HS Horn 0.14/0.09/0.09 0.76/0.62/0.86
Pearson 0.02/0.47/0.01 0.85/0.98/0.96

LS Horn 0.29/0.02/0.03
Pearson 0.02/0.50/0.0



of Desulfovibrio species in bioreactors HS and R1 was
found in both the HhaI and MspI digests with terminal
fragment lengths of 97 and 509 bp, respectively (data not
shown). A terminal fragment of 97 bp generated after di-
gestion with HhaI is common to many species in the ge-
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Fig. 2a,b Phylogenetic relationships of clones and isolates in the
families Spirochaetales (a) and Streptococcales (b). Unambigu-
ously aligned nucleotides of the SSU rRNA gene from E. coli po-
sition 111–465 (a) and 21–1477 (b) were used to calculate Kimura
2-parameter distance matrices (Kimura 1980). The phylogenetic
trees were created with the neighbor-joining method (Saitou and
Nei 1989). Neighbor-joining and parsimony bootstrap values
(50% or higher) are listed above and below each node, respective-
ly. Scale bar, 10% difference in nucleotide sequence positions.
Genbank accession numbers are as follows: Streptococcus bovis,
M58835; Streptococcus macedonicus, Z94012; Streptococcus mu-
tans, S70358; Streptococcus equi, S70324; Bacillus subtilis strain
168, D26185; Lactobacillus acidophilus subspp. johnsonii,
M99704; Lactococcus lactis subspp. Lactis, M58837; Streptococ-
cus salivarius, M58839; Streptococcus parauberis, X89967;
Brachyspira hyodysenteriae, M57741; Treponema bryantii,
M57737; Spirochaeta zuelzerae, M88725; Spirochaeta sp. strain
Mastotermes, X79548; Spirochaeta caldaria, M71240; Spirochae-
ta stenostrepta, M88724; Spirochaeta aurantia strain J-1,
M57740; Spirochaeta litoralis, M88723; Spirochaeta halophila,
M88722; Spirochaeta sp. strain PL12MY, RDP short ID strain-
PL12MY; Spirochaeta sp. strain Antarctica, M87055; Leptospira
inadai, Z21634; EO-XIV, AF149879; EO-XI, AF149878; EO-V,
149881; EO-I, AF149883 (Fernandez et al. 1999); LSII,
AF218216; and HSI, AF218221 (Fernandez et al. 2000)

nus Desulfovibrio. A 509-bp fragment resulting from di-
gestion with MspI also corresponds to the species Desul-
fovibrio profundus. Neither of these fragments was
found in the LS community.

Intermediary metabolites

Approximately 13% of the 0.34 µmol e–·ml–1·h–1 entering
the reactor accumulated in the pool of extracellular inter-
mediary metabolites in bioreactor HS (Table 2). Acetate
and ethanol contributed fairly equally to these intermedi-
ary metabolites. Although ethanol contributed more elec-
tron equivalents than did acetate, slightly more acetate
was produced on a molar basis (data not shown). La-
beled propionate was not detected in the HS bioreactor
over the course of this experiment.

In bioreactor LS, approximately 10% of the electron
equivalents entering the system were found in soluble in-
termediates, similar to bioreactor HS (Table 2). The per-
centage of electron equivalents found in the soluble
products indicates that both bioreactors were operating
efficiently and agrees with the operation efficiency of
approximately 90% calculated from chemical oxygen de-
mand (COD) measurements of the bioreactor fluid (data
not shown). In contrast to bioreactor HS, acetate was the
more important fermentation intermediate, contributing
twice as many electron equivalents to the pool of inter-
mediary metabolites than propionate. No ethanol was de-
tected in bioreactor LS.

Maximum substrate utilization rates

Utilization rates for acetate, propionate, ethanol, lactate,
and butyrate were determined for bioreactor R1 in order
to confirm that the intermediates detected with [U-
14C]glucose were utilized and thus actually turning over
in a community that contained a high number of spiro-
chetes (Table 3). Acetate and ethanol degradation began
immediately, and acetate was formed concomitant with
ethanol degradation (data not shown). The utilization
rate for propionate was not significantly different than
zero, and butyrate utilization was very low. Lactate was
not utilized until 10 h after inoculation with bioreactor
fluid. The headspace of all bottles contained greater than
50% methane after the substrate was utilized, indicating
that the conditions were favorable for methanogenesis
under the assay conditions.

Spirochete isolation and fermentation products

Serial dilution of R1 bioreactor fluid in agar shake tubes
yielded more than 50 uniform colonies in the 108 dilu-
tion tube and no colonies in the 1010 dilution tube (there
was no 109 dilution), suggesting that there were over
5×109 spirochetes ml–1. All colonies were spherical, had
a “cottonball-like” appearance, and were 2–3 mm in di-



ameter, which is characteristic of spirochete colonies.
Several colonies were picked and serially diluted. Micro-
scopic inspection revealed that all of the isolates were
long, thin, spiral-shaped cells typically between 20 and
50 µm long and 0.4 µm thick, with an average wave-
length of 1.2 µM and average amplitude of 0.3 µm. This
morphology was similar to that of the spirochetes seen in
both the HS and R1 bioreactor communities. One isolate,
R8, was chosen and serially diluted from isolated colo-
nies two more times. Microscopic observation did not re-
veal any contaminating bacteria. Phylogenetic analysis
of the 16S rRNA gene of isolate R8 revealed that it was
99.5% similar to S. caldaria and 100% similar to clone
HS-B26 (Fig. 2a). The most common T-RFLP fragment
in the R1 and HS bacterial communities also correspond-
ed to the fragment size of isolate R8 (Fig. 2). Acetate,
ethanol, and H2 were the major fermentation products of
isolate R8, with lactate being produced in smaller
amounts under these culture conditions (Table 3).

Discussion

Results from both microscopy and T-RFLP indicated that
Spirochaeta or Treponema species comprised a surpris-
ingly high percentage of the HS community. Spirochaeta
species are found in many anaerobic environments, but
they are generally not numerically dominant (Harwood
and Canale-Parola 1984). Some Treponema species are
pathogenic, but most known species are part of the nor-
mal oral, intestinal, and genital flora of mammals. Trepo-
nema species are rarely numerically prevalent outside of
their eukaryotic hosts (Miller et al. 1992). For example,
a molecular study of a full-scale methanogenic vinasses
(winery-waste) bioreactor reported that only 4% of
cloned 16S rRNA genes were spirochete-related. None

of these sequences was over 92% similar to the 16S
rRNA sequences in our bioreactors (Godon et al. 1997).
The termite hindgut is the only environment in which
large proportions of Treponema and Spirochaeta species
been observed (Breznak et al. 1973). The dominance of
spirochetes in the absence of any eukaryotic host pro-
vides a unique opportunity to study their physiology and
ecology, and may provide clues that will aid in the culti-
vation of the fastidious Treponema species implicated in
oral and venereal diseases.

The agreement between the metabolism of spirochete
isolate R8 and the intermediary metabolites in commu-
nities containing high numbers of spirochetes suggests
that spirochetes controlled the carbon flow in these
communities at low glucose concentrations (less than
20 µM glucose). Spirochete isolate R8 fermented glu-
cose to acetate, ethanol, and small amounts of lactate in
pure culture. Spirochaeta caldaria and other Spirochae-
ta species typically ferment glucose to acetate, ethanol,
H2, and trace amounts of lactate through the Embden-
Meyerhof pathway (Canale-Parola 1977). Both acetate
and ethanol appeared after the addition of [U-14C]glu-
cose to bioreactor HS and were rapidly degraded during
the maximum substrate utilization assay carried out with
R1 fluid, confirming that both substrates were produced
and utilized in Spirochaetaceae-dominated methanogen-
ic communities. In addition, T-RFLP results from two
restriction digests suggested that Desulfovibrio species,
which have been found to degrade ethanol to acetate in
the presence of H2-consuming methanogens (Chartrain
and Zeikus 1986), were present in both HS and R1 com-
munities. Although isolate R8 also produced small
amounts of lactate, the long lag time before the utiliza-
tion of lactate in the substrate utilization assays suggests
that lactate was not an important intermediate in the HS
community.
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Table 2 Production of interme-
diary metabolites in the high-
spirochete (HS) and low-spiro-
chete (LS) bioreactors as 
determined by addition of 
[U-14C]glucose to the bioreac-
tors. e– Electron equivalents

Intermediate Production ratesa (µmol e–·ml–1·h–1) Total electron equivalentsb (%)

HS LS HS LS

Acetate 0.19±0.02 0.23±0.02 5.7 6.8
Ethanol 0.25±0.04 None detected 7.4 –
Propionate None detected 0.11±0.02 – 3.3

a Production rates and 95% confidence intervals calculated from linear regression analysis of dpm ac-
cumulation over time
b Percent total electron equivalents entering the reactor through glucose

Table 3 Fermentation of glu-
cose by isolate R8 and maxi-
mum substrate utilization rates
in bioreactor R1

Isolate R8 fermentation products Bioreactor R1 substrate utilization ratesa

(µmol·100 µmol glucose–1) (µmol·ml–1·h–1)

Acetate 69 0.41±0.15
Ethanol 101 0.52±0.14
Propionate 0 0.02±0.02
Lactate 20.8 10-h lag/0.26±0.04
Butyrate 0 0.08±0.05
Hydrogen 144 Not determined

a Utilization rates and 95% con-
fidence intervals were calculat-
ed by linear regression analysis
of substrate disappearance
curves from duplicate assays



Free-living spirochete species are thought to be spe-
cialized competitors for glucose and other compounds
typically produced during the breakdown of cellulose
and similar compounds (Harwood and Canale-Parola
1984). Numerous mechanisms of enhanced survival and
growth at low nutrient conditions have been documented
in free-living spirochetes, including enhanced chemotax-
is under nutrient limitation, dissimilation of amino acids
and endogenous RNA under starvation conditions, and
polyglucose storage (Canale-Parola 1977; Harwood and
Canale-Parola 1984). The repeated enrichment of spiro-
chetes from different inoculum sources in glucose-fed
reactors with stable, low, organic loading rates suggests
that this may be the case. The convergence of the bacte-
rial communities in bioreactors HS and R1 is an example
of such an enrichment. Whether this is the result of en-
richment of spirochetes from the inoculum or from inva-
sion/cross-contamination is difficult to conclude without
analyzing samples of the original inoculum.

Bioreactor LS contained a very different and perhaps
more typical bioreactor community and carbon flow than
bioreactors HS and R1. T-RFLP and microscopy data
suggest that a Streptococcus species was the most com-
mon organism in the LS community (Figs. 1 and 2B).
Streptococci are commonly found in methanogenic di-
gesters. Studies of bacterial populations in anaerobic
piggery-waste and sewage sludge digesters found that
approximately 30–70% of the bacteria isolated on a habi-
tat-simulating medium were Streptococcus species (Hob-
son and Shaw 1974; Ueki et al. 1978). The accumulation
of radioactive acetate and smaller amounts of propionate
from radiolabeled glucose agrees with previous studies
in which acetate and propionate generally account for
most of the methane production in glucose digestion
(Kaspar and Wuhrmann 1978a; Cohen et al. 1982). The
presence of streptococci, which typically produce lactate
as well as acetate, might lead one to expect that lactate
would be seen as a radiolabeled intermediate from 
[U-14C]glucose in LS; however, lactate is known to be
rapidly fermented to propionate, while propionate oxida-
tion is a much slower and energy-poor reaction. The fer-
mentation of lactate to propionate may have been rapid
enough to prevent the detection of lactate as an interme-
diate in this study. Members of genera such as Selenomo-
nas, Propionibacterium, Anaerovibrio, Pectinatus, and
Desulfobulbus are known to ferment lactate to propi-
onate and acetate, with propionate being the major prod-
uct (Bryant 1984; Lee 1984; Prins 1984; Stams et al.
1984). A terminal restriction fragment corresponding to
a Selenomonas species was found in the LS community,
suggesting that this type of organism may be responsible
for the fermentation of lactate in the LS community.

In contrast to spirochetes, streptococci are usually
thought to be adapted to high substrate concentrations
and fast growth rates. In a shock loading experiment
with similar glucose-fed bioreactors, excess glucose was
added to four bioreactors communities containing large
proportions of streptococci. The streptococci remained
prevalent during the shock load and were apparently able

to grow rapidly enough to avoid being overcome by oth-
er species. In Spirochaetaceae-dominated bioreactors,
the spirochetes were overgrown by other species after
the addition of excess glucose (Fernandez et al. 2000).
Many organisms are known to have multiple enzyme
systems that are employed under different substrate con-
centrations, and some streptococci have been reported to
be facultative oligotrophs, i. e., able to grow under both
high and low substrate conditions (Ishida et al. 1982).

If streptococci are capable of growing well under low
substrate conditions, why then did the LS community
and Spirochaetaceae-dominated R1 community, which
were inoculated simultaneously from the same source,
have two very different communities? The time between
inoculation and analysis of the LS community was short-
er (210 days) than for the R1 community (330 days),
which could explain some of the difference in the two
communities. The difference in the operation of bioreac-
tors LS and R1 may also have inhibited a spirochete-rich
community from developing in the smaller, variable-
volume LS bioreactor; however, both types of bio-
reactors have maintained spirochete-rich communities 
(Fernandez et al. 2000). A 185-bp fragment that corre-
sponds to the dominant spirochete in the HS and R1
communities is present in the LS community T-RFLP
pattern, although the height of the peak suggests that it is
a minor component of the community. Given enough
time under continuous low-glucose conditions, it is pos-
sible that this spirochete would have outcompeted the
streptococci for glucose and taken over the LS communi-
ty, as it did in the R1 community.

This study illustrates that different fermentative or-
ganisms establish different routes of carbon flow in
methanogenic communities when substrate concentra-
tions are low. The importance of fermentative organisms
in the overall pathway of anaerobic degradation has been
somewhat overlooked in community analysis of metha-
nogenic environments, while the organisms that catalyze
the energetically more difficult steps of fatty acid oxida-
tion and methane formation have been emphasized. Al-
though the model system used here is much simpler than
most bioconversion systems and natural environments,
the general observation that different fermentative organ-
isms can impact the pathway of organic carbon degrada-
tion is nonetheless applicable over a wide variety of en-
vironments. Including the physiologic properties of the
fermentative organisms in methanogenic communities,
such as varying substrate affinity, starvation survival and
acid tolerance, will improve our ability to model anaero-
bic degradation and methane production in natural envi-
ronments.
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