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Routine fluorescence in situ hybridization in soil
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Abstract

The use of fluorescence in situ hybridization (FISH) to identify and enumerate soil bacteria has long been hampered by the autofluorescence of
soil particles masking the bacterial signals and because the need of counting hundreds of bacteria in order to achieve statistically reliable data is
time consuming. Recently, it was demonstrated that Nycodenz facilitates FISH in soil by concentrating bacteria on membrane filters and avoiding
autofluorescent soil particles. We present a routine protocol for FISH in soil including the use of Nycodenz. The protocol allows fast and easy
enumeration of hundreds of bacteria. We propose the use of silicon grease coated slides to treat in parallel seven samples per hybridization.
Further, we developed a semi-automated approach for the enumeration of bacteria by implementing macros concatenating all steps of the image
analyzes in the Image J software. Using Nycodenz, software-assisted bacterial counts statistically matched eye-counts of the same images and it
was possible to count 880 DAPI stained bacteria per ten images. Fifty-five percent of these bacteria were co-labelled with the FISH probe specific
for the Domain Bacteria, in accordance with recent FISH studies of bacterial populations in bulk soil. With a soil slurry protocol used for
comparison, soil particles impaired automatic counts of the bacteria and FISH analysis, and only 88 DAPI stained bacteria per ten images could be
counted by eye. With the Nycodenz protocol, 5 mM Na2EDTA used as an extractant increased the number of bacteria observed by 49%. In
contrast, Tween 20 (1% or 5%) had no significant effect and increased the variability between the samples. Overall, the proposed procedure allows
to process a high number of samples and to achieve a time efficient FISH characterization of soil bacterial communities.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Fluorescence in situ hybridization (FISH) has been widely
applied for investigating bacterial communities without culti-
vation in a range of ecosystems (Wagner et al., 2003). This
technique combines molecular identification, enumeration and
localization of physiologically active bacteria (in most cases),
which is an advantage over fingerprinting techniques, such as T-
RFLP, DGGE and phospholipid fatty acid analysis. However,
several drawbacks have limited the adoption of this technique
for routine analysis of soil systems, most importantly the high
autofluorescence of soil particles masking the signal of the
probes (Schmid et al., in press). High dilutions of soil slurries
(Zarda et al., 1997) disperse the autofluorescent particles but also
dilute the bacteria, rendering their enumeration difficult.
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Dilutions generally result in 10 to 30 countable bacteria per
microscopic field (Gough and Stahl, 2003), but reliable
statistical analyzes require the counting of several hundreds of
bacteria per hybridization (Daims et al., 2001; Pernthaler et al.,
2003). Recently, Barra Caracciolo et al. (2005b) proposed
separating soil particles from bacteria by buoyant density
centrifugation on Nycodenz (a nonionic, iodinated density
gradient medium) and concentrating the bacteria on membranes.

Even if separating bacteria from soil particles using
Nycodenz is not novel, its application to FISH in soil constitutes
a major breakthrough. The efficiency of Nycodenz was demon-
strated early by Bakken (1985) and since it was used recurrently
to enumerate fluorescently labeled bacteria introduced in soil
(Unge et al., 1999; Backman et al., 2004). It has proved superior
to Percoll in getting purified bacterial suspensions (Priemé et al.,
1996), but was found to reduce the activity of some methane and
ammonia oxidizing bacteria, which raised some concerns
(Priemé et al., 1996; Aakra et al., 2000). Incidentally, in the
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context of FISH, a possible toxicity of Nycodenz would be a
problem since the detection of bacteria relies on their ribosomal
content which relates to their activity. However, for FISH
bacteria need to be fixed, i.e. killed, and performing fixation
before Nycodenz extraction is sufficient to avoid toxicity
problems. This was done by Barra Caracciolo et al. (2005a,b),
although they did not stress the importance of this procedure.
The first protocol combining Nycodenz and FISH was proposed
by Ramos et al. in 2000 to study the ability of Pseudomonas
putida to colonize the rhizosphere of barley. Soon after,
Hesselsøe et al. (2001) added a microcolony-forming units
step to investigate activated soil ammonia oxidizers. In 2005,
Barra Caracciolo et al. finally applied a Nycodenz protocol to
study non-cultivated, indigenous bacteria in soil with FISH.
Since then, to our knowledge, only one other publication by the
same authors mentioned the use of their protocol (Barra
Caracciolo et al., 2005a).

In fact, Nycodenz is costly and the treatment and analysis of
samples are time consuming, whereas a routine protocol should
be fast and easy to perform in an adequate time. We propose that
Nycodenz is the key to the development of a routine protocol for
FISH in soil that allows counting a large number of bacteria
rapidly. We have shortened and simplified the standard FISH
protocol (Gloeckner et al., 1996); in addition, we have
integrated software-assisted counts of the bacteria. We have
applied ourmethod to soil samples treated following a Nycodenz
protocol supplemented with two chemical extractants and a soil
slurry protocol. The success of the method was evaluated
following the applicability and the reliability of the software-
assisted counts, and whether the number of bacteria counted per
ten images meets the requirements for reliable statistical
analyzes.

2. Materials and methods

2.1. Soil samples

Soil samples were collected from pots containing nine
months-old plants (Plantago lancelolata, Holcus lanatus and
Lotus corniculatus) and soil from an experimental grassland
site (Mossel site, Netherlands; cf. Van der Putten et al., 2000).
The soil, a sandy loam, contained 6.2% clay, 8.2% silt, 85.6%
sand, and 36.8 g kg−1 organic matter (R. Koller and C. Robin,
INRA-INPL Nancy, France, pers. comm.). Bulk soil surround-
ing the roots was obtained by removing manually the bigger
roots and by sieving at 0.5 mm. After sieving and homogeniz-
ing, the soil contained 5.2% water of the fresh weight.

2.2. Fixation

All the solutions were either autoclaved or filter-sterilized
(0.2 μm pore diameter). Except for the concurrent protocol, the
samples consisted of replicates of 0.25 g of soil (fresh weight)
collected in 2 ml Eppendorf tubes. Following the addition of
2 ml of 3% paraformaldehyde buffered with PBS 1×(130 mM
NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 7.3), they were
vortexed and incubated at 4 °C overnight. The tubes were kept
horizontal and the soil spread over the whole length of the tube
in a thin layer to ensure good penetration of the fixative.

2.3. Bacteria extraction and Nycodenz separation

The main steps of the Nycodenz protocols and their
durations are summarized in Fig. 1. Nycodenz extraction was
performed following a protocol modified from Unge et al.
(1999). Approximately 7 mg of polyvinylpolypyrrolidone
(PVPP, Sigma, Germany) was added to each sample because
Unge et al. (1999) found that, by removing phenolics from the
preparation, PVPP increases the number of bacteria extracted
with Nycodenz and reduces the background autofluorescence.
A possible improvement of the number of bacteria detached
from soil particles in the presence of 5 mM Na2EDTA (Roth,
Germany) and/or 1% or 5% Tween 20 (Merck, Germany) was
investigated. The tubes were shaken horizontally at 300 rpm for
20 min. The bigger soil particles were left to settle for 5 min.
Subsequently, 1 ml of the supernatant was transferred to new
2 ml Eppendorf tubes on top of a 1 ml Nycodenz cushion
(1.3 g ml−1 in sterile ultrapure water) (Gentaur, Belgium). The
samples were centrifuged at 16,438 g for 30 min at 18 °C
(Multifuge 3 S-R, fixed angle rotor 3332, Heraeus, Germany);
1800 μl was collected from the supernatant in a new tube.

2.4. Immobilization on filters and dehydration

After vortexing, the samples were immobilized on white
Isopore GTTP membrane filters (pore size 0.2 μm, diameter
47 mm; Millipore, Germany), and washed with ca. 4 ml
1×PBS. Nitrocellulose membrane filters (pore size 0.45 μm,
diameter 47 mm; Millipore, Germany) were placed under the
GTTP membranes as support filters to prevent pressure damage
and to improve the repartition of the bacteria on the GTTP
membranes. The GTTP membrane filters were then transferred
into Petri dishes containing absorbent paper soaked with
ethanol, and were then successively dehydrated in 50%, 80%
and 96% ethanol for 6 min each. The duration of the
dehydration steps was adjusted to match the time needed to
fully process one membrane on the vacuum manifold so that a
new sample can be processed every 6 min. The filters were air
dried, and were conserved at room temperature until further use.

2.5. Concurrent protocol

In parallel, samples were treated according to the protocol
proposed by Stein et al. (2005). One gram of soil was extracted
in 9 ml of buffer of the following composition: 1.7 mM NaCl,
0.1 mM CaCl2.2H2O, 0.8 mM MgSO4.7H2O, 5% Tween 20. In
the original protocol Tween 80 was used instead of Tween 20
(A. Hartmann, pers. comm.). Three ml of the supernatant was
fixed with three volumes of paraformaldehyde overnight instead
of 3–4 h. After washing by centrifugation and Toluidine Blue
treatment as performed by Stein et al., 10 μl of soil slurry (out of
1 ml) was filtered through gauze and washed with 5 ml 1×PBS,
and was subsequently immobilized on a filter membrane as
described above.
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2.6. Silicon grease coated slides for FISH

Glass slides coated with silicone grease (Baysilone
paste, mittelviskos, GE Bayer Silicones, Germany) were
used as support for the filter sections during the hybrid-
ization. The silicon coat was made as follows: A large
drop of silicone grease was deposited on a slide and
smeared thoroughly on the whole surface. The silicon was
wiped off immediately with a paper tissue until it was
almost invisible. The slides were allowed to dry at room
temperature before use for at least one day. The silicon
grease coated slides can be washed and re-used for several
hybridizations.
Fig. 1. Main steps of the protocol for fluorescence in situ hybridization in soil assisted byN
2.7. Fluorescence in situ hybridization

Rectangular sections of ca. 4×6 mm were cut in the filters.
Seven sections (one replicate per treatment) were aligned on one
single silicon grease coated slide, with the immobilized sample
side up. Fluorescence in situ hybridization was performed ac-
cording to Gloeckner et al. (1996), modified. Each filter section
was covered with a drop of 48 μl of hybridization buffer
containing 35% deionized formamide (Roth, Germany), and 2 μl
of a 5′-end Cy3 labeled probe (Thermo Electron Corporation
GmbH, Germany). The probe mix of EUB-338 is an equimolar
mixture of the probes EUB-338 (Amann et al., 1990), EUB-338 II
and EUB-338-III (Daims et al., 1999), and detects most members
ycodenz, from the fixation to the software-assisted bacterial cell counts in the images.
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of the domain bacteria, including Planctomycetales and Verru-
comicrobiales. The probe Apis2P is specific for the obligate
endosymbiont of aphids, Buchnera (Tsuchida et al., 2005), and
was used as a negative control.

The slides were hybridized for 1.5 h at 46 °C. Thereafter, the
filter sections were washed stringently in individual 2 ml
Eppendorf tubes containing 1800 μl of washing buffer for
10min at 48 °C. Theywere shortly rinsed in distilledwater, laid on
a new slide without silicon grease and allowed to dry in the 46 °C
oven vertically. Subsequently, they were mounted in CitiDAPI
(DAPI 2.5 μg ml−1; Citifluor AF1 antifading, Citifluor, England).

Negative controls were performed on the first replicate of
each treatment. To check for autofluorescence in the DAPI
channel the filter sections were hybridized with EUB-338, II,
III-Cy3 and mounted in Citifluor without DAPI. To check for
autofluorescence and unspecific probe hybridization the
membranes were hybridized with Apis2P-Cy3 instead of
EUB-338, II, III-Cy3 and mounted in CitiDAPI.

2.8. Image acquisition

The images were taken with a Confocal Laser Scanning
Microscope (CLSM)Bio-Rad (Radiance 2100Rainbow, operated
with LaserSharp2000), built on a Nikon Eclipse TE2000-U,
equipped with a Helium Neon laser line (543 nm) for Cy3
excitation and a blue diode (405 nm) for DAPI excitation. A Plan-
Apo 60x/1.4 (Nikon) oil immersion objective was used. The
settings of the CLSM were adjusted to obtain optimal signals for
the experiments at the beginning of the study and were re-used
without modifications for all the confocal acquisitions. Each
acquisition consisted of two images corresponding to DAPI and
Cy3, scanned sequentially at low speed (166 lps) with a zoom 1.7,
a Kalmann of three and a resolution of 1024×1024 pixels. For
each filter section a total of eleven acquisitions were recorded, ten
to be analyzed and one for replacement in case one of the
aforementioned acquisitions was of insufficient quality. For the
negative controls, only five acquisitions per filter section were
taken. The duration of the acquisitions was automatically
recorded by LaserSharp2000 in the “experiment” file attached
to each acquisition.Microscopic fieldswere chosen randomly, but
they were not close to each other to avoid miscounting because of
bleaching effects and not on the edge of the filter sections.

In total 455 confocal acquisitions were recorded: 385 after
hybridizationwith the probe EUB-338, II, III-Cy3 and subsequent
DAPI staining (eleven acquisitions×five replicates×seven treat-
ments), 35 after hybridization with the same conditions without
subsequent DAPI staining (five acquisitions×one replicate×se-
ven treatments), and 35 for the ApisP2a-Cy3/DAPI controls (five
acquisitions×one replicate×seven treatments).

2.9. Software-assisted image analyzes

The images were analyzed with the freeware Image J 1.3
(Rasband, 1997–2006). The same procedure was used for all
images without modification. For both DAPI and Cy3 images,
the minimum and maximum grey values were changed from 0–
255 to 29–165 to remove a low and even background. The
“colocalizeRGB” tool was used to find the colocalizations
between DAPI and Cy3 labels with the following parameters:
The minimum channel threshold (0–255) was set to 50% for red,
green and blue, and the minimum pixel ratio between red (Cy3)
and blue (DAPI) was set to 40%. Only the images corresponding
to DAPI and the colocalization between DAPI and Cy3 were
further investigated. The thresholds were automatically deter-
mined, and the “analyze particles” tool was used to enumerate
the bacteria in each image. The minimum valid object size was
set to ten pixels, an area corresponding to a spherical 0.5 μm
diameter bacterium; the maximum was set to 200 pixels, i.e. the
area of a spherical 2 μm diameter bacterium or of a 1×3 μm rod-
shaped bacterium (b192 pixels). A macro was built to
concatenate the different steps automatically. The original
images were further investigated for the presence of clusters of
bacteria which would be eliminated by these parameters because
of their size. When such clusters involved more than 15 bacteria,
only the bacteria presenting easily identifiable outlines were
counted by eye and the number was added to the software count.

For the DAPI counts the software-assisted counts were
compared with eye-counts from the same images for five
images from the first replicate of each treatment. The images
from the concurrent protocol were also re-investigated by eye.

2.10. Conversion to number of bacteria per gram of soil

Following the Nycodenz protocols and the concurrent
protocol, different amounts of soils were analyzed, taking into
account the subsamplings (Fig. 1). For theNycodenz protocols the
amount of soil investigated was 112.5 mg (250/2×1800/2000).
For the concurrent protocol it was 3 mg (1000/3×10/1000).

The surface of one image was 1.33×104 μm2 and the filtration
area on a filter membrane was 1.25×109 μm2: Ten images
correspond to 0.0106% of the surface of the whole membrane.

The number of bacteria per gram of soil (fresh weight) was
obtained by multiplying the number of bacteria counted in ten
acquisitions by 8.35×104 in the case of the Nycodenz protocols
(100 /0.0106×1000 /112.5) and by 3.13×106 in the case of the
concurrent protocol (100 /0.0106×1000 /3).

2.11. Statistical analysis

The experiment consisted of seven treatments with five
replicates each. For each replicate the number of DAPI and Cy3,
and DAPI labeled bacteria were summed up for ten images out
of eleven acquired: The statistical analyzes were performed on
these bacterial counts. Prior to ANOVAs homogeneity of
variances was checked by Levene's test and data were log
transformed if necessary. All statistical analyzes were per-
formed with STATISTICA 7 (Statsoft, Hamburg, Germany).

3. Results

3.1. Routine fluorescence in situ hybridization in soil

Fig. 1 summarizes the steps of the Nycodenz–FISH protocol
and their corresponding duration. The membrane dehydration



Fig. 2. Effect of the bacteria extraction method (Nycodenz vs. concurrent protocol) and of the addition of extractants (Na2EDTA 5 mM, 1% or 5% Tween 20) on the
congruence between the software-assisted counts and the eye-counts of DAPI-labeled bacteria per image (mean±SD). ⁎⁎Significant difference between the eye-counts
and the software-assisted counts. Repeated Measures ANOVA on all the treatments, Type III SS, F(6,28)=29.351, pb0.001; Tukey HSD test, Homogenous Groups,
alpha=0.05 (Non-Exhaustive Search), Error: Within MS=0.00872, df=36.496. ⁎Significant difference between the eye-counts and the software-assisted counts.
Repeated Measures ANOVA on the Nycodenz treatments alone, Type III SS, F(5,24)=4.176, p=0.007; Tukey HSD test, Homogenous Groups, alpha=0.05, Error:
Within MS=679.17, df=25.909.

455J. Bertaux et al. / Journal of Microbiological Methods 69 (2007) 451–460
step was performed not while the membrane was in the vacuum
manifold (Gloeckner et al., 1996) but in Petri dishes, allowing to
process a new membrane sooner in the vacuum manifold. For
the hybridization step, we used silicon grease coated slides. The
silicon grease, making the slides hydrophobic, increased the
stability of the drop of buffer that must be added on top of each
filter section during hybridization: It totally covered the section
without expanding any further. As a result, the slides could be
handled more comfortably and more quickly, whereas normally
special care is needed to prevent the drop of buffer from leaking
out of the filter section. Additionally, it was possible to lay up to
seven filter sections on the same slide.
Fig. 3. Effect of the bacteria extraction method (Nycodenz vs. concurrent protocol) a
proportion artifacts counted as bacteria in the Cy3 channel and in the DAPI channe
Following the procedure described in the Materials and
methods section, images were recorded on average every
minute, and a filter section was fully investigated within 12 min
(eleven acquisitions). Over the 300 images recorded for the
Nycodenz protocols, 23 had a lower quality (out of focus, high
background, threshold adjusted manually); fourteen could be
replaced by the eleventh image recorded for that purpose. In the
final set of images, fourteen images needed to be modified
manually before counting (threshold or brightness and contrast
adjustments, deletion of artifacts). Ten images can be analyzed
automatically within 7 min. When clusters were to be counted
by eye, the analysis took up to 55 min, for a total of 680
nd of the addition of extractants (Na2EDTA 5 mM, 1% or 5% Tween 20) on the
l (mean±SD). #Not determined.
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clustering bacteria counted by eye. The full analysis of the
Nycodenz samples took 7 h 34 min, which corresponds to the
enumeration of 51,804 bacteria, i.e. 34,016 DAPI-labeled
bacteria including 2972 clustering ones, plus 17,788 FISH-
labeled bacteria including 691 clustering ones.

3.2. Relevance of the software-assisted counts

To evaluate the relevance of software-assisted counts,
bacteria-sized objects fluorescing in the DAPI channel were
counted both by eye and with the software for five acquisitions
for the first replicate of each treatment. At first Repeated
Measures ANOVA on all the treatments showed no significant
differences between the two counting methods with the
Fig. 4. Effect of the bacteria extraction method (Nycodenz vs. concurrent protocol) and
number (minus artifacts) of DAPI-labelled bacteria and EUB-338, II, III-Cy3-label
labelled bacteria and EUB-338, II, III-Cy3-labelled bacteria per gram of soil (fresh w
#Not determined.
exception of the concurrent protocol (Fig. 2; F(6,28)=29.35,
pb0.001). When the samples from concurrent protocol were
excluded to improve the homogeneity of the variances,
significant differences were found for the Nycodenz treatments
[1% Tween 20], [1% Tween 20+5 mM Na2EDTA] and [5%
Tween 20+5 mM Na2EDTA] (Fig. 2; F(5,24)=4.18, p=0.007).
Further examination of the corresponding images confirmed that
the software-assisted counts of these treatments were under-
estimated: Bacteria smaller than 0.5 μm were present, faint
bacteria remained uncounted and many pairs of bacteria were
counted as one.

Regarding the DAPI counts from the concurrent protocol,
the thresholding step (manual as well as automatic) selected the
bacteria but also the peak of autofluorescence at the center of
of the addition of extractants (Na2EDTA 5mM, 1% or 5% Tween 20) on (A) the
led bacteria counted in ten images, (B) the number (minus artifacts) of DAPI-
eight), (C) on the percentage of FISH positive bacteria extracted (mean±SD).



Table 1
Two-factor ANOVA (Type III SS) table of F-values on the effect of the addition
of extractants (Na2EDTA 5 mM, 1% and 5% Tween 20) for the Nycodenz
bacteria extraction method on the number of DAPI-labelled bacteria, EUB-338,
II, III-Cy3-labelled bacteria and on the percentage of FISH-detectable bacteria
extracted

Effect of Number of
DAPI-labelled
bacteria

Number of EUB-338,
II, III-Cy3-labelled
bacteria

Percentage of
FISH-detectable
bacteria

Tween 20 F(2,24)=0.22 F(2,24)=0.18 F(2,24)=2.65
p=0.803 p=0.839 p=0.091

Na2EDTA F(1,24)=9.13 F(1,24)=6.25 F(1,24)=0.07
p=0.006 p=0.019 p=0.795

Tween
20×Na2EDTA

F(2,24)=0.03 F(2,24)=0.12 F(2,24)=0.74
p=0.967 p=0.884 p=0.486

Significant results are in bold letters.
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soil particles, reducing medium-sized soil particles to countable
bacteria-sized objects. For the concurrent protocol, all DAPI
acquisitions were re-counted by eye, to allow further compar-
ison with the Nycodenz protocols. Both software-assisted
counts and eye-counts are presented in Figs. 3 and 4 but only
eye-counts should be considered as correct. For the counts
obtained after hybridization with probe EUB-338, II, III-Cy3,
large and small soil particles were autofluorescing in the Cy3
channel, masking the potential specific signals yielded by the
bacteria. In agreement with this, the software-assisted counts of
the negative controls also showed a great proportion of artifacts
in the Cy3 channel (106.9%±21.8; Fig. 3). Attempts to delete
manually the larger artifacts and their irradiating autofluores-
cence did not change the software counts. During the
acquisitions it was also not possible to decrease the autofluor-
escence of the soil particles without losing the bacterial signal.
Eye-counts from these acquisitions were not possible.

3.3. Negative controls and exclusion of artifacts

The proportion of artifacts in the acquisitions were evaluated
on a subset of filter sections (five acquisitions for the first
replicate of each treatment; Fig. 3). All counts were corrected
accordingly. Bacteria-sized objects showing autofluorescence in
the DAPI channel were counted from filter sections mounted
without DAPI. Subsequently, the ratio of false-positives in each
treatment was calculated as a reference to the mean number of
DAPI-labeled bacteria-sized objects counted in five acquisitions
realized on the same subset of filters mounted with DAPI.

More artifacts were observed in the Cy3 channel. Many
bacteria-sized objects fluoresced with the EUB-338, II, III-Cy3
probe without yielding any signal with DAPI: They were
excluded as artifacts and only bacteria-sized objects fluorescing
both with DAPI and the EUB-338 probe mix were enumerated.
The proportion of artifacts in the latter was further investigated
by hybridizing the filters with Apis2P-Cy3 (c.f. Methods). The
bacteria-sized objects that were detected both with DAPI and
with Apis2P-Cy3 were considered artifacts. Their proportion
was calculated as a reference to the total number of bacteria-
sized objects detected with DAPI in the same acquisitions.
3.4. Nycodenz protocol vs. concurrent protocol

The Nycodenz protocol [5% Tween 20] and the concurrent
protocol both contained 5% Tween 20 and were compared on the
basis of cell counts after stainingwith the unspecific DNAbinding
dye DAPI. The number of bacteria detected for ten acquisitions
was ten times higher with the Nycodenz [5% Tween 20] protocol
than with the concurrent protocol (870±311 vs. 88±29; t-test
t=11.02, df=8, pb0.001; Fig. 4A). Conversely, the total number
of bacteria extracted per gram of soil (fresh weight) was four times
higher with the concurrent protocol than with the Nycodenz [5%
Tween 20] protocol (7.3×107±2.6×107 vs. 2.7×108±0.9×108,
t-test t=−6.45, df=8, pb0.001; Fig. 4B).

3.5. Effect of Na2EDTA and Tween 20

For the Nycodenz protocols, the effect of the addition of
Na2EDTAor of Tween 20 on the efficiency of the extraction of the
bacteria was investigated. Total numbers of bacteria extracted
(DAPI counts), numbers of FISH-detectable bacteria extracted
(EUB-338, II, III-Cy3 counts) and proportions of FISH-detectable
bacteriawere compared between the treatmentswith two-factorial
ANOVAs (Fig. 4, Table 1). The addition of 5 mM Na2EDTA led
to a significant increase in the number of total bacteria (+49%)
and FISH-detectable bacteria (+48%) extracted, whereas Tween
20 had no significant effect. The percentage of FISH-detectable
bacteria was neither affected by Na2EDTA nor by Tween 20. No
interactions between the chemicals were found.

4. Discussion

Studies of bacterial communities in soil based on Fluores-
cence in situ hybridization (FISH) use to be fastidious and time
consuming due to the autofluorescence of soil particles and the
high numbers of bacteria to be counted to achieve reliable
estimates. The present protocol combines existing methods to
solve these problems for routine FISH in soil.

As demonstrated by Barra Caracciolo et al. (2005b),
Nycodenz efficiently removes most of the soil particles from a
bacterial suspension and is compatible with FISH. However,
bacteria-sized artifacts remained and made it necessary to
estimate the amount of false-positive signals in order to
correct the bacterial counts (Christensen et al., 1999). While
the ratio of bacteria-sized artifacts remained very low in the
DAPI channel, they were far more numerous in the Cy3
channel. These artifacts are probably small soil particles of
less than 3 μm, such as clays and colloids. Mayr et al. (1999)
also observed small autofluorescing grains putatively origi-
nating from Nycodenz, although this was reported for
wavelengths above the emission spectrum of Cy3. In any
case most of these artifacts did not interfere with the image
analyzes because they did not co-fluoresce with DAPI stained
objects and were excluded. Regarding artifactual DAPI/EUB-
338, II, III-Cy3 colocalizations, their proportion was inferred
from a negative control subset that was hybridized with
Apis2P-Cy3, a probe not targeting free-living bacteria
(Tsuchida et al., 2005).
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We have chosen to follow a Nycodenz protocol modified
from Unge et al. (1999) rather than Barra Caracciolo et al.
(2005b) because it was already adapted to treat smaller samples,
allowing to use (originally) 0.7 ml of Nycodenz per sample
instead of 10 ml. Nycodenz being expensive this allowed a ten-
fold reduction in the costs. However, unlike Unge et al. our
samples needed to be fixed in order to perform FISH. Following
Barra Caracciolo et al. (2005b) fixation was performed prior to
bacteria extraction and Nycodenz separation. To reduce the
volume of the samples we fixed 0.25 g of soil in 2 ml of
paraformaldehyde instead of 1 g in 10 ml, and used 1 ml of the
fixed samples for Nycodenz separation. First attempts to fix
0.5 g of soil in 1 ml of paraformaldehyde resulted in dramatic
losses of fluorescence of the bacteria after FISH due to a non-
optimal fixation (data not shown).

The FISH and confocal acquisition procedures were
improved in order to make the preparation simpler and faster.
For the FISH procedure, performing the dehydration in Petri
dishes reduced the duration of this step to treat all the samples
roughly by a factor of three. Then, the use of support slides
coated with silicon grease allowed to proceed seven times more
samples per hybridization session since it was possible to
handle seven filter sections per slide instead of one. Handling
silicon grease coated slides was therefore very similar to
handling eight wells-microscopic slides. Here, 14 filter sections
were treated per FISH session of 2 1/2 h, but in other
experiments we have treated 32 without a major increase in the
protocol duration. The actions to be performed during the image
acquisition step were reduced to the minimum: Using the same
settings for all the acquisitions, the only actions left were to
move the slide to the next microscopic field and to focus. As a
result, images were recorded on average every minute, and a
filter section was investigated within 12 min (eleven acquisi-
tions). This method proved successful for the Nycodenz
protocols, since only 23 acquisitions out of 300 were considered
to have a lower quality, from which fourteen could be replaced
by the additional acquisition performed for each filter.

Finally, for the Nycodenz protocols it was possible to
perform the enumeration of the bacteria semi-automatically
with the freeware Image J (Rasband, 1997–2006). Other
software can be used for similar purposes; for example,
DAIME to analyze biofilm structure (Daims et al., 2005),
CMEIAS (Liu et al., 2001) to assess the spatial localization of
bacteria on wheat roots in relation with quorum sensing
(Gantner et al., 2006), and AnaliSIS to enumerate bacteria
from the rhizoplane (Watt et al., 2006). These programs count
“particles” having a user-determined size and color (“coloca-
lize RGB” tool in Image J). For the Nycodenz protocol the
bacteria were enumerated automatically with minimal mod-
ifications to prepare the images. Grey-values adjustments were
sufficient to remove a low background, no additional filters to
enhance the images were used (e.g. opening, dilatation,
median filter, Pernthaler et al., 1997, 2003). The bacteria
were not found overlapping soil particles, and only very
occasionally artifacts needed to be deleted manually. In
contrast to Watt et al. (2006), the threshold of the images
could even be determined automatically by the software. The
quality of the pictures was homogeneous enough so that all the
images could be treated with the same parameters. This
allowed to take advantage of the possibility in Image J to create
macros to concatenate all the steps of the image analysis. This
feature is also accessible to the non-specialist thanks to the
command recorder tool: While analyzing an image the user can
record the series of commands he is using and execute them
later on as a macro. The automatic counts only do not take into
account clusters of bacteria because they are considered as one
large-sized object. We chose to count by eye all the clusters
that contained more than 15 bacteria and to add these counts to
the software-counts. The DAIME freely available software
offers the possibility, after image segmentation, to split
manually such clusters into a number of objects defined by
the observer. Qualitatively, our procedure is equivalent. But
when more than 30 bacteria are involved in clusters, the
DAIME procedure is definitely advantageous.

Overall, our counting procedure was reliable for the
Nycodenz treatments [no Tween 20, no Na2EDTA], [5%
Tween 20] and [5 mM Na2EDTA], for which the software-
assisted counts matched the eye-counts in the control subset
examined. Regarding the other Nycodenz treatments, the
software-assisted counts could be improved to better match
the eye-counts, for example by including bacteria smaller than
0.5 μm in the analysis or by increasing the intensity of the faint
ones. However, regarding the numerous pairs of bacteria
counted as one by the software, like for the clusters, there is
no possibility to automize their counting. Therefore, we suggest
to stay with the [no Tween 20, no Na2EDTA], [5% Tween 20] or
[5 mM Na2EDTA] Nycodenz treatments.

The same procedures were applied to a soil slurry protocol
used by Stein et al. (2005) but failed to give consistent results.
First, although for this concurrent protocol no replacement image
was used, all 55 images had a lower quality: Large numbers of
artifacts were present, and the autofluorescence of soil particles
often covered the bacterial signals, especially in the Cy3 channel.
Second, the software-assisted counts did not match the eye-
counts, and for all the images the bacteria had to be re-counted by
eye. Again, soil particles were responsible for this failure.

In comparison to the concurrent protocol, the Nycodenz
protocol had the additional advantage of providing a more
representative sampling of bacterial populations. First, the
volume of soil examined was larger (0.11 g against 3×10−3 g).
Second, it was possible to examine 870±311 to 1417±480
bacteria per filter section for ten confocal acquisitions, similar to
Pernthaler et al. (1997). Such numbers of bacteria match the
requirements for reliable statistical analyzes (Daims et al., 2001;
Pernthaler et al., 2003). The concurrent protocol yielded only
88±29 bacteria for ten acquisitions. The alternative would have
been to raise the number of acquisitions until hundreds of
bacteria were counted too, which would have been very time
consuming. As a result, in other studies the authors restricted the
analyzes to 100 (soil slurry protocol; Gough and Stahl, 2003) or
300 bacteria (Nycodenz protocol without automated counts;
Barra Caracciolo et al., 2005a,b).

The concurrent protocol yielded four times more bacteria
than the Nycodenz [5% Tween 20] protocol per gram of soil



459J. Bertaux et al. / Journal of Microbiological Methods 69 (2007) 451–460
(fresh weight). However, this is not surprising since the
concurrent protocol included a stronger mechanical extraction
step, using a mixer mill. Such a step may also be included in the
Nycodenz protocol instead of merely shaking the samples. The
volume of buffer in which the soil is dispersed may also
influence the efficiency of the extraction of the bacteria, but
here the soil-to-buffer ratios were similar in both protocols:
0.111 for the concurrent protocol (1 g of soil in 9 ml) and 0.125
for the Nycodenz protocol (0.25 g in 2 ml).

Many bacteria escape mechanical extraction because they
are adsorbed to soil particles by a variety of mechanisms, e.g.
electrostatic interactions, binding through exopolysaccharides
and slimes (Bakken and Lindahl, 1995). They can be released to
some extent by an additional chemical extraction, but with
damages when it is too strong. Unlike in Barra Caracciolo et al.
(2005b) and the concurrent protocol, the soil samples treated
with Nycodenz were immersed directly in paraformaldehyde
without using an extraction buffer first. Therefore, the
improvement of the yield of the extraction was tested with the
addition, post-fixation, of a chelating agent, Na2EDTA, and of a
surfactant, Tween 20. Both act as a dispersant: Na2EDTA by
complexing the cations in the soil suspension and Tween 20 by
emulsifying the suspension. Moreover, both help dislodging
bacteria by disorganizing their cytoplasmic membrane, Na2-
EDTA complexing the cations stabilizing the negatively
charged lipopolysaccharides (Vaara, 1992), and Tween 20
inserting itself between the lipopolysaccharides and extracting
some membrane proteins (Helenius and Simons, 1975). The
addition of 5 mM Na2EDTA improved the yield of the
extraction by 49% whereas it did not affect the proportion of
bacteria detected with the EUB-338, II, III-Cy3 probe,
suggesting that the treatment was not strong enough to damage
the fixed cells and to provoke rRNA leakage, which would have
impaired FISH detection.

Surprisingly, Tween 20 did not have any effect on the yield
of the extraction and on the proportion of FISH-detected
bacteria. Moreover, it increased the variability of bacterial
counts among replicates (Fig. 4). Possibly, the effect of Tween
20 on bacterial membranes was too strong: Lindahl (1996)
warned against excessive membrane disorganization when
trying to detach bacteria from soil particles because Nycodenz
may diffuse inside the cells and provoke their sedimentation
instead of their flotation. Tween 20 is a regular component of
the buffers used to extract bacteria from soil usually at
concentrations b5% to prevent cell lysis (Helenius and Simons,
1975); for example, Barra Caracciolo et al. (2005b) used 0.5%
Tween 20 whereas other protocols prefer the use of Tween 80
(5%, Stein et al., 2005). These two products only differ by the
length of the alkyl chain which is longer for Tween 80 and
makes it slightly more hydrophobic (Hydrophile Lipophile
Balance: 14.9 vs. 16.7), and therefore, in theory, more prone to
membrane disorganization. Still, Li and Logan (1999) reported
that Tween 20 was more effective than Tween 80 in decreasing
bacterial adhesion to glass and quartz, an effect that could not be
correlated with the length of the alkyl chain.

Finally, for theNycodenz protocols, 45.1%±5.9 to 55.2%±10.7
of the bacteria detected with DAPI could be counterstained with
EUB-338, II, III-Cy3. Because FISH detection of bacteria relies on
their ribosomal content, these bacteria were alive at the time of
fixation. The FISH-negative bacteria consist of dead bacteria,
bacteria with too low ribosomal content to yield a detectable FISH
signal, and bacteria for which paraformaldehyde fixation was not
sufficient or adapted to permeabilize the cells to the probes (Zarda
et al., 1997). The ribosomal content of the FISH-positive bacteria
may indicate that theywere not only alive but also active. However,
the positive correlation between ribosomal content and activity has
strongly been questioned (Wagner et al., 2003). In bulk soil, the
proportion of FISH-detectable bacteria is often assumed to be low
(1%, Hahn et al., 1992, 5%, Christensen et al., 1999). However,
Zarda et al. (1997) and Chatzinotas et al. (1998) detected 40% of
FISH-positive bacteria in bulk soil, and Barra Caracciolo et al.
(2005b) 58%. In our case, even though root-free soil was collected,
roots likely had a positive impact on the physiological state of the
bacteria (Hinsinger et al., 2005), increasing the number of FISH-
detectable bacteria. In order to characterize the bacteria with low
rRNA content as well, we are currently developing a catalyzed
reporter deposition (CARD) protocol compatible with the present
protocol.

In conclusion, we achieved the aim of this study to establish
routine fluorescence in situ hybridization in soil. Established for
a sandy loam soil we expect the method to work in a wide range
of soils, however, for high organic soils modifications of the
extraction procedure might be necessary. Nycodenz proved to
be a key component for the new procedure. First, it yields high
quality preparations almost free of soil particles. This enables a
quasi-mindless image acquisition procedure and the use of
semi-automated software-assisted counts to enumerate the
bacteria of the images. The reduction of the volume of the
sample to 1 ml makes the use of Nycodenz more affordable, still
yielding large numbers of bacteria on membrane filters. The
addition of 5 mM Na2EDTA during the Nycodenz extraction
raises the number of bacteria by 49%, yielding 1238 DAPI-
labeled bacteria per 10 images, while the software-assisted
counts match the eye-counts and the standard deviation remains
low. In addition to the use of Nycodenz, the procedure was
further facilitated and shortened by using silicon grease coated
slides; this reduced the time for hybridizing by a factor of seven.
The proposed procedure allows to process a high number of
samples and to achieve a time efficient FISH characterization of
soil bacterial communities.
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