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Enumeration, viability and heterogeneity in Staphylococcus aureus
cultures by flow cytometry
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Abstract

Several fluorochromes (rhodamine 123, bis-oxonol, propidium iodide, SYTO-13 and calcein) were tested by flow
cytometry for their ability to determine cell density, viability and heterogeneity in Staphylococcus aureus cultures exposed to
heating (60–70–808C for 2 min), formaldehyde 2% for 20 min and gramicidin-S at 2–5–10 mg/ml for 20 min. Results were
validated by viable plate count and counts performed with a particle analyser. Flow cytometry gave quicker results and more
accurate information about intermediate states and heterogeneity of S. aureus cultures than viable plate counts. Rhodamine
123 and oxonol were found to be efficient dyes for the assessment of bacterial viability. SYTO-13 was an excellent marker
for total counts and calcein can be used to assess metabolic activity.  1998 Elsevier Science B.V.
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1. Introduction bacteria in pure cultures [4] and aquatic systems
[5–9], studies of bacterial cell cycle [10,11], assess-

Simple methods to enumerate bacteria are an ment of bacterial starvation [12–15], specific de-
evident need in medical, food and environmental tection of bacterial groups or species [16–18] and
microbiology. Flow cytometry combines direct and biocide assessment [19–21]. In addition, an increas-
rapid assays with additional biochemical analysis of ing number of fluorochromes need to be checked for
individual cells, and has widespread potential appli- their potential application. Here we evaluate the use
cations in microbiology [1–3]. Although applications of five fluorochromes on Staphylococcus aureus.
of flow cytometry to bacteria are more limited than This coccus was chosen because it has received little
eukaryotic studies because of its small size, some attention in flow cytometry studies [16] despite its
successful uses have been developed: enumeration of obvious importance in clinical and food microbiol-

ogy, and because the use of a spherical cell should
simplify the interpretation of results in a flow
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(Rh), calcein and SYTO-13 to assess enumeration, calcein, which allows detection of cells by their
viability and heterogeneity in S. aureus cultures. fluorescence. The final concentration and incubation

time for SYTO-13 (Molecular Probes) was estimated
to be 1 mM and 60 min.

2. Materials and methods

2.4. Flow cytometric analysis
2.1. Bacterial strains and culture conditions

A Coulter Epics Elite flow cytometer equipped
Experiments were performed with S. aureus

with an air-cooled 488 nm argon-ion laser at 15 mW
ATCC 12600. Cells were grown overnight in Luria

power for PI, oxonol, Rh, calcein and SYTO-13
Broth medium by incubation at 308C and shaking at

excitation was set up with the standard configuration.
30 r.p.m. Viable counts were calculated from the

Fluorescent beads (1 mm Fluoresbrite carboxylate
colony forming units (cfu) on tryptone soy agar

microspheres, Polysciences, Warrington, PA, USA,
plates incubated at 308C for 2 days.

and 4 mm latex fluorosphere beads, Molecular
Probes) were used as an internal standard for scatter

2.2. Lethal and sublethal treatments
and fluorescence. The green emission from oxonol,
Rh, calcein and SYTO-13 was collected through a

Overnight S. aureus cultures were exposed to heat
525 nm band-pass filter. The red emission from PI

by immersing microcentrifuge tubes containing 200
was collected through a 675 nm band-pass filter.

ml of cell suspension for 2 min in a water bath at 60,
Bacteria were counted by a Cytek Flow Module

70 and 808C. The same type of cultures were also
(Cytek Development, CA, USA) adapted to the flow

exposed to formaldehyde (2% final concentration, 20
cytometer. Fluorescence and forward and side scatter

min) and gramicidin-S (Sigma-Aldrich Quimica,
signals were plotted in a logarithmic scale. Fluores-

S.A. Barcelona, Spain) at final concentrations of
cence was used rather than scatter for discriminating

2–5–10 mg/ml for 20 min.
and counting bacteria when possible (SYTO-13
labelling), thus obtaining a better resolution and

2.3. Staining procedures
decreasing the background. The rest of the analysis
were performed using a combination of both side and

Previously described protocols for Rh, PI and
forward scatter for discriminating bacteria from

oxonol were used [13], consisting of the following
background. The forward scatter detector in the Elite

steps. Suspensions of an overnight S. aureus culture
flow cytometer is a photodiode that collects light6in NaCl (0.9%) at a final concentration of 1–5310
between 1.5 and 198 from the laser axis, being able

cells /ml were used in all assays. PI (Molecular
to discriminate particles .0.5 mm in diameter. The

Probes, Eugene, OR, USA) from a stock solution of
side scatter detector is situated in a 908 position from

1 mg/ml was added to a final concentration of 10
the laser axis. Due to the design of the closed flow

mg/ml.. The oxonol used was bis-(1,3-dibutylbar-
chamber used, light for both side scatter and fluores-

bituric acid) trimethine oxonol (DiBAC (3)) (Molec-4 cence is collected in an angle wider than 908 using a
ular Probes); 4 ml of a 250 mM solution of oxonol in

combination of mirror and lens in order to improve
ethanol was added to 1 ml of sample, which gave a

efficiency. Data were analysed with Elitesoft version
final concentration of 1 mM. Rh (Sigma) was added

4.1 (Coulter) and WinMDI version 2.5 software [22].
to a final concentration of 0.2 mg/ml from a stock
solution of 1 mg/ml in ethanol. Optimal incubation
times were: 10–15 min for PI and 2 min for Rh and 2.5. Particle analysis
oxonol. Calcein acetomethyl ester (calcein-AM)
(Molecular Probes) from a stock solution of 1 mM in Cell suspensions were adjusted to labelling con-
dimethyl sulfoxide was added to a final concentration centration with a Multisizer II (Coulter) using an
of 2 mM; cells with dyes were incubated at 308C for aperture tube 30 mm in diameter. A 100 ml volume
1 h. Calcein-AM is converted by esterases into of the cell suspension in 0.9% NaCl previously
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filtered through 0.2 mm was processed keeping the
coincidence count below 2% in order to obtain
information on the concentration of the bacterial
populations. Data were analysed by AccuComp
software version 1.15 (Coulter Corporation, Miami,
Florida, USA).

2.6. Statistical analysis

Instead using absolute mean values to compare the
fluorescence variations produced by the various

Fig. 1. Evolution of bacterial counts after heat treatment assessedtreatments and markers that differ in their quantum
by viable plate count (m); cytometer counts using SYTO-13yield, we used the percentage of fluorescence vari-
staining (s) and particle size analyser counts (j).

ation calculated by the formula:

¯ ¯X 2 X remained constant (Fig. 1). This indicates that a partT C
]]]%DF 5 3 100¯ of the heat-treated population may be not detected byXC

particle size analyser because it is under the de-
where %DF is the percentage of variation of the tection limit of the used aperture tube.

¯fluorescence; X is the mean fluorescence of theT The five fluorochromes studied were chosen be-
¯treated samples, and X is the mean fluorescence ofC cause of their potential ability to distinguish inter-

the control (untreated) samples. mediate states between death and alive cells. The
changes in intensity of fluorescence gave more
information than cell viability assessment by plate

3. Results and discussion count, because fluorescence gives gradual responses,
while viable counts do not. Rh fluorescence was

3.1. Technical approach associated with active cells and its accumulation
inside the bacterial cell was dependant on its mem-

Parallel counts of 4 mm latex bead suspensions by brane potential [14,19,20]. The fluorescence confer-
flow cytometry using the Cytek module and particle red by oxonol or PI was associated with cells who

2analyser gave a good correlation (r 50.999). Bac- have lost respectively their membrane potential and
terial counts after heat treatment shown that total integrity [14,19]. Oxonol is a negatively charged
counts detected by flow cytometer and particle size molecule and its incorporation into cells depends on

2analyser were similar (r 50.910), while viable plate their depolarisation. SYTO-13 labels nucleic acids,
count decreased with the intensity of the treatment being fully permeable to dead and alive cells
(Fig. 1). Bacterial counts by flow cytometry allowed [6,19,23] and showed a saturated level of fluores-
us to assess the biological potential in terms of cence after 50 or 60 min of incubation (Fig. 3A).
viability, cell lysis and nucleic acids hydrolysis Calcein was chosen as an indicator of esterase
(Figs. 1,4–6) and the use of the particle size analyser activity. Calcein-AM can be passively loaded into
allowed us to study the variations of cell size cells, as it is a neutral or near-neutral molecule. Once
distributions induced by temperature treatments (Fig. inside, it is converted by intracellular esterases into
2). Cell size reduction is probably due to leakage and calcein, a derivative of fluorescein that has about six
cell shrinkage that take place when the cell mem- negative and two positive charges at pH 7. This
brane was damaged by heat, as also evidenced by the fluorescent product is retained by the cell if the
increase in PI staining (Fig. 4). Total counts obtained membrane is intact, thus the detection of calcein
by particle analyser showed a slight decrease at increased progressively over time (Fig. 3B). Both
higher temperature treatments, while total counts calcein-AM and calcein may rapidly leak out from
obtained with SYTO-13 labelling and flow cytometry dead or damaged cells with compromised mem-
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Fig. 2. Cell size distribution after heat treatment by particle size analyser. A (full line), control; B (dotted line), 608C, 2 min; C (full line),
708C, 2 min; D (dotted line), 808C, 2 min.

branes, even if the cell retains some residual esterase a final concentration of 0.1% diminished the calcein
activity. Calcein-AM has been used as a viability and SYTO-13 labelling (data not shown).
marker because of its high cell retention and pH-
insensitive fluorescence. Addition of Triton X-100 at 3.2. Assessment of the lethal effects of

temperature, formaldehyde and gramicidin-S

8Treatment of cell suspensions (5–10 cfu) /ml) at
60, 70 and 808C for 2 min killed 99.88%, 99.99%
and more than the 99.99% respectively of the
exposed population. Cells after the three heat treat-
ments presented different fluorescence histograms for
PI, oxonol, Rh and calcein (Fig. 4). PI histograms
indicate a progressive permeabilization of the popu-
lation as the temperature of the treatment was
increased. The PI-labelled population was lower than
the viable population detected by viable plate count,
indicating that some cells can maintain their mem-
brane integrity to some extent, although they were
not able to grow. Oxonol fluorescence increase was
proportional to the temperature of the treatment,
showing a good resolution among the different states
caused by heat treatments. Rh and calcein fluores-
cence decreased after heat treatments, indicating that
membrane potential and esterase activity were re-
spectively lost. The main decrease in calcein fluores-
cence was observed after the 608C treatment, indicat-
ing that esterase activity was quickly lost. StainingFig. 3. (A) SYTO-13 incorporation during time at room tempera-

ture. (B) Calcein incorporation during time at 308C. with SYTO-13 did not reflect the viability changes
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Fig. 4. Histograms obtained for the five studied fluorochromes after heat treatment.

provoked by the temperature treatments, indicating ments, may originate in the melting effect on nucleic
that these temperatures kill cells but do not lyse cells acids, thus reducing the binding between dye and
nor hydrolyse nucleic acids in S. aureus. The small DNA. Oxonol, Rh and calcein were useful markers
differences observed among the SYTO-13 histo- to assess the viability losses after heat treatment, but
grams corresponding to 60, 70 and 808C heat treat- oxonol was the best to label heat killed cells.
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Treatment of cell suspensions with formaldehyde suggesting that permeabilization was not in-
at 2% resulted in a residual viability ,0.2%. Fig. 5 cremented by formaldehyde. Calcein, Rh and par-
shows the labelling obtained with the five studied ticularly oxonol were the most resolutive markers for
fluorochromes after formaldehyde exposure. PI was viability, oxonol being the best fluorochrome to label
not able to label significantly in these conditions, dead cells. SYTO-13 labelling gave a lower and

Fig. 5. Histograms obtained for the five studied fluorochromes after formaldehyde treatment.
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broader fluorescence distribution, suggesting that and 10 mg/ml, the resulting viability assessed by
formaldehyde treatment changes DNA interaction plate counts were 6%, 3% and ,0.2% respectively.
with this dye. Fluorescence histograms after gramicidin-S exposure

When cells were treated with gramicidin-S at 2, 5 are shown in Fig. 6. Oxonol, Rh and calcein shown

Fig. 6. Histograms obtained for the five studied fluorochromes after gramicidin-S treatment.
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clear-cut differences between dead and alive bac- The main limitation of flow cytometry to assess
teria, although oxonol was again the best marker for bacterial viability is that the today available fluoro-
dead cells. PI labelled significantly only at the high chromes are not of universal use for two reasons: (i)
(10 mg/ml) concentration of gramicidin-S and Rh cell permeability for fluorochromes is variable de-
fluorescence did not label even at low (2 mg/ml) pending on strains and their physiological state; (ii)
gramicidin-S concentrations. These results are con- interaction between fluorochromes and their biologi-
sistent with the fact that gramicidin-S is an iono- cal target is also variable depending on strains and
phore for cell membranes that transport ions non- their physiological state. The ability to detect and
specifically [2,14]. Esterasic activity assessed by enumerate S. aureus by flow cytometry has been
calcein fluorescence was not detected at any of the previously reported using FITC-immunoglobulin G,
gramicidin-S concentrations used. Rh, PI and Hoechst 33342 [16]. We provide addition-

al evidence for potential applications of calcein,
3.3. Comparison of fluorochrome labelling oxonol and SYTO-13 to count and study S. aureus.

Although scatter changes often do not correlate with
A comparison among the five studied markers for changes in bacterial cell size [13,16,24], the scatter

the three lethal treatments using the percentage of histograms indicated that the cultures we have used
fluorescence variation calculated according Section are rather homogeneous populations (data not
2.6, is shown in Table 1. Oxonol gave the highest shown). However, the fluorescence histograms
relative values for all treatments. PI and oxonol shown in Figs. 4–6 indicate that axenic cultures of S.
fluorescence increases with the strength of the treat- aureus may not be as homogenous as expected as
ment, as they can be accumulated inside the cell per the heterogeneity of its responses to heat, form-
when homeostatic conditions are lost. On the other aldehyde and gramicidin-S. In fact, flow cytometry
hand, calcein and Rh label viable cells but cells lost has been used as a recent tool for assessing heteroge-
their fluorescence when the cell membrane was neous bacterial populations [12–14,24,25] and may
severely damaged. Changes in Rh or calcein fluores- provide deeper insights into basic and applied bac-
cence can be seen with even mild treatments and did teriological studies.
not increase significantly when the strength of the
treatment was increased (as happened with viable
counts). Calcein fluorescence is rapidly lost in all Acknowledgements
treatments, showing a regular behaviour. Changes in
SYTO-13 did not seem to correlate with the strength We are grateful to Ms. Chary Gonzalez Flores
of the treatment but with the DNA or RNA acces- (Scientific and Technical Services of the University
sibility. The high fluorescence of this dye allows a of Barcelona) for her helpful technical assistance
better detection and quantification of S. aureus than with the flow cytometer. This work was partially
using viable and particle analyser counts (Figs. 1 and supported by grants from C.I.C.Y.T. AMB-95-0049
2). (Spain). This work is a contribution to the ELOISE

Table 1
Comparison of the results obtained among the five studied fluorochromes and the three lethal treatments

PI Oxonol Rh Calcein SYTO-13

Heating 608C, 2 min 5 21 33 274 14
Heating 708C, 2 min 47 300 234 259 27
Heating 808C, 2 min 909 1043 273 257 21
Formaldehyde 2% 6 137 290 251 256
Gramicidin-S, 2 mg/ml 11 88 288 273 245
Gramicidin-S, 5 mg/ml 24 2010 291 275 35
Gramicidin-S, 10 mg/ml 602 7711 292 247 47

Results are expressed as a percentage of variation in the mean fluorescence with respect to an untreated control (see Section 2.6).
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DNA content of Salmonella typhimurium and AlteromonasProgramme (ELOISE No. 009) in the framework of
halopanktis during starvation and recovery in seawater,the CHABADA project carried out under contract
Appl. Environ. Microbiol. 60 (1994) 4345–4350.
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