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Using molecular techniques and microsensors for H,S and CH,, we studied the population structure of and
the activity distribution in anaerobic aggregates. The aggregates originated from three different types of
reactors: a methanogenic reactor, a methanogenic-sulfidogenic reactor, and a sulfidogenic reactor. Microsen-
sor measurements in methanogenic-sulfidogenic aggregates revealed that the activity of sulfate-reducing
bacteria (2 to 3 mmol of S>™ m™> s ' or 2 X 102 mmol s™' per aggregate) was located in a surface layer of
50 to 100 pm thick. The sulfidogenic aggregates contained a wider sulfate-reducing zone (the first 200 to
300 pm from the aggregate surface) with a higher activity (1 to 6 mmol of S>" m™> s~ " or 7 X 10~° mol s™*
per aggregate). The methanogenic aggregates did not show significant sulfate-reducing activity. Methanogenic
activity in the methanogenic-sulfidogenic aggregates (1 to 2 mmol of CH, m™> s~ or 10~° mmol s™' per
aggregate) and the methanogenic aggregates (2 to 4 mmol of CH, m > s~ " or 5 x 10”2 mmol s~ " per aggregate)
was located more inward, starting at ca. 100 pm from the aggregate surface. The methanogenic activity was not
affected by 10 mM sulfate during a 1-day incubation. The sulfidogenic and methanogenic activities were
independent of the type of electron donor (acetate, propionate, ethanol, or H,), but the substrates were
metabolized in different zones. The localization of the populations corresponded to the microsensor data. A
distinct layered structure was found in the methanogenic-sulfidogenic aggregates, with sulfate-reducing bac-
teria in the outer 50 to 100 pum, methanogens in the inner part, and Eubacteria spp. (partly syntrophic bacteria)
filling the gap between sulfate-reducing and methanogenic bacteria. In methanogenic aggregates, few sulfate-
reducing bacteria were detected, while methanogens were found in the core. In the sulfidogenic aggregates,
sulfate-reducing bacteria were present in the outer 300 pum, and methanogens were distributed over the inner

part in clusters with syntrophic bacteria.

Methanogenic and sulfidogenic granular sludge consists of
well-settling microbial aggregates that develop by the mutual
attachment of bacterial cells in the absence of a carrier mate-
rial (28). These aggregates contain a variety of bacterial species
involved in the anaerobic degradation of organic matter, in-
cluding hydrolytic, fermentative, acidogenic, acetogenic, homo-
acetogenic, sulfate-reducing, and methanogenic bacteria. These
aggregates develop spontaneously in wastewater treatment sys-
tems of the upflow anaerobic sludge bed (UASB) reactor de-
sign under a variety of operation conditions (28).

The formation, composition, and functioning of UASB gran-
ules has been investigated by a variety of analytical techniques
(60). To characterize the bacterial species present, various
types of activity tests, in combination with molecular, micro-
bial, and physiological assays, have been applied to granular
sludge samples, as well as to individual aggregates (60). The
spatial distribution of the bacterial species present within
UASB aggregates has been studied by using light, electron, and
laser-scanning microscopy on either intact or sectioned indi-
vidual aggregates (31). Based on these observations, concep-
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tual models have been postulated to describe the distribution
of acidogens, syntrophic and methanogenic bacteria within
UASB aggregates (12, 14, 31). These models proposed a mul-
tilayered structure with H,-consuming bacteria located at the
outside of the aggregate, methanogens located in the inner
part, and H,-producing bacteria located between the two lay-
ers.

By the same analytical techniques, however, a homogeneous
distribution of the different populations present in UASB gran-
ules was determined as well (13). The use of molecular tech-
niques has been particularly useful for the identification and
localization of the different microbial populations present in
methanogenic granular sludge. Slot-dot blot hybridization of
the 16S rRNA extracted from granules allow to both identify
and quantify the methanogenic, syntrophic, and sulfate-reduc-
ing populations (40, 42, 46). The application of fluorescent in
situ hybridization (FISH) with specific probes for a bacterial
species or population further allows their detection and local-
ization within granular sludge (16, 52). By using the FISH
technique, different layered population structures have been
determined in different UASB aggregates cultivated on differ-
ent substrates (15, 16, 52).

Although these investigations considerably improved our
understanding of the granular sludge composition and anat-
omy, there is still a lack of knowledge about the distribution of
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microbial activities within granular sludge. Population distri-
butions determined by molecular probes do not necessarily
correspond to microbial activity distributions, since bacterial
populations can have very low or unusual activities. Activity
distributions in anaerobic granular sludge are poorly docu-
mented, since in situ activity measurements require specific
analytical tools, e.g., microsensors. The activity distribution of
fermentative and methanogenic populations in UASB aggre-
gates has been measured with micrometer resolution by using
microsensors for pH and glucose (10, 26, 27). One study indi-
cated an inhomogeneous activity distribution, with acetogenic
and methanogenic activity being predominantly located in, re-
spectively, the outer layer (150 to 200 pm) and the center of
the aggregates (27).

The population dynamics between sulfate-reducing bacteria
(SRB) and methanogenic bacteria (MB) are crucial in govern-
ing the metabolic properties of granular sludge. Their dynam-
ics were studied in detail by using molecular techniques (40, 42,
46), but their in situ activity distributions have not yet been
reported. Recently, two novel microsensors, i.e., a CH, bio-
sensor (8) and a H,S microsensor (19), have been developed to
study the microbial ecology of sediments. In the present study,
both microsensors were used to determine the in situ methan-
ogenic and sulfate-reducing activity in anaerobic aggregates.
These localized activity measurements were combined with
molecular techniques to analyze on a microscale the structure,
population (sulfate-reducing, methanogenic, and syntrophic
bacteria) and activity distribution of three different types of
aggregates with different degrees of sulfate-reducing activity.

MATERIALS AND METHODS

Aggregates. Aggregates were retrieved from three different UASB reactors. (i)
Methanogenic-sulfidogenic aggregates originate from a UASB reactor treating
wastewater from a potato-processing plant (Leusden, Belgium). These aggre-
gates were subcultured for several months at 30°C by batchwise feeding twice a
week. The feed (pH 6 to 7) contained a volatile-fatty-acids (VFA) mixture (13.8
mM acetate, 4.7 mM propionate, and 2.3 mM butyrate), supplemented with 20
mM NaSO,, 4 mM NH,C], 0.32 mM NaHPO,, 0.2 mM MgCl,, and trace
elements. (ii) Methanogenic aggregates were obtained from a UASB reactor
treating paper mill wastewater (Eerbeek, The Netherlands). These aggregates
were subcultured for 3 months at 30°C by batchwise feeding three times a week.
The feed (pH 7) contained a VFA mixture (6.25 mM acetate, 7.15 mM propi-
onate, and 5.00 mM butyrate), supplemented with 5.2 mM (NH,)CI, 10.2 mM
NaH,PO,, 6.8 mM K,HPO,, 0.45 mM MgSO, - 7H,0, 0.04 mM CaCl,, and trace
elements. (iii) Sulfidogenic aggregates were sampled directly from a full-scale
UASB reactor treating ethanol (12 mM) and sulfate (7 mM) containing waste-
water (pH 7 to 7.5, 30 to 35°C) at Emmen (The Netherlands). All types of ag-
gregates had diameters that were between 1 and 2 mm. The methanogenic and
methanogenic-sulfidogenic aggregates were smooth and almost spherical, where-
as the sulfidogenic aggregates had a rather loose structure and an irregular surface.

Microsensor measurements. For microsensor measurements, aggregates were
attached to insect needles (150 pm, Minutie; Entomologie Vermandel b.v.,
Hulst, The Netherlands) in an incubation cell at 30°C. The medium in the cell
was kept anaerobic by continuous bubbling with N, or argon, which resulted in
circulation and mixing of the medium. The flow rate, judged from movement of
suspended particles, was 1 to 3 mm/s. Anoxicity was checked with an oxygen
microsensor (47). Before measurements, the aggregates were preincubated 1 day
in the measurement medium. The latter consisted of 5.2 mM (NH,)Cl, 10.2 mM
NaH,PO,, 6.8 mM K,HPO,, 0.45 mM MgCl,, and 0.04 mM CacCl,, plus micro-
nutrients, at pH 7.0 for the methanogenic-sulfidogenic and methanogenic aggre-
gates. The measurement medium for the sulfidogenic aggregates contained 0.19
mM (NH,)CI and 10 mM KH,PO, at pH 7.2. During the microsensor measure-
ments, the media were supplemented with different concentrations of acetate,
propionate, ethanol, H,, and sulfate. The phosphate buffer in the media ensured
a constant pH in the aggregates, which was confirmed with pH microelectrodes
(48).

Microsensors, mounted on micromanipulators, were positioned at the aggre-
gate surface with the aid of a dissection microscope. Microprofiles were recorded
by penetrating the aggregate with microsensors in steps of 50 or 100 pm.

Hydrogen sulfide microsensors. Sulfide concentration profiles were measured
with H,S microsensors (19, 25) with a tip diameter of ca. 10 pm and a 90%
response time of <0.5 s. The microsensors were calibrated at 30°C in a dilution
series as described previously (24). The concentration of total dissolved sulfide
(H,S + HS™ + S?7) in the dilution series was determined by a spectrophoto-
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metric method (6). Since the sensor was calibrated in medium of the same pH as
the measuring medium and the aggregate, no pH correction was necessary. The
sensor had a linear response to H,S concentrations of up to 1,000 wM. The
detection limit of the microsensors was 1 to 3 uM total sulfide.

Methane microsensors. Methane microsensors were constructed and inocu-
lated with the methane-oxidizing bacterium Methylosinus trichosporium (8). Mi-
crosensor tip diameters were 25 to 30 um, and 90% response times were 30 to
100 s. Since all measurements were performed under anoxic conditions, an
oxygen-scavenging guard capillary (9) was not applied. Calibrations were per-
formed at 30°C, before and after measurements, as described previously (9).
Interference from H,S, CO,, and H, were tested by exposing the sensor tip to
known concentrations or mixing ratios of these compounds. The response to H,S
was 25% of the response to CH,. Corrections of the methane profile were made
by subtracting 25% of the corresponding H,S concentration, measured with the
H,S microsensor. CO, did not interfere. Some methane biosensors exhibited
similar responses to H, and methane due to culture contamination. However, H,
interference was insignificant since microsensor measurements in aggregates
showed H, concentrations to be less than 5 pM. Methane profiles were only
measured in methanogenic-sulfidogenic and methanogenic aggregates since no
methane biosensor was available for measurements with sulfidogenic aggregates.

Diffusivity microsensors. Microscale diffusivity sensors with a diameter of
approximately 70 wm were used (49). Acetylene was used as the tracer substance
instead of H, (7) to avoid interference by the H, metabolism in the aggregates.
A two-point calibration in agar and glass beads (49) was performed before the
measurements were made. The spatial resolution of this sensor was estimated to
be ca. 300 wm, a value insufficient for detection of detailed spatial distribution of
diffusivity. Therefore, the stable readings in the center of the aggregate were
taken to represent the entire aggregate.

Flux and activity calculations. Diffusive fluxes were calculated by using Fick’s
first law:

s p G G = G
" ﬂffdrn_ Eff"n-l*”nl

where J,, is the flux at point n (mmol m~?
coefficient (m? s™'), dC,/dr,, is the concentration gradient at point 7 (mmol m™
m™ '), C is the substrate concentration (mmol m~?), and r is the distance from
the aggregate center. The molecular diffusion coefficient (D,,) for oxygen at 30°C
is 2.75 X 107° m? s™! (4). The D,, for methane and sulfide was determined by
multiplying the D,, of oxygen by 0.8495 and 0.7573, respectively (4), yielding
values of 2.34 X 107? m? s~ ! for methane and 2.08 X 10~ m? s~ ! for sulfide.
The D, of these compounds within the aggregates was found by correcting D,,
with the ratio of the diffusivity in aggregates and in water, as determined with the
diffusivity microsensor. The local activities of methanogenesis and sulfate reduc-
tion were calculated by assuming spherical geometry, i.e., considering the aggre-
gate buildup from concentric layers. The rates (R, [mmol m 3 s~']) in each layer
n were found by subtracting the fluxes into and out of the layer, divided by the
volume of the layer:

s71), Dy is the effective diffusion
3
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Aggregate fixation and slicing. After microsensor analysis, the aggregates were
fixed for in situ hybridization by overnight incubation in paraformaldehyde (4%
[wt/vol] in phosphate-buffered saline [PBS]) at 4°C and subsequently washed in
PBS. Then they were embedded for ca. 12 h in OCT compound (Sakura Finetek
USA, Torrance, Calif.) and frozen at —20°C. The aggregates were sectioned with
a cryomicrotome (Microm HM 505 E) at —18°C. The slices (10 pm thick) were
collected on gelatin-coated microscopic slides, air dried, and dehydrated in an
ethanol concentration series (50, 80, and 96% [vol/vol]).

Nucleic acid extraction and PCR amplification. DNA and RNA was extracted
from the aggregates by a combined bead beating (2 min at maximum speed with
0.75 to 1.0-mm glass beads), lysis (10 mg of lysosyme per ml for 1 h at 37°C, 1%
[wt/vol] sodium dodecyl sulfate (SDS), and 0.25 mg of protinase K per ml for 30
min at 55°C), and hot phenol-chloroform-isoamyl alcohol treatment (57). The
ribosomal DNA (rDNA) was enzymatically amplified as described by Muyzer et
al. (35) by using the eubacterial primer GMSF with GC-clamp and the universal
primer 907R (Table 1). The rRNA was amplified according to the method of
Teske et al. (57). A hot-start, touch-down PCR program was used for all ampli-
fications to minimize nonspecific amplification (35).

DGGE analysis of 16S rDNA fragments. Denaturing gradient gel electro-
phoresis (DGGE) was performed by using the D-Gene system (Bio-Rad) and the
following specifications: 1X TAE (40 mM Tris, 20 mM acetic acid, and 1 mM
EDTA at pH 8.3), 1-mm thick gels, a denaturant gradient from 35 to 65%
urea-formamide, a temperature of 60°C, and a constant voltage of 100 V for 17 h
(35, 36). DGGE gels were photographed on a UV transillumination table (302
nm) with a Polaroid camera. Photos were scanned and inversed.
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TABLE 1. Oligonucleotide probes used for PCR amplification and in situ hybridization analyses

Probe Position” Sequence (5'—3") Target (reference) For(mqj)n}} ide (Ezli\/(l:)l”
GMS5F! 341-357 CCTACGGGAGGCAGCAG Bacteria (36) = =
907R 907-928 CCGTCAATTCCTTTGAGTTT  All organisms (universal probe) (36) - -
ARC915 915-934 GTGCTCCCCCGCCAATTCCT  Archaea (55) 40
EUB338 338-355 GCTGCCTCCCGTAGGAGT Bacteria (1) 20 225"
SRB385 338-355 CGGCGTCGCTGCGTCAGG SRB of the delta proteobacteria (2) plus several gram-positive 35 80"

bacteria (e.g., Clostridium) (45)
DSV698 698-717 GTTCCTCCAGATATCTACGG  Desulfovibrio (33) 35 88
DSD131 131-148 CCCGATCGTCTGGGCAGG Desulfovibrio (33) 20 250
DSV407 407-424 CCGAAGGCCTTCTTCCCT Desulfovibrio (33) 50 312
DSV1292 1,292-1,309 CAATCCGGACTGGGACGC Desulfovibrio (33) 35 88
DSV214 214-230 CATCCTCGGACGAATGC Desulfomicrobium (33) 10 500
DSS658 658-678 TCCACTTCCCTCTCCCAT Desulfosarcina (33) 60 15.6
DSBI85 985-1,004 CACAGGATGTCAAACCCAG  Desulfobacter (33) 20 250
DSBO224 224-242 GGGACGCGGACTCATCCTC  Desulfobotulus (33) 60 15.6
DSMA488 488-507 GCCGGTGCTTCCTTTGGCGG  Desulfomonile (33) 60 15.6
DSR651 651-668 CCCCCTCCAGTACTCAAG Desulforhopalus (33) 35 88
221 221-240 TGCGCGGACTCATCTTCAAA  Desulfobacterium (11) 35 88
660 660-679 GAATTCCACTTTCCCCTCTG  Desulfobulbus (11) 60 15.6
687 687-702 TACGGATTTCACTCCT Desulfovibrio (11) plus members of the genera Geobacter, - -

Desulfomonas, Desulfuromonas, Desulfomicrobium, Bilophila,

and Pelobacter spp.
804 804-821 CAACGTTTACTGCGTGGA Desulfobacterium spp., Desulfobacter, Desulfococcus, Desulfo- - -

sarcina, and Desulfobotulus spp. (11)
MPOB 222-240 ACGCAGGCCCATCCCCGAA Syntrophic propionate-oxidizing strains MPOB (Syntropho- 20 900

bacter fumaroxidans) and KOPROP1 and Desulforhabdus

amnigenus (although these last two strains have one mis-

match with the probe) (16, 17)
NON338 338-355 ACTCCTACGGGAGGCAGC None (negative control) (32) 0 900

“ Position in the 16S rRNA of E. coli (5).
> Formamide concentration in hybridization buffer.
¢ Sodium chloride concentration in washing buffer.

@ This primer has the following GC-clamp at the 5’ end: 5'-CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCG-3'.

¢ —, Probe not used for FISH.
/Plus 5 mM EDTA in washing buffer.

Blotting and hybridization analysis of DGGE gels. DGGE gels were blotted
and hybridized with group-specific probes for SRB as described previously (50).
The probes used (Table 1) were probe 660 (specific for Desulfobulbus species),
687 (targeting Desulfovibrio species, as well as some members of the Geobacter,
Desulfomonas, Desulfuromonas, Desulfomicrobium, Bilophila, and Pelobacter gen-
era), and probe 804 (targeting Desulfobacter, Desulfobacterium, Desulfosarcina,
Desulfococcus, and Desulfobotulus species) developed by Devereux et al. (11).

Excision and amplification of DGGE bands. DGGE bands were carefully
excised on a UV transillumination table and transferred to a 1.5-ml tube with 500
wl of water and approximately 500 pl of glass beads 0.75 to 1.0 mm in diameter.
The acrylamide bands were disrupted by bead beating at maximum speed twice
for 1 min. The samples were left overnight at 4°C, and the DNA was subse-
quently amplified by adding 1 to 10 pl of the samples’ supernatant to the PCR
mixture. The PCR was then performed as described above. A second DGGE was
run to confirm that the amplified bands had the same position in the gel as the
excised bands. Prior to sequencing, the PCR products were purified by using the
QIAquick PCR purification kit (Qiagen, Inc.).

Sequencing and phylogenetic analysis. Amplified DGGE bands were se-
quenced by using the Applied Biosystems PRISM Dye Terminator Cycle
Sequencing Ready reaction kit supplied with Ampli7Tag DNA polymerase. The
sequencing products were analyzed with the Applied Biosystems 377 DNA se-
quencer. The partial sequences, which were 536 to 581 nucleotides long, were
added to the 16S rRNA parsimony tree of the Technical University of Munich by
using the program package ARB (56).

FISH. The protocol described by Manz et al. (32) was used for FISH of the
aggregate slices with probe ARC915 for Archaea bacteria (55); probe SRB385
for the detection of general sulfate reducers of the delta subdivision; probes 221
and 660 for group-specific SRB (Devereux et al. [11]); probes DSV698, DSD131,
DSV407, DSV1292, DSV214, DSS658, DSB985, DSBO224, DSMAA488, and
DSR651 developed by Manz et al. (33); and probe NON338 as a negative control
(Table 1). The probe MPOB described by Harmsen et al. (16) was used for
detection of syntrophic bacteria (Table 1).

The probes were synthesized and labeled with a hydrophilic sulfoindocyanine
dye CY3 or CY5 by Interactiva GmbH (Ulm, Germany). The hybridization
buffer contained 0.9 M NaCl, a percentage (vol/vol) of formamide as shown in
Table 1, 20 mM Tris-HCI (pH 7.4), and 0.01% (wt/vol) SDS. The probe con-
centrations were 5 ng/pl. Hybridization was performed for 1 to 2 h at 46°C. The
aggregate slices were washed at 48°C for 15 min in a washing buffer containing

20 mM Tris-HCI (pH 7.4), 0.01% (wt/vol) SDS, and a concentration of NaCl as
mentioned in Table 1. The specimens were microscopically examined with a
Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss, Jena, Germany),
equipped with two HeNe lasers (543 and 633 nm). The hybridizations shown in
the figures are representative for several independent hybridizations on several
aggregates.

Sulfur analysis. For sulfur (S° and sulfanes in polysulfides) determination,
three to five aggregates were put into a reaction tube and immediately fixed with
20 ul of ZnCl, (2%). During this treatment, polysulfides are converted to S° and
ZnS. S° was extracted by shaking the samples with pure methanol (high-pressure
liquid chromatography [HPLC] grade) for 6 h. Identification, and quantification
of zerovalent sulfur was performed by HPLC by using a Sykam S1100 pump
(Gilching, Germany), a Zorbax ODS column (125 by 4 mm, 5 wm; Knauer,
Germany), and an Sykam S3000 UV detector (265 nm). A mixture of 0.25%
acetic acid (pH 4) and 100% methanol (10/90 [vol/vol]) was used as eluent; the
flow rate was 1.2 ml/min. Under these conditions S° eluted as cyclo-octasulfur
(Sg) at 5.4 min. The precision for injection of a 100 pM S%-standard was 0.5% s.d.
(n = 8), the detection limit was about 1 pM. A second method was used to
confirm the identity of S°, based on the reaction of S° with SO5>: S° + SO;>~
— S,05%7 (22). A few aggregates were incubated with 1 ml of 5% Na,SO;
solution for 2 h at 90°C after fixation with ZnCl,, followed by extraction and
analysis as described above. The presence or absence (after the sulfite treatment)
of S” in the methanol extracts was also confirmed by UV spectroscopy.

RESULTS

Diffusivity measurements. Diffusivity microsensor measure-
ments showed an approximately constant D,,,, in the methan-
ogenic-sulfidogenic aggregates of 50% of that in water. There-
fore, the D, of methane and sulfide were assumed to be 50%
of their D,, i.e., 1.17 X 107? m? s~' for methane and 1.04 X
102 m? s~ * for sulfide. These values were used to calculate the
fluxes and activities in the aggregates from the microprofiles.

Endogeneous sulfide and methane microprofiles. In all me-
thanogenic-sulfidogenic (Fig. 1A), methanogenic (Fig. 1B),
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FIG. 1. Sulfide and methane microsensor profiles (lines) and activity values (bars) in methanogenic-sulfidogenic (A) and methanogenic (B) aggregates in the
presence ([J, open bars) or absence (m, closed bars) of sulfate. No external electron donor was supplied during the measurements. The aggregate surface is at distance

of 0 mm, the center of the aggregates is at a distance of ca. 0.9 mm.

and sulfidogenic (Fig. 2A) aggregates, endogenous sulfide pro-
duction was measured in the absence of sulfate, even after one
night’s incubation in a sulfate- and electron donor-free me-
dium. In addition, endogeneous methane production was ob-
served in the methanogenic-sulfidogenic and methanogenic ag-
gregates (Fig. 1). The addition of 10 mM sulfate significantly
increased the sulfide production, without affecting the meth-
ane production in the methanogenic-sulfidogenic aggregates
(Fig. 1A). In the methanogenic aggregates, only a negligible

amount of sulfide (<6 pM) was measured which, like the
methanogenic activity, was not affected by the presence or
absence of sulfate (Fig. 1B). All three types of aggregates
contained large amounts (up to 59 mol m™ ) of S° (Table 2).

Microprofiles after addition of substrates. The production
of methane and sulfide were stimulated by volatile fatty acids
(acetate, propionate, and/or butyrate), ethanol, or H, (Fig. 2).
The sulfidogenic sludge, fed only ethanol for more than 1 year,
was also able to metabolize both H, and acetate, since upon

TABLE 2. Characteristics and activities of the different aggregates used in this study

Growth conditions

Activity values”

Sulfur
Bacterial Sulfate Methane Sulfide conen inside
e Original Subculture concn during ; ; aggregates
oP substrate medium subculturing Production Conversion/ Production Conversion/ g(gml\%l)b
(mM) (mmol m~3 s~ 1) ‘Eggregﬁt; (mmol m—3 s~ 1) ?ggregle;t;:
mmol/s mmol/s
Sulfidogenic Ethanol NA°¢ 7 ND ND 1-6 7x107° ~28
Methanogenic-  Potato starch ~ VFA mixture? 20 1-2 1x107° 2-3 2x107° ~21
sulfidogenic wastewater
Methanogenic Papermill VFA mixture 0.45 2-4 45x107° 0.02-0.06 8§x 107! ~59
wastewater

¢ Calculated from the microprofile measurements (conversion per aggregate values were calculated from integrated local values). ND, not determined.

® Elemental sulfur and polysulfide.
¢ NA, not applicable.
4 Low-chain VFA were the main electron donors present in the reactor liquid.
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FIG. 2. Steady-state microsensor profiles (lines) and activity values (bars) of sulfide and methane in aggregates in the presence of 10 mM SO,>". (A) Sulfidogenic
aggregate after one night without electron donor (m, closed bars), with the addition of 7 mM ethanol (CJ, open bars), with H, saturation (X, crossed bars), and with
the addition of 7 mM acetate (@, shaded bars). (B) Methanogenic-sulfidogenic aggregate after one night without electron donor (m, closed bars), with addition of 1
mM acetate (X, crossed bars), and with 1 mM propionate ([J, open bars). (C) Methanogenic aggregate after one night of incubation without electron donor (m, closed
bars) and with the addition of a VFA mixture (6 mM acetate, 7 mM propionate, and 5 mM butyrate; [J, open bars). The aggregate surface is at a distance of 0 mm,
the center of the aggregate is approximately at a distance of 0.6 mm for the sulfidogenic aggregates (A) and at a distance of 0.9 mm for both the methanogenic-
sulfidogenic (B) and the methanogenic (C) aggregates. The profiles in the upper and lower parts of graph A are obtained from two different sulfidogenic aggregates

and were measured at different times.

their addition sulfide developed instantly (Fig. 2A). The sulfide
production rates by H, were comparable to that by ethanol.
Figure 2A shows that these substrates were consumed in dis-
tinctly different zones within the aggregate: sulfate reduction
was stimulated by H, in the outer 200 wm depth and by ethanol
at a depth of between 200 to 400 pwm. Sulfidogenesis with
acetate as the substrate was mainly located in the outer 200 pm
of the aggregate. Acetate was metabolized with a specific sul-
fidogenic activity half of that with ethanol as the substrate (Fig.
2A).

Both acetate and propionate induced sulfidogenic activity in
the outer 100 to 150 wm of the methanogenic-sulfidogenic
aggregates. These substrates also induced methanogenic activ-
ity, which only started from 300 wm onwards inside the aggre-
gate (Fig. 2B). Sulfate reduction was not affected when me-
thanogenic-sulfidogenic aggregates were supplied with 1 mM
nitrate (data not shown).

The addition of the VFA mixture to the methanogenic ag-
gregates did not affect the sulfide microprofile but induced a
substantial methane production predominantly in the core of
the aggregates (Fig. 2C). Addition of 50 mM BES completely

inhibited the methane production after 3.5 h of incubation
(Fig. 3).

Activity profiles. Sulfide production was in all aggregates
restricted to the outer layer, while methane was produced
deeper in the aggregates. In the sulfidogenic aggregates, sul-
fate reduction is restricted to the outer 200 to 300 wm (Fig.
2A). In the methanogenic-sulfidogenic aggregates, sulfide pro-
duction was localized in the outer 50 to 100 wm, while methane
production was exclusively detected below a depth of 100 pwm
(Fig. 2B). Also in the methanogenic aggregates, methane is
produced only in the core, starting at 200 pm from the surface
(Fig. 2C). Table 2 summarizes the average activity values for
the three types of aggregates, as derived from the profiles
presented in Fig. 1 to 3.

Population analysis by DGGE. The DGGE analyses re-
vealed that the three aggregates contained a different commu-
nity composition on the DNA level as well as on the RNA level
(Fig. 4). In all aggregates less cDNA bands (reverse transcrip-
tase PCR [RT-PCR]-amplified 16S rRNA fragments) were
seen than rDNA bands (PCR-amplified 16S rDNA fragments).
Blotting of DGGE gels and hybridization of these blots with
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group-specific probes of SRB (660, 687, and 804) resulted for
all samples in a positive hybridization signal with probe 687
(two to three bands) and probe 660 (two to four bands), but no
hybridization was obtained with probe 804 (data not shown),
indicating the presence of Desulfovibrio and Desulfobulbus
species. Eleven bands were excised from the DGGE gel, from
which eight were successfully reamplified and sequenced (num-
bers are indicated in Fig. 4). The sequences were phylogeneti-
cally analyzed and depicted in a phylogenetic tree (Fig. 5).
Three of the DNA fragments resembled sequences of Desul-
fovibrio species (DGGE bands 2, 6, and 7), and one partial
sequence (DGGE band 4) resembled the syntrophic bacteria
Syntrophobacter wolinii and Syntrophomonas wolfei. The other
four DNA fragments (DGGE bands 1, 3, 5, and 8) were found
in diverse clusters, resembling sequences of Holophaga, Clos-
tridium, Eubacterium, and Halobacteroides species (Fig. 5).

Population analysis by FISH. Phase-contrast light micros-
copy of the aggregate sections showed dense bacterial clusters,
some void space, and a regular surface of the aggregates. If
excited with blue light (488 nm), the cells and extracellular
material exhibited strong green autofluorescence. Therefore,
we exclusively applied CY3- or CY5-labelled probes. Compar-
ison of 5 to 10 aggregates showed little variation between
individual aggregates from each reactor, but the three types of
aggregates had a different structure and population distribu-
tion.

(i) Methanogenic-sulfidogenic aggregates. The methanogen-
ic-sulfidogenic aggregates contained an inner core of Archaea

with probe MPOB (clusters with big coccoid cells, Fig. 6F and

sulfidogenic  meth.-sulfido. methanogenic

DNA RNA DNA RNA

DNA RNA

FIG. 4. DGGE of 16S rDNA and 16S rRNA PCR fragments from the sul-
fidogenic, methanogenic-sulfidogenic, and methanogenic aggregates. The num-
bers refer to the numbers of the excised and sequenced bands. The curved bands

in the lower part of the DGGE gel are single-stranded DNA and should be
disregarded.
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Syntrophomonas sapovorans

Thermosyntropha lipolytica

Clostridium thermocellum DGGE b4

Clostridium viride

DGGE b3

0.10

DGGE b6

DGGE b2

Desulfovibrio gabonensis

Desulfovibrio halophilus

Syntrophospora bryantii

Sporohalobacter lortetii

Halobacteroides
tuna

Magnetobacterium bavaricum

Eubacterium sp.

DGGE b5

Geothrix fermentans

Holophaga foetida

Desulfovibrio longus

FIG. 5. Phylogenetic analysis of the partial sequences derived from excised DGGE bands depicted in Fig. 4. The phylogenetic parsimony tree was calculated with

the ARB program. The bar indicates 0.1 estimated change per nucleotide.

H). The use of group-specific probes for SRB resulted in hy-
bridizations with probe DSV698 and 660 of cells in the outer
layer (Fig. 7B and D). No hybridization was observed with the
other group-specific SRB probes (Table 1).

(ii) Sulfidogenic aggregates. The different populations in
sulfidogenic aggregates were more dispersed. Figure 6A illus-
trates their irregular surface, clearly showing eubacterial bud-
dings at several locations. The SRB were mainly situated at the
outer 200 to 300 pm of the aggregate (Fig. 6C) but did not
form a compact shell as in methanogenic-sulfidogenic aggre-
gates (Fig. 6D). Cells hybridizing with probe MPOB were
scattered over the interior part (Fig. 6E and G). The methan-
ogens were present in clusters in the inner part of the aggre-
gate, often forming a very compact core (Fig. 6A, C, and E and
Fig. 7A). DSS658 was the only specific SRB probe that hybrid-
ized with sulfidogenic aggregates, clearly showing clusters of
coccoid cells at the surface and more inward (Fig. 7C). Strong
autofluorescence, especially with higher formamide concentra-
tions, hampered quantitative analysis of the FISH results.

(iii) Methanogenic aggregates. The methanogenic aggre-
gates contained hardly any SRB (Fig. 7A), and no cells hybrid-

izing with the MPOB probe could be detected. The methano-
gens were present in clusters in the inner part of the aggregate.

DISCUSSION

Architecture of UASB aggregates. The structural study with
molecular techniques could not be performed on the same
individual aggregates used for the functional analyses with
microsensors; however, comparison of 5 to 10 aggregates from
each reactor show little variation. Thus, the observations, ob-
tained with different techniques on different individual aggre-
gates, can be compared well. This study clearly showed that
different spatial arrangements of the SRB and MB populations
occur in anaerobic aggregates. SRB and MB were distributed
in a layered structure in the methanogenic-sulfidogenic and
sulfidogenic aggregates (Fig. 6 and 7), which resulted in a
zonation where their activity is predominant (Fig. 1 to 3). The
differences in structure of the different types of aggregates can
be attributed to the wastewater compositions (Table 2). The
development of different types of aggregates, depending on the
substrate, has been reported previously (12, 13).

FIG. 6. FISH analysis to study the population distribution within sulfidogenic and methanogenic-sulfidogenic aggregates by using various probes labeled with CY3
and CY5. The photographs are overlays of two confocal microscopic images. Panels: A and B, EUB338 (artificial color blue) and ARC915 (artificial color red)
hybridizations of sulfidogenic (A) and methanogenic-sulfidogenic (B) aggregates; C and D, SRB385 (artificial color green) and ARC915 (artificial color red)
hybridization of sulfidogenic (C) and methanogenic-sulfidogenic (D) aggregates; E and F, ARC915 (artificial color red) and MPOB (artificial color white) hybridization
of sulfidogenic (E) and methanogenic-sulfidogenic (F) aggregates; G and H, SRB385 (artificial color green) and MPOB (artificial color white) hybridization of
sulfidogenic (G) and methanogenic-sulfidogenic (H) aggregates. The scale bar is 20 um, and the arrows indicate the aggregate surface.
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FIG. 7. FISH analysis to localize specific SRB populations within the aggregates. (A) Probe SRB385 (artificial color green) and ARC915 (artificial color red)
hybridization of methanogenic aggregates. This photograph is an overlay of two confocal microscopic images. (B and D) Hybridization with probe 660 (artificial color
purple) (B) and probe 698 (artificial color purple) (D) in a methanogenic-sulfidogenic aggregate. (C) Hybridization with probe 658 (artificial color purple) in a
sulfidogenic aggregate. The scale bar is 20 wm, and the arrows indicate the aggregate surface.

The core of all three types of aggregates was composed of
MB, whereas SRB were mainly present in an outer shell, as was
also found by Sekiguchi et al. (52). The low SRB population
density in the center of the aggregates contrasts with the fact
that SRB can outcompete methanogens because of their more
favorable thermodynamics for acetate and H, (23, 51, 62).
Diffusional limitation of sulfate has been suggested as a reason
for the maintenance of MB in the core of aggregates treating
sulfate-rich wastewaters (43). From our in situ activity mea-
surements, we calculated that this cannot be the case for the
aggregates used in this study. We suggest that the MB core of
the primary inoculum is conserved and that SRB colonize this
core in a later development stage. A similar outgrowth of SRB
after methanogenic granular sludge was fed a mixture of pro-
pionate and sulfate was observed by Harmsen et al. (16). Be-
sides adaptation of the primary inoculum to a different sub-
strate, also new granules are formed during reactor operation.
The initial aggregation might be mediated by methanogens,

which have better attachment characteristics than SRB (18,
38), while SRB attach later on during aggregate development.

The inner core of the methanogenic-sulfidogenic aggregates
was one solid cluster of MB, surrounded by a layer of syntro-
phic bacteria (Fig. 6B, D, and E). The core of the sulfidogenic
aggregates contained several smaller clusters of MB with dis-
persed syntrophs (Fig. 6A and C and Fig. 7A). Indeed, the
formation of clusters of methanogens in juxtaposition with
syntrophic bacteria offers both groups of bacteria a nutritional
advantage.

Endogenous microprofiles. Microsensor measurement of
H,S and CH, profiles indicated that both the SRB and MB
populations were also active in the absence of externally sup-
plied electron donor for at least 24 h (Fig. 1), as was also found
by de Beer et al. (10). This indicates that both SRB and MB
metabolize some pool of storage material, either bound to
particles, polymers or cells. E-donors were, however, limited
within the aggregates, and the activity of both the SRB and MB
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increased considerably upon addition of an electron donor
(Fig. 2).

The S° found might be the source of sulfide in sulfate-free
medium (Fig. 1), either by sulfur reduction or sulfur dispro-
portionation (58). However, it is unclear how the S° was
formed in the absence of an electron acceptor. We took care to
avoid exposure to oxygen, so it is unlikely that this could cause
the high S° concentrations observed (Table 2). A reverse sulfur
disproportionation might be an interesting possibility, but it
has not yet been demonstrated and could not explain both the
presence of sulfur and the formation of sulfide.

Characteristics of the SRB population. The sulfate reduc-
tion rates in the aggregates are up to 1,000 times higher than
those reported for sediments, i.e., 0.0009 mmol of S~ m s~ !
(25) and 0.002 to 0.01 mmol of S*~ m™* s~ ' (3). However, a
realistic comparison is only possible between systems with sim-
ilar cell densities. Comparable activities have been measured
in the anaerobic zones of biofilms, i.e., 0.2 mmol of S>~ m 3
s~ ' (24) or 8 mmol of > m * s~ ! (37). From the H,S fluxes
and the number of SRB (determined by FISH) in the metha-
nogenic-sulfidogenic aggregates, the specific sulfate reduction
rate was calculated to be 25 fmol SO,> cell ' day '. This
value is in the high-end range of the specific sulfate reduction
rates reported (21).

The methanogenic-sulfidogenic aggregates contained Desul-
fovibrio spp., as well as Desulfobulbus spp. These two SRB
species were absent in the sulfidogenic granules, which con-
tained predominantly the nutritionally versatile Desulfosarcina
and/or Desulfococcus species. The H,S microprofiles measured
in the sulfidogenic aggregates suggest that different, spatially
separated, H,- and ethanol-consuming SRB populations are
present in the outer 400 pwm (Fig. 2A). These populations
could, however, not be differentiated by the FISH probes ap-
plied. Few of the specific SRB probes (Table 1) yielded a
positive signal in the aggregates (Fig. 7B to D). Probably, these
aggregates contain SRB populations, for which specific probes
still need to be developed. Several acetate-utilizing SRB spe-
cies are known, such as Desulfobacter, Desulfobacterium, De-
sulfococcus, Desulfosarcina, and Desulfotomaculum species.
Desulfobacter species were not detected by the DGGE and
FISH analyses, confirming other studies that Desulfobacter is
unimportant in methanogenic aggregates (40, 46). Desulfosar-
cina or Desulfococcus species are likely to be responsible for
the degradation of acetate in the sulfidogenic aggregates. The
presence of other acetotrophic SRB species cannot be ex-
cluded, as recently Desulforhabdus amnigenus (41) and Desul-
fobacca acetoxidans (39) have been isolated from granular
sludge. More research with specific 16S rRNA probes for these
newly described organisms is needed to examine their presence
in the anaerobic aggregates.

The low SRB population density in the methanogenic ag-
gregates (Fig. 2C and 7A) is somewhat surprising. SRB are
generally assumed to be more robust than MB (62) and have
the ability to use other metabolic pathways, such as fermenta-
tion (62) or syntrophic growth with methanogens (63). The
medium on which the methanogenic aggregates were subcul-
tured contained sulfate (0.45 mM), which could have sup-
ported the growth of SRB. Apparently, this small amount of
sulfate could not support the development of a substantial
SRB population.

Characteristics of the MB population. The methanogenic
rates in the aggregates were 10 times higher than the methan-
ogenic activities measured in sediments (0.1 to 0.6 mmol of
CH, m ® s~ ! [34]) and during sewage sludge digestion (0.6
mmol of CH, m™~ s~! [54]). The rod-shaped morphology of
the methanogens in the center of the aggregates resembles that
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of Methanosaeta species (64). This obligate acetoclastic me-
thanogenic species was also found to be present in the core of
other layered granules (14, 27, 31, 52). Methanosaeta species
are the least sensitive among the methanogens for acetate
diffusional limitations because of their higher affinity for ace-
tate compared to other methanogens (13, 14, 20). This, to-
gether with their ability to form close frameworks and/or mats
(44), explains their presence in the center of the aggregates.

Although MB were found in sulfidogenic granules (Fig. 6A,
C, and E), no methane production was detected by activity
tests (data not shown). Indeed, MB survive long starvation
times (28), while maintaining their ribosomes (46).

The CH, microprofiles showed that methanogenesis was not
affected by the addition of sulfate (Fig. 1 and 2). The literature
concerning this phenomenon is contradictory. Methanogenesis
was inhibited by sulfate addition in sediments (30, 62) and
anaerobic digestors (29, 46). Others reported no effect at all on
methanogenesis under sulfate-rich conditions in the same en-
vironments (53, 59, 64). The differences between these obser-
vations might be explained by substrate availability or by the
adaptation times of SRB populations.

Characteristics of the syntrophic population. Methanogens
cannot use propionate as an electron donor. The increase in
methanogenic activity by propionate addition (Fig. 2B) illus-
trates the dependency of methanogens on propionate-oxidiz-
ing syntrophic bacteria. The DGGE analysis suggested the
presence of a relative of Syntrophobacter wolinii and Syntroph-
omonas wolfei (Fig. 5), whereas the FISH analysis with probe
MPOB (Fig. 6G and H) suggested the presence of strain
MPOB, classified as Syntrophobacter fumaroxidans (17). Ac-
cording to recent studies, Syntrophobacter spp. were capable of
oxidizing propionate by sulfate reduction (15, 62). The Desul-
fobulbus layer at the surface of the methanogenic-sulfidogenic
aggregates (Fig. 7B) indicates that syntrophic bacteria cannot
outcompete Desulfobulbus spp. in this granular sludge devel-
oped under sulfate-rich conditions.

The MPOB-like cells grew more inwards than did the SRB.
Methanogens can grow syntrophically with acetate- and H,-
producing bacteria either in juxtaposition in the core or as
adjacent layers within the aggregate (16, 52, 63). The latter
type of syntrophy was found in methanogenic-sulfidogenic ag-
gregates (Fig. 6F). Syntrophic bacteria were found between
layers of SRB and MB, providing both groups with H, and
acetate, as postulated by MacLeod et al. (31). In the sulfido-
genic granules (Fig. 6E), MPOB-like cells were surrounded by
MB cells, indicating that the MPOB-like cells indeed grow
syntrophically with MB.

Concluding remarks. Combining microsensors and molecu-
lar techniques provided direct information about sulfate reduc-
tion and methanogenesis in UASB aggregates. Data on the
community structure could be related to the metabolic func-
tions of the respective populations. SRB were mainly found in
the outer layer (<200 wm) and MB were predominantly in the
core of UASB aggregates. For further detailed investigation,
microsensors for the substrate H, and additional oligonucleo-
tide probes for newly isolated syntrophic and SRB populations
are under development.
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