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Laboratory-scale upflow anaerobic sludge-bed reactors were inoculated with industrial granular sludge and
fed with either propionate or propionate and sulfate. The population dynamics of the propionate-oxidizing
bacteria Desulfobulbus sp. and the syntrophically growing strain SYN7 were studied in reactors by dot blot and
in situ hybridization with 16S rRNA-based oligonucleotide probes.

Anaerobic granular sludge is the active heart of upflow an-
aerobic sludge-bed (UASB) reactors, in which microorganisms
convert organic matter from wastewater into mainly methane
and carbon dioxide (8). Degradation of the intermediate pro-
pionate is influenced by the low amounts of sulfate often
present in wastewater (10). In the absence of sulfate, propi-
onate conversion is thermodynamically possible only at a low
partial hydrogen pressure and with a low formate concentra-
tion. These conditions are met in syntrophic consortia of ace-
togens and methanogens, where the acetogens convert propi-
onate into acetate, carbon dioxide, and hydrogen and/or
formate that are subsequently used by the methanogens (14).
In the presence of sulfate, sulfate-reducing bacteria, such as
Desulfobulbus spp., can convert propionate into acetate and
hydrogen sulfide (17). However, recent studies revealed that
syntrophic propionate-oxidizing bacteria such as Syntro-
phobacter spp. are themselves capable of oxidizing propionate
by sulfate reduction (15, 16). It is not known if these syntrophic
bacteria actually convert propionate in granular sludge in the
presence of sulfate or if they are outcompeted by Desulfobul-
bus spp. Furthermore, little is known about the spatial distri-
bution of the different propionate-oxidizing bacteria in the
sludge.
Previously, we investigated the presence of syntrophic pro-

pionate-oxidizing bacteria in granular sludge originating from
two different industrial UASB reactors. In one sludge type fed
with beet-sugar wastewater, we identified strain MPOB as the
dominant syntrophic bacterium by in situ hybridization (6). In
the other sludge type fed with potato-processing wastewater, a
new syntrophic strain, named SYN7, was enriched on propi-
onate (6). 16S rDNA sequence analysis of SYN7, showed that
it was not related to MPOB or other Syntrophobacter-like bac-
teria but belonged to a new species, related to the genus Syn-
trophus. Here we describe the effects of sulfate on the popu-
lation dynamics and localization of propionate-oxidizing
bacteria in the latter sludge.
Industrial granular sludge fed with potato-processing waste-

water (Aviko, Steenderen, The Netherlands) was used to in-
oculate two 500-ml laboratory-scale UASB reactors (3) that
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FIG. 1. Population dynamics of granular sludge fed with either propionate or
propionate and sulfate. Relative amounts of the 16S rRNAs from domain Bac-
teria (probe EUB338), domain Archaea (probe ARC915), and propionate-oxi-
dizing bacteria (probes D660 and 177), isolated from the granular sludge samples
of the reactor fed with propionate (A) and the reactor fed with propionate and
sulfate (B). The radioactive signals of the probes EUB338 and ARC915 are
expressed as percentages of that obtained with the universal probe UNIV1392.
The radioactive signals of the specific probes 177 and D660 are expressed as
percentages of that obtained with the bacterial probe. Error bars indicate the
standard deviations. The following reference organisms were used:Desulfobulbus
propionicus (DSM 2505), Syntrophobacter wolinii (DSM 2805) in coculture with
Methanospirillum hungatei (DSM 864), the syntrophic propionate-oxidizing strain
MPOB (DSM 10017), and Syntrophobacter pfennigii (DSM 10092; kindly pro-
vided by B. Schink, Universität Konstanz, Konstanz, Germany), Methanobacte-
rium thermoautotrophicum (DSM 1053), and pSYN7, a plasmid with a 1.5-kb
insert of the 16S rDNA of SYN7 (4).
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were supplied with a basal mineral medium containing 20 mM
propionate alone (methanogenic reactor) or additionally con-
taining 15 mM sulfate (sulfidogenic reactor). These reactors
were operated for 12 weeks with a liquid retention time of 6 h
during which the sludge blankets retained their granular struc-
ture, had a constant volume, and utilized .95% of both pro-

pionate and the acetate formed. Methane was produced in
both reactors, while the sulfidogenic reactor additionally pro-
duced hydrogen sulfide. Triplicate samples (0.25 ml) from the
inoculum sludge and laboratory-scale reactors were used to
isolate nucleic acids which were transferred to membranes with
a slot blot apparatus and hybridized with radiolabeled oligo-

FIG. 2. Photomicrographs of in situ hybridization of sections of the industrial anaerobic granular sludge. Sections were hybridized in situ with fluorescein-labeled
oligonucleotide probes universal for domain Bacteria (probe EUB338) (A and B), domain Archaea (probe ARC915) (C), and a fluorescein-labeled probe specific for
the genus Desulfobulbus (probe D660) (D). Photomicrograph A was viewed by epifluorescence microscopy and shows a section of half the granule. Micrographs B to
D were viewed with CLSM and show the outer layers of the granule. Bars, 50 mm (panels A to C) and 10 mm (panel D).

TABLE 1. Summary of the oligonucleotide probes used in this study

Probe Target group Sequence Reference

EUB338 Bacteria 59GCTGCCTCCCGTAGGAGT 1
ARC915 Archaea 59GTGCTCCCCCGCCAATTCCT 13
UNIV1392 Virtually all known organisms 59ACGGGCGGTGTGT(G/A)C 9
177 SYN7 59AGAAGTCATGCAGTATTATTCGG 4
S223 Syntrophobacter wolinii 59ACGCAGACTCATCCCCGTG 4
MPOB1 MPOB 59ACGCAGGCCCATCCCCGAA 5
KOP1 Syntrophobacter pfeniggii 59TCAAGTCCCCAGTCTCTTCGA 5
D687 Desulfovibrio spp. 59TACGGATTTCACTCCT 2
D660 Desulfobulbus spp. 59GAATTCCACTTTCCCCTCTG 2
MX825 Methanosaeta spp. 59TCGCACCGTGGCCGACACCTAGC 12
MG1200 Methanomicrobiales 59CGGATAATTCGGGGCATGCTG 12
MB310 Methanobacteriaceae 59CTTGTCTCAGGTTCCATCTCCG 12
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nucleotide probes (Table 1) as described previously (5). The
membranes were exposed to phosphor storage screens that
were scanned with a PhosphorImager (Molecular Dynamics),
and the digital signals were processed with ImageQuant soft-
ware. Total 16S rRNA was quantified by hybridization of the
nucleic acid samples and dilution series of the rRNAs of ref-
erence organisms, with the universal probe UNIV1392. The
resulting standard curves were used to calculate the concen-
tration of 16S rRNA for the different groups of microorgan-
isms as described previously (11). The results of the slot blot
hybridization showed marked differences in the dynamics of
the microbial composition in the two reactors (Fig. 1). In the
methanogenic reactor, the fraction of bacterial 16S rRNA de-
creased from 40% in the inoculum to 3% in the last sample,
while that of the archaeal 16S rRNA, derived from the meth-
anogens, increased slightly to about 55%. In the sulfidogenic
reactor, the fraction of bacterial 16S rRNA decreased from 40
to 15%, while that of the methanogenic 16S rRNA increased
from 30 to 50% in the last sample. The signals from the bac-
terial and archaeal (methanogen) probes added up to about
70% of that of the universal probe probably because of the
relatively low specific activity of the UNIV1392 probe (set at
100%). Probes specific for the genus Desulfobulbus and strain
SYN7 were used to quantify the rRNA fractions derived from
the propionate-oxidizing bacteria relative to the bacterial
rRNA (set at 100%). Probes specific for Syntrophobacter woli-
nii and related bacteria (probes MPOB1, KOP1, and S223
[Table 1]) and for the genus Desulfovibrio (probe D687 [Table
1]) (2) were also tested but did not hybridize to the nucleic
acids isolated from the sludge. In the methanogenic reactor,
the amount of 16S rRNA hybridizing with the Desulfobulbus

probe D660 remained below 2%, while that hybridizing to the
SYN7 probe 177 increased from 1 to 10%. In contrast, in the
sulfidogenic reactor the amount of 16S rRNA from Desulfo-
bulbus spp. increased from 2% to a maximum of 43% after 6
weeks and subsequently stayed rather constant, while the
amount of SYN7 rRNA remained below 2% (Fig. 1).
In situ hybridizations of granular sludge samples (3 ml)

taken from the inoculum sludge and laboratory-scale reactors
8 and 12 weeks after inoculum were performed as described
previously (6) with oligonucleotides labeled at the 59 end with
the fluorescein derivative FLUOS (green) or, in the case of
probe 177, at both ends with rhodamine (red) (Eurogentec,
Seraing, Belgium). Hybridization of the industrial reactor
sludge with the bacterial probe EUB338 showed a specific
layered architecture with microcolonies ordered in concentric
circles (Fig. 2A). There was a thick outer layer of bacteria with
a large variety of morphologies (Fig. 2B). Hybridization of this
sludge with the archaeal probe ARC915 confirmed this layered
structure of the granules and showed that the outer layer was
almost free of methanogens (Fig. 2C). Below the thick outer
layer, there were other layers that contained two types of
microcolonies. One type consisted only of methanogens, while
other microcolonies contained bacteria intertwined with chains
of methanogens. Hybridization of the sludge with probe 177 to
detect SYN7 bacteria showed no significant signal with any of
these microcolonies (results not shown). In contrast, hybrid-
ization with probe D660 identified individual cells of Desulfo-
bulbus sp. growing in the thick outer layer of bacteria (Fig. 2D).
Hybridization of the sludge from the sulfidogenic reactor

with the bacterial EUB338 probe showed a strong signal with
an outer layer of bacteria with a characteristic morphology

FIG. 3. Photomicrographs of in situ hybridizations of granules obtained from the sulfidogenic reactor. Sections showing the outer layers of the granules were
hybridized with fluorescein-labeled probes specific for domain Bacteria (probe EUB338) (A), the genus Desulfobulbus (probe D660) (B), and domain Archaea (probe
ARC915) (C). Bar, 50 mm.
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(Fig. 3A). This layer was present in roughly half of the granules
and covered other fluorescing bacterial microcolonies. Hybrid-
ization with probe D660 revealed that the bacteria in this outer
layer belonged to the genus Desulfobulbus (Fig. 3B). This
probe did not hybridize to other microcolonies in the granule.
Hybridizations with the archaeal probe ARC915 showed that
methanogens were present in large microcolonies below the
surface (Fig. 3C). Probe 177, specific for the syntrophic SYN7
bacteria, did not hybridize with any of the microcolonies
present in the granules (results not shown).
Hybridization of the methanogenic sludge with the EUB338

probe showed that the granules had changed and lacked the
typical bacterial outer layer found in the sulfidogenic reactor
(Fig. 4A). The new outer layer consisted of several bacterial
microcolonies with a relatively low fluorescence signal. How-
ever, few microcolonies showed very bright fluorescence. The
number of these microcolonies varied but never exceeded 10
microcolonies per section of the granule. Hybridization of
these sections with both probe EUB338 (green) and probe 177
(red) revealed that the microcolonies, which showed bright
fluorescence with the EUB338 probe, hybridized to the 177
probe, indicating that these are SYN7 microcolonies (Fig. 4B
and C). Combined hybridization of these granules with the
ARC915 probe (green) and the 177 probe (red) showed that
the SYN7 microcolonies were intertwined with methanogens,
illustrating their syntrophic character (Fig. 4D to F). Hybrid-
ization of the methanogenic granules with the Desulfobulbus
probe D660 showed no significant fluorescence.
Confocal laser scanning microscopy (CLSM) with a Bio-Rad

MRC-600 microscope was used to investigate in more detail
the syntrophic character of microcolonies of SYN7 intertwined
with methanogens in the methanogenic sludge (Fig. 5). This
technique was used to view hybridization with three oligonu-
cleotide probes, the EUB338 and ARC915 probes and probe
MX825 (Table 1), which is specific for the aceticlastic genus
Methanosaeta (12), to discriminate acetate-utilizing methano-
gens from those growing on hydrogen or formate (Fig. 5A).
The syntrophic microcolonies showed red and green fluores-
cence because of the presence of acetogens and methanogens,
reacting with the EUB338 (red) and ARC915 (green) probes,
respectively. The Methanosaeta microcolonies were yellow in
the merged image as a result of the red and green fluorescence
and were always located outside the syntrophic microcolonies.
To identify the methanogens present in the syntrophic consor-
tia, the granules were hybridized with a combination of the
probes 177 (red) and MG1200 (green) (Table 1). This latter
probe is specific for the orderMethanomicrobiales (12), includ-
ing the genera Methanogenium and Methanospirillum that pre-
dominantly utilize hydrogen and/or formate. The results indi-
cate that the large SYN7 microcolonies, which resembled
Methanospirillum spp., were intertwined with chains of meth-
anogens hybridizing with the MG1200 probe (Fig. 5B). This
contrasts with the juxtapositioned Methanobacteriaceae-like

methanogens found previously in syntrophic microcolonies (6).
Hybridization of the methanogenic sludge sections with the
probe MB310 (Table 1), specific for the family Methanobacte-
riaceae (12), showed fluorescence with some individual cells
but not with cells in the syntrophic consortia (results not
shown).
In conclusion, enrichment of industrial granular sludge on

propionate or propionate and sulfate resulted in marked dif-
ferences between the obtained granules. The most important
difference was the enrichment of the newly discovered SYN7
bacteria (4) in the methanogenic reactor while in the sulfido-
genic reactor Desulfobulbus sp. were enriched. The results
clearly indicate that the Desulfobulbus sp. do not utilize pro-
pionate syntrophically in this sludge, in contrast to what has
previously been suggested for other anaerobic sludge types (7,
18). Furthermore, it shows that SYN7, although it may be
capable of growing on propionate by sulfate reduction, cannot
outcompete Desulfobulbus spp. in the presence of sulfate.
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