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Abstract

Simultaneous in situ analysis of the structure and function of bacterial cells present within complex communities is a key for
improving our understanding of microbial ecology. A protocol for the in situ identification of Listeria spp. using fluorescently
tagged, rRNA-targeted oligonucleotide probes was developed. Ethanol fixation and enzymatic pretreatment with lysozyme and
proteinase K were used to optimize whole cell hybridization of exponential phase and stationary phase Listeria spp. cells. In
parallel, transcript probes carrying multiple digoxigenin molecules were combined with anti-digoxigenin Fab antibody
fragments labeled with horseradish peroxidase to detect, via the catalytic deposition of fluorescein-tyramide, the iap-mRNA in
single Listeria monocytogenes cells. The iap gene encodes the associated virulence factor p60. Application of the new signal
amplification technique resulted in strong signals comparable in intensity to those obtained with fluorescently labeled rRNA-
targeted oligonucleotide probes. © 1998 Federation of European Microbiological Societies. Published by Elsevier Science
B.V.
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1. Introduction

Fluorescent in situ hybridization (FISH) with
rRNA-targeted oligonucleotide probes is a powerful
tool to analyze in a cultivation-independent way the
structure and dynamics of complex microbial com-
munities (e.g. [1,2]). Combination of FISH with con-
focal laser scanning microscopy also permits analysis
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of the spatial distribution of probe-target popula-
tions in microbial biofilms (e.g. [2,3]) and tissue sam-
ples [4]. While extremely useful for identification,
rRNA-based techniques usually do not provide the
researcher with much information about in situ func-
tions of bacteria within their respective ecosystems.
Molecular techniques for the in situ visualization of
mRNA of key functional proteins in single microbial
cells would provide the opportunity to narrow this
gap and to link abundance and spatial distribution
of bacteria with their in situ physiological activities.
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Due to the low number and instability of most
mRNA molecules in prokaryotic cells only a few
reports of successful in situ detection of bacterial
mRNA have been reported to date [5-9].

Listeria spp. are facultatively anaerobic, non-
spore-forming rod-shaped bacteria which have been
assigned by ribosomal DNA sequence analysis to the
Gram-positive bacteria with low DNA G+C content
[10]. The genus Listeria comprises six well character-
ized species, among which L. monocytogenes is of
particular importance as a pathogen causing serious
food-borne infections in animals and humans. New-
borns, pregnant women and immunocompromised
individuals are at increased risk for infection with
virulent strains of L. monocytogenes. Such strains
are able to display an intracellular life cycle within
nonprofessional phagocytes as well as macrophages
and monocytes. Several proteins have been recog-
nized as essential for the virulence of L. monocyto-
genes [11]. Among these, the 60-kDa extracellular
p60 protein, encoded by the iap (invasion associated
protein) gene has been identified to be not only re-
quired for efficient adhesion to certain mammalian
cell types but also essential for cell metabolism of L.
monocytogenes due to its murein hydrolase activity
[12]. Tt has been shown that all Listeria species se-
crete a p60 protein, albeit with genus-specific con-
served N- and C-termini, and species-specific varia-
ble internal portions [13].

In the present study we report on a rRNA-based
in situ identification protocol for the genus Listeria.
In addition we have developed a technique for in situ
detection of iap-mRNA within intact cells of L.
monocytogenes. To our knowledge this is the first
time that successful in situ identification of mRNA
from a virulence factor in bacteria has been demon-
strated. This technique might offer the opportunity
to analyze gene expression both in L. monocytogenes
present in mixed microbial communities and during
infection in mammalian cells.

2. Materials and methods
2.1. Bacterial strains and media

Five L. monocytogenes strains (svda 199, sv4b
SLCC 4013, svl/2a EGD PrfA~, svl/2a EGD

ActA™, RIII) as well as L. seeligeri SLCC 3954, L.
grayi, L. welshimeri SLCC 5828, L. innocua své6a
NCTC 11288, and L. ivanovii ATCC 19119 were
obtained from the Institute of Medical Microbiology
and Hygiene (University of Wiirzburg, Wiirzburg,
Germany). Listeria strains and Enterococcus hirae
DSM 201607 were cultured aerobically in brain
heart infusion (BHI) broth at 37°C. Listeria cells
were harvested at various growth phases (see Section
3) by centrifugation (5000 X g for 5 min). Escherichia
coli ATCC 11775%, Pseudomonas aeruginosa DSM
2659, and Aeromonas hydrophila ATCC 7966" were
grown aerobically in Luria-Bertani medium and har-
vested at mid-exponential phase by centrifugation
(5000xg for 5 min) to obtain cells with high
rRNA contents.

2.2. Oligonucleotide probes

The following rRNA-targeted oligonucleotide
probes were used: (i) LIS-1255, complementary to
a region of the 16S rRNA of the genera Listeria
and Brochothrix [14]; (ii)) GAM, complementary to
a region of the 23S rRNA conserved in the gamma
subclass of Proteobacteria [15]; (iii)) EUB, comple-
mentary to a conserved region of bacterial 16S
rRNA molecules [16]. In addition four oligonucleo-
tides were designed and used for detection of iap-
mRNA: (i) iap-30 (5'-ACCGCAATCCCAGCTG-
TA-3’, derived from primer UnilisA [13]); (ii) iap-
630 (5'-CCCAAATAGTGTCACCGC-3"), (iii) iap-
1159 (5'-AGTTGGTCCGTTACCACC-3"); and
(iv) iap-1437 (5'-TACGCGACCGAAGCCA-3', a
truncated version of primer iap-1436; see below).
Oligonucleotides were synthesized with a C6-TFA
aminolinker at the 5’ end (Interaktiva, Ulm, Ger-
many). Labeling with 5(6)-carboxyfluorescein-N-hy-
droxysuccinimide ester (CFLUOS; Boehringer,
Mannheim, Germany), the monofunctional, hydro-
philic sulfoindocyanine dyes Cy3 and Cy5 (Amer-
sham, Buckinghamshire, UK) or horseradish perox-
idase (HRP) was performed as described previously
[17,18].

2.3. Cell fixation and enzymatic pretreatment

Gram-negative reference cells were fixed by addi-
tion of paraformaldehyde solution (final concentra-
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tion 4%) and stored in a 1:1 mixture of phosphate-
buffered saline (130 mM NaCl, 10 mM sodium phos-
phate buffer, pH 7.2) and 96% ethanol at —20°C
[17]. Listeria cells were fixed either by the procedure
used for Gram-negative cells or by addition of etha-
nol to a final concentration of 50% (v/v) [19]. E. hirae
cells were fixed by addition of ethanol [19]. Listeria
cells were spotted on precleaned six-well glass slides,
dried at 46°C and dehydrated in 50, 80, and 96%
ethanol (3 min each). For partial enzymatic digestion
of the cell wall Listeria cells were treated with and
without lysozyme and proteinase K prior to hybrid-
ization. In the developed optimized protocol fixed
immobilized Listeria cells were covered with 20 ul
of lysozyme solution (10 mg ml™! of lysozyme [Ser-
va, Heidelberg, Germany; 164.500 U mg '] in a
buffer containing 100 mM Tris-HCl and 50 mM
EDTA, pH 8.0) and incubated for 20 min at room
temperature. Lysozyme reaction was stopped by
rinsing the slide thoroughly with dH,O followed by
an additional ethanol series. Subsequently, Listeria
cells were subjected to an aqueous proteinase K sol-
ution (0.05 mg ml~!, 20 U mg~!, Boehringer) and
incubated for 5 min at room temperature. Finally,
proteinase K was removed by rinsing with dH,O and
an additional ethanol series. For preparing artificial
mixtures of Gram-negative reference cells and Liste-
ria cells, Gram-negative reference cells were spotted
on the well containing the fixed Listeria cells after
the enzymatic cell wall permeabilization procedure.

2.4. Whole cell hybridization with
oligonucleotide probes

Hybridizations with CFLUOS, Cy3, Cy5 and
HRP-labeled oligonucleotide probes were performed
following the protocols of Manz et al. [15] and
Amann et al. [18]. Specific hybridization with probe
Lis-1255 required the addition of formamide to a
final concentration of 35% to the standard hybrid-
ization buffer. Hybridizations with the iap-mRNA-
targeting oligonucleotide probes were performed by
simultaneous application of the four probes (each
labeled with Cy3) using a range of formamide con-
centrations (0%, 10%, 20%, 30%, 40%, 50%, 60%) in
the hybridization buffer. The NaCl concentration in
the washing buffer was adjusted according to the
formamide concentration in the respective hybridiza-

tion buffer [15]. Specifically bound horseradish per-
oxidase-labeled oligonucleotide probes were detected
by addition of the substrate fluorescein tyramide as
described by Schonhuber et al. [20]. For dual stain-
ing of L. monocytogenes cells with fluorescent oligo-
nucleotide probes and DAPI, cells were stained after
in situ hybridization with 1 ug ml~' DAPI for 5 min
at RT. Fluorescence was detected with a Zeiss LSM
510 scanning confocal laser microscope (Carl Zeiss,
Oberkochen, Germany).

2.5. DNA isolation, PCR amplification, cloning and
sequencing

High molecular mass genomic DNA was extracted
from L. monocytogenes svl/2a EGD ActA™ using a
modification of the protocol given by Lema et al.
[21]. For cell lysis we replaced the lysozyme step by
an ultrasonic treatment (150 s) after the addition of
an equal volume of glass beads (0.1-0.11 mm diam-
eter; Braun, Melsungen, Germany). PCR primers
iap-1159F  (5'-GGTGGTAACGGACCAACT-3")
and iap-1436R (5'-ATACGCGACCGAAGCCAA-
3’; derived from the primer Lisl1B [13]) were used
for PCR with a thermal capillary cycler (Idaho Tech-
nology, Idaho Falls, ID). The primer pair bound
between nucleotide position 1159 and 1453 of the
iap gene (nucleotide numbering in L. monocytogenes
EGD [13]). Reaction mixtures were prepared accord-
ing to the instruction of the manufacturer in a total
volume of 50 ul by using the 20 mM MgCl, reaction
buffer. Thermal cycling was carried out as follows:
an initial denaturation at 94°C for 45 s followed by
35 cycles of denaturation at 94°C for 15 s, annealing
at 58°C for 25 s and elongation at 72°C for 22 s.
Cycling was completed by a final elongation step at
72°C for 60 s. The presence and size of the amplifi-
cation product were determined by agarose gel elec-
trophoresis (1.0%). The amplified 294 bp long prod-
uct was excised from the gel and purified using the
Gel DNA Extraction Kit (Boehringer). Purified
products were ligated into the cloning vector
pCR2.10 and transformed into competent E. coli
INVoF’ cells with the Original TA cloning kit (In-
vitrogen Corp., San Diego, CA). Identity and orien-
tation of the inserts were determined by cycle se-
quencing of purified plasmid preparations (QIAgen
Spin Plasmid Kit; Qiagen, Hilden, Germany) with a
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Thermo sequenase cycle sequencing kit (Amersham)
and an infrared automated DNA sequencer (LiCor,
Inc., Lincoln, NE) under the conditions recom-
mended by the manufacturers.

2.6. In vitro transcription

Digoxigenin (DIG)-labeled antisense and sense
polyribonucleotide probes were generated by in vitro
transcription from pCR2.10 vectors containing the
294 bp long, cloned iap fragments in the respective
orientations. 396-nucleotide sense and antisense tran-
scripts were transcribed from the T7 promoter after
linearization of the plasmid with Spel. Transcription
reactions were performed with an RNA transcription
kit (Boehringer) with a UTP/DIG-11-UTP ratio of
6.5:3.5. Transcription products were analyzed by de-
naturing polyacrylamide gel -electrophoresis and
spectrophotometrically following standard protocols
[22].

2.7. Northern blot analysis

Total RNA was isolated from L. monocytogenes
strains svl/2a EGD ActA~ and 7972 PrfA™, as
well as from P. aeruginosa, as described by Oelmiiller
et al. [23]. For Northern blotting, formaldehyde-
agarose gel electrophoresis was performed as de-
scribed previously [22]. DIG-labeled RNA molecular
mass markers (Boehringer) were also loaded onto the
gel for subsequent use as standards for the size de-
termination of hybridizing RNA bands. After elec-
trophoresis, nucleic acids were transferred with a
pressure blotter onto positively charged nylon mem-
branes (Hybond™-N*, Ver. 2,) and subsequently
crosslinked by exposure to UV light for 150 s. Hy-
bridizations were performed with HRP-labeled oligo-
nucleotides or with DIG-conjugated polyribonucleo-
tide probes. The membranes were prehybridized for
1 h at 46°C (polyribonucleotide probes) or at 35°C
(oligonucleotide probes) with 20 ml solution contain-
ing 10.8 XSSC, 4.3% blocking reagent (Boehringer),
0.2% N-laurylsarcosine and 0.04% SDS. Hybridiza-
tions were performed at 46°C for at least 12 h using
polyribonucleotide probes. Oligonucleotide hybrid-
izations were performed at 35°C for 90 min. Hybrid-
ization solution contained 0.9 M NaCl, 0.02 M Tris-
HCI (pH 8.0), 1.8% blocking reagent, 0.1% N-lauryl-

sarcosine, 0.01% SDS, 22% formamide (EUB, iap-
mRNA-targeted oligonucleotide probes) or 40%
formamide (polyribonucleotide probes) or 62% form-
amide (Lis-1255), and 100 ng of HRP-labeled
oligonucleotide probe or 250 ng DIG-labeled poly-
ribonucleotide probe. Following hybridization, mem-
branes were washed twice at 35°C (oligonucleotide
probes) or 48°C (polyribonucleotide probes) for
10 min (oligonucleotide probes) or 15 min (polyribo-
nucleotide probes) in 10 ml washing buffer contain-
ing 20 mM Tris-HCI (pH 7.2), 4.6 mM EDTA, and
0.01% SDS. NaCl concentration in the washing buff-
er was adjusted according to the formamide concen-
tration in the respective hybridization buffer [15].
DIG-conjugated polyribonucleotide probes were de-
tected with HRP-labeled anti-DIG Fab antibody
fragments following instructions recommended by
the manufacturer (Boehringer). Specifically bound
nucleic acid probes were visualized via HRP-induced
chemiluminescence (ECL; Amersham). Emitted light
was recorded with an ultrasensitive photon-sensitive
camera (Hamamatsu C2400-47, Hamamatsu Pho-
tonics, Hersching, Germany).

2.8. Whole cell hybridization with DIG-conjugated
polyribonucleotide probes

Fixed and enzymatically pretreated cells were cov-
ered with 10 pl hybridization mixture (75 mM NaCl,
80% formamide, 20 mM Tris, 0.01% SDS, 250 ng of
transcript probe) in an isotonically equilibrated hu-
mid chamber. Following an initial denaturation at
80°C for 30 min, hybridization was performed at
46°C for 5 h. Hybridization was terminated by im-
mersing the slides briefly in distilled HyO. After air-
drying, wells were covered with 21 pl detection sol-
ution (20 mM Tris, 0.7 M NacCl, 1% blocking re-
agent) containing 0.6 ug HRP-labeled anti-DIG anti-
body Fab fragments. Slides were incubated at 27°C
for 1 h, washed for 10 min at the same temperature
in a solution containing 0.7 M NaCl and 100 mM
Tris, and finally rinsed with distilled water. Specifi-
cally bound HRP-labeled Fab fragments were de-
tected by using the substrate fluorescein tyramide
[20]. Subsequently, fixed cells were hybridized with
Cy5-labeled oligonucleotide probes (see above). Flu-
orescence was observed with a Zeiss LSM 510 scan-
ning confocal laser microscope (Carl Zeiss).
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Fig. 1. The effect of fixative and lysozyme treatment on detection efficiency of L. monocytogenes by whole cell hybridization. A: Growth
curve of L. monocytogenes svl/2a EGD ActA™ in BHI medium at 37°C. B: L. monocytogenes svl/2a EGD ActA™ cells were fixed at vari-
ous time points of the growth curve (3, 5, 7, 9, 24, and 144 h) with ethanol (EtOH) or paraformaldehyde (PFA) and optionally treated
with lysozyme prior to whole cell hybridization with Cy3-labelled probe Lis-1255. The Lis-1255/DAPI ratio was determined following

staining with DAPI.

3. Results and discussion

3.1. In situ hybridization of Listeria spp. with
rRNA-targeted oligonucleotide probes

The difference in cell wall composition and struc-
ture between Gram-negative and Gram-positive bac-
teria hampers the application of in situ hybridization
techniques established for Gram-negative bacteria to
Gram-positive bacteria. Previous work has demon-
strated that successful in situ hybridization of most
Gram-positive bacteria requires changes in the fixa-

tion protocol and/or additional enzymatic pretreat-
ments to make them permeable for reporter mole-
cule-labeled nucleic acid probes (e.g. [19,24,25]).
Therefore, we initially tested different fixation and
enzymatic pretreatments to adapt existing in situ hy-
bridization protocols to Listeria spp.

BHI-cultivated L. monocytogenes svl/2a EGD
ActA™ cells were harvested at different times during
the growth curve (Fig. 1A) and fixed immediately by
addition of either paraformaldehyde or ethanol. Sub-
sequent in situ hybridization with the 16S rRNA-
targeted oligonucleotide probe Lis-1255 revealed
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that permeabilization of Listeria cells due to ethanol hyde fixation (Fig. 1B). Both fixatives allowed the
fixation was more effective than with paraformalde- specific visualization of the majority of exponential
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Fig. 2. In situ detection of 16S rRNA and iap-mRNA in L. monocytogenes. A: Artificial mixture of E. coli and stationary phase L. mono-
cytogenes svl/2a EGD ActA™ (fixed after 9 h growth in BHI medium) simultaneously hybridized with CFLUOS-labeled probe GAM
(green) and Cy3-labeled probe Lis-1255 (red). B, C: Artificial mixture of L. monocytogenes sv4b and Aeromonas hydrophila hybridized
with multiply DIG-labeled iap-mRNA antisense polyribonucleotide probe (B, center) or with multiply DIG-labeled iap-mRNA sense poly-
ribonucleotide probe (C, center). Intracellular, probe-conferred DIG molecules were detected via HRP-labeled anti-DIG Fab fragments
and fluorescein tyramide (green). For both experiments A. hydrophila cells were visualized by a subsequent hybridization with Cy5 mono-
labeled oligonucleotide probe GAM (red; B and C, right). During image acquisition with the confocal laser scanning microscope all set-
tings (laser intensity, pinhole size, contrast and brightness, scanning time, and number of averages) were identical for panels B and C.
Phase-contrast (left) and epifluorescence (center, right) micrographs are shown for identical microscopic fields. Bars represents 10 pm.

«—

Listeria cells while stationary cells were not detect-
able. Failure to detect stationary Listeria cells could
be due to low cellular ribosome contents or to lim-
ited cell wall permeability. We determined the effect
of treating ethanol- and paraformaldehyde-fixed Lis-
teria cells with different concentrations of lysozyme
(0.1-50 mg ml™') on probe permeability. These ex-
periments demonstrated that BHI-cultivated station-
ary Listeria cells (i) still possess sufficient ribosomes
for in situ detection (Fig. 1B) and (ii) are permeable
for fluorescently labeled oligonucleotide probes after
being treated with 10 mg ml~! lysozyme for 20 min
at RT (Fig. 2A). Increasing lysozyme concentration
or exposure time resulted in partial or complete lysis
of the cells. At a formamide concentration of 35% (v/
v), probe Lis-1255 hybridized strongly with represen-
tative members of all six Listeria species and not
with non-target organisms (Table 1). Fluorescent in
situ hybridization is a promising tool for rapid iden-
tification and quantification of Listeria spp. in com-

plex samples and could become a valuable comple-
ment to standard cultivation, PCR and
immunological techniques. However, Listeria cells
present in natural samples might differ in their cell
wall composition from BHI-cultivated cells. Conse-
quently, it is recommended to perform in situ mon-
itoring of Listeria in samples which have been sub-
jected to different cell permeabilization procedures.

3.2. In situ detection of mRNA of the iap gene in
whole fixed cells of L. monocytogenes

The iap-mRNA was chosen as target for the devel-
opment of a nucleic acid probe-based method for
monitoring specific gene expression in L. monocyto-
genes for two reasons: first, iaqp-mRNA has been
reported to be regulated at a post-transcriptional
level and is present in a relatively high copy number
[26]; second, expression of iap, which encodes a mur-
ein hydrolase involved in septum separation, is essen-

Table 1

Listing of strains analyzed by whole cell hybridization with probe Lis-1255

Organism Source® Lis-1255 EUB
Listeria monocytogenes svl/2a EGD ActA™ BW + +
Listeria monocytogenes svl/2a EGD PrfA™ BW + +
Listeria monocytogenes RIII SLCC 5779 + +
Listeria monocytogenes sv4a 1.99 BW + +
Listeria monocytogenes svdb SLCC 4013 + +
Listeria grayi BW + +
Listeria innocua svéa NCTC 11288 + +
Listeria ivanovii ATCC 19119 + +
Listeria seeligeri SLCC 3954 + +
Listeria welshimeri SLCC 5828 + +
Escherichia coli ATCC 11775 — +
Enterococcus hirae DSM 20160" - +

2BW, Biozentrum Universitit Wiirzburg, Wiirzburg, Germany; ATTC, American Type Culture Collection, Rockville, MD, USA; NCTC,
National Collection of Type Cultures, London, UK ; SLCC, Special Listeria Culture Collection, Institut fiir medizinische Mikrobiologie und
Hygiene, Universitdt Wiirzburg, Wiirzburg, Germany; DSM, Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig,

Germany.



166 M. Wagner et al. | FEMS Microbiology Letters 160 (1998) 159-168

2 3 1 31 2 3
— a— S o || = | 1,6 kb
- - 0w
0,6 kb
s, o
0.3 kb
| 11 111 v

Fig. 3. Northern blot detection of iaqp-mRNA and 16S rRNA in L. monocytogenes. Membranes were hybridized with: (I) four iagp-mRNA
targeting HRP-labeled oligonucleotide probes (iap-mRNA detection with multiple oligonucleotide probes required prolonged exposure
times resulting in higher membrane background); (II) a multiply DIG-labeled iap-mRNA antisense polyribonucleotide probe; (III) HRP-
labeled 16S rRNA-directed probe Lis-1255; (IV) HRP-labeled 16S rRNA-targeting probe EUB. Lane 1, L. monocytogenes svl/2a EGD
ActA™ RNA; lane 2, L. monocytogenes svl/2a EGD PrfA~ RNA; lane 3, P. aeruginosa RNA.

tial for cell viability of L. monocytogenes [12]. North-
ern analysis using direct photon camera inspection
demonstrated that iagp-mRNA concentrations in L.
monocytogenes were similar in cells from exponential
and stationary growth phases (data not shown).
However, there is less iaqp-mRNA than 16S rRNA
in the cells (Fig. 3). Low numbers of iap-mRNA
required the simultaneous application of the four
iap-mRNA-targeted oligonucleotide probes to obtain
a detectable signal after Northern hybridization (Fig.
3I). The sensitivity of the iap-mRNA Northern hy-
bridization was significantly increased by using mul-
tiply labeled antisense polyribonucleotide transcript
probes (Fig. 3II). Polyribonucleotide-conferred iap-
mRNA-specific Northern hybridization signals were
comparable in their intensity to those obtained with
16S rRNA-targeted oligonucleotide probes labeled
with a single HRP molecule (Fig. 3111, IV). Specific-
ity of polyribonucleotide hybridization was dem-
onstrated by hybridization of the Northern blot
membranes with a multiply labeled sense probe
which did not lead to a detectable signal (data not
shown).

Detection of iap-mRNA in fixed and lysozyme-
treated L. monocytogenes cells was unsuccessful us-
ing the four iap-mRNA-targeted Cy3-labeled oligo-
nucleotide probes simultaneously for in situ hybrid-
ization (data not shown). Increase of the formamide
concentration in the hybridization buffer in order to
remove higher order structure in the target mRNA
did not result in detectable signals. The most prob-

able reason for this was the relatively low cellular
copy number of the iap-mRNA (see Section 2.7)
which could not even be sufficiently compensated
for by the simultaneous use of four oligonucleotide
probes labeled with the currently brightest fluores-
cent dye Cy3 [27]. In order to further increase the
sensitivity of our assay we attempted to use HRP-
labeled derivatives of the four igp-mRNA-directed
oligonucleotide probes in combination with the fluo-
rogenic TSA assay. This approach can confer up to
20-fold more fluorescence to target cells than can
oligonucleotides labeled with a single fluorescent
dye molecule [18]. It requires, however, that the tar-
get cells are permeable for the relatively large oligo-
nucleotide-enzyme conjugate. Hybridization of etha-
nol-fixed and lysozyme-pretreated L. monocytogenes
cells with a HRP-labeled derivative of oligonucleo-
tide probe Lis-1255 revealed that less than 10% of
the cells could be visualized via enzymatic transfor-
mation of fluorescein tyramide. To further enhance
cell permeability we implemented an additional opti-
mized proteinase K treatment (0.05 mg ml™'; 5 min,
RT) in the hybridization protocol. This resulted in
specific visualization of more than 90% of the L.
monocytogenes cells with HRP-labeled probe Lis-
1255 (data not shown). However, heterogeneity in
signal intensities between different L. monocytogenes
cells, indicating differences in cell wall composition,
was observable. This effect was most pronounced for
the isogenic mutants L. monocytogenes svl/2a EGD
ActA™ and PrfA™, and less pronounced for L. mono-
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cytogenes sv4b which was therefore selected as a
model strain for subsequent studies. Simultaneous
hybridization of ethanol-fixed, lysozyme- and protei-
nase K-pretreated L. monocytogenes sv4b with HRP-
labeled derivatives of the four iagp-mRNA-targeted
oligonucleotide probes, however, still did not lead
to detectable signals using the fluorogenic TSA
system (data not shown), indicating that the cel-
lular concentration of iap-mRNA is below the de-
tection limit of the HRP-oligonucleotide-TSA tech-
nique.

For further sensitivity enhancement we applied a
multiply DIG-labeled iaqp-mRNA antisense polyribo-
nucleotide probe. Such polyribonucleotide probes
have been recently shown to be nicely suited for
signal amplification in in situ hybridization tech-
niques [28] and have therefore been applied for
non-fluorogenic detection of bacterial mRNA [5,7].
After detection of probe-conferred DIG via a HRP-
labeled anti-DIG Fab antibody fragment and the
fluorogenic TSA system, L. monocytogenes sv4b cells
showed bright signals while Aeromonas hydrophila
reference cells remained unstained (Fig. 2B). These
results demonstrate that the developed fixation and
pretreatment protocol renders L. monocytogenes
sv4b permeable for the large, 240-kDa HRP-Fab
molecules. The specificity of the signals was corrobo-
rated by control hybridizations with a sense polyri-
bonucleotide probe (using identical conditions and
reaction reagents) which did not confer detectable
fluorescence to the Listeria cells (Fig. 2C).

In the present study we have developed a protocol
for 16S rRNA-based in situ identification of bacteria
of the genus Listeria. Moreover, we have demon-
strated the usefulness of multiply labeled polyribo-
nucleotide probes in combination with the fluorogen-
ic TSA system for in situ monitoring of mRNA of a
virulence factor in L. monocytogenes. Our results,
however, demonstrate that successful application of
the PolyDIG-transcript-HRP-Fab-TSA system re-
quires target strain-specific optimization of the per-
meabilization procedure and is therefore recom-
mended for well defined target species. The method
should be especially powerful when combined with
rRNA hybridization techniques and confocal micro-
scopy to study activities of pathogenic bacteria dur-
ing infection or of indicator species in complex envi-
ronments.

Acknowledgments

The authors would like to thank Sibylle Schad-
hauser for expert technical assistance, Leo Eberl
for help with the photon camera, and Thomas Frit-
sche for discussions and revision of the manuscript.
The technical assistance of the students participating
in the GroBpraktikum II 1997 is acknowledged. This
work was supported by a grant from the Bayerische
Forschungsverbund  Grundlagen Gentechnischer
Verfahren (FORGEN) to K.H.S.

References

[1

Wagner, M., Erhart, R., Manz, W., Amann, R., Lemmer, H.,
Wedi, D. and Schleifer, K.-H. (1994) Development of an
rRNA-targeted oligonucleotide probe specific for the genus
Acinetobacter and its application for in situ monitoring in
activated sludge. Appl. Environ. Microbiol. 60, 792-800.
Wagner, M., Rath, G., Amann, R., Koops, H.-P. and Schlei-
fer, K.-H. (1995) In situ identification of ammonia-oxidizing
bacteria. Syst. Appl. Microbiol. 17, 251-264.

[3] Wagner, M., Amann, R., Kdmpfer, P., Assmus, B., Hartman,
A., Hutzler, P., Springer, N. and Schleifer, K.-H. (1994) Iden-
tification and in situ detection of gram-negative filamentous
bacteria in activated sludge. Syst. Appl. Microbiol. 17, 405-
417.

[4] Moter, A., Leist, G., Rudolph, R., Schrank, K., Choi, B.-K.,
Wagner, M. and Gobel, U.B. (1998) Fluorescence in-situ hy-
bridization on in resin embedded tissue sections shows spatial
distribution of yet uncultured treponemes (submitted).

[5] Hahn, D., Amann, R.I. and Zeyer, J. (1993) Detection of
mRNA in Streptomyces cells by whole-cell hybridization
with digoxigenin-labeled probes. Appl. Environ. Microbiol.
59, 2753-2757.

[6] Hodson, R.E., Dustman, W.A., Garg, R.P. and Moran, M.A.
(1995) In situ PCR for visualization of microscale distribution
of specific genes and gene products in prokaryotic commun-
ities. Appl. Environ. Microbiol. 61, 4074-4082.

[7] Honerlage, W., Hahn, D. and Zeyer, J. (1995) Detection of
mRNA of nprM in Bacillus megaterium ATCC 14581 grown
in soil by whole-cell hybridization. Arch. Microbiol. 163, 235-
241.

[8] Hurek, T., Egener, T. and Reinhold-Hurek, B. (1997) Diver-

gence in nitrogenases of Azoarcus spp., Proteobacteria of the B

subclass. J. Bacteriol. 179, 4172-4178.

Tolker-Nielsen, T., Holmstrem, K. and Molin, S. (1997) Vis-

ualization of specific gene expression in single-cells of Salmo-

nella typhimurium by in situ PCR. Appl. Environ. Microbiol.

63, 4195-4203.

[10] Woese, C.R. (1987) Bacterial evolution. Microbiol. Rev. 51,

221-271.
[11] Kuhn, M. and Goebel, W. (1995) Molecular studies of the

=

]



168

(2]

[13]

(14

[15]

[1e]

(17

(18]

[19]

M. Wagner et al.| FEMS Microbiology Letters 160 (1998) 159-168

virulence of Listeria monocytogenes. In: Genetic Engineering
(Setlow, J.K., Ed.), Vol. 17, pp. 31-51. Plenum Press, New
York.

Wuenscher, M.D., Kdohler, S., Bubert, A., Gerike, U. and
Goebel, W. (1993) The iap gene of Listeria monocytogenes is
essential for cell viability and its gene product p60 has bacter-
iolytic activity. J. Bacteriol. 175, 3491-3501.

Bubert, A., Kohler, S. and Goebel, W. (1992) The homolo-
gous and heterologous regions within the iap gene allow ge-
nus- and species-specific identification of Listeria spp. by po-
lymerase chain reaction. Appl. Environ. Microbiol. 58, 2625—
2632.

Wang, R.F., Cao, W.-W. and Johnson, M.G. (1992) 16S
rRNA-based probes and polymerase chain reaction method
to detect Listeria monocytogenes cells added to foods. Appl.
Environ. Microbiol. 58, 2827-2831.

Manz, W., Amann, R., Ludwig, W., Wagner, M. and Schlei-
fer, K.-H. (1992) Phylogenetic oligodeoxynucleotide probes
for the major subclasses of proteobacteria: problems and sol-
utions. Syst. Appl. Microbiol. 15, 593-600.

Amann, R., Krumholz, L. and Stahl, D.A. (1990) Fluorescent
oligonucleotide probing of whole cells for determinative, phy-
logenetic and environmental studies in microbiology. J. Bac-
teriol. 172, 762-770.

Amann, R. (1995) In situ identification of micro-organisms by
whole cell hybridization with rRNA-targeted nucleic acid
probes. In: Molecular Microbial Ecology Manual (Akkerman,
A.D.C., van Elsas, J.D. and de Bruijn, F.J., Eds.), pp. 1-15.
Kluwer Academic, Dordrecht.

Amann, R.I., Zarda, B., Stahl, D.A. and Schleifer, K.H.
(1992) Identification of individual prokaryotic cells with en-
zyme-labeled, rRNA-targeted oligonucleotide probes. Appl.
Environ. Microbiol. 58, 3007-3011.

Roller, C., Wagner, M., Amann, R., Ludwig, W. and Schlei-
fer, K.-H. (1994) In situ probing of Gram-positive bacteria
with high DNA G+C content using 23S rRNA-targeted oli-
gonucleotides. Microbiology 140, 2849-2858.

[20] Schénhuber, W., Fuchs, B., Juretschko, S. and Amann, R.
(1997) Improved sensitivity of whole-cell hybridization by
the combination of horseradish peroxidase-labeled oligonu-
cleotides and tyramide signal amplification. Appl. Environ.
Microbiol. 63, 3268-3273.

[21] Lema, M.W., Brown, A. and Calkins, J.H. (1994) A general
method for the extraction of DNA from bacteria. J. Micro-
biol. Methods 18, 167-172.

[22] Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, NY.

[23] Oelmiiller, U., Kriiger, N., Steinbiichel, A. and Friedrich,
C.G. (1990) Isolation of prokaryotic RNA and detection of
specific mRNA with biotinylated probes. J. Microbiol. Meth-
ods 11, 73-84.

[24] Beimfohr, C., Krause, A., Amann, R., Ludwig, W. and Schlei-
fer, K.-H. (1993) In situ identification of Lactococci, Entero-
cocci and Streptococci. Syst. Appl. Microbiol. 16, 450-456.

[25] De Los Reyes, F.L., Ritter, W. and Raskin, L. (1997) Group-
specific small subunit rRNA hybridization probes to charac-
terize filamentous foaming in activated sludge systems. Appl.
Environ. Microbiol. 63, 1107-1117.

[26] Kohler, S., Leimeister-Wéchter, M., Chakraborty, T., Lott-
speich, F. and Goebel, W. (1990) The gene coding for the
protein p60 of Listeria monocytogenes and its use as a specific
probe for Listeria monocytogenes. Infect. Immun. 58, 1943—
1950.

[27] Wesendorf, M.W. and Brelje, T.C. (1992) Which fluorophore

is the brightest? A comparison of the staining obtained using

fluorescein, tetramethylrhodamine, lissamine rhodamine,

Texas Red and cyanine 3.18. Histochemistry 98, 81-85.

Trebesius, K., Amann, R., Ludwig, W., Miihlegger, K. and

Schleifer, K.-H. (1994) Identification of whole fixed bacterial

cells with nonradioactive 23S rRNA-targeted polynucleotide

probes. Appl. Environ. Microbiol. 60, 3228-3235.

28



