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In situ hybridization with fluorescent oligonucleotides was used to detect and localize microorganisms in the
granules of two lab-scale upflow anaerobic sludge blanket reactors that had been fed for several months with
either sucrose or a mixture of volatile fatty acids. Sections of the granules were hybridized with 16S rRNA-
targeted oligonucleotide probes for Bacteria, Archaea, specific phylogenetic groups of methanogens, and two
syntrophic propionate-oxidizing strains, MPOB and KOPROP1. Cells of the syntrophic strain KOPROP1 were
not detected in either type of sludge granules. Hybridizations of the sucrose-fed granules showed an outer layer
of mainly bacterial microcolonies with different morphologies. More inwards of these granules, a layer of
different methanogenic microcolonies mixed with large colonies of the syntrophic strain MPOB could be
detected. The MPOB colonies were intertwined with hydrogen- or formate-consuming methanogens, indicating
their syntrophic growth. The granules fed with volatile fatty acids showed an outer layer of mainly bacteria and
then a thick layer of Methanosaeta-like methanogens mixed with a few bacteria and a layer of methanogens
mixed with syntrophic MPOB microcolonies. The centers of both sludge types consisted of large cavities and
methanogenic microcolonies. These results indicate a juxtapositioning of syntrophic bacteria and methanogens

and provide additional evidence for a layered microbial architecture of anaerobic granular sludge.

Anaerobic degradation of organic matter leads to interme-
diate formation of alcohols and fatty acids. The oxidation of
these products under methanogenic conditions is coupled to
proton reduction and can only proceed at low hydrogen partial
pressures and low formate concentrations. This is achieved by
interspecies transfer of hydrogen or formate between syntro-
phic consortia of bacteria. Acetogens convert propionate into
acetate, hydrogen or formate, and carbon dioxide, while meth-
anogens use these products in the production of methane (4,
17). A specific spatial orientation of acetogens and methano-
gens has been suggested because the distance between these
microorganisms should be sufficiently small to obtain a low
hydrogen partial pressure (27). The architecture of syntrophic
consortia has been studied in methanogenic granular sludge, in
which microorganisms are immobilized in densely packed
granules and high conversion rates of alcohols and fatty acids
are reached (6, 15, 32). Immunogold and fluorescent labeling
techniques with antibodies against methanogens and acetogens
suggested a juxtaposition of syntrophic propionate-oxidizing
bacteria and the hydrogen- or formate-utilizing methanogens
in microcolonies throughout the entire granule, although the
antibodies used were not sufficiently specific to detect the ace-
togens (6, 14, 20). Additionally, a layered structure of the
granule, in which a central core of aceticlastic methanogens is
surrounded by a layer of hydrogen- or formate-producing ace-
togens and hydrogen- or formate-consuming methanogens,
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was proposed (7, 12, 15). The outer layer of the granule con-
sists most likely of bacteria that hydrolyze and acidify complex
organic matter.

Various immunological techniques have been used success-
fully to study the spatial distribution of methanogens in metha-
nogenic granular sludge (14, 30). However, the distribution of
acetogenic bacteria in this sludge could not be examined due to
the absence of identification methods that allowed differenti-
ation between the groups of bacteria. Modern molecular bio-
logical techniques provide tools to investigate these issues in
anaerobic ecosystems in situ (2, 21, 26). Consequently, in situ
hybridization with fluorescently labeled oligonucleotide probes
based on rRNA sequences has proven to be a powerful tool to
identify and localize microorganisms in their natural habitats
(31).

Recently, we described the phylogenetic characterization of
three syntrophic bacteria, Syntrophobacter wolinii and strains
MPOB and KOPROP1 (8, 9). Analysis of their 16S rRNA
sequences revealed that these syntrophic bacteria are closely
related and belong to the delta subclass of the Proteobacteria.
These bacteria were also closely related to Desulforhabdus
amnigenus, a sulfate-reducing bacterium isolated from sulfido-
genic granular sludge which is not able to grow syntrophically
on propionate (19). Specific oligonucleotide 16S rRNA-based
probes were designed to detect these bacteria (8). The use of
the fluorescently labeled probes to detect and localize MPOB
and KOPROP1 in sludge from upflow anaerobic sludge blan-
ket (UASB) reactors is described here. These probes were
used in combination with fluorescently labeled 16S rRNA-
based probes for Bacteria and Archaea. This approach allowed
analysis of the spatial distribution of microorganisms in metha-
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nogenic granular sludge, especially that of syntrophic propi-
onate-oxidizing bacteria.

MATERIALS AND METHODS

Origin of granular sludge samples. Sludge samples were taken from two
10-liter UASB reactors which had been inoculated with sludge from a UASB
plant treating industrial sugar beet wastewater (CSM, Breda, The Netherlands).
The reactors had been fed with a mineral medium described before (29), except
sulfate was added as 170 mg of (NH,),SO, per liter. One reactor was fed with
sucrose with a chemical oxygen demand load of 5 kg/m?®/day, corresponding to
approximately 8 mM sucrose in the influent. The other reactor was fed with a
mixture of volatile fatty acids (VFA)-butyrate-propionate-acetate (42:32:24) with
a chemical oxygen demand load of 10 kg/m3/day. This corresponded to an
approximate concentration of 13 mM butyrate, 16 mM propionate, and 19 mM
acetate in the influent. The chemical oxygen demand removal was more than
90% in both cases. The samples were taken 6 months after inoculation from the
lower part of the sludge blankets.

Fixation, embedding, and sectioning of granules. Fresh granule samples (3 ml)
were gently washed in tap water (10 ml) and allowed to settle. Subsequently, the
granules were fixed in freshly made 4% paraformaldehyde in phosphate-buffered
saline (PBS), pH 7.2, and left overnight at 4°C. The fixative was removed by
washing the granules twice with PBS. The granules were dehydrated by resus-
pension in 50% (vol/vol) ethanol in water for 2 h followed by treatment with 70%
ethanol overnight at 4°C. The water-ethanol was replaced with tertiary butyl
alcohol (TBA) by washing the granules consecutively for 1 h (each) at 32°C with
ethanol-water-TBA of the following proportions (by volume): 50:30:20, 50:20:30,
50:10:40, 50:0:50, and 25:0:75. Subsequently, the granules were transferred to a
1.5-ml tube which was incubated overnight in 100% TBA. The TBA was replaced
by Paraplast (Sherwood Medical Co., St. Louis, Mo.) at 62°C by adding five
pellets of Paraplast to the tubes, one pellet every 12 h. The tubes were opened
for 2 h to allow the evaporation of TBA. The granules were then transferred with
a small spatula to a 1-cm® cup with melted Paraplast. The cube was allowed to
cool down and was then used for sectioning.

The granule cubes were cut with a conventional microtome in sections of 5 to
10 pwm. Sections thinner than 5 wm showed a loss of structure and the sections
broke easily. Sections thicker then 10 wm resulted in high background, especially
with conventional epifluorescence microscopy, because of an excess of biomass.
The sections (ribbons) were stretched in 50°C water and transferred to slides
coated with Vectabond (Vector Laboratories, Inc., Burlingame, Calif.). The
slides were dried overnight at 42°C. The sections on the slides were deparaffi-
nated in xylol for 30 min, and the xylol was removed by rinsing the slides
consecutively for 2 min each in xylol-TBA-ethanol of the following composition
(by volume): 100:0:0, 75:25:0, 25:75:0, 0:50:50, 0:25:75, and 0:0:100. The sections
were stored in a dry box for up to 6 months at 4°C.

In situ hybridization and transmission electron microscopy. The following
oligonucleotide probes complementary to specific regions of 16S rRNA were
used: (i) EUB338, specific for the domain Bacteria (1); (ii) ARCI15, specific for
the domain Archaea (25); (iii) MPOBI, specific for strain MPOB (8) (see Table
1); (iv) KOP1, specific for strain KOPROP1 (8); (v) MX825, specific for the
genus Methanosaeta (22); (vi) MG1200, group specific for the order Methanomi-
crobiales (22); and (vii) MB310, group specific for the family Methanobacteriaceae
(22). All oligonucleotides were synthesized and 5’ labeled with FLUOS (a flu-
orescein derivative) or rhodamine, using an amino linker, and subsequently
purified by acrylamide gel electrophoresis (Eurogentec, Seraing, Belgium). Sec-
tions of several different granules were hybridized in 20 pl of hybridization buffer
(0.9 M NaCl, 20 mM Tris HCI [pH 7.2], 0.01% sodium dodecyl sulfate) contain-
ing 100 ng of labeled oligonucleotide probe. These sections were incubated in a
moist chamber (25) for 3 h at 45°C, and excess probe was removed by washing in
hybridization buffer at 48°C for 30 min. The sections were rinsed in water, air
dried, and subsequently viewed with a Nikon epifluorescence microscope or a
Bio-Rad MRC-600 confocal laser scanning microscope equipped with a krypton-
argon laser. Transmission electron microscopy was done on a Jeol JEM 100 CX
II microscope by a modification of methods described previously (24).

RESULTS

Fluorescent oligonucleotide probing. The microbial compo-
sition and spatial orientation of the microorganisms in sections
of granular sludge were investigated by fluorescent oligonucle-
otide probing. Two different sludge samples from lab-scale
UASB reactors were analyzed; one had been fed with sucrose
and another had been fed with a mixture of the VFAs acetate,
propionate, and butyrate. The hybridizations shown in the fig-
ures are representative of several independent hybridizations
of several granules.

Hybridization with fluorescein-labeled 16S rRNA-based uni-
versal probes for Bacteria (EUB338) and Archaea (ARC9I15)

DETECTION OF SYNTROPHIC BACTERIA IN GRANULAR SLUDGE 1657

TABLE 1. Alignment of 16S rRNA sequences of the target site of
probe MPOB1“

Reference organism rRNA sequence

MPOB 5" UUCGGGGAUGGGCCUGZGU
UACGGGGAUGGGCCUGCGU
Desulforhabdus amnigenus UUCGGGGABGCCUGCGU
Syntrophobacter wolinii CACGGGGAUWGUCUGCGU
Desulfomonile tiedjei.... CCAALGAUGCAIGGCE
Desulfobulbus propionicus. CNUWBAAGAGGGGUCUGCGU
Desulfosarcina variablis UUGAAGAUGGGAGCGU
Desulfovibrio desulfuricans CGUASGAUBGEUCCGCGU
Desulfovibrio gigas CAAWGAGAUBGUCCGCGU
Myxococcus xanthus .. UAUUCKSAUBGUCCGCGU
Escherichia coli CCAUGGAUGGCTAGAJ
Bacillus subtilis CUUAC/GAUGBCAGCE
Methanococcus vannielii. CCCGAGGAUBWGRCUGCG
Methanosaeta soehngenii ............ CCUAGGAUGGEUGCG

“ The nucleotides corresponding to Escherichia coli positions 222 to 240 of
several species of the delta subclass of the Proteobacteria and some reference
organisms are aligned. The data were taken from the Ribosomal Database
Project (13). Mismatches with the MPOB target site are marked in boldface.

to detect methanogens was combined with hybridization with
rhodamine-labeled specific probes for the syntrophic propi-
onate-oxidizing strains MPOB and KOPROP1 (MPOBI and
KOP1). The specificity of probe MPOBI is shown in an align-
ment of part of the 16S rRNA sequences of some reference
organisms (Table 1). The MPOBI1 probe has only one mis-
match with the syntrophic propionate-oxidizing strain KOPR
OP1 or the sulfate-reducing bacterium D. amnigenus and hy-
bridizes with the rRNA of these organisms even when washed
at 1 degree below the dissociation temperature (8). Probe
KOP1 hybridized only to the 16S rRNA of the syntrophic
strain KOPROP1, and this probe had at least three mis-
matches with all other 16S rRNA sequences currently known
(8).

Autofluorescence. Autofluorescence during epifluorescence
microscopy is often a problem when in situ hybridization is
performed on microbial cells present in complex environ-
ments. In the case of the granule sections, a considerable
amount of autofluorescence was seen at 520 and 580 nm.
However, we were able to distinguish the autofluorescent sig-
nal from that resulting from fluorescence of the labeled probes,
since the autofluorescence gave a bright yellow signal when
viewed at 520 nm while the fluorescence of the fluorescein-
labeled probes was green. Usually, fibrous or granular struc-
tures showed fluorescence, probably caused by inorganic pre-
cipitates. At 580 nm, these structures were as red as the signal
from the rhodamine-labeled probes, but viewing the sections at
520 nm afterwards showed that they were not of prokaryotic
origin (marked by X in Fig. 1 through 4).

Microbial localization and architecture of sucrose-fed
sludge. Sucrose-fed granules were hybridized with the fluores-
cein-labeled bacterial probe EUB338 in order to visualize all
bacteria (Fig. 1A). Bright microcolonies and individual bacte-
ria at the edge of the granule showed fluorescence. More
inwards of the granule, large microcolonies of 2-um-long, thick
rods could be visualized. Most bacteria in this area have this
morphology. Hybridization of the same sucrose-fed granule
with the rhodamine-labeled probe MPOBI1 showed only fluo-
rescence of the large microcolonies located more inwards of
the granule (Fig. 1B). The morphology of the cells in these
microcolonies resembled that of the MPOB cells in the pure
culture. The sucrose-fed granules were also hybridized with
probe KOP1, specific for strain KOPROP1. This probe did not



1658 HARMSEN ET AL.

APPL. ENVIRON. MICROBIOL.

FIG. 1. In situ hybridization of sections of sucrose-fed anaerobic granular sludge. The sections were simultaneously hybridized with a fluorescein-labeled
oligonucleotide probe universal for bacteria, EUB338, and a rhodamine-labeled specific probe, MPOBI, and viewed by epifluorescence microscopy with a fluorescein-
specific (A) and rhodamine-specific (B) filter set. The photomicrographs were taken at the outer layers of the granule. Various morphotypes of rods and cocci hybridize
with the bacterial probe, but only the short rods present in the microcolony in the left corner of the micrographs are visualized by the MPOBI probe. X,

autofluorescence. Bar, 10 pm.

hybridize to any of the cells (results not shown), indicating that
the cells hybridizing with the MPOBL1 probe were not KOPR
OP1 cells but MPOB-like cells.

At a lower magnification, hybridization of sucrose-fed gran-
ules with probes EUB338 (Fig. 2A) and MPOBI1 (Fig. 2B)
showed hardly any individual cells. However, the overall struc-
ture of the granule and the localization of the bacteria were
clearer. Both probes hybridized with the rRNA of microcolo-
nies located more inwards of the granule, identifying them as
MPOB-like bacteria. The microcolonies at the surface of the
granule, only visualized by the EUB338 probe, showed a
brighter fluorescent signal than the MPOB-like microcolonies
(Fig. 2A). Additionally, there were individual cells more in-
wards of the granule that were only visualized by the EUB338
probe.

To visualize all methanogens present in the granule, the
fluorescein-labeled archaeal probe ARC915 was used in hy-
bridization (Fig. 3A). The ARC915 probe hybridized with the
rRNA of several microcolonies more inwards of the granule,
with different intensities of the fluorescent signal. Microcolo-
nies with a bright fluorescent signal are adjacent to those that
show a less pronounced signal (Fig. 3A). Although the green
fluorescent signal of the latter microcolonies was low, it could
clearly be distinguished from the brownish background and
yellow autofluorescence. Hybridization of the same section
with the MPOBI1 probe showed large microcolonies at posi-
tions corresponding to those of the methanogenic microcolo-
nies that showed a low fluorescent signal with the ARC915
probe (Fig. 3A and B; indicated by S for syntrophic micro-
colony). This overlap was observed in all cases; moreover, the

MPOB-like microcolonies showed no overlap with the bright
methanogenic microcolonies (marked Me in Fig. 3A).

To study the architecture of a possible syntrophic micro-
colony that hybridized with the ARC915 probe and the
MPOBI probe in more detail, magnifications were viewed with
a confocal laser scanning microscope (Fig. 3C and D). This
showed that the methanogens in the microcolonies with a low
fluorescence (Fig. 3C) were juxtaposed to the MPOB-like cells
(Fig. 3D). Group-specific probes for the order Methanomicro-
biales or the family Methanobacteriaceae (22) were used to
identify the hydrogen- or formate-utilizing methanogens grow-
ing in these syntrophic microcolonies. Both probes hybridized
weakly to individual cells and microcolonies throughout the
granules (results not shown). However, only the probe for
Methanobacteriaceae showed fluorescence at the positions at
which the MPOB-like microcolonies were located (results not
shown). To confirm the juxtaposition of the methanogens and
the syntrophs, sections of the granules were viewed by trans-
mission electron microscopy, which showed syntrophic micro-
colonies containing cells of Methanobacteriaceae, which resem-
bled Methanobrevibacter cells (Mb), next to cells hybridizing
with the MPOB probe. As expected, Methanosaeta-like cells
were found adjacent to cells of the syntrophic microcolony
(Fig. 3E).

Microbial localization and architecture of VFA-fed sludge.
Granules fed with VFA were hybridized with probes EUB338
and MPOBI in order to show the effect of different substrates
on the architecture of the granules (Fig. 4). Probe EUB338
hybridized with the rRNA of bacteria present on the surface of
the granule, located more inwards, and present around the
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FIG. 2. Insitu hybridization of a sucrose-fed sludge granule viewed by epifluorescence microscopy at a 200-fold magnification. (A) The fluorescein-labeled bacterial
probe EUB338 detects bacterial cells mainly located in the outer layer of the granule (P, peripheric location) and the syntrophic microcolonies more inwards of the
granule (S, syntrophic microcolony). (B) The rhodamine-labeled probe MPOBI detects only the microcolonies inwards of the granule. X, autofluorescence. Bar, 50 pm.

center of the granule (Fig. 4A). The structures seemed to be
organized differently from those in the sucrose-grown granules.
The MPOBI probe visualized almost all bacterial microcolo-
nies located near the center (Fig. 4B). The hybridization of a
VFA-fed granule with probes ARC915 and MPOBI1 is shown
in Fig. 5. The methanogens are located throughout the granule
(Fig. 5A). The brightest microcolonies are located radially in
the outer layers. Most of these microcolonies reacted with a
rhodamine-labeled oligonucleotide probe specific for the ace-
ticlastic genus Methanosaeta (22) (data not shown). Furthermore,
typical microcolonies with a Methanosarcina-like morphology
were detected in this layer. More inwards, less bright micro-
colonies are located, next to microcolonies that show a diffuse
fluorescence of low intensity. The MPOB microcolonies are
located outside the center of the granule at positions corre-
sponding to those of the low fluorescing methanogenic micro-
colonies (Fig. 5B). These are again surrounded by the brighter
fluorescing methanogenic microcolonies.

DISCUSSION

The microbial diversity of granular sludge has previously
been studied by using traditional methods such as most-prob-
able-number counting, immunolabeling techniques, and elec-
tron microscopy (6, 10, 14, 15, 30). However, the syntrophic
bacteria could not always be identified unambiguously. In situ
hybridization of microbes with fluorescent oligonucleotide
probes has become a new approach to study microbial organi-
zation and its function in complex ecosystems (2). The appli-
cation of this technique to sections of granular sludge provides

additional information on the spatial orientation of acetogens
and methanogens in syntrophic consortia and identifies syntro-
phic propionate-oxidizing bacteria.

The hybridizations described have shown that sucrose-fed
sludge consists of three layers: an exterior layer composed
mainly of bacteria; a second layer in which syntrophic micro-
colonies are mixed with microcolonies of Methanosaeta sp.;
and a third layer which is the central part, with large cavities,
anorganic material, and some methanogenic microcolonies.
The VFA-fed sludge had one extra layer under the outer layer.
This thick layer, which consisted of large quantities of Meth-
anosaeta sp., changed gradually in the syntrophic layer. Similar
layered structures were proposed previously for anaerobic ag-
gregates from anaerobic digesters (7, 12, 14, 15, 30).

Hybridization with probe EUB338 was used to visualize all
bacteria. However, it cannot be ruled out that gram-positive
bacteria, such as the syntrophic butyrate-oxidizing bacterium
Syntrophospora bryantii, and other bacteria with a rigid cell wall
are not detected. The fixation methods used here might not be
good enough to permeate all cell wall types for the probes (23).
However, our methods are sufficiently adequate to detect
members of the Proteobacteria and methanogens.

The isolation and enrichment of different strains of syntro-
phic propionate-oxidizing bacteria have been described previ-
ously (3, 5, 28, 33). However, there are several reasons to
assume that the bacteria hybridizing to the MPOBI1 probe are
indeed MPOB cells. (i) The KOPROP1-specific probe KOP1
does not hybridize with the MPOB-like cells. (ii) The morphol-
ogy of the hybridizing cells is similar to that of MPOB grown in
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pure cultures and does not resemble the more lancet-shaped
morphology of KOPROP1 cells (8). (iii) D. amnigenus can be
detected by the MPOB1 probe but could not be detected in
this sludge when a specific probe for this organism was used in
dot blot hybridization experiments with rRNA extracted from
sludge coming from the same reactors we used here (18). (iv)

. L . onem VAR, .

FIG. 3. Inssitu hybridization of a sucrose-fed granule with a fluorescein-labeled archaeal probe, ARC915 (A), and the rhodamine-labeled probe MPOBI (B). Bar,
50 wm. A syntrophic microcolony hybridized with the ARC915 (C) and MPOBI (D) probes is magnified by viewing with a confocal laser scanning microscope. Bar,
10 pm. A part of a syntrophic microcolony and the adjacent methanogenic microcolony is viewed by transmission electron microscopy (E). Bar, 0.5 um. To illustrate
the locations of the various relevant microbes, the presence of specific microcolonies (A and B) or cells (C to E) is indicated as follows: S, syntrophic microcolonies;
Me, Methanosaeta-like cells or microcolonies; Mb, cells of Methanobacteriaceae; Sy, MPOB-like cells.

The MPOB culture has been enriched from sludge of the same
industrial UASB reactor (28).

MPOB cells do not utilize butyrate or acetate under metha-
nogenic conditions; therefore, the main substrate has to be
propionate. Under these conditions, this bacterium can only
oxidize propionate syntrophically. The MPOB-like cells do not
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FIG. 4. Insitu hybridization of a VFA-fed sludge granule with the fluorescein-labeled bacterial probe EUB338 (A) and the rhodamine-labeled probe MPOBL1 (B).
The EUB338 probe visualizes mainly bacterial cells in the outer layer of the granule (P, peripheric location) and the microcolonies inwards of the granule (S, syntrophic
microcolony). The MPOBI1 probe visualizes only the microcolonies located inwards, marked S. X, autofluorescence. Bar, 50 wm.

grow on the surface of the granule, but rather more inwards.
Moreover, the MPOB-like cells were surrounded by cells of
methanogens. This indicates that the MPOB-like cells are in-
deed growing syntrophically and depend on the methanogens
to remove the reducing equivalents. There are several obser-
vations supporting the conclusion that in syntrophic microcolo-
nies MPOB-like cells are juxtaposed to methanogens that uti-
lize hydrogen and/or formate. (i) MPOB-like colonies were
located in areas that showed a less (but significant) fluorescent
signal with probe ARC915 (Fig. 3). (ii) MPOB-like cells are
never found at other locations. (iii) Confocal laser scanning
microscopy analysis of the data revealed that cells showing a
low fluorescence with the ARC915 probe were positioned next
to those fluorescing with the MPOB probe. Additional support
for this architecture was obtained from the analysis of sections
with transmission electron microscopy, which illustrated the
positions of the individual cells (Fig. 3A).

The brightly fluorescent microcolonies surrounding the
MPOB-like microcolonies reacted with the group-specific
probe for Methanosaeta sp., which are obligately aceticlastic.
This strongly suggests that the methanogens next to the
MPOB-like cells are methanogens that do not utilize acetate
and are likely hydrogen- and/or formate-consuming methano-
gens since they do not show the characteristic Methanosarcina-
like morphology. This was confirmed by the hybridization with
a fluorescent probe specific for Methanobacteriaceae that
showed fluorescence with the methanogens in the syntrophic
microcolonies. Furthermore, the methanogens seen in the syn-
trophic microcolonies on the transmission electron microscope

micrographs resemble the Methanobrevibacter cells, which be-
long to the Methanobacteriaceae, as seen previously in such
syntrophic associations (6).

The bacteria at the surface of the sucrose-fed granule grow
on either sucrose, glucose, or fructose and produce acetate,
butyrate, or propionate. They seem to grow as a loosely bound
layer on, rather than in, the granule. The bacteria at the sur-
face of the VFA-fed granule grow more in the granule and,
next to the MPOB-like cells, they are the most abundant mi-
croorganisms. Therefore, it is likely that they are syntrophic
butyrate-oxidizing bacteria. Butyrate oxidation also requires a
low hydrogen partial pressure, and butyrate oxidation just in-
side the granule would permit syntrophic growth with the hy-
drogen- or formate-consuming methanogens. Acetate will be
degraded by the acetoclastic methanogens abundantly present
in the two granule types. It is feasible that acetate, after dif-
fusing into the VFA-fed granules, is first consumed in the thick
layer underneath the surface of the VFA-fed granules, mostly
by the abundantly present Methanosaeta cells, before the pro-
pionate is degraded in the next layer. This is supported by the
presence of Methanosarcina-like microcolonies in this layer.
Methanosarcina spp. have a lower affinity for acetate than
Methanosaeta spp. and will only by present if the concentra-
tions are sufficiently high (11). This is in contrast to an earlier
proposed model which suggests that propionate is consumed in
the same layer as low-affinity acetate consumption takes place
and is followed by high-affinity acetate consumption (7). In the
sucrose-fed granules, this layer is absent because acetate is only
produced inside the granule. This is an example of how the
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FIG. 5. Insitu hybridization of a VFA-fed sludge granule with the fluorescein-labeled archaeal probe ARC915 (A) and the rhodamine-labeled probe MPOBI1 (B),
viewed at half the magnification as in Fig. 2 to 4. The ARC915 probe visualizes a thick layer of methanogens (Me), with some microcolonies with a Methanosarcina-like
morphology (Ms). Furthermore, it hybridizes with a deeper layer of two types of microcolonies with bright and less fluorescence. The MPOBI probe detects only the
microcolonies on those sites which show little fluorescence with the ARC915 probe (S, syntrophic microcolonies). Bar, 100 um. (Inset) Magnification of a
Methanosarcina-like microcolony hybridized with the ARC915 probe viewed with a confocal laser scanning microscope. Bar, 10 pwm.

architecture of the granule is changed by the substrates utilized
by the granule. The structure of the two types of granules
clearly relates to the function of the microorganisms in these
man-made environments. The results shown in this paper in-
dicate that hybridization of granular sludge with fluorescent
probes is a powerful tool to study such structure-function re-
lationships in situ. This approach can be further used to study
the population dynamics of such ecosystems during changing
nutrient and environmental conditions.

REFERENCES

1. Amann, R. L, B. J. Binder, R. J. Olson, S. W. Chisholm, R. Devereux, and
D. A. Stahl. 1990. Combination of 16S rRNA-targeted oligonucleotide
probes with flow cytometry for analyzing mixed microbial populations. Appl.
Environ. Microbiol. 56:1919-1925.

2. Amann, R. I, W. Ludwig, and K. H. Schleifer. 1995. Phylogenetic identifi-
cation and in situ detection of individual microbial cells without cultivation.
Microbiol. Rev. 59:143-169.

3. Boone, D. R., and M. P. Bryant. 1980. Propionate-degrading bacterium,
Syntrophobacter wolinii sp. nov. gen. nov., from methanogenic ecosystems.
Appl. Environ. Microbiol. 40:626-632.

4. Dong, X., and A. J. M. Stams. 1995. Evidence for H, and formate formation
during syntrophic butyrate and propionate degradation. Anaerobe 1:35-39.

5. Dorner, C. 1992. Biochemie und Energetik der Wasserstoff-Freisetzung in
der syntrophen Vergéirung von Fettsduren und Benzoat. Doctoral thesis.
Eberhard-Karls-University, Tiibingen, Germany.

6. Grotenhuis, J. T. C., M. Smit, C. M. Plugge, X. Yuansheng, A. A. M. van
Lammeren, A. J. M. Stams, and A. J. M. Zehnder. 1991. Bacteriological
composition and structure of granular sludge adapted to different substrates.
Appl. Environ. Microbiol. 57:1942-1949.

7. Guiot, S. R., A. Pauss, and J. W. Costerton. 1992. A structured model of the
anaerobic granule consortium. Water Sci. Technol. 25:1-10.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

Harmsen, H. J. M., H. M. P. Kengen, A. D. L. Akkermans, and A. J. M.
Stams. 1995. Phylogenetic analysis of two syntrophic propionate-oxidizing
bacteria in enrichments cultures. Syst. Appl. Microbiol. 18:67-73.

. Harmsen, H. J. M., B. Wullings, A. D. L. Akkermans, W. Ludwig, and

A. J. M. Stams. 1993. Phylogenetic analysis of Syntrophobacter wolinii reveals
a relationship with sulfate-reducing bacteria. Arch. Microbiol. 160:238-240.
Heppner, B., G. Zellner, and H. Diekmann. 1992. Start-up and operation of
a propionate-degrading fluidized-bed reactor. Appl. Microbiol. Biotechnol.
36:810-816.

Jetten, M. S. M, A. J. M. Stams, and A. J. B. Zehnder. 1992. Methanogenesis
from acetate: a comparison of the acetate metabolism in Methanothrix
soehngenii and Methanosarcina spp. FEMS Microbiol. Rev. 88:181-198.
Lens, P. N. L., D. de Beer, C. C. H. Cronenberg, F. P. Houwen, S. P. P.
Ottengraf, and W. H. Verstraete. 1993. Hetrogeneous distribution of micro-
bial activity in methanogenic aggregates: pH and glucose microprofiles.
Appl. Environ. Microbiol. 59:3803-3815.

Lettinga, G. 1995. Anaerobic digestion and wastewater treatment systems.
Antonie Leeuwenhoek 67:3-28.

Macario, A. J. L., F. A. Visser, J. B. van Lier, and E. Conway de Macario.
1991. Topography of methanogenic subpopulations in a microbial consor-
tium adapting to thermophilic conditions. J. Gen. Microbiol. 137:2179-2189.
MacLeod, F. A,, S. R. Guiot, and J. W. Costerton. 1990. Layered structure of
bacterial aggregates produced in an upflow anaerobic sludge bed and filter
reactor. Appl. Environ. Microbiol. 56:1598-1607.

Maidak, B. L., N. Larsen, M. J. McCaughey, R. Overbeek, G. J. Olsen, K.
Fogel, J. Blandy, and C. R. Woese. 1994. The ribosomal database project.
Nucleic Acids Res. 22:3485-3487.

Mclnerney, M. J. 1991. The genus Syntrophomonas and other syntrophic
anaerobes, p. 2048-2057. In A. Balows, H. G. Triiper, M. Dworkin, W.
Harder, and K. H. Schleifer (ed.), The prokaryotes. Springer-Verlag, Berlin.
Oude Elferink, S. J. W. H. Personal communication.

Oude Elferink, S. J. W. H,, R. N. Maas, H. J. M. Harmsen, and A. J. M.
Stams. Desulforhabdus amnigenus gen. nov. sp. nov., a sulfate reducer iso-
lated from anaerobic granular sludge. Arch. Microbiol. 164:119-124.
Prensier, G., H. C. Dubourguier, I. Thomas, G. Albagnac, and M. N. Buison.



VoL. 62, 1996

21.

22.

23.

24.

25.

26.

1988. Specific immunological probes for studying the bacterial associations
in granules and biofilms, p. 55-61. In G. Lettinga, A. J. B. Zehnder, J. T. C.
Grotenhuis, and L. W. Hulshoff Pol (ed.), Granular anaerobic sludge: mi-
crobiology and technology. Pudoc, Wageningen, The Netherlands.

Raskin, L., L. K. Poulsen, D. R. Noguera, B. E. Rittmann, and D. A. Stahl.
1994. Quantification of methanogenic groups in anaerobic biological reac-
tors by oligonucleotide probe hybridization. Appl. Environ. Microbiol. 60:
1241-1248.

Raskin, L., J. M. Stromley, B. E. Rittman, and D. A. Stahl. 1994. Group-
specific 16S rRNA hybridization probes to describe natural communities of
methanogens. Appl. Environ. Microbiol. 60:1232-1240.

Roller, C., M. Wagner, R. Amann, W. Ludwig, and K. H. Schleifer. 1994. In
situ probing of Gram-positive bacteria with high DNA G + C content using
23S rRNA-targeted oligonucleotides. Microbiology 140:2849-2858.

Rutten, T. L. M., and J. Derksen. 1992. Microtubules in pollen tubes sub-
protoplasts: organization during protoplast formation and protoplast out-
growth. Protoplasma 167:231-237.

Stahl, D. A., and R. Amann. 1991. Development and application of nucleic
acid probes, p. 205-248. In E. Stackebrandt and E. Goodfellow (ed.), Nucleic
acid techniques in bacterial systematics. John Wiley & Sons, Chichester,
United Kingdom.

Stahl, D. A., B. Flesher, H. W. Mansfield, and L. Montgomery. 1988. Use of
phylogenetically based hybridization probes for studies of ruminal microbial

DETECTION OF SYNTROPHIC BACTERIA IN GRANULAR SLUDGE

27.

28.

29.

30.

31.

32.

33.

1663

ecology. Appl. Environ. Microbiol. 54:1079-1084.

Stams, A. J. M. 1994. Metabolic interactions between anaerobic bacteria in
methanogenic environments. Antonie Leeuwenhoek 66:271-294.

Stams, A. J. M., J. B. Van Dijk, C. Dijkema, and C. Plugge. 1993. Growth of
syntrophic propionate-oxidizing bacteria with fumarate in the absence of
methanogenic bacteria. Appl. Environ. Microbiol. 59:1114-1119.

Visser, A., I. Beeksma, F. van der Zee, A. J. M. Stams, and G. Lettinga. 1993.
Anaerobic degradation of volatile fatty acids at different sulphate concen-
trations. Appl. Microbiol. Biotechnol. 40:549-556.

Visser, F. A, J. B. van Lier, A. J. L. Macario, and E. Conway de Macario.
1991. Diversity and population dynamics of methanogenic bacteria in a
granular consortium. Appl. Environ. Microbiol. 57:1728-1734.

Wagner, M., R. Amann, P. Kimpfer, B. Assmus, A. Hartman, P. Hutzler, N.
Springer, and K. H. Schleifer. 1994. Identification and in situ detection of
Gram-negative filamentous bacteria in activated sludge. Syst. Appl. Micro-
biol. 17:405-417.

Wu, W. M., R. F. Hickey, and J. G. Zeikus. 1991. Characterization of met-
abolic performance of methanogenic granules treating brewery wastewater:
role of sulfate-reducing bacteria. Appl. Environ. Microbiol. 57:3438-3449.
Wu, W. M,, K. J. Mahendra, E. Conway de Macario, J. H. Thiele, and J. G.
Zeikus. 1992. Microbial composition and characterization of prevalent meth-
anogens and acetogens isolated from syntrophic methanogenic granules.
Appl. Microbiol. Biotechnol. 38:282-290.



