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Recently, in situ hybridization technique targeted to ribosomal RNA (Delong et al.
1989) has been widely used to detect specific microorganisms in various environments such
as marine environment (Nishimura 1995), sediments (Spring et al. 1993), inside of organisms
(Amann et al. 1991), and soil (Hahn et al. 1992). This technique provides information not
only on microscale localization of the microorganisms but also on their metabolic activities
in situ. So far, detection by in situ hybridization targeted to ribosomes in soil has been
scarcely reported because two problems arise when this method is applied to soil. The first
is that cells in natural soils cannot be easily stained because the cellular ribosome content
is low in an oligotrophic soil environment. The second is that non-specific binding of the
probes to soil particles and autofluorescence of soil components such as organic matter and
mineral particles interfere with the signal from the probe specifically hybridized.

In this study, three experiments were carried out to investigate the applicability of in
situ hybridization technique with a rRNA-based oligonucleotide probe for the detection of
bacterial cells. The first aimed at analyzing the effects of starvation on the detection of a
bacterium and the applicability of this method for oligotrophic environment. The second
aimed at observing the interference of soil components. Finally, since the rhizoplane is
copiotrophic in the soil environment, applicability of in situ ribosomal staining for detec-
tion of a bacterium in the rhizoplane was evaluated.

Materials and methods

Bacterial strain and preparation of the samples. Pseudomonas fluorescens
TAM12022T was used as target microorganism in this study. The bacterium was grown at
27°C in a nutrient broth (Difco Nutrient Broth 8 g L=!, NaCl 5g L) to the exponential
growth phase. The bacterial cells were harvested by centrifugation (4,150 X g, 5 min}, washed
twice with sterilized 0.1 M phosphate buffer (pH 7.2), and resuspended in sterilized mineral
solution (K,HPO, 0.5 g, NaNO, 0.5 g, MgSO,+7H,0 0.2 g, FeSO,+7H,0 trace, deionized
water 1,000 mL, pH 7.2) to obtain a concentration of approximately 10° cells mL~*. To
prepare the starved cells, 5 mL aliquots of the bacterial suspension were transferred to test
tubes and incubated at 27°C without addition of substrates. The number of bacteria was
periodically determined by direct microscopic counting after staining with ethidium bro-
mide (EB) (Someya 1995), 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chlo-
ride (INT) (Zimmermann et al. 1978) or in situ hybridization and by plate counting.

To determine the interference of soil components, 90 mL of the mineral solutions
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containing the bacterial cells were mixed with 10 g of sterilized soil (Red-Yellow soil,
collected from Yamaguchi University Farm, total carbon 2.2%, total nitrogen 0.21%, clay
loam). The bacterial cells in the suspension were enumerated by direct microscopic counting
after staining with EB or in situ hybridization.

For root samples, tomato seedlings were allowed to germinate on moist filter paper and
grown in a chamber under controlled temperature of 27°C and a 12 h light/12 h dark cycle
for 10 d. The bacterial cells in the exponential growth phase or starved in mineral solution
for 65 d were harvested, washed, and resuspended in mineral solution as described above.
The roots of the seedlings were immersed in the bacterial suspension, and the seedlings were
grown on the moist filter paper in a chamber under controlled environment for 5d (27°C,
12 h light/12 h dark). Then, the roots were washed twice by gentle shaking in PBS buffer
(0.13 M NaCl, 7mM Na,HPO,, 3 mmMm NaH,PO,, pH 7.2) for 5 min and fixed.

Cell fixation and in situ hybridization. The cell suspensions with or without soil
particles were diluted with phosphate buffer (0.1 M, pH 7.2), fixed in 4% paraformaldehyde/
1 X PBS for 5-16 h at 4°C, washed with 1 X PBS, and filtered through a 0.2 xm, black stained,
polycarbonate filter (Amann et al. 1990). The filters were placed on glass slides and air-dried.

Roots were fixed in 4% paraformaldehyde/1 X PBS for 5-16 h at 4°C, washed with 1X
PBS, and air-dried. Then, the roots were cut into pieces 10 to 15 mm in length, and mounted
on gelatin-coated slides (0.1% gelatin, 0.01% K Cr(SO,),) with PapPen (COSMO BIO, Japan).

After being dried, the samples were treated with lysozyme (0.1 M Tris-HC1 pH 7.5, 5 mM
EDTA pH 8.0, lysozyme 1 mg mL~!) (Hahn et al. 1993) for 30 min at 25°C and washed in
0.1% Nonidet P-40 at room temperature for 3 min. After dehydration in 50 and 80% ethanol,
the slides were washed in 1% toluene/99.5% ethanol and 99.5% ethanol for 3 min each and
air-dried.

The air-dried samples were prehybridized with 50 L of hybridization buffer (0.9 M
NaCl, 20 mM Tris-HC1 pH 7.5, 0.01% SDS, 5mM EDTA) and incubated for 30 min at the
same temperature as for hybridization (46 or 50°C). After the buffer was removed, the
samples were treated with 4 yL of hybridization buffer containing one of the following
oligonucleotide probes (final concentration of 10ng xL-'); 1) Eub338 (specific for all
eubacteria, complementary to positions 338 to 355 of the 16S rRNA Escherichia coli
numbering) (Giovannoni et al. 1988), 2) Ps (specific for fluorescent pseudomonads except
Pseudomonas putida, complementary to positions 1,432 to 1,446 of the 23 S rRNA E. coli
numbering) (Schleifer et al. 1992), 3) Pf1432 (5'-GCTGGCCCTAGCCTTC-3’, one base
(underlined) was inserted into Ps. We used this probe as negative control in this experiment).
All the probes were labeled with tetramethylrhodamin-isothiocyanate (TRITC) (excitation
wavelength 547 nm, emission wavelength 572 nm) at the 5"-end. The samples were covered
with micro-coverglasses and hybridized for 2 or 5 h at 46 or 50°C in a moist chamber. After
hybridization, the slides were washed in hybridization buffer to remove excess probes for 20
or 60 min at 48 or 50°C, rinsed with sterile water, and air-dried. The slides were stored at 4°C
in the dark until observation and examined with an epifluorescence microscope (OLYMPUS
BX40, Japan) equipped with 2 filter sets, U-MWIG (excitation wavelength 520-550 nm, for
observation of TRITC-derived fluorescence) and U-MWIB (excitation wavelength 460-490
nm, by which TRITC molecules are not excited). Color micrographs were taken on
FUJICHROME PROVIA 1600. Exposure times were 15s.
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Results and discussion

Detection of bacterial cells in mineral solution and soil suspension. P. fluores-
cens cells cultured in mineral solution were periodically stained with the probe Eub338
(hybridization 46°C 2 h, washing 48°C 20 min). The fluorescence intensity of non-starved
cells (immediately after being transferred to the mineral solution) was strong enough for
detection with the epifluorescence microscope (Fig. l1a). When hybridized with a negative
probe, Pf1432, the bacterial cells were not stained (data not shown). Therefore, it was
concluded that the bacterium can be stained with Eub338, an appropriate rRNA-targeted
probe, under these hybridization conditions.

As the duration of the incubation period in the mineral solution increased, the
fluorescence intensity decreased (Fig. 1b). Similar results were obtained in soil by Hahn et
al. (1992). At 65 d after incubation, the fluorescence intensity became close to the detection
limit. The number of probe-hybridized cells was nearly equal to that by EB staining or by
plate counting at the start of incubation (Fig. 2). The number of probe-hybridized cells
decreased until 20 d after incubation and thereafter became almost constant. Similarly, the
number of INT-stained cells decreased at first, and reached a constant level, whereas the
number determined by plate counting decreased during the incubation period and that by
EB staining was nearly constant after 3 d of incubation. These results suggest that ribosomal
staining enables to detect metabolically active cells as in the case of INT-staining and the
culture method. The detection efficiency of this bacterium by ribosomal staining was
equivalent to that by the INT method and higher than that by the plate counting method.

P. fluorescens cells in the mineral solution containing soil particles were also subject to
hybridization with probe Eub338 (hybridization 46°C 2 h, washing 48°C 20 min). The
fluorescent signals of the non-starved cells were strong and allowed to distinguish them from
soil particles (Fig. 3a). In 6-d starved cells; however, the fluorescent signals of probe-
hybridized cells became weaker and it was difficult to distinguish the cells from soil particles
(Fig. 3b). To detect starved cells, addition of nutrients to increase the cellular ribosome
content (Hahn et al. 1992; Nishimura et al. 1995) or separation of the cells from soil particles
before observation will be necessary.

Detection of bacterial cells in rhizoplane. In the soil environment, the rhizosphere
is rich in substrates and bacterial cells there are expected to be more active and contain a
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larger number of ribosomes. In addition, there are fewer soil particles in the rhizoplane,
which is favorable for the detection. When the non-starved cells were introduced onto roots
and subject to fixation and hybridization under the same conditions as in the mineral
solution (hybridization 46°C 2h, washing 48°C 20 min), the fluorescent signal of the
Eub338- and Ps-stained cells was strong enough for the detection. However, when hybridized
with a negative probe, Pf1432, some of the cells fluoresced as strongly as Eub338- or
Ps-hybridized cells. Treatments with H,O, (Hahn et al. 1993) or NaBH, (Ramsing et al.
1993) were attempted to remove organic compounds in the rhizoplane which might cause
nonspecific binding of the probes, but the fluorescence intensity of the Pf1432-stained cells
did not decrease in this experiment. To reduce the false signal when cells were hybridized
with the Pf1432 probe, hybridization and washing temperature was raised to 50°C and
washing time was extended to 1 h. In addition, hybridization time was extended to 5h to
enhance the fluorescence intensity of the Eub338- and Ps-hybridized cells by increasing the
permeability of the probe. Under these conditions, the bacterial cells fluoresced strongly
enough to be detected when hybridized with Ps (Fig. 4a) and Eub338 (not shown), while
they scarcely fluoresced when hybridized with the negative probe, Pf1432 (Fig. 4b). Strong
fluorescent signals in hybridization with Pf1432 were probably due to autofluorescence
because the fluorescence observed with the U-MWIG filter set (Fig. 4b) was also observed
with the U-MWIB filter set (Fig. 4c) with which TRITC molecules are not excited. These
results indicate that optimal conditions for staining were different between the cells on the
filter and those in the rhizoplane.

When the cells starved for 65 d were used as an inoculant and stained after 5 d of culture
on the seedlings, the cells in the rhizoplane fluoresced strongly enough to be detected (Fig.
4d). This fact indicates that even if the bacterial cells were initially starved and were not
stained by ribosomal hybridization, they became metabolically active and detectable after
reaching the rhizoplane.

Figure 4a and d shows that the fluorescence intensities differed among the cells,
indicating that some cells are more active than others on the same root hair. Ribosomal
staining technique might provide information on the microscale localization of physio-
logically different bacterial cells in rhizoplane.

In conclusion, in this experiment, ribosomal staining was found to offer a potential to
detect bacterial cells in the rhizoplane in situ. However, the application of in situ detection
with fluorescent probes was limited to the root hair zone. The cells in the main root zone
could not be detected due to the strong fluorescence of the root. By using a confocal laser
scanning microscope, this problem of background fluorescence of thick roots might be
solved (Assmus et al. 1995).
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