APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Mar. 1999, p. 1289-1297

0099-2240/99/$04.00+0

Vol. 65, No. 3

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Combination of Fluorescent In Situ Hybridization and
Microautoradiography—a New Tool for
Structure-Function Analyses
in Microbial Ecology

NATUSCKA LEE,' PER HALKJAR NIELSEN,?> KIAZR HOLM ANDREASEN,? STEFAN JURETSCHKO,’

JEPPE LUND NIELSEN,> KARL-HEINZ SCHLEIFER," axp MICHAEL WAGNER'#

Lehrstuhl fiir Mikrobiologie, Technische Universitiit Miinchen, D-80290 Munich, Germany," and
Environmental Engineering Laboratory, Aalborg University, DK-9000 Aalborg,>
and Kriiger A/S, DK-2860 Sgborg,®> Denmark

Received 19 October 1998/Accepted 8 December 1998

A new microscopic method for simultaneously determining in situ the identities, activities, and specific sub-
strate uptake profiles of individual bacterial cells within complex microbial communities was developed by
combining fluorescent in situ hybridization (FISH) performed with rRNA-targeted oligonucleotide probes and
microautoradiography. This method was evaluated by using defined artificial mixtures of Escherichia coli and
Herpetosiphon aurantiacus under aerobic incubation conditions with added [*H]glucose. Subsequently, we were
able to demonstrate the potential of this method by visualizing the uptake of organic and inorganic radiola-
beled substrates (['*C]acetate, [**C]butyrate, [**C]bicarbonate, and **P,) in probe-defined populations from
complex activated sludge microbial communities by using aerobic incubation conditions and anaerobic incuba-
tion conditions (with and without nitrate). For both defined cell mixtures and activated sludge, the method
proved to be useful for simultaneous identification and analysis of the uptake of labeled substrates under the
different experimental conditions used. Optimal results were obtained when fluorescently labeled oligonucleo-
tides were applied prior to the microautoradiographic developing procedure. For single-cell resolution of FISH
and microautoradiographic signals within activated sludge flocs, cryosectioned sample material was examined
with a confocal laser scanning microscope. The combination of in situ rRNA hybridization techniques, cryo-
sectioning, microautoradiography, and confocal laser scanning microscopy provides a unique opportunity for

obtaining cultivation-independent insights into the structure and function of bacterial communities.

In most natural and engineered systems offering a sufficient
nutrient supply, microorganisms grow as spatially organized,
matrix-enclosed, multispecies communities in biofilms, aggre-
gates, or flocs rather than as single planktonic cells (11). When
studying these systems, microbial ecologists attempt to deter-
mine population structure and dynamics, as well as the spatial
distribution of species and the function of species within com-
munities which are characterized both by various cell-cell in-
teractions (13) and by pronounced architectural and chemical
heterogeneity (7, 10, 33). Since a rigorous biomass disaggre-
gation step is a common feature of all traditional cultivation-
based microbiological approaches used for analysis of complex
microbial communities, spatial information is lost. In addition,
biases introduced by conventional cultivation methods result in
pronounced population shifts in the community structure and
lead to a failure to detect dominant bacterial community mem-
bers (50, 51, 56). Determining the physiological and biochem-
ical properties of a single species in a laboratory pure culture
may also bias the phenotype since gene expression is strongly
influenced by environmental constraints and the growth mode
of the cells (12). Since isolated strains are known to adapt ge-
netically to the environmental conditions which they encoun-
ter, they may also not be genetically representative of their
environmental counterparts (8).
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With the advent of rRNA in situ hybridization techniques in
microbial ecology, cultivation-independent quantitative exam-
ination of the structure and dynamics of complex microbial
communities became possible (for a review see reference 2).
Confocal laser scanning microscopic detection of signals con-
ferred by a variety of fluorescent strains or fluorescently la-
beled RNA-targeted nucleic acid probes also allows analysis of
the architecture of bacterial aggregates (for a recent review see
reference 28) and the spatial arrangement of bacterial species
within their habitats (4, 16, 18, 35, 41, 50-54).

Keeping in mind the physiological versatility of many pro-
karyotes, it is apparent that identification of a bacterial species
in situ does not provide much information about its function in
its habitat, except for members of a few highly physiologically
restricted bacterial lineages like the ammonia oxidizers belong-
ing to the beta subclass of the Proteobacteria. While in situ
identification of uncultured microorganisms may allow as-
sumptions concerning possible physiological characteristics if
known physiological properties of the most closely phyloge-
netically related species which can be cultivated are taken into
account (26), a more encompassing in situ analytical approach
that yields information about the identity and function of a cell
in its environmental niche would be desirable. Such informa-
tion not only would allow a more detailed understanding of the
ecology of complex microbial communities but also might pro-
vide information which could be used for the development of
new, more appropriate enrichment and isolation methods for
molecularly identified but uncultured prokaryotes.

Recently, an elegant combination of fluorescent oligonu-
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cleotide probing and microelectrode measurements has been
used for structure-function analysis in microbial ecology. The
relationship between chemical gradients and the stratification
of sulfate-reducing (38) and nitrifying bacteria (41, 42) in trick-
ling filters and a fluidized bed reactor has been examined by
this method. Microelectrodes, however, measure chemical pro-
files only at a single point and consequently do not describe
two-dimensional or three-dimensional chemical profiles in het-
erogeneous communities. The spatial resolution provided by
microsensors is also above the single-cell level. Other attempts
have been made to develop methods for functionally based
microbial community analysis on a single-cell level. One ap-
proach has focused on the detection of specific gene expression
in microbial cells by exploiting fusions of a gene and the coding
sequence of a reporter protein (19, 27, 30, 45, 57). While
techniques involving reporter proteins provide valuable infor-
mation, they are limited in their applicability to microbial ecol-
ogy as they require (i) the availability of genetic tools for the
microorganism being studied and (ii) the introduction of ge-
netically engineered microorganisms into the environment.
Other approaches for demonstrating cell-specific gene expres-
sion involve the use of electron microscopic immunocytochem-
istry for detection of specific enzymes (44) or the use of nucleic
acid-based techniques for visualization of specific mRNA (17,
20, 21, 23, 48, 55). These methods require either cultivation of
the microorganism being studied for protein purification or
detailed information concerning the target mRNA sequences.
Use of these methods has been restricted to pure or simple
mixed cultures because of the requirement for cell permeabi-
lization procedures tailored to the bacteria being studied.

The use of radiolabeled substrates in combination with mi-
croautoradiography does allow analysis of the metabolic activ-
ity of prokaryotes under conditions that approach in situ con-
ditions by direct visualization of microorganisms with active
substrate uptake systems within a complex community (6). Mi-
croautoradiography has been successfully used in many eco-
logical studies to measure activities of members of different
autotrophic and heterotrophic prokaryotic groups (9, 37). Mi-
croautoradiography has been combined with microelectrodes
(37) or simple staining techniques (3, 34, 36, 47) for charac-
terization of microbial communities. A major limitation of
microautoradiography has been an inability to correlate the
activity detected with identification and detection of a respon-
sible organism. One attempt to solve this problem has involved
combining microautoradiography with fluorescently labeled
antibody (FA) techniques (14, 16). However, considering the
low percentage of bacteria successfully cultured from most
environments and the enormous structural complexity of many
microbial communities, the immunofluorescence approach is
limited in its applicability for the following reasons: first, the
FA approach is not completely cultivation independent due to
its requirement for a pure culture of the microorganism being
studied for antibody production; second, the FA approach
can be disturbed by the presence of detritus particles, fungal
spores, and extracellular polymeric substances that have been
reported to cause unspecific binding and to hinder antibody
penetration (46); and third, due to the great serological diver-
sity of complex microbial communities, antibody specificity is
for the most part restricted to the species level or below, which
implies that hundreds if not thousands of antibodies must be
used for an encompassing structural analysis of a complex mi-
crobial community.

The objective of this study was to develop and evaluate a
new method that involves a direct combination of fluorescent
in situ hybridization (FISH) performed with rRNA-targeted
oligonucleotide probes and microautoradiography for simulta-

APPL. ENVIRON. MICROBIOL.

neous in situ identification and determination of substrate up-
take patterns of individual microbial cells within complex mi-
crobial consortia. Liquid scintillation counting of samples and
pasteurized control samples was performed in all experiments
in order to confirm that biologically induced uptake of radio-
labeled substrates occurred.

MATERIALS AND METHODS

Bacterial strains. Mixtures of Escherichia coli ATCC 11775" and Herpetosi-
phon aurantiacus ATCC 23779" were used in a defined system. E. coli was cul-
tivated at 37°C on Luria-Bertani agar (Difco), and H. aurantiacus was cultivated
at 30°C on R2A agar (Difco). Prior to the start of the experiment, both strains
were separately cultivated on R2A broth at 30°C and harvested after incubation
for 12 h (E. coli) and 48 h (H. aurantiacus). The cells were washed twice with
glucose-free R2A broth (40) and were diluted to a concentration of approxi-
mately 1 mg (dry weight) ml™" in sterile, modified glucose-free R2A broth.

Activated sludge samples. Activated sludge samples were collected from two
wastewater treatments plants. Activated sludge containing high levels of phos-
phorus-accumulating and nitrifying bacteria was obtained from the Malmo Wa-
ter and Sewage Works (Sweden), a municipal nutrient-removing wastewater pilot
plant (50 population equivalents) with high biological phosphorus- and nitrogen-
removing activities. In addition, grab samples of activated sludge were collected
in October 1997 and March 1998 from the intermittently aerated nitrification-
denitrification basin of an industrial wastewater treatment plant receiving sewage
from an animal carcass-processing facility (Tierkorperbeseitigungsanstalt Kraft-
isried, Kraftisried, Germany; 6,000 population equivalents). In March 1998,
incomplete nitrification, most probably caused by nonoptimal pH values (pH >8)
and low temperatures, was observed at the Kraftisried plant. All activated sludge
samples were stored at 4°C before they were used. Samples were incubated with
radioactive substrates within 3 to 24 h after collection. Prior to incubation, sludge
samples were diluted so that they contained 2 and 1 g of dry matter (suspended
solids) per liter with nitrate-free water obtained from filtration (Whatman GF/C
glass microfiber filter; pore size, 1 wm) of activated sludge in order to study
heterotrophic activity and autotrophic activity (with ['“C]bicarbonate), respec-
tively. A dry matter content between 1 and 4 g per liter is typically found in
activated sludge from wastewater treatment plants.

Incubation with radioactive and nonradioactive compounds. The following
substrates, labeled with three different isotopes, were used: (i) p-[6-*H]glucose
(specific activity, 15.6 mCi/mmol), (ii) sodium ['*C]bicarbonate (specific activity,
5.0 mCi/mmol), (iii) [2-'*CJacetate (sodium salt; specific activity, 58.0 mCi/
mmol), (iv) [n-'*C]butyrate (sodium salt; specific activity, 10 mCi/mmol), and (v)
3P, (specific activity, 3 mCi/mmol). Radioactive chemicals were obtained from
Amersham (Buckinghamshire, United Kingdom), NEN Life Science Products
(Boston, Mass.), and Sigma (Deisenhofen, Germany).

Ten different experimental systems with different types of radioactive and
nonradioactive substrates and different incubation conditions were studied (Ta-
ble 1). For each experimental system, 1.9-ml portions of sample material were
transferred to 9-ml serum bottles. The serum bottles were sealed with gas-tight
rubber stoppers. Activated sludge samples that were going to be incubated
anaerobically were flushed with oxygen-free nitrogen gas to remove the oxygen
and then were preincubated for 1 h to ensure that oxygen was completely
removed. Subsequently, samples were supplemented with sterile radioactive and
nonradioactive substrates (Sigma); the final volume of each sample was 2 ml. For
anaerobic incubation oxygen-free substrates were injected anaerobically with
syringes through the rubber stoppers into the serum bottles. To study microbial
phosphorus uptake, activated sludge was subjected to anaerobic and aerobic
conditions by opening the rubber stopper after 2 h of anaerobic incubation and
shaking the serum bottle thoroughly for 1 min before sealing it again. During the
2-h aerobic incubation, the serum bottle was vigorously shaken. All experiments
were performed in duplicate.

As a control for possible adsorption phenomena, sample material pasteurized
at 70°C for 10 min was incubated with the radioactive and nonradioactive sub-
strates in parallel in all experimental systems. Paraformaldehyde-fixed sample
material was not used as a control in this study, since we observed, compared to
the pasteurized samples, slightly enhanced levels of adsorption (probably caused
by fixative-induced chemical modification of bacterial surfaces) in pilot experi-
ments (data not shown). In addition, control samples without added radioactivity
were always prepared as controls to check for chemography.

Sample fixation, washing procedures, and DAPI staining of control samples.
After incubation with radioactive and nonradioactive substrates, samples were
fixed with 6 ml of 4% paraformaldehyde for 3 h at 4°C. Subsequently, the samples
were washed three times with 5 ml of phosphate-buffered saline (PBS) (10 mM
sodium phosphate buffer, 130 mM sodium chloride; pH 7.2) in order to remove
the excess soluble radioactive substrate and fixative. Alternatively, one of the
activated sludge samples incubated with >*P; was washed twice with 0.1 M sodium
citrate-HCI buffer (pH 2) prior to the washing procedure described above for
removal of chemically bound phosphorus (29). All washing steps consisted of
centrifugation of the sample at 37,100 X g for 5 min, removal of the supernatant,
addition of further washing buffer, and mixing. After the washing procedure, the
samples used as controls for adsorption and chemography were stained with
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TABLE 1. Incubation conditions used for experiments”
Radioactive tracer
Concn of
Expt Sample suspeqd- Nonradioactive CfmCIl Incub_a.tion In;ubation
ed solids substrate(s) Compound (nCi/mg of conditions time (h)
(g/liter) suspended
solids)
1 Pure cultures of E. coli and 1 Glucose (1 mM)? p-[6-*H]glucose 20 Aerobic 3-24
H. aurantiacus
2 Activated sludge (Kraftisried) 1 Ammonia (3 mM) Sodium [!#]bicarbonate 20 Aerobic 8
3 Activated sludge (Kraftisried) 1 Ammonia (3 mM) Sodium ['*C]bicarbonate 20 Aerobic 8
4 Activated sludge (Malmo)© 2 Monobasic phosphate (0.3 mM) 3P, 10 Anaerobic 2
+ sodium acetate (1 mM) Aerobic 2
5 Activated sludge (Kraftisried) 1 Ammonia (3 mM) + sodium Sodium [2-!*CJacetate 10 Aerobic 2
acetate (1 mM)
6  Activated sludge (Kraftisried) 1 Ammonia (3 mM) + sodium Sodium [2-*CJacetate 10 Anaerobic with nitrate 2
acetate (1 mM) + potassium
nitrate (2 mM)
7  Activated sludge (Kraftisried) 1 Ammonia (3 mM) + sodium Sodium [2-!*CJacetate 10 Anaerobic 2
acetate (1 mM)
8  Activated sludge (Kraftisried) 1 Ammonia (3 mM) + sodium Sodium [2-'*C]butyrate 10 Aerobic 2
butyrate (1 mM)
9  Activated sludge (Kraftisried) 1 Ammonia (3 mM) + sodium Sodium [2-'*CJbutyrate 10 Anaerobic with nitrate 2
butyrate (1 mM) + potassium
nitrate (2 mM)
10 Activated sludge (Kraftisried) 1 Ammonia (3 mM) + sodium Sodium [2-*C]butyrate 10 Anaerobic 2

butyrate (1 mM)

“ All experiments were performed at room temperature at pH 7 to 7.5 when substrates were added.

> The concentrations in parentheses are the absolute amounts added.

¢ Two parallel incubations were performed in order to differentiate between chemically and biologically induced P removal by using different washing procedures (see

Materials and Methods).

4’ ,6-diamidino-2-phenylindole (DAPT) by resuspension of the pellet in 1 ml of a
DAPI solution (50 pg/ml in PBS) and incubation for 5 min. Excess DAPI was
removed by a subsequent PBS washing step.

Homogenization of activated sludge flocs. Fixed, PBS-washed, radioactive,
pure cultures and activated sludge pellets were resuspended in 5 ml of PBS,
homogenized with a tissue grinder (Thomas Scientific, Swedesbro, N.J.) for 2
min, and then used for liquid scintillation analysis. For in situ hybridization,
aliquots of the homogenized sample material were spotted onto poly-L-lysine
(Sigma)-coated slides or coverslips, dried at 46°C, and dehydrated in an ethanol
series (50, 80, and 96% ethanol, 3 min each).

Liquid scintillation counting. Liquid scintillation counting of homogenized
sample materials and pooled wash solutions was performed in all experiments. A
2-ml portion of a wash solution or dispersed sample material was added to 2 ml
of scintillation liquid (Ultima Gold XR; Packard Instrument Co., Meriden,
Conn.). After thorough mixing, the sample was allowed to react for at least 3 h
at room temperature prior to counting with a Packard model 1600 TR liquid
scintillation analyzer as recommended by the manufacturer.

Cryosectioning. For cryosectioning, nonhomogenized, fixed, and PBS-washed
radioactive activated sludge pellets were resuspended in 500 pl of Tissue-Tek
(Microm, Walldorf, Germany) and frozen at —20°C for 1 h. Sections that were
5 to 10 wm thick were cut with a cryomicrotome (model MIKROM HMS500;
Microm), transferred onto poly-L-lysine-coated coverslips, and dehydrated in an
ethanol series (50, 80, and 96% ethanol, 3 min each).

Oligonucleotide probes. The following rRNA-targeting oligonucleotide probes
were used for FISH: (i) EUB 338 (5'-GCTGCCTCCCGTAGGAGT-3"), which
is complementary to a conserved region of most bacterial 16S rRNA molecules
(1); (ii) NEU (5'-CCCCTCTGCTGCACTCTA-3"), which is complementary to a
signature region of the 16S rRNA of most halophilic and halotolerant ammonia
oxidizers belonging to the beta subclass of the Proteobacteria (54); (iii) CTE
(5'-TTCCATCCCCCTCTGCCG-3"), which was used as an unlabeled competi-
tor oligonucleotide probe to ensure specific hybridization of probe NEU (54);
and (iv) BET42a (5'-GCCTTCCCACTTCGTTT-3") and GAM42a (5'-GCCTT
CCCACATCGTTT-3"), which target 23S rRNA regions conserved in members
of the beta and gamma subclasses of the Proteobacteria, respectively (32). Oli-
gonucleotides labeled with 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester
(FLUOS) or with the monofunctional, hydrophilic, sulfoindocyanine dyes Cy3
and Cy5 were purchased from Interactiva, Ulm, Germany.

DAPI staining and in situ hybridization. In situ hybridization of the samples
was performed as described previously (32). Briefly, 9 wl of hybridization solu-
tion containing 50 ng of probe (FLUOS-labeled probes) or 30 ng of probe (Cy3-
and Cy5-labeled probes) was applied to a sample immobilized on a slide or cov-
erslip and incubated for 90 min at 46°C in an isotonically equilibrated humid
chamber. The probes were removed from the slides or coverslips with 2 ml of
washing solution and were immediately immersed in 50 ml of prewarmed (48°C)
washing solution and incubated for 15 min. The slides and coverslips were rinsed
briefly with ice-cold distilled water and dried with pressurized air. After in situ

hybridization, the cells were stained with DAPIT (0.33 wg/ml in H,O) for 5 min.
The excess DAPI was removed by rinsing the slides or coverslips with ice-cold
double-distilled H,O.

Autoradiographic procedure and combination with in situ hybridization. An
autoradiographic procedure in which autoradiographic emulsion LM-1 (Amer-
sham International) was used was performed as described by Andreasen and
Nielsen (3). The optimum exposure time for the samples was between 3 and 7
days. Kodak D19 developer was used as the developer (2 min), and after each
preparation was washed in demineralized water for 1 min, it was fixed in 30%
(wt/vol) thiosulfate for 4 min. The slides and/or coverslips were washed for 10
min in gently running tap water and then were washed twice (2 min each) in
demineralized water. The slides and coverslips were allowed to air dry. Appli-
cation of the in situ hybridization protocol before and after the autoradiographic
procedure was tested. A summary of the method used is presented as flow
scheme in Fig. 1.

Incubation of original sample
and negative controls
with radioactive-labeled substrates

Washing procedure

‘_H

Cryosectioning or Mechanical homogenization.
Transfer of sample material to cover slips.

FISH

DAPI

L

| Microautoradiographic developing procedure ‘

| CLSM and digital image analysis ‘

FIG. 1. Flow scheme showing the method which allowed direct combination
of FISH and microautoradiography. CLSM, confocal laser scanning microscopy.
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Uptake of [*H]glucose byE. coli and H. aurantiacus
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FIG. 2. Radiometry and microautoradiography combined with FISH performed with pure cultures of E. coli and H. aurantiacus. (A) Liquid scintillation counts for
viable and pasteurized E. coli and H. aurantiacus cells after incubation with [*H]glucose for 3 h. For H. aurantiacus [*H]glucose uptake was also determined after 24 h.
ND, not determined. (B through E) Confocal laser scanning microscopic images of artificial mixtures of E. coli and H. aurantiacus incubated with [*H]glucose and
analyzed by a combination of microautoradiography and FISH by using Cy3-labeled probe GAM42a (red) and Cy5-labeled probe EUB338 (colored green by image
analysis). (B) Microautoradiographic image of E. coli and H. aurantiacus after 3 h of incubation with [*H]glucose. (C) Whole-cell hybridization of the microscopic field
in panel B. E. coli cells appear yellow because of the overlapping labels. (D) Microautoradiographic image of E. coli and H. aurantiacus after 3 h (E. coli) and 24 h
(H. aurantiacus) of incubation with [*H]glucose. (E) Whole-cell hybridization of the microscopic field in panel D. (F and G) Confocal laser scanning microscopic images
of an artificial mixture of pasteurized E. coli and H. aurantiacus cells incubated with [*H]glucose for 3 h and analyzed by a combination of microautoradiography (F)
and DAPI staining (G). Since no silver grain formation was observed in the pasteurized control sample, cell morphologies were determined by using the transmission
mode of the confocal laser scanning microscope.

Microscopy. A model LSM 510 scanning confocal microscope (Carl Zeiss, RESULTS AND DISCUSSION
Oberkochen, Germany) equipped with a UV laser (351 and 364 nm), an Ar ion . . . .
laser (450 to 514 nm), and two HeNe lasers (543 and 633 nm) was used to record Combination of microautoradiography and FISH: method
optical sections. The formation of silver grains in the autoradiographic film development and evaluation of pure cultures. Separate cul-
covering a sample was observed by using the transmission mode of the instru- tures of E. coli and H. aurantiacus, a nonphotosynthetic mem-

ment. Tmage processing was performed with the standard software package o of the green nonsulfur bacteria, were incubated acrobically
delivered with the instrument (version 1.6). Reconstructed and processed images >

. . 3
were printed by using the software package Microsoft Power Point (version 7.0; with a leture' of uplabeled glucose; a'n'd [ H]gll{cose (Table 1)'
Microsoft, Redmond, Wash.) and a Kodak model 8650 PS printer. Uptake of radioactive glucose was initially monitored after ho-
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A. B.
Light/
fluorescence Sample
microscopy -
. . |
Immersion oil 7‘ - T‘VW Wt & \ Cover slip
L Tmmersion oil
|
CLSM |
Cover slip / Sample i
J |
/ — 74
Slide

¢ = Citifluor
Compostion of sample

Silver grain

Microautoradiographic film

" Radioactive cell, labeled with gene probe
7+ Radioactive cell, not labeled with gene probe
»  Non-radioactive cell, labeled with gene probe

Non-radioactive cell, not labeled with gene probe

FIG. 3. Schematic comparison of conventional microscopic analysis (A) and the inverse confocal laser scanning microscopic observation technique (B) for viewing
samples analyzed by microautoradiography and FISH. During conventional analysis a processed sample is viewed through a coverslip placed on top of the microauto-
radiographic film, while our new technique allows analysis of a sample through a coverslip located below the processed sample. CLSM, confocal laser scanning

microscope.

mogenization by liquid scintillation counting. After 3 h of in-
cubation the E. coli and H. aurantiacus cells contained 15.2 and
1.1% of the added radioactively labeled glucose, respectively
(Fig. 2A). After 24 h of incubation, a significant increase in
glucose uptake by H. aurantiacus (7.9%) (Fig. 2A) was ob-
served. Differences in growth rate, glucose uptake kinetics, and
glucose degradation kinetics between E. coli and H. aurantia-
cus might have contributed to the differences detected in the
amounts of radioactive glucose per gram of biomass of the two
species. It should be noted that liquid scintillation counting
underestimates the actual amount of glucose taken up since a
fraction of the radioactive label is excreted as *H,O due to
metabolic glucose transformations. In control experiments per-
formed with pasteurized E. coli and H. aurantiacus cells, only
traces of radioactively labeled glucose were detected (E. coli,
0.1%; H. aurantiacus, 0.7%) (Fig. 2A), which demonstrated
that there was no adsorption.

In order to develop a protocol for combining FISH per-
formed with rRNA-targeted oligonucleotide probes and mi-
croautoradiography, artificial mixtures of E. coli and H. auran-
tiacus were prepared on poly-L-lysine-coated slides by applying
homogenized subsamples of the cell pellets used for scintilla-
tion counting (see above). Two types of FISH-microautora-
diography combinations were tested; cells were hybridized with
fluorescently labeled oligonucleotide probes either prior to or
after the microautoradiographic developing step. Both combi-
nations allowed simultaneous in situ detection of DAPI signals,
probe-conferred fluorescence, and silver grain formation (me-
diated by the presence of radioactive compounds within the
fixed cells) at a single-cell level. However, detachment of bio-
mass and autoradiographic film was frequently observed if
FISH and DAPI staining were performed after the developing
procedure. In addition, the cellular signal intensities obtained
by FISH were significantly higher if the FISH procedure was
performed prior to the developing protocol (data not shown).
The low signal intensities obtained by FISH after the develop-
ing step might be explained by hampered probe penetration
through the microautoradiographic film. Even though im-
proved results were obtained if FISH and DAPI staining were
performed prior to the developing procedure, the DAPI and
probe-conferred signals of radioactively labeled cells were still
masked by the overlying silver grains within the autoradio-
graphic film. To solve this problem, the microscopic observa-
tion technique described by Fuhrmann and Azam (15) was

modified by spreading radioactively labeled cells onto poly-L-
lysine-coated coverslips (instead of slides). After FISH (and
DAPI staining) and the autoradiographic development proce-
dure were performed, fluorescently labeled microorganisms
and silver grains could be simultaneously observed at a high res-
olution by inverse confocal laser scanning microscopy. In con-
trast to conventional microscopic observation (Fig. 3A), in-
verse microscopic analysis of the processed sample materials
on coverslips (Fig. 3B) also avoided detachment or disruption
of the autoradiographic film by movement of the objective,
thereby improving the assignment of silver grains to individual
microbial cells. In the artificial mixture containing E. coli and
H. aurantiacus, most cells labeled by [*H]glucose after 3 h of
incubation were identified as E. coli cells by simultaneous hy-
bridization with probes EUB338-Cy5 and GAM42a-Cy3 (Fig.
2B and C). Consistent with the results obtained by scintil-
lation counting, [*H]glucose uptake could also be visualized
with the majority of filamentous Herpetosiphon cells after 24 h
of incubation (Fig. 2D and E), demonstrating the importance
of a timed series of measurements to determine substrate up-
take kinetics. No silver grain-coated microorganisms were ob-
served in the sample without added [*H]glucose and in the
pasteurized control sample (Fig. 2F and G), which showed that
chemographic and nonspecific adsorption did not occur.

Combination of microautoradiography and FISH: use with
complex microbial communities. After we developed the proto-
col for combining FISH and microautoradiography, this tech-
nique was used to document in situ substrate uptake in several
probe-defined microbial populations within different complex
activated sludge microbial consortia by using different types of
radioactively labeled substrates.

[**C]bicarbonate. Comparative experiments were performed
by using ['*C]bicarbonate and probe NEU targeting halophilic
and halotolerant members of the beta subclass ammonia oxi-
dizers (54) with activated sludge with high nitrifying activity
(Kraftisried, October 1997; more than 80% N removal) and
low nitrifying activity (Kraftisried, March 1998; approximately
10% N removal). Experimental details are given in Table 1
(experiments 2 and 3). After FISH and autoradiographic de-
velopment, most silver grains accumulated close to clusters of
ammonia oxidizers detectable with probe NEU in the homog-
enized sample obtained in October 1997 (Fig. 4A and B), re-
flecting the autotrophic activity of the ammonia oxidizers.
While all of the NEU-positive cell clusters were labeled with
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FIG. 4. Combination of microautoradiography and FISH for studying complex microbial communities in activated sludge. Since for all substrates only single time
point incorporation measurements were obtained, nonradioactively labeled cells have to be viewed with some caution. (A) Microautoradiographic image of mechan-
ically homogenized nitrifying activated sludge from the Kraftisried plant incubated with ['“C]bicarbonate under aerobic conditions. (B) In situ hybridization of the
microscopic field in panel A with Cy3-labeled probe NEU (red). (I) Liquid scintillation counts for native and pasteurized activated sludge samples from the Kraftisried
plant with high nitrifying activity (left) and low nitrifying activity (right). The nitrifying activities of the sludge samples corresponded to the amounts of detectable
radioactivity after incubation with ['*C]bicarbonate. (C) Microautoradiographic image of mechanically homogenized activated sludge from the Malmé plant incubated
with 3P, under anaerobic-aerobic conditions. (D) In situ hybridization of the microscopic field panel in C with Cy3-labeled probe GAM42a (colored white by image
analysis) and Cy5-labeled probe BET42a (colored green by image analysis). In contrast to the filamentous bacterium belonging to the gamma subclass of the
Proteobacteria, various floc-forming and filamentous bacteria belonging to the beta subclass of the Proteobacteria were able to take up P;. (IT) Liquid scintillation counts
for native and pasteurized activated sludge samples from the Malmé plant. The effectiveness of the additional pH 2 wash step is reflected in the lower amount of 3*P;
detected in the pasteurized control sample. (E) Microautoradiographic image of mechanically homogenized nitrifying activated sludge from the Kraftisried plant
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radioactive bicarbonate, DAPI-positive cell clusters that were
labeled with radioactive bicarbonate but were not stained with
probe NEU were also detected (data not shown). These clus-
ters most likely represented additional autotrophic nitrifying
bacteria (e.g., ammonia oxidizers which were not detectable
with probe NEU, as well as nitrite-oxidizing bacteria belonging
to the genus Nitrospira [25]). In the sample obtained in March
1998, which displayed low nitrifying activity, very few NEU-
positive and/or radioactively labeled cells were visualized. In
pasteurized controls for both samples no uptake of radioactive-
ly labeled bicarbonate was observed. These results were con-
firmed by liquid scintillation counting of subsamples in both
experiments (Fig. 41).

33P.. Phosphate removal from wastewater is a key feature of
modern sewage treatment plants. Traditionally, this removal
was achieved by chemical phosphate precipitation with metal
salts. Over the last few decades chemical phosphate precip-
itation has been replaced or supplemented by the so-called
enhanced biological phosphorus removal (EBPR) process in
many sewage treatment plants (24). Despite the importance of
the EBPR process, the microorganism(s) responsible for it has
still not been identified (49, 51). Here we investigated the
possibility of identifying phosphorus-accumulating microor-
ganisms in situ by a combination of FISH and microautora-
diography. Activated sludge obtained from the nutrient re-
moval plant at Malmo was analyzed by anaerobic-aerobic
incubation with **P; (Table 1, experiment 4) and subsequent in
situ hybridization with probes BET42a and GAM42a which are
specific for the members of the beta and gamma subclasses of
the Proteobacteria, respectively. When these procedures were
used, sludge flocs labeled with radioactive phosphate were also
detected in the pasteurized negative control, indicating that
chemical phosphate precipitation occurred (data not shown).
Consequently, an additional wash step performed at pH 2 was
included to remove chemically bound phosphorus prior to
FISH and the autoradiographic development procedure. Fol-
lowing application of the modified protocol, radioactive phos-
phate was no longer microscopically detected in the pasteur-
ized control sludge. The influence of the pH of the wash buffers
on the amount and nature of the radioactive phosphate de-
tected in the activated sludge was also demonstrated by the
results of the liquid scintillation counting procedure. While
significant relative amounts of radioactive phosphate (6.9%)
were detected in the pasteurized control after the standard pH
7 washing procedure, negligible relative amounts of radioactive
phosphate (0.2%) remained after the pH 2 washing step (Fig.
41I). These results demonstrate that proper negative control
reactions are important to differentiate between chemical ad-
sorption and biological uptake of the labeled substrate. Once
chemical adsorption has been observed for a specific substrate,
adequate additional washing procedures must be used in the
protocol.

In the homogenized unpasteurized sludge, several morpho-
types belonging to the beta subclass of the Proteobacteria la-
beled with radioactive phosphate were detected, while no rep-
resentatives of the gamma subclass of the Proteobacteria were
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found to contain radioactive phosphate (Fig. 4C and D). These
preliminary findings confirmed the results of previous molec-
ular studies which indicated that members of the beta subclass
of the Proteobacteria (as well as gram-positive bacteria with a
high DNA G+C content) are more important than Acineto-
bacter spp. and other members of the gamma subclass of the
Proteobacteria in the EPBR process (5, 51). We are currently
intensifying the search for the phosphorus-accumulating or-
ganism(s) by (i) establishing phylogenetic 16S rRNA-based
inventories of microbial communities involved in EBPR, (ii)
designing a probe set for the bacteria, and (iii) combining
FISH performed with these probes and microautoradiography,
using *°P; as the substrate.

14C-labeled fatty acids. Activated sludge obtained from the
Kraftisried plant in October 1997 was incubated with '*C-
labeled acetate and '*C-labeled butyrate. These two fatty acids
were selected because they comprise a main fraction of the
organic load of the influent wastewater of the Kraftisried plant.
Uptake of both fatty acids under aerobic incubation conditions
and anaerobic incubation conditions (with and without nitrate)
was studied in order to determine the ability of the combined
technique to monitor differences in the uptake of substrates by
the microbial consortium under different metabolic conditions.
Experimental details are given in Table 1 (experiments 5 to 10).
Subsequent in situ hybridization was performed with probes
NEU and BET42a, which are specific for halophilic and
halotolerant beta subclass ammonia oxidizers and members of
the beta subclass of the Proteobacteria, respectively. Ammonia
oxidizers stained during in situ hybridization with probe NEU
failed to take up acetate or butyrate under the different con-
ditions (Fig. 4E and F), suggesting that they were not able to
grow mixotrophically. After aerobic incubation with radioac-
tively labeled acetate or butyrate, most sludge flocs, which were
composed mainly of members of the beta subclass of the Pro-
teobacteria, were heavily coated with silver grains (Fig. 4E and
F), while under anaerobic conditions only insignificant uptake
of these fatty acids, comparable to the uptake observed in
pasteurized control samples, was detected. Interestingly, under
denitrifying conditions (anaerobic conditions with nitrate) the
microbial activated sludge population took up significantly
more butyrate than acetate (data not shown). The substrate
uptake patterns of the activated sludge under different condi-
tions observed microscopically were confirmed by parallel lig-
uid scintillation counting of subsamples (Fig. 41II).

As observed in the ['*C]bicarbonate and **P; experiments
(Fig. 4A and C), insufficient dispersion of cell aggregates and
activated sludge flocs by the homogenization procedure ham-
pered single-cell resolution by microautoradiography (Fig.
4E). To improve the spatial resolution, we replaced the ho-
mogenization step in the protocol by using cryosections (thick-
ness, 5 to 10 wm) of the radioactively labeled activated sludge
flocs for in situ hybridization and subsequent autoradiographic
development. This modification allowed us to correlate silver
grain formation with individual probe-stained microbial cells,
even within voluminous sludge flocs (Fig. 4G, H, and J). How-
ever, it should be noted that the native architecture of the

incubated with ['*CJacetate under aerobic conditions. (F) In situ hybridization of the microscopic field in panel F with Cy3-labeled probe NEU (red) and Cy5-labeled
probe BET42a (colored green by image analysis). Ammonia oxidizers belonging to the beta subclass of the Proteobacteria which appear yellow due to the overlap of
labels did not take up radioactively labeled acetate. (G) Microautoradiographic image of cryosectioned nitrifying activated sludge from the Kraftisried plant incubated
with ['*Clacetate under aerobic conditions. (H) In situ hybridization of the microscopic field in panel G with FLUOS-labeled probe BET42a (green). The circles
indicate the localization of members of the beta subclass of the Proteobacteria which did not take up radioactively labeled acetate. To demonstrate that the spatial
resolution of the silver grains was significantly enhanced compared to the spatial resolution of the mechanically homogenized sample (E), two magnified sections
(indicated by squares in panels G and H) are shown in panel J. (III) Liquid scintillation counts for native and pasteurized activated sludge samples from the Kraftisried
plant incubated under aerobic conditions and anaerobic conditions (with and without nitrate) with ["*Clacetate and [**C]butyrate. ND, not determined.
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sludge flocs might still have been disrupted to some extent by
sample handling (e.g., fixation, centrifugation, and resuspen-
sion) prior to the cryosectioning step.

Conclusions. Over the last decade molecular methods have
revealed new and fascinating insights into the microbial di-
versity present in environmental samples (22, 31, 43, 56).
Probe-based techniques have also allowed detailed quantita-
tive studies of environmental microbial community structures
and dynamics to be performed (1, 38, 39, 53). Probe-based tech-
niques have also allowed detailed quantitative studies of envi-
ronmental microbial community structures and dynamics to be
performed (1, 38, 39, 50, 51). While they have provided im-
portant information, such studies have failed to reveal the
functions of the microorganisms within their ecological niches.
The combination of FISH and microautoradiography de-
scribed in this paper allowed us to directly analyze the in vivo
uptake of substrates by probe-identified microorganisms under
different environmental conditions. While microautoradiogra-
phy does not provide quantitative data, the information ob-
tained from experiments which combined the two techniques
should help identify key functional microbial groups that are
active in the environment. The possible applications range
from fundamental studies in microbial ecology to identifying
bacteria involved in biotechnological processes, such as sewage
treatment and bioremediation. In addition, information con-
cerning the in vivo physiology of novel bacteria taxa identified
by molecular techniques should facilitate the design of appro-
priate isolation techniques for many of these hitherto uncul-
tured microorganisms.
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