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Fluorescent oligonucleotide hybridization probes were used to label bacterial cells for analysis by flow
cytometry. The probes, complementary to short sequence elements within the 16S rRNA common to
phylogenetically coherent assemblages of microorganisms, were labeled with tetramethylrhodamine and
hybridized to suspensions of fixed cells. Flow cytometry was used to resolve individual target and nontarget
bacteria (1 to 5 pum) via probe-conferred fluorescence. Target cells were quantified in an excess of nontarget
cells. The intensity of fluorescence was increased additively by the combined use of two or three fluorescent
probes complementary to different regions of the same 16S rRNA.

Assessments of diversity, abundance, and activity of
water column microorganisms are fundamental to studies in
aquatic microbiology. Yet, most past measurements have
been compromised by methodology, principally the require-
ment for pure-culture isolation and the use of subjective
criteria for classification. Recent studies in molecular evolution
and molecular phylogeny have provided new perspectives
and new tools for studies in environmental microbiology.
Most notably, the comparative sequencing of homologous
biopolymers has served to reveal phylogenetic relationships
among microorganisms. Extensive sequencing of the ribo-
somal RNAs (5S and 16S- and 23S-like rRNAs) has been
particularly informative. Sequence divergence among these
individual rRNAs has defined the outline of a natural classi-
fication of microorganisms (28). These data can also be used
to design hybridization probes for determinative studies in
microbiology.

The 16S-like rRNA has been the common target for
determinative hybridization probes (1, 25). By using selected
regions within the larger rRNA molecules (16S- and 23S-like
rRNAs) as hybridization targets for synthetic oligonucleo-
tides, probe specificity can generally be freely adjusted.
Microbial species or subspecies can be distinguished by
oligonucleotides complementary to the most variable regions
of the molecule (25). By targeting regions of increasing
conservation, probes can be made to encompass specific
genera or higher taxons (e.g., the three kingdoms: archae-
bacteria, eucaryotes, and eubacteria) (29). Finally, some
regions of the rRNAs have remained essentially unchanged
in all sequenced species; these can be used as targets for
universal probes. Universal probes have been used to mea-
sure total rRNA abundance in the environment and to assess
differences in cellular rRNA content (1, 25).

A single Escherichia coli cell has between 10* and 10°
ribosomes and, consequently, as many copies of 5S and 16S-
and 23S-like rRNAs (15). Thus, the rRNA is a naturally
amplified target for hybridization probes. Giovannoni and
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co-workers first demonstrated that because of the high copy
number, individual cells can be identified by using singly
radiolabeled oligonucleotides (10). More recently, fluores-
cent dye-labeled probes have been used for the direct
microscopic identification of single cells; the term *‘phylo-
genetic stain’’ was coined to describe the unique character of
these probes (1, 8). Although fluorescent antibodies have
been applied to the identification of single cells in the
environment, their specificity is generally restricted to the
species or subspecies level (3, 5, 16, 26) and their develop-
ment requires previous isolation of the target organism. In
contrast, the potential specificity of rRNA-targeted fluores-
cent probes spans the entire phylogenetic spectrum. Fur-
thermore, based on the extensive 16S rRNA sequence data
base, probes can be designed for organisms which have not
yet been brought into culture (19).

Flow cytometry is a well-established method for measur-
ing selected physical and chemical characteristics of individ-
ual cells. Multiple parameters (e.g., forward and 90° light
scatter and fluorescence emission at wavelengths of interest)
can be determined individually for a large number of cells in
a short time (up to several thousand cells per second). In the
last 5 years flow cytometers have been applied to ecological
studies, especially to measure the distribution and abun-
dance of marine picoplankton (6, 14, 18, 20, 23).

Currently, most applications of flow cytometry to environ-
mental samples make use of various morphological and
physiological characteristics of the cells (e.g., size and
pigment content of photosynthetic organisms) (20). These
criteria generally are not sufficient for identification at the
genus or species level. Staining with DNA-specific fluoro-
chromes offers information about numbers of bacterial cells
but not about their identity. The combined use of dyes that
bind preferentially to G-C or A-T base pairs has been used to
distinguish organisms of different G+C content (C. A. Sand-
ers, D. M. Yajko, W. Hyun, R. G. Langlois, P. S. Nassos,
M. J. Fulwyler, and W. K. Hadley, Abstr. Annu. Meet. Am.
Soc. Microbiol. 1989, R-1, p. 280) but offers limited insight
into community composition: organisms with identical per-
cents G+C are not necessarily related phylogenetically.
Although flow cytometric detection of rRNA in fixed eucary-
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eubacterial

probe 3/ -TGAGGATGCCCTCCGTCG-5*
target 5’ -ACUCCUACGGGAGGCAGC-3"
E.colix* UCCAGACUCCUACGGGAGGCAGCAGUG
D.gigas* UCCAGACUCCUACGGGAGGCAGCARUG
D.hydrogen* UCCAGACUCCUACGGGAGGCAGCAGUG
Dsv.desulf UCCAGACUCCUACGGGAGGCAGCAGUG
Dssar.var UCCAGACUCCUACGGGAGGCAGCAGUG
Myx.xant UCCAGACUCCUACGGGAGGCAGCAGUG
Agr.tume CCCAAACUCCUACGGGAGGCAGCAGUG
Flav.fer GCNNGACUCCUACGGGAGGCAGCAGUA
B.subtil CCCAGACUCCUACGGGAGGCAGCAGUA
Mc.van CCCCAGGCCCUACGGGGCGCAGCAGGC

D.discoideum CUACCACUUCUACGGAAGGCAGCAGGC

SRB

probe 3’ ~GGACTGCGTCGCTGCGGC-5"
target 5’ -CCUGACGCAGCGACGCCG-3"
E.coli* GCAAGCCUGAUGCAGCCAUGCCGCGUG
D.gigas* GAAAGCCUgACGCAGCGACGCCGCGUG
D.hydrogen* GCAACCCUGACGCAGCAACGCCGCGUG
Dsv.desulf GAAAGCCUGACGCAGCGACGCCGCGUG
Dssar.var GAAAGCCUGACGCAGCAACGCCGCGUG
Myx.xant GAAAGCCUGACGCAGCAACGCCGCGUG
Agr.tume GCAAGCCUGAUCCAGCCAUGCCGCGUG
Flav.fer GAAAGUCUGAACCAGCCAUGCCGNGUG
B.subtil GAAAGUCUGACGGAGCAACGCCGCGUG
Mc.van GAAAGUGCGACGGGGGGACCCCAAGUG

D.discoideum ~AUACGGGGAAGUAGUGACAAUAAAU-
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eukaryotic

probe 3’ -CCTCCCGTTCAGACCA-5'
target 5’ ~-GGAGGGCAAGUCUGGU-3"
E.coli* -AAGCACCGGCUAACUCC-GUGCCA
D.gigas* ~-AAGCACCGGCUAACUCC-GUGCCA
D.hydrogen* -AAGCGCCGGCNAACUCN=GUGCCA
Dsv.desulf ~-AAGCACCGGCUAACUCC-GNGCCA
Dssar.var -AAGCACCGGCUAACUCC~GUGCCA
Myx.xant -AAGCACCGGCUAACUCU~GUGCCA
Agr.tume -AAGCCCCGGCUAACUUC~GUGCCA
Flav.fer ~AAGCACCGGCUAACUCC-GUGCCA
B.subtil -AAGCCACGGCUAACUAC-GUGCCA
Mc.van ~-AAGGGCUGGGCAAGUUCGGUGCCA

D.discoideum CAAUUGNAGGGCAAGUCUGGUGCCA

Desulfobacter

probe 3’ -ARACCCCTACTCARACGCMT-5'
target 5’ ~UUUGGGGAUGAGUYUGCGKA-3'
E.colix* ----GCCAUCGGAUGUGCCCAGAUGGGAU
D.gigas* ~=--ACAAUGAGAUGAGUCCGCGUCUCAU

=---GUUUGGGGAUGAGUCUGCGGACCAU
-ACGUAAGGAUGAGUCCGCGUCCCAU

D.hydrogen*
Dsv.desulf

Dssar.var ~GUUUGAAGAUGGGCCCGCGUACCAU
Myx.xant ~ACRUUCAGAUGAGUCCGCGGCCCAU
Agr.tume ----GGGGUAUGAUGAGCCCGCGUUGGAU
Flav.fer -=---GCUAGAAGACGGGUGUGCGGCUGAU
B.subtil ~-=-ACUUACAGAUGGACCCGCGGCGCAU
Mc.van = ====e CCCGAGGAUAGGACUGCGCUCGAU

D.discoideum  -----. AAGUCUACUGUGUCACUGCCCUAU

FIG. 1. 16S rRNA sequence alignments showing target regions of probes. An asterisk (*) marks the sequences of the three species used
in this study. The 16S rRNAs compared in these alignments are of the following organisms: E. coli*, E. coli (4); D. gigas*, Desulfovibrio gigas
9); D. hydrogen*, Desulfobacter hydrogenophilus (9); Dsv. desulf, Desulfovibrio desulfuricans (21); Dssar. var, Desulfosarcina variabilis (9);
Myx. xant, Myxococcus xanthus (21); Agr. tume, Agrobacterium tumefaciens (30); Flav. fer, Flavobacterium ferrugineum (27); B. subtil,
Bacillus subtilis (11); Mc. van, Methanococcus vannielii (13); and D. discoideum, Dictyostelium discoideum (17). Mismatched pairings and

deletions are shaded.

otic cells has been demonstrated by using biotin-labeled
transcription products as probes (2), long probes encompass
conserved tracts of sequence and therefore lack the speci-
ficity offered by short oligonucleotide probes. Here we
document the use of flow cytometry to quantify defined
mixtures of bacteria hybridized with 16S-like rRNA-targeted
fluorescent oligonucleotide probes. Although the limits of
cell size and ribosome content have not yet been evaluated,
this approach could extend the use of flow cytometry to
direct detection and identification of virtually any microor-
ganism in the aquatic environment.

MATERIALS AND METHODS

Design of oligodeoxynucleotide probes. A data base of
about 250 complete and partial 16S rRNA sequences was
used to identify probe targets of appropriate specificity. The
following oligonucleotides were used (all numberings list the
corresponding positions in the E. coli 16S rRNA): (i) eubac-
terial (5'-GCTGCCTCCCGTAGGAGT-3’), specific for all
eubacteria (positions 338 to 355); (ii) sulfate-reducing bacte-
ria (SRB) (5'-CGGCGTCGCTGCGTCAGG-3'), inclusive for
most species of the 3-group of purple bacteria (positions 385
to 402); (iii) desulfobacter [5'-T(C/A)CGCA(G/A)ACTCAT
CCCCAAA-3'], specific for the genus Desulfobacter (posi-
tions 220 to 239); (iv) eucaryotic (5'-ACCAGACTTGCCC
TCC-3'), specific for eucaryotes (positions 502 to 516).
Figure 1 shows sequence alignments of the 16S rRNA of
several microbial species in the target region for these
probes.

Source and growth of strains. Three species of eubacteria
of known 16S rRNA sequence were used: E. coli TB1
(Bethesda Research Laboratories, Inc., Gaithersburg, Md.),
Desulfovibrio gigas (ATCC 19364), and Desulfobacter hy-
drogenophilus (DSM 3380). Growth temperatures and media
for the different organisms were: E. coli at 37°C in aerobic
TY medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl

[pH 7.2]), D. gigas at 30°C in anaerobic freshwater-lactate
medium (7), and D. hydrogenophilus in anaerobic saltwater-
acetate medium (7). The cells were grown to the late
logarithmic phase and harvested by centrifugation in an
Eppendorf microcentrifuge (12,000 rpm, 2 min, 4°C). The
growth medium was decanted, and the cells were suspended
by thorough vortexing in cold phosphate-buffered saline
(PBS) solution (130 mM sodium chloride, 10 mM sodium
phosphate buffer [pH 7.2]).

Cell fixation and storage. The cells were fixed with fresh
(not older than 24 h), cold paraformaldehyde solution (4% in
PBS). One volume of cell suspension was mixed with 3
volumes of fixative, and the mixture was incubated at 4°C for
16 h. The cells were pelleted by centrifugation (Eppendorf
microcentrifuge; 12,000 rpm, 2 min, 4°C), washed with PBS
solution to remove residual fixative, pelleted again, and
resuspended at a concentration of 10% to 10° cells per ml in
PBS solution. One volume of fixed cell suspension was
added to 1 volume of cold absolute ethanol (10), and the
mixture was stored at —20°C for up to 2 weeks without
apparent influence on the hybridization.

Direct counting of cells. The concentration of cells in the
fixed suspensions was determined by direct counting of
4',6’'-diamidino-2-phenylindole-stained cells on membrane
filters (12, 22). Samples of the fixed-cell suspension were
diluted to 1 ml in 0.2-pm-pore-size-filtered water and stained
for 10 min in a filter tower by addition of 10 pl of a 1-mg/ml
stock solution of 4’,6’-diamidino-2-phenylindole. Cells were
concentrated onto a 0.2-pm-pore-size membrane filter (25-
mm diameter; Poretics Corp., Livermore, Calif.) by applying
a slight vacuum. After washing with 1 ml of 0.2-pum-pore-
size-filtered water, the filters were mounted in oil and
observed immediately by epifluorescence microscopy.

Synthesis and purification of fluorescent oligodeoxynucle-
otides. The oligodeoxynucleotides were synthesized with
one primary amino group at the 5’ end (Aminolink 2; Applied
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FIG. 2. Whole-cell hybridization with tetramethylrhodamine-labeled probes. All hybridizations were performed at 45°C for 1 h followed
by a 30-min washing step at 48°C. Phase-contrast (left) and epifluorescence (right) photomicrographs are shown for each field. (A and B)
D. gigas (vibrios) and E. coli (rods) hybridized with the eubacterial probe. (C and D) D. gigas and E. coli hybridized with the SRB probe.

Biosystems, Foster City, Calif.). Tetramethylrhodamine iso-
thiocyanate (Research Organics, Cleveland, Ohio) was co-
valently bound to the amino group as earlier described (1).
The dye-oligonucleotide conjugate (1:1) was purified from
unreacted components (1) and stored at —20°C in double-
distilled water at a concentration of 50 ng/ul.

Hybridization of fixed cells with fluorescent probes. The
purity and quality (intact morphology and high rRNA con-
tent) of the fixed cells as well as the quality of the probe were
evaluated by hybridization of cells bound to gelatine-coated
slides. Small portions (1 to 3 ul) of the cell suspension in
ethanol-PBS were spread on gelatin-coated slides and al-
lowed to air dry. After dehydration in 50, 80, and 100%
ethanol (2 min each), the cells were hybridized at 45°C with
probes as previously described (1). Following hybridization,
the slides were washed for 30 min at 48°C in 0.9 M sodium
chloride-0.1% sodium dodecyl sulfate-20 mM Tris hydro-
chloride (pH 7.2). The cells were observed with an Olympus
BH2 microscope (Olympus Optical Co., Tokyo, Japan) fitted
for epifluorescence with a high-pressure mercury bulb and

filter set no. BL 0892 and documented by photography as
previously described (1). '

Hybridization for flow cytometric analysis was modified
as follows: 1 to 7 pl of fixed-cell suspension was transferred
to a prewarmed (45°C) 1.6-ml Eppendorf tube and mixed
with 50 ul of prewarmed hybridization buffer (0.9 M sodium
chloride, 0.1% sodium dodecyl sulfate, 100 pg of polyade-
nylic acid per ml, 20 mM Tris hydrochloride [pH 7.2]). After
adding 200 ng of tetramethylrhodamine-labeled oligodeoxy-
nucleotide probe, the tube was immediately transferred to a
45°C incubator. After 1 h, the hybridization was stopped by
adding 1 ml of 0.2-pm-pore-size-filtered double-distilled wa-
ter and the resulting suspension was immediately used.

Flow cytometric analysis. Analyses were performed on a
flow cytometer (model Epics-V; Coulter Electronics, Inc.,
Hialeah, Fla.) equipped with a Biosense flow cell and a 6-W
argon ion laser. The laser was tuned for 515-nm emission
(500 mW) and focused with a 38-mm spherical quartz lens
(spot size, approximately 20-pm diameter). Fluorescence
was measured as light passing a 585-nm band pass interfer-
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ence filter (45 nm at full band width at half maximum
transmission) and a 530-nm-long pass absorbance filter.
Signals were amplified with 3 decade log amps and collected
at a rate of approximately 10° signals per s; histograms
shown represent a total of 30,000 to 60,000 events each.
Fluorescence data were normalized to calibration beads
(0.5-pm diameter ‘‘polychromatic’’ beads; Polysciences,
Inc., Warrington, Pa.), which were added in known concen-
tration to each sample but gated out of the histograms
presented here. To compare the fluorescence of individual
cells, we used mode values, as these are less biased by cell
clumping than are means. The modes reported here have
been linearized by using a calibration factor for the log amp
derived by the method of Schmid et al. (24).

RESULTS AND DISCUSSION

Flow cytometric detection of specific probe binding to single
cells. Pure cell suspensions of D. gigas and E. coli were
initially hybridized with the SRB probe and analyzed by flow
cytometry. This probe is complementary to the 16S rRNA of
D. gigas but has three mismatches to the corresponding
region in E. coli. These mismatches destabilize the heterol-
ogous hybrid (45°C hybridization) enough for clear micro-
scopic discrimination between D. gigas and E. coli (Fig. 2).
The resulting two-parameter histograms of forward light
scatter and fluorescence showed well-defined differences
between the complementary (D. gigas) and noncomplemen-
tary (E. coli) cells (Fig. 3A and B). The mode relative
intensities of fluorescence were 60 for D. gigas and 2.9 for E.
coli (Table 1). Subsequently both cell suspensions were
hybridized with the eubacterial probe, which is complemen-
tary to both organisms (Fig. 3C and D). As expected, the
fluorescence of D. gigas labeled with the eubacterial probe
was the same as that with the SRB probe (Fig. 3C; Table 1).
E. coli hybridized with this probe was about threefold less
fluorescent than D. gigas (Fig. 3D; Table 1) but still about an
order of magnitude more fluorescent than the same cells
hybridized with the noncomplementary SRB probe.

In order to assess nonspecific probe binding, both organ-
isms were hybridized with the eucaryotic probe (Fig. 3E and
F). This probe has seven mismatches and one deletion with
the 16S rRNA of both D. gigas and E. coli (Fig. 1). The E.
coli fluorescence with the eucaryotic probe was very low
and, as expected, comparable to that of hybridization with
the SRB probe (Table 1). Although D. gigas fluorescence
with the eucaryotic probe was significantly less than with
either the SRB or eubacterial probe, it was more fluorescent
than E. coli hybridized with the same probe. This was
evidenced by a population clearly separated from the noise
(Fig. 3E; Table 1). Since this positive signal persisted in the
presence of a 50-fold excess of unlabeled eucaryotic probe,
it apparently does not represent oligonucleotide hybridiza-
tion to alternative sites on the rRNA. It originates in part
from autofluorescence of the fixed D. gigas cells. Autofluo-
rescence of D. gigas is significantly higher than that of E.
coli (Table 1). Also, nonspecific binding of the dye-oligonu-
cleotide conjugate to other cellular constituents could con-
tribute to fluorescence; unlabeled oligonucleotide is not a
competitor.

Detection and enumeration of specific cells in mixtures.
Defined mixtures of D. gigas and E. coli hybridized with the
SRB probe were used to determine the utility of this tech-
nique for enumerating specific bacteria against a background
of nontarget cells. Cell concentrations of the fixed-cell
suspensions were first determined by direct counting of

APPL. ENVIRON. MICROBIOL.
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FIG. 3. Flow cytometric analysis of D. gigas and E. coli popu-
lations hybridized with three different probes: SRB (A and B),
eubacterial (C and D), and eucaryotic (E and F). Data are presented
as two-parameter histograms: x axis, log forward angle light scatter
per cell (relative units); y axis, log fluorescence per cell (normalized
to standard beads); and z axis (elevation on these contour plots),
relative cell number. Contour levels correspond to 0.05, 0.1, 0.2,
0.4, and 0.8% of the total cell number. The x and y axes cover 3
decade log amps each.

4’,6’-diamidino-2-phenylindole-stained cells on membrane
filters. Cells were mock hybridized by incubating in hybrid-
ization buffer for 1 h before diluting with 1 ml of 0.2-pm-
pore-size-filtered water and counting. Pairs of dividing cells
and cell clusters contribute to a single event in the flow
cytometric analysis and were therefore counted as one. The
D. gigas cell preparation had a high number of dividing cells
(ca. 50%), and the E. coli preparation consisted of about
one-third cell clusters containing up to 10 cells. Fixed D.
gigas (1.2 X 10%/ml) and E. coli (7.0 x 10%/ml) cell suspen-
sions were mixed to give final concentrations of D. gigas of
50, 20, 3, and 0.8% of the total cell number. The mixtures
were then hybridized with the SRB or eubacterial probe and
analyzed on the flow cytometer. Hybridization with thé
eubacterial probe provided a total cell count.

Target cells comprising as few as 3% of the total were
clearly visible as a well-separated population (Fig. 4). In
order to enumerate the cells of interest, a bitmap that
surrounded the area in which homologous hybridized cells
appear on the two parameter plot was generated (Fig. 4). The
results of the flow cytometric analysis (Table 2) closely
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TABLE 1. Mode fluorescence values of fixed-cell preparations
after hybridization with tetramethylrhodamineé-labeled
oligodeoxynucleotide probes
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TABLE 2. Comparison of flow cytometry-measured D. gigas cell
densities in the microscopically quantified mixtures
of D. gigas and E. coli shown in Fig. 4¢

Mode fluorescence value

Detection of D. gigas against increasing E. coli background

Probe
D. gigas E. coli Expected Measured

SRB 60.0 2.9 D. gigas/ml Total/ml % D. gigas/ml® Total/ml® %

Eubacterial 60.0 21.0
Eucaryotic 15.0 3.1 6.0 x 10° 6.0 X 10°  100.0 7.7 x 10° 8.9 x 10° 87.0
None 2.1 <1.14 6.0 x 10° 1.2 x 10°® 50.0 4.5 x 10° 9.4 x 10° 48.0
40x10° 19x10° 220 38x10° 1.5x10° 250
2 Minimum log amp signal. 1.0 x 10° 3.1 x 106 3.2 1.2 x 10° 2.8 x 10° 4.3
2.2 x 104 2.9 x 10° 0.8 6.1 x 10* 1.7 x 10°® 3.5
0.0 5.0 x 106 0.0 6.0 x 10° 2.4 x 10° 0.3

matched the expected values (the 0.8% value is slightly
elevated) and indicate that flow cytometry in combination
with fluorescent oligodeoxynucleotide probes can identify
and enumerate specific microorganisms over a wide range of
concentrations. .
Increasing the signal intensity with multiple probes. A
unique oligodeoxynucleotide probe labeled with one mole-
cule of fluorescent dye can be sufficient to detect and
distinguish rapidly growing cells. However, organisms in the

A 100%

Log Fluorescence

Log FALS

FIG. 4. Flow cytometric detection of D. gigas agairnist an increas-
ing background of E. coli. The two cell types were mixed and
hybridized with the SRB probe; percentages of D. gigas were as
follows: 100% (A), 50% (B), 20% (C), 3% (D), 0.8% (E), and 0.0%
(F). Data presentation is as described in Fig. 3, except that the
contour levels correspond to 1, 3, 9, 27, and 81 cells in all panels.
The bitmap defining the D. gigas population was drawn based on
panel A and used unaltered on the other histograms.

< Pure stocks of each cell type were enumerated microscopically and mixed
in different proportions to yield the cell densities indicated.

b D. gigas counts were derived from the bitmaps shown in Fig. 4A to F.

< Total counts were derived from light-scattering data.

environment often do not grow at their optimal rate. DeLong
and co-workers demonstrated that signal intensity is directly
related to the physiological status of the cells (8). Cells
growing at a slower rate have fewer 16S rRNA target sites
and a reduced fluorescent signal. Furthermore, the relative
concentrations of rRNA and the probe availability of rRNA
target regions can vary for different species. For environ-
mental studies, it therefore may be necessary to increase the
number of dye molecules delivered to each target nucleic
acid molecule.

Preliminary studies with oligonucleotides having more
than one dye molecule attached (e.g., by tailing) demon-
strated high levels of nonspecific binding (R. I. Amann,
unpublished data). However, an alternative straightforward
approach is to use multiple probes. We examined this by
hybridizing D. hydrogenophilus with various combinations
of the eubacterial, desulfobacter, and SRB probes. The
eubacterial probe has no mismatches to the target organism.
Although the desulfobacter probe contains two degeneracies
(A/C and A/G) and is a mixture of four slightly different
oligonucleotides, it demonstrated a hybridization intensity
virtually identical to that of the eubacterial probe (Fig. S;
Table 3). The SRB probe has a single mismatch with the 16S
rRNA of D. hydrogenophilus; its fluorescence intensity was
correspondingly reduced but was still above that of the
eucaryotic probe background (Fig. 5; Table 3). This is an
example of the potential influence of a single mismatch on
the stability of an oligonucleotide hybrid. The hybridization
signal was approximately doubled by the combined use of
the eubacterial and desulfobacter probes (Fig. 5; Table 3).
Intensity was further increased by addition of the SRB probe
to the hybridization mixture and demonstrated that the
fluorescent signal was additively increased by combined
probing. By using multiple probes of identical specificity, it
should therefore be possible to detect even slow-growing
microorganisms.

Future directions. This study demonstrated the potential
use of fluorescent hybridization probes in combination with
flow cytometry. In principal, the phylogenetic underpinnings
of the analysis could offer the basis for integrated studies of
natural systems. For example, the general approach might
be used for hierarchical analyses of defined phylogenetic
groups: determining the abundance of specific kingdoms in a
first step, probing for various phyla in a second and for
families or genera in a third, and so on. Having so defined the
dominant resident microbiota, the easily automated flow
cytometric detection could serve to track population
changes.
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Rel. Cell Number

Fluorescence cell ™!

FIG. S. Application of multiple probes to the same target cell.
Suspensions of D. hydrogenophilus were hybridized with the fol-
lowing probes: no probe (A), eucaryotic (B), SRB (C), desulfobacter
(D), eubacterial (E), desulfobacter and eubacterial (F), and desulfo-
bacter, eubacterial, and SRB (G). Single-parameter histograms of
relative cell number versus log fluorescence are shown. Histograms
include any signal having forward and 90° light scatter greater than
0. Note that the SRB probe has a single mismatch to the target cells,
the eubacterial probe has no mismatches, and the desulfobacter
probe contains two degenerate positions (see the text).

Future developments must include increasing the fluores-
cent signal per ribosome. Although this was achieved here
by use of multiple probes, other labeling strategies (e.g.,
indirect labeling) should be developed. The use of alternative
fluorochromes must be evaluated. Labeling with rhodamine
has certain disadvantages because some photosynthetic pig-
ments are excited at approximately the same wavelength and
because commonly used lasers (including the one used in
this study) do not efficiently excite this fluorochrome. The
relatively high levels of background fluorescence evidenced
in this study likely will be reduced by improved hybridiza-
tion protocols. To avoid clumping and cell loss, the current
protocol does not include removal of unbound probe or a
high-stringency washing step. Finally, precise relative abun-
dance and activity measurements (as assessed by cellular
ribosome abundance) should be possible by the combined
use of general and specific probes labeled with different
fluorochromes. In this configuration, the intensity of a spe-
cific hybridization signal could be normalized to the intensity
of bound universal probe, thereby correcting for cell-to-cell
differences in rRNA content or availability.
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