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The viability of lactic acid bacteria is crucial for their applications as dairy starters and as probiotics. We
investigated the usefulness of flow cytometry (FCM) for viability assessment of lactic acid bacteria. The
esterase substrate carboxyfluorescein diacetate (cFDA) and the dye exclusion DNA binding probes propidium
iodide (PI) and TOTO-1 were tested for live/dead discrimination using a Lacfococcus, a Streptococcus, three
Lactobacillus, two Leuconostoc, an Enterococcus, and a Pediococcus species. Plate count experiments were per-
formed to validate the results of the FCM assays. The results showed that cFDA was an accurate stain for live
cells; in exponential-phase cultures almost all cells were labeled, while 70°C heat-killed cultures were left
unstained. PI did not give clear live/dead discrimination for some of the species. TOTO-1, on the other hand,
gave clear discrimination between live and dead cells. The combination of cFDA and TOTO-1 gave the best
results. Well-separated subpopulations of live and dead cells could be detected with FCM. Cell sorting of the
subpopulations and subsequent plating on agar medium provided direct evidence that cFDA labels the
culturable subpopulation and that TOTO-1 labels the nonculturable subpopulation. Applied to cultures ex-
posed to deconjugated bile salts or to acid, cFDA and TOTO-1 proved to be accurate indicators of culturability.
Our experiments with lactic acid bacteria demonstrated that the combination of cFDA and TOTO-1 makes an

excellent live/dead assay with versatile applications.

Lactic acid bacteria (LAB) are applied in food production
for their useful metabolic properties. They are used as starters
and as probiotics. However, these applications imply that the
LAB are exposed to various stress conditions that may affect
the physiological status of the microbes. LAB are employed as
starter cultures in the production of fermented foods, such as
cheese, yogurts, wines, and fermented meats. The starter cul-
tures are often stored in freeze-dried form, which decreases
the number of CFU significantly (6). Cell proliferation and
metabolic activity are crucial for success of fermentation pro-
cesses, such as in cheese production. The starter bacteria mul-
tiply after being added to the curd, convert lactose to lactic
acid, and degrade casein to peptides and amino acids. These
are essential functions for the development of texture and
flavor (9). At the same time the conditions of the fermentation
process, in particular the decline of the pH, the temperature,
and the high salt concentration, affect the physiological status
of the bacteria.

Besides being used in dairy fermentations, several LAB spe-
cies are employed as probiotics. Probiotics are living microor-
ganisms which upon ingestion in certain numbers should exert
health effects beyond inherent basic nutrition (17). The species
are selected mainly on the basis of their potential health-
associated properties, but it is well recognized that further
criteria should also be fulfilled (14, 17, 20, 39). One of the
requirements is resistance to technological processes, such as
survival in fermented milk to provide a suitable shelf life pe-
riod for the product. Another requirement is resistance to
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gastric acid and bile. This is necessary for persistence in the
gastrointestinal tract to perform health-promoting actions (7,
13, 14). In studies on survival and stress response, the quanti-
tative assessment of viability is important.

In concept, bacterial viability is the reproductive capacity,
and survival is the maintenance of the viability (1). In opera-
tion, viability has to be demonstrated by replication in a vali-
dated laboratory system (1, 22). The conventional method for
quantitative survival studies is the plate count technique, in
which replication on an appropriate agar medium is tested.
Although this is the only direct proof of culturability (1, 22),
the plate count method has major drawbacks (3). For many
species there is not (yet) a good growth medium. Furthermore,
the plate count technique requires long incubation times (2
days to a few weeks). Alternative techniques for viability as-
sessment are desired for fundamental as well as routine mi-
crobiology research, although they have to be rapid and reli-
able. Flow cytometry (FCM) is an appealing technique for fast
viability assessment.

FCM is a rapid technique for cell-by-cell multiparameter
analysis that is often used in combination with fluorescent
labeling (37). Cells are analyzed at rates of 100 to 1,000 per s
as they are carried within a fast-flowing fluid stream that passes
a focused light beam. The forward-angle light scatter (FSC),
the side-angle light scatter (SSC), and the fluorescence at se-
lected wavelengths are measured. The analyses are done on
large populations of cells, typically 5,000 to 10,000. Subpopu-
lations can be identified and distinguished when they differ in
light scatter or fluorescence characteristics. Also, subpopula-
tions can be physically selected (sorted) for further study. FCM
in combination with fluorescent labeling is increasingly applied
in microbiology. It is used in counting the total number of
bacteria and in detecting specific strains by 16S rRNA se-
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quence or by antigen expression. It is also used for character-
izing and quantifying cellular physiological parameters such as
DNA content, enzyme activity, respiration, membrane poten-
tial, intracellular pH, and membrane integrity (11, 16, 27, 34,
35).

Various fluorescent probes are used for viability assessment
(3, 18, 30, 35). Redox probes are used, such as tetrazolium salts
that are reduced by the electron transfer chain. Also, mem-
brane potential probes are used, such as anionic oxonol dyes
and the cationic dye rhodamine 123. Furthermore, esterase
substrates are used, such as fluorescein diacetate and calcein
AM. These are nonfluorescent precursors that are taken up by
the cell. The fluorescent products are positively charged, so
they are retained in the cell provided that the membrane is
intact. Thus, labeling indicates enzymatic activity and mem-
brane integrity (4, 12). Finally, dye exclusion probes are used
extensively, especially DNA binding compounds. The exclu-
sion of such impermeant probes by cells with intact membranes
is taken as an indicator of viability.

Two groups of dye exclusion probes are of importance:
phenanthridium nucleic acid dyes and cyanine nucleic acid
dyes. The phenanthridium nucleic acid dyes include ethidium
bromide, propidium iodide (PI), and ethidium homodimer-1.
These probes have been used almost exclusively to evaluate
cell membrane integrity of bacterial as well as eucaryotic cells
(5, 18, 28). Cyanine nucleic acid dyes are compounds that also
have the chemical characteristics necessary for a viability assay
based on dye exclusion. The group comprises the compounds
of the monomeric TO-PRO series, the dimeric TOTO series,
and the SYTOX series (Molecular Probes Inc., Eugene, Oreg.).
These probes bind to DNA with little specificity, have very high
fluorescence enhancement factors, and have a range of spectra
covering the entire visible spectrum (18, 19). SYTOX-Green
was described as a probe for bacterial viability and antibiotic
susceptibility testing and has been applied and further investi-
gated in several studies (25, 32, 36). In contrast, the TO-PRO
and TOTO series compounds have been described mainly as
probes for DNA gel electrophoresis and DNA analysis by
FCM and laser confocal microscopy (18), whereas reports on
their use as viability indicators are scarce. YOYO-1 and
YOYO-3 have been applied for eucaryotic cells (2, 23). TO-
PRO-3 was used for investigating starving and resuscitating
cultures of Micrococcus luteus (40). TO-PRO-1 was compared
to PT and SYTOX-Green to study injured Escherichia coli (32).

The subject of this study was the rapid FCM analysis of
LAB, in particular, the assessment of survival when LAB are
exposed to bile salts or to acid. We aimed for an FCM assay
that accurately indicates culturability, with proven validity for
the given stress conditions. Plate counts were performed to
ensure that the populations indicated as live by the FCM via-
bility assay were indeed culturable while populations indicated
as dead were not culturable. A selection of nine LAB species
was tested, including species from the different genera of dairy
LAB as well as species used in various dairy products and
probiotics (8, 26, 33). We evaluated carboxyfluorescein diac-
etate (cFDA) as a live stain using the labeling protocol for
Lactococcus lactis analysis by fluorescence microscopy devel-
oped in an earlier study (5). Furthermore, the impermeant
nucleic acid stains PI and TOTO-1 were evaluated for their
capacity to stain dead LAB cells using FCM. PI was included
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TABLE 1. Evaluation of FCM in combination with cFDA, PI, and
TOTO-1 for identifying live and dead cells”

Result” with probe:

Organism
cFDA PI TOTO-1
Lactococcus lactis NCDO 712 + - +
Streptococcus salivarius subsp. thermophilus + + +
Lactobacillus delbrueckii subsp. bulgaricus 2 + + +/—
Lactobacillus casei R + + +
Lactobacillus helveticus T97 + - +
Leuconostoc mesenteroides DSM 20343 + + +
Leuconostoc lactis 1.60 + — +/—
Enterococcus faecium 93-828-3 + — +
Pediococcus acidilacti + +/— +

“ Nine LAB species were tested using exponential-phase cells that were not
treated and cells that were heat killed at 70°C.

® The live and dead populations were well separated (+), overlapped each
other somewhat (+/—), or overlapped each other considerably (—).

because it is the probe most used for detection of dead cells
and its spectroscopic properties make it suitable for FCM (18).
TOTO-1 was chosen because the excitation and emission spec-
tra are suitable for FCM, it has a high fluorescence enhance-
ment, and its molecular mass is approximately twice as high as
that of PI (18, 19). Possible applications of the developed FCM
live/dead assay are discussed.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The species used are listed in Table
1. Leuconostoc lactis 1.60, Lactobacillus helveticus T97, Lactobacillus casei R, and
Lactobacillus delbrueckii subsp. bulgaricus 2 were supplied by NIZO Food Re-
search, Ede, The Netherlands. The other strains are from the strain collection of
our laboratory. The strains were maintained as freezer stocks at —80°C in 40%
glycerol. After inoculation from the freezer stocks, the cultures were grown to
stationary phase (16 to 30 h). Lactococcus lactis, Enterococcus faecium, and
Pediococcus acidilacti were grown at 30°C in M17 broth (Unipath Oxoid, Bas-
ingstoke, United Kingdom) supplemented with 0.5% (wt/vol) lactose (LM17).
Streptococcus salivarius subsp. thermophilus was grown at 42°C in LM17. Leu-
conostoc mesenteroides and Leuconostoc lactis were grown at 30°C in MRS broth
(Merck, Darmstadt, Germany). Lactobacillus casei was grown at 37°C in MRS
broth. Lactobacillus delbrueckii subsp. bulgaricus and Lactobacillus helveticus
were grown at 42°C in MRS broth. The cultures were then diluted (1:9) in fresh
medium and grown to mid-exponential phase. The cultures were harvested at an
optical density at 620 nm (ODg,,) of approximately 0.7 by centrifugation at
4,000 X g for 10 min at 10°C. Unless mentioned otherwise, 50 mM potassium
phosphate (KP;) buffer adjusted to pH 7.0 was used for suspending, washing, and
incubating cells. Harvested cells were washed twice, concentrated to an ODy,, of
20, and kept on ice until use.

Treatments. Portions of 200 pl of concentrated cell suspension (ODg,,, of 20)
were exposed to heat, acid, or bile salts. Cells were heat killed by exposure to
70°C for 10 min. Treatments with acid were done by incubating cells at 30°C for
60 min in 10 mM KP; adjusted with hydrochloric acid to pH 2.0, 3.0, or 4.0, or in
50 mM KP; adjusted to pH 5.0 or 6.0. Treatments with bile salts were done by
incubation of cells at 30°C for 60 min with a final concentration of 0.05, 0.10, 0.25,
0.50, or 1.00% (wt/wt) deconjugated bile salts (50% sodium cholate, 50% sodium
deoxycholate [Sigma-Aldrich, Steinheim, Germany]). As a control, cells were
incubated at pH 7.0 and 30°C for 60 min. After the incubations, the cells were
spun down, resuspended in buffer, and put on ice until use.

Measurement of culturability. Tenfold serial dilutions of control and treated
samples were made in buffer, and triplicate aliquots of 100 wl of the appropriate
dilution were spread out on agar plates. Lactococcus lactis, E. faecium, and P.
acidilacti were plated on LM17 medium. The other species were plated on MRS
medium. After 3 days of aerobic incubation at 30°C, the colonies were counted.

Fluorescence labeling. cFDA, PI, and TOTO-1 were purchased from Molec-
ular Probes, Inc. TOTO-1 is 1,1'(4,4,7,7-tetramethyl-4,7-diazaundecamethyl-
ene)-bis-4-[3-methyl-2,3dihydro(benzo-1,3-oxazole)-2-methylidene]-1-(3'-tri-
methylammoniumpropyl)-pyridinium tetraiodide. cFDA is an esterase substrate
yielding the fluorescent carboxyfluorescein (cF) upon hydrolysis. cF has an ex-
citation maximum (\.,) of 492 nm and an emission maximum (\,,) of 517 nm.
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PI and TOTO-1 bind to DNA. PI has a molecular mass of 668 g per mol and a
fluorescence enhancement of 20- to 30-fold upon binding. The PI-DNA complex
has a A, of 535 nm and a A, of 617 nm. TOTO-1 has a molecular mass of 1,303
g per mol and a very high fluorescence enhancement of 1,400-fold. The TOTO-
1-DNA complex has a A, of 514 nm and a A, of 533 nm. Stock solutions of 100
M cFDA in 50 mM KP; buffer (pH 7.0), 1.5 mM PI in distilled water, and 100
M TOTO-1 in dimethyl sulfoxide were prepared. For single-probe labeling,
concentrated cell suspensions (ODg,, of 10) were incubated with 50 uM cFDA,
30 wM PI, or 1 pM TOTO-1 at 30°C for 10 min. After incubation with cFDA, the
cells were washed once. For double labeling, concentrated cell suspensions
(ODy;, of 10) were incubated with 50 puM cFDA and 1 uM TOTO-1 simulta-
neously at 30°C for 10 min, after which the cells were washed once. All labeled
cell suspensions were kept on ice until use.

Fluorescence microscopy. Labeled cell suspensions were diluted to approxi-
mately 10° cells per ml and microscopically analyzed with an Axioskop epifluo-
rescence microscope equipped with a 12-V, 50-W halogen lamp for transmitted-
light illumination, a 50-W mercury arc lamp for epifluorescence illumination, a
fluorescein isothiocyanate filter set (excitation wavelength, 450 to 490 nm; emis-
sion wavelength, >520 nm), a 100X 1.3-numerical-aperture Plan-Neofluar ob-
jective lens, and an MC80 camera (Carl Zeiss, Oberkochen, Germany). Pho-
tomicrographs were made with simultaneous light and epifluorescence
microscopy, a low transmitted-light intensity, and an exposure time of 15 s on
Kodak 400 ASA color films. In these photomicrographs both the labeled cells
and the nonlabeled cells were visible.

Spectrofluorimetry. To measure the cF labeling capacity, i.e., the amount of cF
in the cells per milligram of protein, labeled cells were lysed by incubation at
70°C for 15 min and the debris was removed by centrifugation. The fluorescence
of the supernatant was measured fluorimetrically (excitation at 490 = 5 nm and
emission at 515 = 5 nm) with a Perkin-Elmer LS 50B luminescence spectrometer
equipped with a plate reader by using computer-controlled data acquisition. The
cF concentration was calculated from a calibration curve with a cF concentration
range from 0 to 1.5 uM in 50 mM KP; buffer (pH 7.0). The cell protein
concentrations were analyzed by the Lowry method.

FCM. FCM analyses were performed on a FACSCalibur flow cytometer (Bec-
ton Dickinson Immunocytometry Systems, San Jose, Calif.) equipped with a
15-mW, 488-nm, air-cooled argon ion laser and a cell-sorting catcher tube. Cell
samples were diluted to approximately 10° cells per ml and delivered at the low
flow rate, corresponding to 150 to 500 cells per s. FSC, SSC, and three fluores-
cence signals were measured. A band pass filter of 530 nm (515 to 545 nm) was
used to collect the green fluorescence (FL1), a band pass filter of 585 nm (564 to
606 nm) was used to collect the yellow-orange fluorescence (FL2), and a long-
pass filter of 670 nm was used to collect the red fluorescence (FL3). FSC was
collected with a diode detector. SSC and the three fluorescence signals were
collected with photomultiplier tubes. All signals were collected by using loga-
rithmic amplifications. A combination of FSC and SSC was used to discriminate
bacteria from background. Data were analyzed with the CELLQuest program
(version 3.1f; Becton Dickinson) and the WinMDI program (version 2.8; Joseph
Trotter, John Curtin School of Medical Research, Canberra, Australia [http://
jesmr.anu.edu.au]).

Sorting. Sorting experiments were performed with Lactococcus lactis. Expo-
nential-phase cell suspensions that were left unstained or incubated with cFDA,
as well as 1:1 mixtures of exponential-phase cells and 70°C heat-killed cells
labeled with cFDA or TOTO-1, were used. Furthermore, cell suspensions ex-
posed to 0.10% bile salts labeled with cFDA or TOTO-1 were used. All sample
handling was done aseptically. In the dot plot of FL1 and FL2, regions of
nonlabeled, cF-labeled, and TOTO-1-labeled cells were defined to use as sort
gates. One region was sorted at a time. Culturability was tested by plating 100-p.l
samples of the sorted subpopulations directly out of the sort collection tubes.
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RESULTS

Staining with cFDA, PI, or TOTO-1. Differential staining of
live and dead cells by cFDA, PI, and TOTO-1 was investigated
by testing the probes on exponential-phase cells that were not
treated and cells that were heated at 70°C for 10 min. The 70°C
treatment killed all cells, as was confirmed by plating 100 w1 of
cell suspensions that contained 10'® CFU per ml before heat
treatment. Samples were analyzed by FCM. For visual refer-
ence, fluorescence microscopic photographs were made (Fig.
1A to K).

cFDA gave good results (Table 1). Incubation of exponen-
tial-phase cells of the nine selected LAB species with cFDA
resulted in a high fraction of cF-labeled cells, in most cases
above 90% (Fig. 1A to E), whereas no cells of 70°C heat-killed
suspensions were labeled. In the FCM analysis of all species
the labeled population gave a peak in the green fluorescence
histogram, which was resolved from the signal of nonlabeled
cells.

Notably, the intensity of cF fluorescence differed among the
LAB species. The FCM histograms of cF-labeled control sam-
ples of exponential-phase cells (Fig. 2), as well as the photo-
graphs (Fig. 1A to E), show the differences in cF labeling
intensity when the same protocol is applied for all species. This
was confirmed by spectrofluorimetry, which revealed a greater-
than-10-fold difference between Lactobacillus delbrueckii subsp.
bulgaricus and P. acidilacti, the species with the highest and the
lowest cF labeling capacities, respectively (data not shown).
However, the results showed that the same standard protocol
for labeling enables discrimination of live and dead cells of all
tested species by FCM analysis.

PI gave satisfactory results for only some of the tested spe-
cies (Table 1). Good results were obtained for the species S.
salivarius subsp. thermophilus, Lactobacillus delbrueckii subsp.
bulgaricus (Fig. 1F), Lactobacillus casei, and Lactobacillus mes-
enteroides. All cells of the 70°C heat-treated suspension were
brightly labeled as observed with microscopy, and the labeled
population gave a peak in the FCM histogram distinct from
that of nonlabeled cells. Of the exponential-phase cells, only a
small fraction was labeled. The FCM results agreed with mi-
croscopic observations. However, for the other species PI la-
beling did not give clear FCM results. In addition, the esti-
mates of the living and dead fractions with microscopy did not
agree with FCM results. For Lactococcus lactis and E. faecium
(Fig. 1G) the labeling intensity of the heat-killed cells was too
low, which caused overlap of the peak of labeled cells with the
peak of nonlabeled cells in the FCM fluorescence histogram.
On the other hand, untreated Lactobacillus helveticus (Fig.

FIG. 1. Labeling of LAB with fluorescent probes. (A to E) Evaluation of cFDA as a stain for live cells. S. salivarius subsp. thermophilus (A),
Lactobacillus delbrueckii subsp. bulgaricus (B), Lactobacillus casei (C), Leuconostoc mesenteroides (D), and P. acidilacti (E) exponential-phase cell
suspensions were incubated with 50 uM cFDA and washed once. (F to I) Evaluation of PI as a stain for dead cells. Lactobacillus delbrueckii (F)
and E. faecium (G) 70°C heat-killed cell suspensions and Lactobacillus helveticus (H) and Leuconostoc lactis (1) exponential-phase cell suspensions
were incubated with 30 uM PI. (J and K) Evaluation of TOTO-1 as a stain for dead cells. Exponential-phase cells (J) and 70°C heat-killed cells
(K) of S. salivarius subsp. thermophilus were incubated with 1 wM TOTO-1. (L) Application of labeling for viability assessment after bile stress.
Lactococcus lactis was exposed to 0.10% deconjugated bile salts at 30°C for 60 min. After being washed, the cell suspension was incubated with
50 pM cFDA. All labeling incubations were at 30°C for 10 min. All photographs were made with simultaneous phase-contrast illumination and
epifluorescence excitation and an exposure time of 15 s to visualize both labeled and nonlabeled cells. The composite was made with Adobe

Photoshop 5.5. Bar, 10 pm.
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FIG. 2. Flow cytometry histograms of FL1 of Lactococcus lactis and Leuconostoc mesenteroides cell suspensions stained with cFDA or with

TOTO-1 after exposure to deconjugated bile salts (DBS).

1H), Leuconostoc lactis (Fig. 1I), and P. acidilacti cell suspen-
sions showed PI labeling, although with low intensity. This
low-intensity labeling resulted in peaks in the FCM fluores-
cence histogram distinct from that of nonlabeled cells and
partly overlapping with the peak of 70°C heat-treated labeled
cell suspensions.

TOTO-1 labeling enabled easy identification of the live and
dead cells by FCM for most of the LAB species (Table 1).
Dead cells were labeled with high-fluorescence intensity, while
live cells were left unstained (Figs. 1J and K). The high fluo-
rescence intensity of the dead cells resulted in peaks in the
fluorescence histogram that were clearly resolved from the
signal of nonlabeled cells. For Lactobacillus delbrueckii subsp.

bulgaricus and Leuconostoc lactis there was some overlap be-
tween the FCM fluorescence histogram peaks of labeled and
nonlabeled populations. In general, the TOTO-1 labeling gave
clearer results than the PI labeling, and peaks of live and dead
cells in the FCM fluorescence histograms were better resolved.

Because cFDA and TOTO-1 gave the best results and ap-
peared to be useful for the different LAB species, these probes
were chosen for further testing as stains for live and dead
cells. The probes were tested separately and in combination
using stressed cultures.

Viability assessment after treatment with bile salts or acid.
Three LAB species, Lactococcus lactis, Lactobacillus helveticus,
and Leuconostoc mesenteroides, were selected for more de-
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FIG. 3. Flow cytometry histograms of FL1 of Lactococcus lactis and Leuconostoc mesenteroides cell suspensions stained with cFDA or with

TOTO-1 after exposure to acid.

tailed analysis. FCM was applied for viability assessment using
cFDA and TOTO-1 after exposure to deconjugated bile salts
or acid. The results of the FCM were compared with the
survival tested by plate counts. For visual impressions of label-
ing after stress, the cell suspensions were also analyzed by flu-
orescence microscopy (Fig. 1L). The microscopic observations
agreed with the FCM results.

In the FCM analyses the bacteria were identified by their
light scatter. In the dot plot of the FSC and the SSC, a region
that comprised the cell population was created. Interfering
particles that also had an SSC above the threshold value but
were not in the created region were thus disregarded. Both cF
(Nems 517 nm) and TOTO-1 (A.,,, 533 nm) were best detected
by the FL1 detector. Figures 2 and 3 display diagrams of the
distribution of the cell population among 1,024 channels of
fluorescence on a logarithmic scale. The height indicates the
number of cells in a particular fluorescence channel.

In cell suspensions incubated without bile salts, between 90
and 98% of the cells were labeled by cFDA. This varied be-
tween the experiments and between the species. The results of
TOTO-1 labeling were complementary to the results of cF
labeling: 2 to 10% of the cells were labeled. Exposure to 0.05%
bile salts hardly changed the number of labeled cells. Also, the
number of CFU was similar to that of nontreated cell suspen-
sions. However, the average fluorescence of the cF-labeled
population, especially that of Lactococcus lactis, was lower
(Fig. 2). This suggests lower accumulation of cF caused by
minor damage to the membrane. Exposure to higher bile salt

concentrations resulted in lower fractions of cF-labeled cells
and higher fractions of TOTO-1-labeled cells. Exposure to
0.10% bile salts resulted in heterogeneity in the populations. In
Lactococcus lactis cell suspensions approximately 50% were
labeled by cF. TOTO-1 staining resulted in overlapping peaks
of labeled and nonlabeled cells (Fig. 2). The plate counts were
at 42% compared to cell suspensions incubated without bile
salts. In Leuconostoc mesenteroides cell suspensions both cFDA
and TOTO-1 divided the population equally into labeled and
nonlabeled subpopulations (Fig. 2). The plate counts were at
36%. In Lactobacillus helveticus cell suspensions cFDA labeled
approximately 90% of the cells and TOTO-1 labeled 10% of
the cells (not shown). The plate counts were at 89%. After
exposure to 0.25% bile salts or more, almost no cells were
labeled by cFDA. In agreement with this, almost all cells were
labeled by TOTO-1. Correspondingly, the survival was low,
0.1% at maximum.

For cell suspensions exposed to acid the results of cF label-
ing and TOTO-1 labeling agreed with plate counts. The results
for Lactococcus lactis, Lactobacillus helveticus, and Leuconos-
toc mesenteroides were similar. Labeling with cF or TOTO-1
after exposure to pH 6.0, 5.0, 4.0, or 3.0 did not result in a
change of the distribution of the subpopulations compared to
that at pH 7.0 (Fig. 3). However, after exposure to pH 2.0,
almost no cells were labeled with cF whereas almost all cells
were stained with TOTO-1 (Fig. 3). Accordingly, the cultur-
ability was not affected until pH 3.0, but exposure to pH 2.0
resulted in at least a 3-log-unit reduction of the plate counts.
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Fluorescent labeling in combination with FCM revealed
stress-induced heterogeneity in the cultures. Most importantly,
live and dead subpopulations could be distinguished.

Double staining with ¢cFDA and TOTO-1. Live/dead assays
with two differentially staining probes are attractive because
detection is easier when all cells are labeled. Therefore, we
tried double staining with cFDA and TOTO-1. Using FCM,
the cF- and the TOTO-1-labeled populations could be spatially
resolved in dot plots of FL1 and FL2, as illustrated by double-
stained cultures that were stressed by exposure to 0.10% bile
salts (Fig. 4). In the histograms of FL1 and FL2, there is
considerable overlap between the peaks of cF-labeled and
TOTO-1-labeled cells (Fig. 4). However, since the emission
spectra of cF and TOTO-1 are different, the FL1/FL2 ratios
are different. Therefore, the subpopulations are resolved in the
dot plot of FL1 and FL2. For Lactococcus lactis exposed to
0.10% bile salts, the double labeling gave clear separation into
two subpopulations (Fig. 4A), while single labeling with
TOTO-1 did not give such clear results (Fig. 2). This illustrates
the advantage of double staining. The cF-labeled cells and the
TOTO-1-labeled cells were counted after double labeling by
performing region analysis on FL1-FL2 dot plots. Figure 5
shows the results of these fluorescence counts in comparison
with plate counts for cultures of Lactococcus lactis, Lactoba-
cillus helveticus, and Leuconostoc mesenteroides that were ex-
posed to bile salts. The results of the labeling are in agreement
with the plate counts. For cultures exposed to low pH, the
FCM counts also agreed with plate counts (data not shown).

Cell sorting. To establish a direct relationship between la-
beling and culturability, the labeled and nonlabeled popula-
tions were sorted and plated. Lactococcus lactis exponential-
phase nonlabeled cell suspensions gave a number of colonies
corresponding to approximately 80% of the number of cells
actually sorted. Similarly, cFDA-stained nontreated cell sus-
pensions sorted on cF labeling gave a number of colonies
corresponding to approximately 80% of the number of cells re-
covered in the sorting tube. The somewhat lower plate counts
may have been caused by stress imposed during cell sorting.

Standard regions for fluorescence-based sorting were then
defined using mixtures of exponential-phase cells and 70°C
heat-killed cells that were incubated either with cFDA or with
TOTO-1 (Fig. 6). The labeled and nonlabeled subpopulations
of the mixtures and of cell suspensions treated with 0.10% bile
salts were then sorted and plated. When incubated with cFDA,
the sorted cF-labeled subpopulation had high fractions of cul-
turability, similar to that mentioned above. Accordingly, the
nonlabeled subpopulation gave no colonies (Fig. 6). When
incubated with TOTO-1, the labeled subpopulation was not
culturable, whereas the nonlabeled subpopulation had a high
culturability. The sorting experiments provided direct evidence
that the FCM viability assay with cF and TOTO-1 indicates live
and dead, i.e., culturable and nonculturable, subpopulations in
stressed cultures.

DISCUSSION

We examined the usefulness of FCM for viability assessment
of LAB. To be useful, the method has to be reliable and rapid.
Furthermore, it has to be useful for LAB of different genera
and food applications. This was taken into account in selecting
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FIG. 4. Flow cytometry dot plots of FL1 and FL2 of Lactococcus
lactis (A), Lactobacillus helveticus (B), and Leuconostoc mesenteroides
(C) that were exposed to bile salts and stained with ¢cFDA and
TOTO-1. The cell suspensions were exposed to 0.10% deconjugated
bile salts at 30°C for 60 min. After being washed, the cell suspensions
were incubated with 50 uM cFDA and 1 puM TOTO-1. The cF-labeled
and TOTO-1-labeled subpopulations are spatially resolved in the dot
plots.

species for this study (8, 26, 33). Three fluorescent probes were
tested for their usefulness for live/dead discrimination: cFDA
as a stain for live cells and PI and TOTO-1 as stains for dead
cells. The probes were tested using exponential-phase cells as
a positive control and 70°C heat-killed cells as a negative con-
trol. Flow cytometry results were compared with plate counts.
Labeled cell suspensions were also visually inspected by fluo-



VoL. 67, 2001

1.0 L 100

0.8 - 1 80

0.6 160

04 | 140

0.2 1 A 120

0.0 & o
—~
Q 10 o 100
=] X
5 s tea &
o »
~ 06 1 160
8 8
C 041 140
3 ?
O 02 B + 20 8
Qo ©
T 00 - mo 4
o

1.0 g L 100

0.8 180

0.6 1 - 60

04 L 40

0.2 4 C + 20

0.0 € = o

0.0 0.1 0.2 0.3 0.4 0.5
Bile salt concentration (%)

FIG. 5. Comparison of cFDA and TOTO-1 labeling with plate
counts for bile-stressed LAB. Lactococcus lactis (A), Lactobacillus
helveticus (B), and Leuconostoc mesenteroides (C) were exposed to
0.05, 0.10, 0.25, or 0.50% bile salts at 30°C for 60 min or incubated
without bile salts as a control. After washing, the culturability was
tested by plate counts (@) and by FCM using cFDA staining (®) and
TOTO-1 staining (O).

rescence microscopy. The results showed that cFDA was suc-
cessful in labeling the live cells and leaving the dead cells
unstained. TOTO-1 appeared to be better than PI as a stain for
dead cells. For double staining, cF and TOTO-1 were shown to
be an excellent combination for a flow cytometric live/dead
assay, as was supported by sorting experiments with Lactococ-
cus lactis. In further experiments the assay was successfully
applied to deconjugated bile salt-stressed cultures and to acid-
stressed cultures of Lactococcus lactis, Lactobacillus helveticus,
and Leuconostoc mesenteroides.

Exposure to hydrochloric acid is often used as an in vitro
condition to investigate the resistance of bacteria to a passage
through the stomach (10). Generally, the viability is not af-
fected when LAB are incubated with hydrochloric acid at pH
3.5 or higher, while at lower pH the survival decreases to less
than 1%, at pH values that are dependent on species and strain
(7, 24, 29). We found no decrease of culturability when cells
were exposed for 60 min at 30°C to hydrochloric acid solutions
with pHs as low as 3.0. At pH 2.0 there were hardly any
surviving cells. The results of the labeling indicate that at pH
3.0 the membrane stays intact, while after exposure to pH 2.0
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the membrane is damaged. Further studies using acid solutions
with pHs between 3.0 and 2.0 could elucidate at what concen-
tration of acid the membrane becomes compromised and how
that relates to culturability.

In addition to resistance to acid, resistance to bile is recog-
nized as an important feature for LAB used as probiotics (14,
17, 33). In the human intestinal tract the concentration is
variable, with a maximum of 2% (10). The conjugated bile salts
that are excreted are deconjugated by intestinal microorgan-
isms, which makes them less effective as a detergent, but the
deconjugated bile salts do kill bacteria at concentrations of
below 0.5% (10, 15). The results of our experiments on survival
in buffer show that the concentration of 0.10% deconjugated
bile salts falls within the critical range, but different survival
fractions were found for the three species. At 0.25% almost no
surviving cells were detected. Different strains of one species
can also have different levels of tolerance to bile, as reported in
a study of six Lactobacillus acidophilus strains (24). By selective
bile pressure, variants of Lactobacillus acidophilus that have a
higher resistance to bile salts and that may be considered
candidates for probiotic strains could be obtained (7, 38). Our
labeling experiments indicated that membrane integrity is cru-
cial for bile resistance. The detection of damage to membranes
is indicative of the culturability, as was shown by the agreement
between labeling results and plate counts.

cFDA was tested as a live-cell stain for LAB. cFDA is an
esterase substrate that needs enzyme activity to yield the flu-
orescent compound and membrane integrity to keep the com-
pound in the cell. Labeled and nonlabeled cells were distin-
guished successfully by FCM. One standard protocol was used
for all species, which resulted in different fluorescence inten-
sities of the different species. This diversity in labeling capacity
might be explained by differences in permeability affecting the
diffusion of cFDA, differences in esterase activity, or differ-
ences in esterase specificity. Adjusting the protocol can in
principle optimize cF labeling intensities. P. acidilacti had the
lowest labeling intensity, which made examination by micros-
copy difficult with our standard labeling protocol. However,
even this relatively low labeling intensity was sufficient for
accurate FCM analysis. Besides differences in labeling inten-
sity, the possibility of cF efflux is a point to keep in mind (5,
31). To prevent cF efflux, the experiments were performed with
washed cells and without fermentable sugars in the buffer.
Under these conditions, no significant loss of cF from the cells
occurred, as was checked by spectrofluorimetry. The retention
of cF under nonenergizing conditions enables accurate FCM
assays for all species. The labeling with cF gave clear discrim-
ination between live and dead cells, as was confirmed by the
sorting experiments.

PI and TOTO-1 were tested as counterstains for cFDA in
the FCM viability assay. PI is a red fluorescent phenanthri-
dinium intercalating dye used extensively for detecting dead
cells (5, 18, 28, 29, 32). TOTO-1 is a yellow fluorescent dimeric
cyanine dye. These dyes have the necessary properties for a dye
exclusion probe but are hardly used as such (2, 18, 32, 40). In
our experiments TOTO-1 proved to be superior to PI in dis-
criminating intact and damaged cells. This may be because
TOTO-1 is larger than PI; the molecular masses are 1,303 and
668 g per mol, respectively. Also, a lower partitioning into the
membrane could be a factor in favor of TOTO-1. Furthermore,
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FIG. 6. Combined sorting and plating experiments with cFDA- and TOTO-1-stained Lactococcus lactis. Regions of nonlabeled cells, cF-labeled
cells, and TOTO-1-labeled cells were defined using 1:1 mixtures of exponential-phase cells and 70°C heat-killed cells that were incubated with
cFDA or TOTO-1. These mixtures and cell populations stressed with 0.10% bile salts were sorted using the defined regions as sort gates. The

culturability of the sorted subpopulations was tested by plate counting.

the very high fluorescence enhancement of TOTO-1 enables
good distinction of nonlabeled and labeled cells in the FCM.
The labeling with TOTO-1 gave clear discrimination between
live and dead cells, as was confirmed by sorting experiments.

Live/dead assays based on two probes have advantages over
assays with one probe that labels either live or dead cells. In
FCM, the identification of cells is facilitated when all cells are
fluorescently labeled, especially when the background is high.
In addition, total enumeration can be done together with via-
bility assessment in the same assay when all of the cells are
detectable. There are several probe kits from Molecular
Probes developed for such assays (18). The live/dead viability/
cytotoxicity kit for animal cells is based on two probes discrim-
inating between live and dead cells: calcein AM and ethidium
homodimer-1. Unfortunately, this probe combination ap-
peared not to be generally suitable for use with bacterial cells
(18, 21). The live/dead BacLight viability kit for bacteria is also
based on a combination of two probes, but only one of the
probes, PI, discriminates between intact and damaged cells.
SYTO 9 is a green fluorescent permeant nucleic acid stain that
is included in the assay to have all of the cells labeled. PI is

supposed to enter cells with compromised membranes only. PI
displaces SYTO from the DNA because PI has a higher affinity
for DNA. Both probes are excited by the blue laser used in
many flow cytometers. The ViaGram Red" bacterial Gram
stain and viability kit combines Gram staining using Texas
Red-X wheat germ agglutinin with a viability assay using the
permeant DNA stain DAPI (4’,6'-diamidino-2-phenyl-
indole) and the dead-cell stain SYTOX-Green. The combi-
nation of DAPI and SYTOX-Green acts on the same princi-
ples as the BacLight probe combination. UV light is needed for
excitation, which makes it unsuitable for a flow cytometer
equipped with only a blue laser. The assay developed in this
study combines two probes that individually discriminate be-
tween live and dead cells. cFDA acts as a stain for live cells
because it needs hydrolysis by intracellular esterases and re-
tention by an intact membrane. TOTO-1 acts as stain for dead
cells because it is a nucleic acid binding probe excluded by cells
with intact membranes. Thus, this assay acts on the same prin-
ciple as the successful live/dead viability kit for animal cells.
Instead of using a counterstain only to have all of the cells
labeled, both probes provide information on the cell status.
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Furthermore, this assay employs TOTO-1, which proved to be
better than PI in our experiments. The green fluorescent cF-
labeled cells and the yellow fluorescent TOTO-1-labeled cells
are difficult to distinguish with microscopy; however, singly
labeled cell samples can be used when a visual impression is
required. In conclusion, the combination of cFDA and TOTO-
1 makes a reliable live/dead assay for FCM assessment of
bacterial viability.

This live/dead assay has many possible applications. In this
study the application of viability assessment after exposure to
bile or acid was validated. Likewise, the assay can be used for
screening LAB that are possibly probiotic for tolerance against
bile and acid under various conditions. FCM analyses are fast,
and one standard labeling protocol appeared to be workable
for all species in our selection, which makes the assay attractive
for such studies. Furthermore, the viability of starters can be
examined. Survival of starters after freeze-drying and after
storage is of interest in dairy production (6). For the evaluation
of different conditions FCM can be of use. The developed
live/dead assay can also be applied as a fast screening method
for assessment of susceptibility of bacteria to a wide range of
antimicrobial compounds, including antibiotics. In summary,
the probes cFDA and TOTO-1 make an excellent combination
for bacterial live/dead assays by FCM with versatile applica-
tions.
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