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Abstract

A novel fluorescence imaging technique based on deconvolution microscopy and spectral analysis is presented here as an
alternative to confocal laser scanning microscopy. It allowed rapid, specific and simultaneous identification of five major
opportunistic pathogens, relevant for public health, in suspension and provided quantitative results.
© 2006 Elsevier B.V. All rights reserved.
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Opportunistic pathogens are often ubiquitous. They
can be found in drinkingwater and have a significant role
in nosocomial infections resulting in severe disease in
newborns, the elderly, AIDS patients and other immu-
nocompromised individuals (Cohn et al., 1999). Specific
detection of such organisms in distributed drinking water
or food stuffs is therefore crucial for assessing risk for
public health. Cultivation on selective media is still the
accepted method of choice for isolation and detection of
pathogens, while several of them are fastidious, impair-
ing their consistent detection. Due to increased aware-
ness of problems associated with culture-based assays
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(Vives-Rego et al., 2000), fluorescence in-situ hybridi-
zation (FISH) using specific fluorescently labeled
nucleic acid probes has recently arisen as a rapid,
accurate and highly specific technique for the identifica-
tion of microorganisms without the need for cultivation
(Kalmbach et al., 2000; Manz et al., 1993; Amann et al.,
1990a,b). Simultaneous detection and identification of
pathogens by FISH requires multi-color fluorescence
microscopy, commonly utilizing confocal laser scanning
microscopy (CLSM). However, CLSM has some
limitations. The aperture pinhole, by physically remov-
ing out-of-focus light in CLSM images, prevents
acquisition of the entirety of the fluorescence emitted
by stained specimens, reducing detection sensitivity,
especially at low fluorescence levels. Moreover, the
required raster scanning of the sample with high light
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Table 1
Sequence and specificity of 16S rRNA oligonucleotide probes with their corresponding fluorophore

Probe Probe sequence (5′ to 3′) Fluorophore Specificity Reference

MaMB CCA AAC TCC CGA CGC GCT GCG Marina Blue Mac† Collins et al. (1997)
MAPA488 ATG TGG TTG CTG TGT TGG ATG G Alexa® 488 Map† Naser et al. (2004)
CdA594 AAT ACC GCA TAA AGT TAA G Alexa® 594 C. difficile† Franke-Whittle et al. (2005)
ECA647 CAT GCC GCG TGT ATG AAG AA Alexa® 647 E. coli† Huijsdens et al. (2002)
LA660 CGG AGG TTC CGC AAA AGATG Alexa® 660 L. mono.† Furrer et al. (1991)
†Mac: Mycobacterium avium complex; Map: Mycobacterium avium paratuberculosis; C. difficile: Clostridium difficile; E. coli: Escherichia coli; L.
mono: Listeria monocytogenes.
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intensity may bleach the dyes. Furthermore, multi-color
imaging with CLSM can be prohibitively expensive
(Maierhofer et al., 2003). Deconvolution microscopy
(DM, McNally et al., 1999) is a sensitive and affordable
alternative to CLSM (Manz et al., 2000; Carrington et al.,
1995). In addition, combination of DM and interferom-
eter-based spectral imaging is an efficient approach to
simultaneously detect several fluorescent signals in a
given sample (Hiraoka et al., 2002) and has been
successfully used for human karyotyping (Schröck et al.,
1996). Such an approach would provide a novel,
sensitive and affordable multi-color fluorescence ima-
ging technique for simultaneous identification of patho-
gens in suspensions. This study focused on five major
pathogens constituting a potent risk for public health:
Listeria monocytogenes (L. monocytogenes; food-
borne listeriosis; FSIS, 2002; Adak et al., 2002; Ericsson
Fig. 1. Normalized fluorescence emission spectra of bacteria FISH-stain
interferometer-based ASI imaging system. Yellow: Mycobacterium avium
paratuberculosis labeled with Alexa®488; Red: Clostridium difficile labele
Listeria monocytogenes labeled with Alexa®660. 600× total magnification
the reader is referred to the web version of this article.)
et al., 1997), Escherichia coli (E. coli, waterborne
gastroenteritis, Cohn et al., 1999; Mitchell, 1972), My-
cobacterium avium paratuberculosis (Map; Crohn's
disease; Covert et al., 1999; Collins, 1997; Mishina et
al., 1996), Mycobacterium avium complex (Mac; water-
borne pulmonary disease; Von Reyn et al., 1994; Du
Moulin and Stottmeier, 1986; Sobsey and Olsen, 1983),
and Clostridium difficile (C. difficile; nosocomial
infectious diarrhea; Loo et al., 2005; Barbut et al.,
1996). Mycobacterium species (Mac and Map) were
grown in Bactec 12B bottles containing 4 mL 7H12
Middlebrook broth. Mycobactin J was added (1 μg/ mL
medium) for cultivation of Map. E. coli and C. difficile
were grown on tryptic soy broth and L. monocytogenes
was grown on cooked meat. Mixed suspensions of these
pathogens were fixed in a 1:3 (v/v) solution of 4%
paraformaldehyde and phosphate buffer saline (PBS) at
ed with specific 16S rRNA oligonucleotide probes obtained with
complex labeled with Marina Blue; Green: Mycobacterium avium
d with Alexa®594; Purple: E. Coli labeled with Alexa®647; Black:
. (For interpretation of the references to colour in this figure legend,
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4 °C for 90 min. Based on the protocol of Manz et al.
(1993), FISHwas performed in microcentrifuge tubes by
gently mixing 8 μL of hybridization buffer (containing
0.9 M NaCl, 20 mM Tris–HCl, 30% formamide, 0.01%
SDS) with 5 μL of fixed bacterial suspension and by
adding 1 μL (or 25 ng) of each probe of interest for
90 min. at 46 °C. Cocktails of specific, fluorescently-
labeled 16S rRNA oligonucleotide probes (Sigma-
Genosys, The Woodlands, TX) were used to hybridize
these bacteria (Table 1). Hybridized bacterial suspen-
sions were then incubated in 200 μL of prewarmed
washing buffer (containing 0.1 M NaCl, 20 mM Tris–
HCl, 0.01% SDS) for 15 min. at 48 °C, to remove
Fig. 2. (A–B) Images in the same field of view of mixed suspension of Map,
16S rRNA oligonucleotide probes, labeled with Alexa®488, Alexa®647
Alexa®647 and Alexa®660 in red, Alexa®488 in green; B. Image after
Alexa®488 in green; (C–G) Images in the same field of view of suspension of
and L. monocytogenes. FISH-stained with cocktail of 16S rRNA oligonucleo
Mac; D and I. Green: Alexa® 488 channel for probe targeting Map; E and
Purple: Alexa® 647 channel for probe targeting E. coli; G and L. White: A
magnification. (For interpretation of the references to colour in this figure le
unbound probes. Upon removal of the washing buffer by
centrifugation, stained cells were rinsed and resuspended
in 10 μL of ice-cold sterile deionized water, which
volume was spotted onto a microscope slide, air-dried in
a biosafety cabinet for 15 min., mounted in ProLong®
Gold antifading agent (Invitrogen, Carlsbad, CA) and
finally covered with a coverslip and sealed with nail
polish. The fluorescence emission peaks of the fluor-
ophores used to label these probes were: Marina Blue®,
Alexa® 488, Alexa® 594, Alexa® 647, Alexa® 660
(Invitrogen Carlsbad, CA), are presented in Fig. 1. An
Applied Spectral Imaging (ASI, Migdal Ha'Emek,
Israel) platform — comprising an Olympus BX61
E. coli and L. monocytogenes, FISH-stained with a cocktail of specific
and Alexa®660, respectively. A. Image before spectral separation:
spectral separation: Alexa®647 in purple, Alexa®660 in white, and
Map and of (H–L) mixed suspension ofMac,Map, C. difficile, E. coli
tide probes C and H. Yellow: Marina Blue channel for probe targeting
J. Red: Alexa® 594 channel for probe targeting C. difficile; F and K.
lexa® 660 channel for probe targeting L. monocytogenes; 600× total
gend, the reader is referred to the web version of this article.)



Fig. 3. Composite image in the same field of view of mixed
suspension of Mac, Map, C. difficile, E. coli and L. monocytogenes
FISH-stained with cocktail of specific 16S rRNA oligonucleotide
probes. Yellow: Marina Blue channel for probe targeting Mac;
Green: Alexa® 488 channel for probe targeting Map; Red: Alexa®
594 channel for probe targeting C. difficile; Purple: Alexa® 647
channel for probe targeting E. coli; White: Alexa® 660 channel for
probe targeting L. monocytogenes; 600× total magnification. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. Mixed suspension of Mac, Map, C. difficile, E. coli and
L. monocytogenes FISH-stained with cocktail of specific 16S rRNA
oligonucleotide probes. A: Relative proportions; B: Quantitative
bacterial count.
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deconvolution microscope, an ASI interferometer-based
spectral head and a high definition charge-coupled
device camera (VDS Vosskühler GmbH, Osnabrück,
Germany) — was used for image acquisition at 600×
total magnification (60× objective). A sequential scan of
a field of view for a given stained slide was performed
using filter cubes that allow acquisition and separation of
the proposed fluorophores in different channels. A DAPI
filter cube was used to obtain the fluorescence signal
from Marina Blue. Two ASI dual-band pass filters were
also used. The first filter collected emitted light in the
ranges 455–525 nm and 560–665 nm, detecting the
fluorescence signal from Alexa® 594. The second filter
acquired emitted light in the ranges 500–590 and 660–
800 nm, detecting the fluorescence signal from Alexa®
488, Alexa® 647, and Alexa® 660. The imaging
platform allowed acquisition of specific spectral signa-
tures for each pixel of the image. As an example, a
control experiment was carried out with a suspension of
Map, E. coli and L. monocytogenes FISH-stained with a
cocktail of specific probes for these bacteria (Table 1).
Using the second dual-band pass filter, the spectral
signatures from Alexa® 488 (green), as well as Alexa®
647 and Alexa® 660 (red) were obtained (Fig. 2A).
Using the spectral information for each image, it was
possible to separately target the individual signals of
Alexa® 647 and Alexa® 660 and identify them with
distinct false colors (Fig. 2B). Specificity experiments
were also conducted to guarantee that each probe
specifically binds to its target and not to other bacteria.
A suspension of Map was FISH-stained with a cocktail
of all the probes (Table 1). The images were screened for
signals from all probes. Fig. 2(C–G) shows that only
signals from Alexa® 488 (corresponding to the specific
probe forMap), were detected, confirming that the other
probes did not bind to this organism. Similar results were
obtained for all the other probes. Based on these results, a
suspension of all the bacteria presented in Table 1 was
FISH-stained with a cocktail of all the probes respec-
tively specific for these organisms. The images were
screened for the fluorescence signal of each probe. Fig. 2
(H–L) show the individual channels corresponding to
each probe. Fig. 3 shows a composite image, in which all
the channels were recombined. Based on previous work
(Chang et al., 2003; Biggerstaff et al., 1997), a
quantitation protocol was derived using AutoDeblur®
(AutoQuant Imaging Inc., Watervliet, NY). Fluores-
cence areas were quantified for each channel to obtain
the relative proportions of each bacteria present on the
combined image (Fig. 4A). The area occupied by each
organism was also calculated and the number of each
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bacterial species was extrapolated, providing a quanti-
tative assessment of cell numbers in the mixed suspen-
sion (Fig. 4B). These results demonstrate that this
technique allows for quantitative 5-color FISH in mixed
bacterial suspensions.
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