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ABSTRACT

Determination of the viability of bacteria by the conventional plating technique is a time-consuming process. Methods based
on enzyme activity or membrane integrity are much faster and may be good alternatives. Assessment of the viability of suspensions
of the plant pathogenic bacterium Clavibacter michiganensis subsp. michiganensis (Cmm) using the fluorescent probes Calcein
acetoxy methyl ester (Calcein AM), carboxyfluorescein diacetate (cFDA), and propidium iodide (PI) in combination with flow
cytometry was evaluated. Heat-treated and viable (non-treated) Cmm cells labeled with Calcein AM, cFDA, PI, or combinations
of Calcein AM and cFDA with PI, could be distinguished based on their fluorescence intensity in flow cytometry analysis. Non-
treated cells showed relatively high green fluorescence levels due to staining with either Calcein AM or cFDA, whereas damaged
cells (heat-treated) showed high red fluorescence levels due to staining with P1. Flow cytometry also allowed a rapid quantification
of viable Cmm cells labeled with Calcein AM or cFDA and heat-treated cells labeled with PI. Therefore, the application of flow
cytometry in combination with fluorescent probes appears to be a promising technique for assessing viability of Cmm cells when
cells are labeled with Calcein AM or the combination of Calcein AM with PI.

Additional Keywords: cFDA, Calcein AM, propidium iodide.

RESUMO

Uso de sondas fluorescentes na avaliagdo da viabilidade de Clavibacter michiganensis subsp. michiganensis por citometria de fluxo
A determinacdo da viabilidade de bactérias através da técnica tradicional de plaqueamento em meios seletivos de cultura
¢ considerada um processo longo e demorado. Os métodos baseados na atividade enzimatica ou na integridade da membrana
citoplasmatica sdo mais rapidos e podem ser considerados como alternativas para acessar a viabilidade de bactérias fitopatogénicas.
Este trabalho teve o objetivo de avaliar a viabilidade de suspensodes de culturas puras da bactéria Clavibacter michiganensis subsp.
michiganenesis (Cmm) usando as sondas fluorescentes “Calcein acetoxy methyl ester” (Calcein AM), “carboxyfluorescein diacetate”
(cFDA), e “propidium iodide” (PI), em combinagdo com o citometro de fluxo. Células de Cmm tratadas a temperatura de 80 °C por
30 min (ndo viaveis) e células ndo tratadas (viaveis), marcadas com Calcein AM, cFDA, PI, ou utilizando a combinagao das sondas
Calcein AM e cFDA com PI, puderam ser distinguidas baseado na intensidade de fluorescéncia através da analise do citdbmetro
de fluxo. Células ndo tratadas mostraram nivel elevado de intensidade de fluorescéncia no espectro verde, devido a coloragao das
células com Calcein AM ou cFDA, enquanto que as células danificadas (ndo viaveis) mostraram nivel elevado de intensidade de
fluorescéncia no espectro vermelho, devido a coloragdo com PI. O citdmetro de fluxo permitiu também a quantificagdo rapida das
células vidaveis de Cmm marcadas com Calcein AM ou cFDA e das células tratadas marcadas com PI. Portanto, a aplicagdo do
citbmetro de fluxo, em combinagdo com sondas fluorescentes, parece ser uma técnica promissora para acessar a viabilidade de
células de Cmm, quando estas sdo marcadas com Calcein AM ou utilizando a combinag@o de Calcein AM com PI.
Palavras-chave adicionais: cFDA, Calceina AM, propidium iodide.

INTRODUCTION

Bacterial canker of tomato, caused by the seed-
transmitted plant pathogenic bacterium Clavibacter
michiganensis subsp. michiganensis Smith (Davis et al.,
1984), causes major economic losses in commercial tomato
productionworldwide. To prevent the introduction of bacterial
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canker, disease-free seeds should be used. Indexing seeds for
the presence of C. michiganensis (Cmm) is recommended to
select for disease-free seeds. Information on the viability of
the target bacterium is essential for decision-making by seed
companies regarding processing and treatments of seed lots.
In addition, information on viability is helpful to determine
the effect of seed treatments. Therefore, accurate and rapid
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methods to assess the viability of plant pathogenic bacteria,
such as Cmm, are highly desirable.

Here we define viability as the capability of a cell
to perform all the necessary functions for its survival under
given conditions. Viable microorganisms require an intact
cytoplasmic membrane, DNA transcription and RNA
translation, enzyme activity, and growth (Breeuwer et al.,
1996). The plate count method is commonly applied for
detection and enumeration of viable bacteria and involves
plating serial dilutions of an extract or washing in a selective
medium. Subsequently, the isolated organisms may be
identified by a range of biochemical and serological tests.
However, the plate count method is time consuming (Plihon
etal., 1995) and the results are sometimes difficult to interpret
due to cell concentration effects, interference by other
microorganisms, or presence of inhibitory components.

The development of fluorescent probes for cellular
functions has led to new techniques for measuring the viability
of microorganisms (Haugland, 1996). Various fluorescent
probes have the ability to explore different properties of the
cell, such as enzyme activity (Kaneshiro et al., 1993; Diaper
& Edwards, 1994a, 1994b; Endo et al., 1997; Bunthof et
al., 1999; Bunthof et al., 2001; Ben-Amor et al., 2002;
Luppens et al., 2003); cytoplasmic membrane permeability
(Magarifios et al., 1997; Porter et al., 1997; Williams et
al., 1998; Gregori et al., 2001; Hewitt & Nebe-Von-Caron,
2001), membrane potential (Mason et al., 1995; Langsrud &
Sundheim, 1996; Lopes-Amoros et al., 1997; Ludovico et
al., 2001), respiratory activity (Kaprelyants & Kell, 1993a,
1993b; Gunasekera et al., 2003; Yamaguchi et al., 2003;
Nielsen et al., 2003), relative DNA content (Sgorbati et al.,
1996; Bernander et al., 1998) and pH gradient (Breeuwer et
al., 1996; Chitarra et al., 2000). Several of these parameters
can be used as indicators of viability.

One of the enzyme activity probes that has been
used as a cell viability indicator is fluorescein diacetate
(FDA). FDA is a non-fluorescent polar ester compound
that can permeate intact cell membranes. Once inside the
cell it is cleaved (hydrolysed) by non-specific esterases to
release fluorescein, a polar fluorescent compound which is
retained inside the cells. Thus, the viability can be correlated
with the ability of the cell to accumulate fluorescein due to
esterase activity (Widholm, 1972). However, fluorescein is
poorly retained by viable cells (Edwards et al., 1993), and
the FDA method can be easily frustated due to leakage or
active efflux of fluorescein to the extracellular environment.
This first problem can be minimized by using probes which
are more negatively charged at physiological pH, resulting
in less leakage of fluorescein from the cells. Such probes
are for instance carboxyfluorescein diacetate (cFDA) and
calcein acetoxy methyl ester (Calcein AM). To prevent
active extrusion, the assay has to be performed with de-
energized cells in buffer without energy source, or on a very
short timescale.

Propidium iodide (PI) is a nucleic acid probe
that has also been used successfully to assess viability of
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microorganisms (Sgorbati et al., 1996; Magarifios et al.,
1997). PI is not capable of crossing intact membranes of
living microorganisms (Alvarado-Aleman ef al., 1996), but
it passes through damaged cell membranes. Once inside
the cell, PI intercalates into RNA and DNA backbones
independently of base pair ratio (Taylor & Milthorpe, 1980)
and A-T-rich regions (Crissman et al., 1979). It can also form
complexes with double-stranded DNA and RNA (Hudson e?
al., 1969). Pl-stained cells are assumed to be non-viable.

The potential of such viability measurements is
increased when applied in combination with flow cytometry
(FCM), a technique highly suited to the rapid analyses of
individual, fluorescent cells.

The aim of the present paper was to test the enzyme
activity probes cFDA and Calcein AM, and the nucleic
acid probe PI in combination with FCM, to determine the
viability of Cmm cells. The results are compared with those
of the conventional plate count technique.

MATERIALS AND METHODS

Growth conditions

Clavibacter michiganensis subsp. michiganensis
(Cmm) NCPPB 1064 was grown on 1 % Glucose-Nutrient-
Agar (GNA; Oxoid) medium for 24 hours at 25 °C. The
cells were harvested and re-suspended in 0.2 M sodium
phosphate buffer (SP,) pH 7.4. The Optical Density (O.D.)
was measured with a spectrophotometer at 620 nm and
adjusted by diluting with SP, to approximately 0.35, in order
to obtain concentrations of 10° to 107 colony-forming units
per ml (CFU mL™).

Temperature treatment

To obtain non-viable bacterial cells, the bacterial
suspensions were heat-treated (Test Tube Heater SHT 2D)
at 80 °C for 30 minutes.

Non-treated and heat-treated bacterial cells were
mixed in different ratios, i.e. 100/0, 80/20, 50/50, 20/80, and
0/100 % respectively, to create populations varying in the
percentage of viable cells.

Labeling of cells with fluorescent probes

Cmm cells in SP, pH 7.4 were incubated for 1 hour
at 28 °C in the presence of cFDA (10 pM), Calcein AM (10
uM), or either probe in combination with PI (10 uM) for
double labeling. Samples to be stained with PI alone were
incubated for 20 minutes at room temperature. Subsequently,
the cells were spun down at 11000 g, washed, re-suspended
in SP, pH 7.4, and placed on ice until required.

Flow cytometric analysis

Analysis of individual cells was performed with a
FACSCalibur flow cytometer (Becton-Dickinson Benelux
N.V., Erembodegem, Belgium), equipped with an air-
cooled argon ion laser (excitation wavelength 488 nm),
which was operated at 15 mW. The instrument was set up
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to collect 6 parameters: forward and side scatter, fluorescent
light at emission wavelengths of 530/30 nm (FL-1; green
fluorescence), 585/42 (FL-2; orange fluorescence), and >
670 nm (FL-3; red fluorescence), and time. The low angle
light scatter (forward scatter) was used as an indicator of
cell size and the wide angle light scatter (90° or side scatter)
was used as an indicator of cell granularity. The results are
represented in 2 parameter dot plots in which the X-axis
and Y-axis are divided into 1024 channels, relative to the
intensity of the incoming signal. A logarithmic amplification
of the incoming signal was used to measure a wider range
of signals (4 decade log scale). The sample analysis time
was approximately 2 minutes and the number of labeled
bacterial cells was quantified based on the flow rate, which
was determined to be 4.8 ul min™'. The cells were separated
from the background by their side scatter characteristics.
Non-treated (viable) unstained cells were used as negative
controls for Calcein AM and cFDA, and heat-treated (non-
viable) unstained cells for PI.

To verify that green and red fluorescent cells represent
live (non-treated) and dead (heat-treated) bacterial cells,
respectively, cells from defined populations were sorted and
plated.

Sorting of viable and non-viable cells

Cmm cells labeled with Calcein AM, cFDA or PI were
sorted based on the green and red fluorescence of the cells
at wavelengths of 530 and > 670 nm respectively. Calcein
AM and cFDA positive cells give high green fluorescence
signal (viable cells), and PI positive cells give a high red
fluorescence signal (non-viable cells). Cells from these two
distinct fluorescence regions were sorted, counted by the
flow cytometer, and 50 pL drops containing sorted viable
or non-viable cells were plated on GNA medium. After
incubation of plates for 96 hours at 25 °C, the number of
colonies was counted and the total number of CFU mL"! was
calculated. Sorted cells were also counted in a Neubauer
counting chamber.

Total cell counts

Four replicates of each sample were counted in a
Neubauer counting chamber with a fluorescence microscope
(Zeiss, Axiophoto, West Germany) at a magnification of
10 x 40. The total count determination was carried out by
counting the non-treated cells stained with Calcein AM or
cFDA (green fluorescence), and heat-treated cells stained
with PI (red fluorescence). Non-labeled cells were counted
as well (control).

Plate count technique

Plate counts were determined as described by Miles &
Misra (1933). Serial ten-fold dilutions were made from each
bacterial suspension in SP, pH 7.4, and 20 pL drops of each
dilution were plated in triplicate on sectored GNA plates.
After incubation of plates for 72 h at 25° C, the number of
colonies was counted for those dilutions producing between
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3 and 30 colonies per 20 pL drop, and the total number of
CFU mL"! was calculated for each sample.

RESULTS

For the FCM-based viability assay, Cmm cells were
labeled with Calcein AM, cFDA, PI, or combinations of
Calcein AM and cFDA with PI, and analyzed. The number of
green and/or red fluorescent particles, labeled with Calcein
AM, cFDA or PI was quantified. Green particles represented
cells with intact membranes and esterease activity, whereas
red particles represented cells with a damaged membrane
(Fig. 1). The FCM analyses showed that individual cells

FIG. 1 - Fluorescence microscopy of Cmm cells labeled with
Calcein AM (green fluorescence) and PI (red fluorescence).

labeled with Calcein AM or cFDA, and cells labeled with PI
could be separated into two highly distinct regions based on
the wavelength and intensity of the fluorescence, as shown
for instance in a Cmm population containing 50 % heat-
treated cells (Fig. 2). Non-treated Calcein AM-stained cells
showed relatively high levels of green fluorescence (R2),
whereas damaged cells (heat-treated) showed high levels of
red fluorescence when stained with PI (R3).

The quantitative results of the FCM analyses were
compared with total counts and plate counts for populations
containing 100, 80, 50, 20 and 0 % viable Cmm cells. The
total counts were all in the same range, i.e. 2.0 to 2.8 x 107
cells mL-', which proved that the number of Cmm cells
was similar in all samples, irrespective of the label used or
treatment given. The total counts and FCM counts of non-
heat treated cells labeled with Calcein AM (Fig. 3) or cFDA
(Fig. 4) were almost the same, but the number of CFU mL"!
detected by plate counts was much lower. A linear relation
(r* > 0.95) was found between the percentage of non-treated
cells present in the samples and the FCM counts for Cmm
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cells labeled with Calcein AM or cFDA.

A linear relation (1> > 0.80) was also found between
the percentage of heat-treated cells in the samples and the
FCM counts for Cmm cells labeled with PI. However, the
labeling with cFDA and PI appeared to affect outgrowth of
the Cmm cells after plating, since the number of CFU mL-
! showed a decrease of 72 % and 52 % compared to non-
labeled cells, respectively. The plate counts showed that the
recovery of Cmm cells in the presence of Calcein AM was
higher than in the presence of cFDA. Indeed, the sorting of
cells labeled with cFDA showed that only 0.6 % to 5 % of
these cells could form colonies after plating (Table 1). For
Cmm cells labeled with Calcein AM , 42 to 65 % of the
sorted cells were able to form colonies. It should be taken
into account that the concentration of plated cells was low,
possibly affecting the outgrowth of the cells. As expected,
sorted cells labeled with PI could not be recovered at all
after plating on GNA.

Overall, the number of non-treated Cmm cells
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labeled with Calcein AM, cFDA, PI, or a combination of
these probes, quantified by FCM analyses, was comparable
to the number of total counts and both were higher than the
number of CFU mL"' detected by plate counting.

DISCUSSION

The assessment of the viability of the plant pathogenic
bacterium Cmm, applying the fluorescent probes Calcein
AM, cFDA and PI in combination with flow cytometry,
was evaluated for Cmm populations differing in the ratio
of viable/non-viable cells. The use of flow cytometry to
distinguish between viable and non-viable bacteria after
labeling with cFDA, Calcein AM or PI has been reported
before for microorganisms in food, compost extracts,
seawater (Bunthof et al., 2001, Diaper & Edwards, 1994a,
1994b; Magarifios et al., 1997) and for bacterium of the
human gastrointestinal tract (Ben-Amor et al., 2002).
The viability of Cmm cells in suspension has also been
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TABLE 1 - Colony formation of sorted Cmm cells labeled with Calcein AM, cFDA, PI or combinations
of Calcein AM and cFDA with P, after plating on GNA medium

Cmm population

Concentration of sorted cells

Plate counts of sorted cells

Label % heat treated cells (cells mL™) (CFU mL™)

Calcein AM 0 2.4 %103 9.8 x 107 (42%)

PI 100 4.8 x10? 0

Calcein AM + PI 50 9.7 x 10? (Calcein AM stained) 6.3 x 107 (65%)
42 x 102 (PI stained) 0

cFDA 0 3.9 x10° 2.0 x 10% (5%)

PI 100 2.6 x 10° 0

cFDA + PI 50 2.5 x 10° (cFDA stained) 1.6 x 10 (0.6%)

3.5 x 10° (PI stained) 0

determined by measuring the intracellular pH as a viability
indicator, using the pH dependent fluorescent probe 5 (and
6)-carboxyfluorescein succinimidyl ester (cFSE) and FCM
(Chitarra et al., 2000). However, compared to the method
applied in this study, the intracellular pH analysis has to be
performed at two pH values, the preparation of the samples
takes a longer time, a calibration curve has to be made each
time, and the results are more difficult to interpret.

In this study, we observed that non-treated (viable) and
heat-treated (non-viable) Cmm cells could be distinguished
based on the fluorescence intensity of the cells after labeling
with Calcein AM or cFDA (green fluorescence), and PI (red
fluorescence). A good correlation was found between the
percentage of viable Cmm cells and the FCM counts when
the cells were Calcein AM-stained. These results differ from
the results reported by Kaneshiro et al. (1993) and Diaper
& Edwards (1994b). Their research showed the inability of
Calcein AM to stain many yeast and bacterial cells, probably
due to poor accessibility of the cells for this dye.

cFDA is a widely used fluorogenic ester that is applied
to detect viable bacteria using fluorescence microscopy
(Chrzanowski ef al., 1984) and flow cytometry (Diaper &
Edwards, 1994a, 1994b; Bunthof et al., 2001; Ben-Amor et
al., 2002). Since this dye preferentially stains gram-positive
bacteria, it was expected to be a good viability indicator
for Cmm. However, comparing cFDA and Calcein AM,
the latter showed more reliable results, and appears to be a
good indicator for viability of Cmm cells when applied in
combination with FCM.

PI is a dye that is supposed not to cross intact cell
membranes (Alvarado-Aleman et al., 1996), but it was able
to stain 18 to 56 % of non-treated Cmm cells when applied
as a single stain. These results suggest that PI cannot be
considered a good viability indicator for viable Cmm cells
when it is applied alone. However, it was shown that it can
be a good indicator for dead or damaged cells.

The number of labeled cells detected by FCM
analyses was always higher than the number of CFU mL"'
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detected by the plate count method. This implies that a large
proportion of the cells are enzymatically active, e.g. they are
able to hydrolyse Calcein AM and cFDA, but only about 55
% and 24 %, respectively, of stained cells are able to form
colonies. Nonetheless, both plate count and FCM results
show a linear relationship with the percentage of viable
Cmm cells in the population. FCM analysis of Calcein AM
stained cells can therefore be used as a viability indicator as
well, being superior to the conventional plate count method
due to its short assay time.

Future work will focus on establishing an FCM
method that specifically detects Cmm cells by means of
labeled antibodies and measures the viability of those cells
with a viability probe, such as Calcein AM, in the same
assay. Such a method can then be used to determine the
viability of Cmm cells in complex matrizes containing other
microorganisms, such as plant or seed extracts.
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