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A new protocol for rapid, specific, and sensitive cell-based quantification of Vibrio cholerae/Vibrio mimicus in water samples
was developed. The protocol is based on catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) in com-
bination with solid-phase cytometry. For pure cultures, we were able to quantify down to 6 V. cholerae cells on one membrane
with a relative precision of 39% and down to 12 cells with a relative precision of 17% after hybridization with the horseradish
peroxidase (HRP)-labeled probe Vchomim1276 (specific for V. cholerae and V. mimicus) and signal amplification. The corre-
sponding position of the probe on the 16S rRNA is highly accessible even when labeled with HRP. For the first time, we were also
able to successfully quantify V. cholerae/V. mimicus via solid-phase cytometry in extremely turbid environmental water samples
collected in Austria. Cell numbers ranged from 4.5 � 101 cells ml�1 in the large saline lake Neusiedler See to 5.6 � 104 cells ml�1

in an extremely turbid shallow soda lake situated nearby. We therefore suggest CARD-FISH in combination with solid-phase
cytometry as a powerful tool to quantify V. cholerae/V. mimicus in ecological studies as well as for risk assessment and monitor-
ing programs.

Vibrio cholerae and Vibrio mimicus are important human
pathogens and two very closely related species. Only recently,

their classification as two different species has been confirmed
(35). V. cholerae comprises more than 200 serotypes, but only
serotypes O1 and O139 cause the severe diarrheal disease cholera
(9, 32). Interestingly, several V. mimicus isolates carrying cholera
toxin genes (ctxAB) have also been identified. It was suggested that
horizontal transfers of virulence-related genes from an uncom-
mon clone of V. cholerae have generated pathogenic V. mimicus
strains carrying cholera toxin genes (35). All other V. cholerae
serotypes, summarized as non-O1/non-O139, and V. mimicus
strains are usually associated with less-severe gastrointestinal in-
fections as well as blood, wound, and ear infections (7, 16, 28, 35).
Besides their role as important human pathogens, both organisms
are found worldwide in brackish water, coastal areas, and estua-
rine environments (8, 35) and are therefore considered to be nat-
ural components of the bacterial community in aquatic ecosys-
tems.

Rapid and precise methods for detection and quantification of
pathogenic bacteria are fundamental for monitoring and risk as-
sessment in regard to the use of water as well as for studying their
ecology in the environment. For quantification of the V. chol-
erae/V. mimicus clade, various methods have been developed dur-
ing the last decades. Culture-based techniques for detecting these
pathogens, followed by biochemical confirmation via API 20E or
PCR, are still regularly used (5, 8). These techniques often include
an enrichment step with alkaline peptone water and can then be
used quantitatively only as laborious most-probable-number
(MPN) techniques. In addition, they cannot be applied when
Vibrio cells turn into the viable but nonculturable (VBNC) status.
The VBNC state is an important life strategy of Gram-negative
bacteria, and it has been shown that V. cholerae and V. mimicus

enter this state in response to nutrient deprivation and low tem-
peratures (31). Due to this phenomenon, whereby cells are still
present in the environment but cannot be detected by culture,
culture-independent methods are needed. Traditional PCR is a
common molecularly based detection alternative to cultivation.
Nevertheless, conventional PCR requires further product charac-
terization by gel electrophoresis, and, even more important, it is a
nonquantitative method (14). Real-time PCR is a strong improve-
ment of traditional PCR and can be effectively used for quantifi-
cation of microorganisms (26). Variable DNA extraction efficien-
cies as well as PCR inhibition, especially in environmental
samples, are still a problem and need to be further improved (26).

Alternatively, fluorescence in situ hybridization (FISH) and the
direct fluorescent antibody assay (DFA) are direct cell-based de-
tection methods. DFA is a fluorescent monoclonal antibody-
staining application and can be used for detection and enumera-
tion of V. cholerae serotype O1 (15). Still, this method is not
available for enumeration of V. cholerae serotypes other than O1.
FISH with rRNA-targeted oligonucleotide probes, combined with
epifluorescence microscopy (EFM), is generally accepted as a di-
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rect, cultivation-independent method to quantify microorgan-
isms in the environment (2, 3, 29). Over the past 15 years, FISH
has become a very strong tool in observing microbial communi-
ties in their environment and is therefore indispensable in the field
of microbial ecology. Epifluorescence microscopy (EFM) and
flow cytometry are widely used in microbiology, and EFM has
become a standard technique for quantification of fluorescence-
labeled microorganisms (23, 25, 34). Nevertheless, its use is very
limited when it comes to detection of rare events. Low numbers of
bacteria demand increasing sample volumes that need to be fil-
tered in order to quantify them accurately with EFM (25). Filtrat-
ing high volumes of water on membranes has its clear limits. It is a
very time-consuming procedure, and additionally, more volume
most often means increased background and autofluorescence
potentially interfering with the enumeration of the labeled micro-
organisms. So far, solid-phase cytometry (SPC) is the only tech-
nique that enables accurate quantification of rare events in com-
bination with EFM for validation of the results (23). Since SPC can
theoretically detect one labeled cell on a membrane (23), the sam-
ple volume can be kept rather low. This fact is an important ad-
vantage over flow cytometry and fluorescence microscopy, for
which, in contrast to solid-phase cytometry, large volumes need to
be concentrated for detection of rare events. Unfortunately, pre-
vious studies (24, 34) have shown that the fluorescence signals of
standard FISH-labeled microorganisms were too weak to be de-
tected with solid-phase cytometry. Catalyzed reporter deposition-
FISH (CARD-FISH) is one methodical improvement to increase
the signal intensity of microorganisms (30, 33, 37). The rRNA-
targeted oligonucleotide probe is labeled with horseradish perox-
idase (HRP). Signal amplification is achieved by dimerization of
fluorescence-labeled multiple-tyramide molecules by one HRP
molecule and subsequent binding of the highly reactive interme-
diates to electron-rich moieties of proteins at or near the site of the
peroxidase binding site (1). It has been shown that this tyramide
signal amplification results in an up-to-20-fold increase of the
signal from that of normal FISH (22, 33). Solid-phase cytometry
has already been successfully applied for the quantification of bac-
terial populations occurring at low concentrations in drinking
water (23), for Legionella pneumophila (4), and for fecal indicator
organisms like Escherichia coli (6).

The aim of this study was to develop a new CARD-FISH pro-
tocol for rapid and sensitive detection and enumeration of V. chol-
erae/V. mimicus cells in environmental samples with solid-phase
cytometry. With this new method, we were able to quantify V.
cholerae/V. mimicus at extremely low numbers (a few cells per
filtration volume) for pure cultures and starved cells spiked into
environmental samples. Moreover, we were also successful in enu-
merating V. cholerae/V. mimicus cells directly in extremely turbid
lake water samples, a process which is highly useful for ecological
studies as well as for risk assessment and monitoring programs.

MATERIALS AND METHODS
Bacterial strains and growth conditions. For protocol development, a
variety of V. cholerae non-O1/non-O139 strains isolated from the lake
Neusiedler See and epidemic O1 and O139 strains were grown in 20 ml
Luria Bertani (LB) broth and put on a shaker at 37°C until an optical
density at 600 nm (OD600) of 0.6 to 0.8 to obtain a concentration of �6 �
108 V. cholerae cells ml�1 (approximately 2 h). Additional Vibrio species
used for testing the specificity and hybridization efficiency of the CARD-
FISH probe were also grown in LB broth until an OD600 of 0.6 to 0.8
(exponential growth phase). A concentration of approximately 106 Vibrio

cells ml�1 was used for these experiments. For spiking experiments, V.
cholerae cells were grown until late stationary growth phase to produce
cells with low rRNA content, which is expected for environmental bacte-
ria. A single colony from an LB agar plate was grown overnight in 5 ml LB
broth and put on a shaker at 37°C. From this preculture, 50 �l was inoc-
ulated into 50 ml fresh LB broth and cultured at the same temperature on
a shaker for 20 to 24 h.

Quantification of pure cultures. Liquid cultures of V. cholerae non-
O1/non-O139 strains and an O1 classical strain (strain O395) were step-
wise diluted 1:10 in sterile 1� phosphate-buffered saline (PBS) to achieve
concentrations of 6 � 106 down to 6 cells ml�1. For epifluorescence mi-
croscopy (EFM), 10 ml of the 6 � 103-cells ml�1 suspension and 1 ml of
the 6 � 104-, 6 � 105-, and 6 � 106-cells ml�1 suspensions were used. For
solid-phase cytometry (SPC), 1 ml of the 6 � 100-, 6 � 101-, 6 � 102-, and
6 � 103-cells ml�1 suspensions were taken. All investigations were done in
triplicate.

Spiking experiment. Cells with low rRNA content (preparation was
done as described above) were spiked into either sterile 1� PBS or freshly
collected lake water to achieve concentrations of �104, 103, and 102 cells
ml�1. Spiked and unspiked lake water samples were prepared for CARD-
FISH.

Environmental samples. For testing the newly developed CARD-
FISH protocol for quantification of V. cholerae/V. mimicus in environ-
mental samples by solid-phase cytometry, water samples were taken from
the Austrian lake Neusiedler See and two shallow soda lakes situated along
the eastern shore of the lake. Kirschner et al. (21) had recently demon-
strated the permanent autochthonous existence of Vibrio cholerae non-
O1/non-O139 strains in the lake Neusiedler See. Up to now, no V. mim-
icus strains have been isolated from the lake. All these lakes are known for
their high turbidity (total suspended solids up to 3 g liter�1), leading to
high concentrations of background particles on filtered water samples.
Detailed information on the lakes can be found in the works by Eiler et al.
(10) and Kirschner et al. (21). Water samples were collected in clean,
sterile, 500-ml glass flasks from two different sampling points of the
Neusiedler See as well as from two shallow soda lakes (Zicklacke and
Oberer Stinker) during summer 2011. For CARD-FISH, 3 to 8 replicate
subsamples of appropriate volume (between 10 and 100 �l, depending on
the turbidity of the water) were taken and filled up with 1� PBS to reach
a final volume of 1 ml. Subsamples were fixed with 4% paraformaldehyde
(PFA) to reach a final concentration of 1% PFA. PFA fixation was carried
out overnight (12 to 16 h) at 4°C. After fixation, subsamples (in total, 1.5
ml each) were filtered on appropriate membranes. In addition, cultiva-
tion-based quantification of V. cholerae was done by membrane filtration
to allow a comparison between the results obtained with the newly devel-
oped method and the results of the traditional culture technique. In brief,
samples were filtered through 0.45-�m-pore-size cellulose nitrate filters
(Ø, 47 mm; Sartorius, Germany). For the Neusiedler See, 100 �l, 1 ml, and
10 ml of each water sample were filtered and the filter was directly placed
on thiosulfate citrate bile sucrose (TCBS; Merck, Darmstadt, Germany)
agar plates and incubated for 18 h at 37°C (5). According to the WHO
guidelines for drinking water quality, TCBS is a highly selective differen-
tial medium most commonly used for the isolation of V. cholerae (36). For
the shallow soda lakes, 10, 100, and 1,000 �l were filtered. All water sam-
ples were filled up to 10 ml with sterile 1� PBS for an even distribution of
the sample on the filter. Yellow, flat, 1- to 3-mm diameter colonies were
counted and streaked onto plates with nutrient agar without NaCl (3%
beef extract, 5% peptone, 15% agar). After incubation overnight at 37°C,
colonies growing on agar without NaCl were considered presumptive V.
cholerae (21). Representative presumptive isolates were confirmed by spe-
cies-specific ompW-based PCR (5). In addition, green colonies on TCBS
were picked and screened for V. mimicus via API 20E.

Probe. The 16S rRNA probe Vchomim1276 (5=-ACT TTG TGA GAT
TCG CTC CAC CTC G-3=) that is specific for V. cholerae and V. mimicus
and that was used in this study has been described previously (13, 17, 20).
For FISH, the probe was monolabeled with 6-carboxyfluorescein (FAM),
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and for CARD-FISH, the probe was HRP labeled and amplification was
based on tyramide signal amplification. In this study, tyramide was la-
beled with Alexa 488. The specificity of the FAM-monolabeled Vcho-
mim1276 probe has been previously tested (20).

FISH. Hybridization was performed according to the protocol de-
scribed by Kirschner et al. (20). In brief, samples were fixed with 4% PFA,
filtered on white polycarbonate membrane filters (Ø, 25 mm; pore size,
0.2 �m; Whatman), and air dried. One section of the filter was hybridized
with the probe Vchomim1276, monolabeled with FAM, for 1.5 h to 2 h at
46°C (the hybridization solution was composed of 0.9 M NaCl, 20 mM
Tris-HCl, 35% formamide, and 0.01% SDS). Filter sections were trans-
ferred into a prewarmed washing buffer (80 mM NaCl, 20 mM Tris-HCl,
5 mM EDTA, and 0.01% SDS) and incubated for 10 min at 48°C. The
sections were rinsed with ethanol (94%) and air dried on paper in the
dark. For counterstaining, a DAPI (4=,6-diamidino-2-phenylindole) mix
(5.5 parts Citifluor, 1 part Vectashield, and 0.5 parts 1� PBS, with DAPI at
a final concentration of 1 �g ml�1) was used. Microscope slides can be
stored at �20°C for at least 6 months.

CARD-FISH. The newly developed protocol is based on the CARD-
FISH protocol described by Wilhartitz et al. (37), with modifications.
Samples were fixed with 4% PFA and filtered on CB04 filters (black; Ø, 25
mm; pore size, 0.4 �m; AES Chemunex). Air-dried filters can either be
used immediately or stored at �20°C in sterile 1.5-ml reaction tubes until
use. CB04 filters were placed on labeling pads (AES Chemunex), soaked in
650 �l of 50%, 80%, and 94% ethanol solution in petri dishes, and incu-
bated at room temperature for 4 min each.

For permeabilization, filters were placed on 100 �l of lysozyme solu-
tion (10 mg ml�1 lysozyme, 0.1 M Tris-HCl, and 0.05 M EDTA) in petri
dishes and incubated for 45 min at 37°C. After permeabilization, filters
were washed in sterile deionized reverse-osmosis water. To inhibit poten-
tially present intracellular peroxidases, filters were put on labeling pads
soaked in 650 �l of 0.01 M HCl for 20 min at room temperature. After
another washing step in sterile deionized reverse-osmosis water, filters
were shortly dipped in ethanol (94%) and air dried. At this point, the
process can be stopped and filters can be stored at �20°C in sterile 1.5-ml
reaction tubes.

For hybridization, filters were put on glass slides. Thirty microliters of
hybridization solution (0.9 M NaCl, 20 mM Tris-HCl, 10% dextran sul-
fate, 0.02% SDS, 1% blocking reagent [Boehringer Mannheim, Ger-
many], and 55% formamide) containing the Vchomim probe labeled
with HRP instead of FAM (final concentration, 5 ng �l�1) was pipetted
onto the filters. For limiting evaporation during hybridization, cover
slides were mounted. The glass slide containing the filter and cover slide
was put into a slide holder. Hybridization was carried out for 2 h at 46°C
in the dark. Filters were washed for 15 min at 37°C on labeling pads soaked
in 650 �l prewarmed washing buffer (13 mM NaCl, 20 mM Tris-HCl, 5
mM EDTA, and 0.01% SDS). Thereafter, filters were transferred to label-
ing pads soaked in 650 �l PBS-Triton buffer (0.05% Triton X-100) and
incubated for 15 min at room temperature.

For amplification, the filters were placed on 100 �l of substrate mix
and incubated in the dark at 37°C for 15 min. The substrate mix consists of
an amplification buffer (10% dextran sulfate, 2 M NaCl, and 0.1% block-
ing reagent), 0.0015% freshly prepared H2O2, and tyramide-Alexa 488 (1
mg ml�1; Invitrogen, Germany). Filters were then transferred to labeling
pads soaked in 650 �l PBS-Triton buffer and incubated for 10 min at
room temperature. After another washing step with sterile deionized re-
verse-osmosis water, filters were shortly dipped in ethanol (94%) and air
dried. Filters were either analyzed immediately with the solid-phase cy-
tometer or stored at �20°C in sterile 1.5-ml reaction tubes in the dark
until use.

For environmental samples and spiking experiments with starved
cells, the lysozyme treatment was prolonged to 60 min and amplification
was carried out for 45 min to increase signal intensity. In order to reduce
background interference, filters were pretreated for 10 min in the dark

with a 0.01% concentration of Evans Blue (Sigma-Aldrich, Vienna, Aus-
tria) before the scan.

Cell enumeration with EFM and SPC. For epifluorescence micros-
copy, filters were examined under a Nikon Eclipse 8000 microscope
at �1,250 magnification; at least 20 microscopic fields were counted. For
solid-phase cytometry, a ChemScan RDI (AES-Chemunex, Ivry-sur-
Seine, France) was used. Details on the applied system have been de-
scribed elsewhere (23, 27, 34). For cell enumeration, a support pad satu-
rated with 100 �l washing buffer was placed on a ChemScan RDI
membrane holder. The filter with the CARD-FISH-labeled bacteria was
positioned on top of that support pad. In brief, the CB04 filters are
scanned with an argon laser (488-nm emission wavelength) within 3 min.
The fluorescent light is collected by three photomultiplier tubes (PMT) at
different wavelengths (500 to 530 nm, 540 to 570 nm, and 575 to 625 nm).
For Alexa 488, the fluorescence is collected in the green channel (500 to
530 nm). All fluorescent events undergo a screening by computer soft-
ware, for which several discriminant parameters can be adjusted by the
operator to differentiate between labeled microorganisms and other flu-
orescent particles. The most important discriminant parameters are the
number of “lines” and the number of “samples” for the shape and the peak
intensity of the signal. The ratio of the fluorescent light detected in the
secondary channel to the fluorescent light detected in the primary channel
(fluorescence from the probe Alexa 488) is another important discrimi-
nant parameter and is referred to as the S/P ratio. When the discriminant
parameters were tested and adjusted, 100 fluorescence events from the
raw data were validated, and labeled V. cholerae/V. mimicus cells and
fluorescent particles were manually discriminated with the microscope
equipped with a motorized stage.

The discriminant settings were set as follows: number of “lines,” 1.5 to
3.5; number of “samples,” 4 to 10; peak intensity, 200 to 1,500; and S/P
ratio, 0.35 to 0.95. After a full scan, the fluorescent events are rendered on
raw data and net result maps. Each spot can be visualized and confirmed
by epifluorescence microscopy (Nikon Eclipse 50i). For this purpose, the
sample holder with the scanned filter is moved to a motorized stage
mounted on the microscope. For microscopic validation, 300 representa-
tive spots or all spots on the net result map were looked at and confirmed
as either positive results or particles. After this step, the total number of
labeled bacteria on the membrane was calculated. For determination of
the precision of enumerating fluorescent particles with the ChemScan
RDI, green fluorescent latex beads (1-�m diameter; standard G; AES
Chemunex) were used. The beads were filtered on CB04 filters and imme-
diately analyzed. Thirty subsamples of each concentration (�103, �102,
and �101 beads ml�1) were scanned and validated.

RESULTS
Sensitivity and specificity of FISH and CARD-FISH (qualita-
tive). Sensitivity testing revealed positive FISH and CARD-FISH
signals for V. mimicus and all investigated V. cholerae strains (Ta-
ble 1). Furthermore, the hybridization efficiency was found to be
�95%, as almost all cells visible with DAPI also showed bright
fluorescence signals with the FISH and CARD-FISH probes (see
Fig. S1 in the supplemental material). Specificity testing con-
firmed that the probe Vchomim1276 was specific for the V. chol-
erae/V. mimicus clade, not detecting other Vibrio strains (Table 1).
FISH signals showed too weak fluorescence intensity (signal in-
tensity � 150 arbitrary ChemScan RDI fluorescence units) for the
analysis with SPC, and FISH was therefore not considered to be
suitable for quantification of V. cholerae/V. mimicus cells. In con-
trast, sufficient fluorescence intensity for SPC analysis was
achieved by applying the CARD-FISH protocol (signal intensity �
400 arbitrary ChemScan RDI fluorescence units).

Quantification of V. cholerae cells from pure cultures. Dilu-
tion series were carried out with cells from pure cultures to test the
quantitative sensitivity of the new CARD-FISH protocol com-

Quantification of V. cholerae/V. mimicus with SPC

October 2012 Volume 78 Number 20 aem.asm.org 7371

http://aem.asm.org


bined with SPC. Due to practical reasons (the ChemScan RDI
system is able to quantify maximally 5 � 104 particles per mem-
brane), the four highest concentrations were determined with
EFM and FISH while the four lowest concentrations were deter-
mined with SPC and CARD-FISH, with one overlapping concen-
tration. Figure 1A shows the dilution series of the V. cholerae non-
O1/non-O139 test strain. Cell numbers per ml started at a
concentration of 4.10 � 106 cells ml�1 (first dilution step) and
went down to a final value of 6 cells ml�1 (last dilution step).
Coefficients of variation (CV %) ranged between 2.9% for the
highest concentration, determined via SPC, and 39.7% for the
lowest concentration (6 cells). Figure 1B shows the same experi-
ment carried out with a V. cholerae serotype O1 strain. Cell num-
bers per ml ranged from 8.10 � 106 after the first dilution step to
1.2 � 101 cells ml�1 after the last dilution step. Coefficients of
variation ranged between 3.3% for the highest concentration, de-
termined via SPC, and 16.9% for the lowest concentration (12
cells). In both cases, regression curves with excellent predictive
abilities were obtained. Coefficients of determination (r2) lay be-
tween 0.9938 and 0.9976 for the V. cholerae non-O1/non-O139
experiment and between 0.9986 and 0.9996 for the V. cholerae O1
experiment. The number of observed CARD-FISH cells matched
the expected numbers according to the dilution series. No cell
losses due to a potential burst of cells during the application of the
CARD-FISH procedure were observed. This can be demonstrated
by comparing cell numbers from EFM/FISH detection and SPC/
CARD-FISH detection.

To further evaluate the levels of precision, as gained by the
dilution experiments with cells from pure cultures, precision lev-

els of the ChemScan RDI were also determined for three concen-
trations with fluorescent latex beads. Results from latex beads
were in agreement with results from bacterial cells. Table 2 dem-
onstrates that the coefficient of variation is low (less than 6.5%)
for 102 and 103 beads per filter. Even with a concentration of �101

beads per filter, the coefficient of variation was below 30%.
Spiking experiments under natural sample matrix condi-

tions. Spiking experiments were carried out to test the perfor-
mance of the newly developed SPC/CARD-FISH protocol with

TABLE 1 V. cholerae strains and other Vibrio species used for specificity
and sensitivity testing (qualitative) of the probe Vchomim1276, labeled
with FAM (FISH) or HRP (CARD-FISH)

Strain Origin

Signala with:

FISH CARD-FISH

V. cholerae non-O1/non-O139 NCCB 36033 � �
V. cholerae non-O1/non-O139 Lake Neusiedler See � �
V. cholerae non-O1/non-O139 Lake Neusiedler See � �
V. cholerae non-O1/non-O139 Lake Neusiedler See � �
V. cholerae non-O1/non-O139 Lake Neusiedler See � �
V. cholerae non-O1/non-O139 Lake Neusiedler See � �
V. cholerae O1 El Tor ATCC 39315b � �
V. cholerae O1 Classic O395b � �
V. cholerae O139 MO10b � �
V. cholerae O1 MJ-1750c � �
V. cholerae O1 MK-1948c � �
V. cholerae O1 MK-2268c � �
V. cholerae O1 ML-1148c � �
V. cholerae O1 ML-2835c � �
V. cholerae O139 MJ-5791c � �
V. cholerae O139 MJ-5872c � �
V. cholerae O139 MK-4706c � �
V. mimicus ATCC 33653b � �
Vibrio fluvialis CIP103355b � �
Vibrio alginolyticus ATCC 17749b � �
Vibrio parahaemolyticus CIP75.2b � �
Vibrio vulnificus ATCC 27562b � �
a �, bright EFM signal; �, no EFM signal.
b Gift from Christopher Grim.
c Gift from Munirul Alam.

FIG 1 Enumeration of V. cholerae non-O1/non-O139 (A) and V. cholerae O1
(B) with EFM combined with FISH and SPC combined with CARD-FISH in
10-fold dilution series (n � 3). Error bars indicate double standard deviations.

TABLE 2 Determination of variation coefficients, carried out with
fluorescent beadsa

Concn of
beads,
scale

Concn of beads, detected

CV %
Mean
value

Minimum
value

Maximum
value

�103 1,238 1,136 1,336 3.6
�102 122 112 133 6.0
�101 13 8 19 26.5
a For each concentration (in beads ml�1), 30 subsamples were analyzed.
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cells having a low rRNA content and to examine the recovery rate
of cells spiked into a natural environmental water sample. As
shown in Table 3 the recovery rate was between 93% for the lowest
spiked cell concentration and 98% for the highest cell concentra-
tion. V. cholerae/V. mimicus background cell numbers in unspiked
lake water were below 10 cells ml�1 and were considered in the
calculation of the recovery rate.

Quantification of V. cholerae/V. mimicus cells in environ-
mental samples. To show that the newly developed protocol is
applicable to environmental samples, water samples from the lake
Neusiedler See as well as from two shallow soda lakes were inves-
tigated. A comparison of the results determined by SPC and those
obtained by cultivation are shown in Fig. 2. The concentrations of
V. cholerae cells enumerated by cultivation ranged from 5.5 � 103

to 1.1 � 102 CFU ml�1 in the Zicklacke (samples were taken in
August for ZL1 and in June for ZL2) and from 9 to 19 CFU ml�1

for sampling points 4 and 29 in the lake Neusiedler See. No V.
mimicus-positive colonies were identified via API 20E. Cell num-
bers of V. cholerae/V. mimicus quantified by CARD-FISH com-
bined with SPC were always higher than results from cultivation.
Cell numbers ranged from 5.6 � 104 to 6.2 � 102 cells ml�1 for
sampling points ZL1 and ZL2. For the sampling points 29 and 4 in
the Neusiedler See, cell numbers were between 1.0 � 102 and
4.5 � 101 cells ml�1. Neither with cultivation nor with SPC was it
possible to detect and enumerate V. cholerae/V. mimicus from the
soda lake Oberer Stinker. The ratios of SPC counts to cultivation-
based counts varied between 2.4 (sampling point 4) and 11.2
(sampling point 29).

DISCUSSION

Our newly developed protocol for the quantification of V. chol-
erae/V. mimicus cells in water samples by using CARD-FISH com-
bined with solid-phase cytometry revealed excellent applicability
in terms of rapidity, specificity, and sensitivity.

Rapidity. The development of rapid methods for the quantifi-
cation of microorganisms, especially those occurring at low cell
concentrations, is still a challenging topic. Cultivation-based
methods with additional biochemical confirmation are very time-
consuming and require, in the case of V. cholerae and V. mimicus,
up to 3 days before results are available. Direct cell-based detec-
tion methods like CARD-FISH provide significantly faster results.
We demonstrated that even though the CARD-FISH protocol is
more time-consuming than the FISH protocol, results can still be
obtained within 1 day.

Specificity and sensitivity (qualitative). The specificity of the
probe Vchomim1276, labeled with FAM for V. cholerae and V.
mimicus, has been demonstrated before. This probe was already

used for quantification of V. cholerae/V. mimicus via FISH on en-
vironmental zooplankton (13) and in laboratory experiments (20)
as well as for RNA colony blot hybridization for enumeration of
culturable V. cholerae/V. mimicus bacteria (13). As for the FISH
probe, Vibrio species other than V. cholerae and V. mimicus did
not hybridize with the CARD-FISH probe Vchomim1276, labeled
with HRP. We also attempted to design new probes specific for
either V. cholerae or V. mimicus. However, since the 16S rRNA
sequences of these two species differ by only 6 out of 1,456 nucle-
otides (13), no suitable probes without cross-reaction between
these two species were able to be designed (results not shown). For
monitoring and risk assessment, a separation of these two closely
related species may not be relevant, since they can induce similar
diseases.

We demonstrated that the specific position on the 16S rRNA
was easily accessible for the probe Vchomim1276, labeled with
HRP, in all V. cholerae/V. mimicus strains tested. It can thus be
assumed to be a highly sensitive probe for the detection of a broad
variety of environmental as well as clinical and pandemic strains.
Despite the fact that the HRP-labeled probe is a significantly larger
molecule than fluorescent markers, no helper probes were needed
to unfold the tertiary structure of the RNA (11).

Our results are consistent with previous studies which demon-
strated that FISH gives a too weak signal for SPC (24, 34) and that
CARD-FISH is a methodical improvement to increase the fluores-
cence signal (30). The choice of an appropriate amplification time
during the CARD-FISH protocol is especially important for in-
creasing the signal. This is a very sensitive step, since cells can burst
when amplification is too long, and at the same time, the signal
might not be as bright as possible if the amplification time is too
short. We showed that by increasing the amplification time from
10 min (for cells grown until the exponential growth phase) to 45
min (for cells grown until late stationary growth phase), signal
intensity can be kept high for these so-called “starved” cells (see
Table S1 in the supplemental material). In addition, we demon-
strated that there was no significant difference in signal intensity
between starved cells spiked into lake water and environmental V.
cholerae cells.

Limit of detection and quantification. The enumeration of

FIG 2 Quantification of V. cholerae by SPC and a cultivation-based method
from water samples taken from the lake Neusiedler See (sampling points 29
and 4) and the shallow soda lakes Zicklacke (ZL1 and ZL2) and Oberer Stinker
(OS). At the sampling point in Oberer Stinker, no V. cholerae cells were de-
tected. For logarithmic scaling, the cell number here has been set as 0.1 (n � 3
to 8).

TABLE 3 Concentrations of V. cholerae cells grown until late stationary
growth phase (low rRNA content) and spiked into 1� PBS or into
freshly collected lake water

Concn,
scale (cells
ml�1)

Concn of cells (cells ml�1), spiked intoa:

Recovery
rate (%)

1� PBS Lake water

Mean SD Mean SD

�104 15,721 200 15,408 243 98.0
�103 1,680 80 1,619 91 96.1
�102 179 18 171 18 92.7
a SD, standard deviation.
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fluorescence-labeled microorganisms with SPC is highly sensitive,
since this technique can theoretically detect one labeled cell on a
membrane (method detection limit [MDL]) (23, 25). Due to the
Poisson distribution of randomly distributed cells, the sample
limit of detection (SLOD) based on a 95% detection probability
would be 3 cells/particles per filtration volume (18). Operational
variability (i.e., analytical losses) was assumed to be negligible
(M. E. Stevenson, A. P. Blaschke, S. Schauer, M. Zessner, R. Som-
mer, A. H. Farnleitner, and A. K. T. Kirschner, submitted for pub-
lication). In our experiments, we demonstrated that during
CARD-FISH, no cell loss occurred compared to that of the regular
FISH protocol. This is of high importance, since for the CARD-
FISH protocol, more working steps are involved, and especially
during permeabilization, cell loss may occur through the bursting
of cells. In addition, we found a high recovery rate (�92%) of
starved V. cholerae cells spiked into natural lake water and a mod-
erate variability (coefficient of variation � 30%) when enumerat-
ing low numbers (�10) of bacterial targets and fluorescent latex
beads. These results indicate that cell loss due to operational fac-
tors can be considered negligible in comparison to variability in-
troduced by the Poisson distribution.

According to ISO 8199:2005 (19), the lowest number of cells/
particles that can be quantified is 4 cells/particles per volume,
based on an acceptable relative precision of 50% (coefficient of
variation � 0.50), which seems to be reasonable in microbiology.
If one requires a higher relative precision of 30% (coefficient of
variation � 0.30), then the limit of quantification would be 11
cells/particles per volume (Stevenson et al., submitted). Based on
our data set (Table 2), we demonstrated that we can reliably quan-
tify down to 13 fluorescent beads with a coefficient of variation of
26.5%. For pure cultures, we were able to quantify as few as 6 V.
cholerae cells with a relative precision of 39% (coefficient of vari-
ation � 0.39) and quantify as few as 12 V. cholerae cells with a
relative precision of 17% (coefficient of variation � 0.17). Thus,
solid-phase cytometry exhibits a sensitivity similar to that of cul-
tivation (23), with the significant advantage of detecting microor-
ganisms with the VBNC status. The presence of these VBNC bac-
teria in the environment needs to be further investigated, since
several authors suggest that pathogenic VBNC bacteria might be
able to maintain their pathogenicity or regain it after resuscitation
(12).

Application of the SPC/CARD-FISH protocol for environ-
mental samples. For the first time, solid-phase cytometry was
successfully applied for the detection of cells belonging to the V.
cholerae/V. mimicus clade in extremely turbid samples. Environ-
mental samples with a high load of particles are enormously dif-
ficult to analyze via epifluorescence microscopy because of the
large amount of background, fluorescent particles, and autofluo-
rescent bacteria and/or algae. In this respect, SPC shows its clear
advantages when it comes to quantification of rare events. Com-
pared to EFM, a much smaller amount of sample volume can be
analyzed, which automatically means a smaller amount of back-
ground, particles, and autofluorescence. Still, fluorescent particles
and background should be kept as low as possible, since they may
be classified by the SPC software as positive signals. One possibil-
ity to reduce the background is to pretreat the filter with Evans
Blue (an azo dye). Even though all fluorescence events undergo a
screening by computer software, not only can the targeted labeled
cells be found in the net result map but also false-positive signals
which fit into the chosen application. With the provided com-

puter software and the connected microscope equipped with an
automated stage, however, it is easily and quickly possible to man-
ually validate the net results and discriminate visually between
target cells and false-positive signals. Nevertheless, false positives
may not be completely excluded, because our probe, which ap-
pears to be specific for the V. cholerae/V. mimicus clade, may po-
tentially bind to the same sequence present in unknown targets.
But this is a general issue when molecular biological methods
which are based on the use of available sequence information are
applied. It also needs to be pointed out that there is a possibility
that target cells are overseen by the software and/or application
used (false negatives). This may happen when the fluorescent sig-
nal is below the chosen threshold. It is important to set the dis-
criminant parameters as narrow as possible. This is crucial, on the
one hand, to detect all labeled microorganisms and, on the other
hand, to exclude as many false-negative signals as possible from
the net result data map.

In our samples, we observed a certain difference between cell
numbers achieved by CARD-FISH combined with SPC and num-
bers of CFU determined by cultivation: concentrations from cul-
tivation were mostly lower. This may result from several reasons.
One reason may be that a CFU does not necessarily arise from one
single cell. One CFU can also originate from two or more cells,
whereas by SPC, every single cell can be detected. Another impor-
tant point is the fact that selective agar like TCBS might not be an
appropriate medium for stressed cells, and therefore, cell propa-
gation might not be observed. The lower results can also be ex-
plained by the presence of a certain percentage of VBNC cells,
which can be detected by SPC but not via cultivation.

Conclusion. CARD-FISH in combination with solid-phase cy-
tometry is a very powerful tool for the rapid and sensitive quanti-
fication of V. cholerae/V. mimicus cells, especially when V. chol-
erae/V. mimicus occur at low cell numbers, which is usually the
case in environmental samples. SPC is the only cultivation-inde-
pendent, cell-based method able to accurately quantify these rare
events. Moreover, because the CARD-FISH protocol requires the
presence of ribosomes, surrounding proteins, and an intact cell
wall, the proposed protocol allows quantification of V. cholerae/V.
mimicus cells, including cells in the VBNC state, in environmental
samples.
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