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The viability of the polychlorinated biphenyl-degrading bacterium Comamonas testosteroni TK102 was as-
sessed by flow cytometry (FCM) with the fluorogenic ester Calcein-AM (CAM) and the nucleic acid dye
propidium iodide (PI). CAM stained live cells, whereas PI stained dead cells. When double staining with CAM
and PI was performed, three physiological states, i.e., live (calcein positive, PI negative), dead (calcein negative,
PI positive), and permeabilized (calcein positive, PI positive), were detected. To evaluate the reliability of this
double-staining method, suspensions of live and dead cells were mixed in various proportions and analyzed by
FCM. The proportion of dead cells measured by FCM directly correlated with the proportion of dead cells in
the sample (y � 0.9872 x � 0.18; R2 � 0.9971). In addition, the proportion of live cells measured by FCM
inversely correlated with the proportion of dead cells in the sample (y � �0.9776 x � 98.36; R2 � 0.9962). The
proportion of permeabilized cells was consistently less than 2%. These results indicate that FCM in combi-
nation with CAM and PI staining is rapid (<1 h) and distinguishes correctly among live, dead, and perme-
abilized cells.

Polychlorinated biphenyls (PCBs) are widespread environ-
mental pollutants, and the aerobic microbial transformation of
these compounds has been well studied (1, 3, 10). We have
used Comamonas testosteroni (formerly Pseudomonas alcali-
genes) strain TK102, a PCB degrader that has the ability to
degrade high concentrations of a commercial PCB mixture,
Kaneclor 300, for the mineralization of PCBs in batch reactors
(29). TK102 efficiently degrades Kaneclor 300 during the initial
24 h, after which the PCB degradation efficiency of the cells
decreases (30). Because the overall efficiency of PCB degrada-
tion depends on the contribution of individual cells, it is nec-
essary to monitor the physiological status of individual bacte-
rial cells during the degradation of PCBs. Traditional plate
count methods typically used to assess bacterial viability are
time-consuming (2, 11); therefore, there is a need for a more
rapid method for monitoring bacterial viability.

Flow cytometry (FCM) makes it possible to perform a rapid
assessment of individual cell viability when used in combina-
tion with fluorescent dyes, for example, dyes based on enzyme
activity, membrane integrity, and membrane potential (7, 15,
22, 28, 31). Fluorogenic esters such as fluorescein diacetate and
carboxyfluorescein diacetate are cleaved by nonspecific ester-
ases to green fluorescent products that are polar and retained
by cells with intact membranes (8, 9). Compared with other
fluorescent products, calcein, which is the hydrolysis product of
Calcein-AM (CAM), has greater fluorescence intensity and
superior cell retention and exhibits pH-insensitive fluorescence
(Handbook of Fluorescent Probes and Research Chemicals, 6th
ed. Molecular Probes, Inc., Eugene, Oreg., 1996). The ability
of CAM to detect viable eukaryotes has been reported (17). In

contrast, the ability of CAM to detect viable prokaryotes has
been reported to be limited (9, 17, 28). Non-membrane-per-
meating nucleic acid dyes such as propidium iodide (PI) and
ethidium bromide (EB) have been used to evaluate membrane
integrity (15, 19, 32). These dyes are excluded by intact cells
but can enter cells through damaged membranes. Once inside
cells, the dyes intercalate into double-stranded nucleic acids
and result in enhanced red fluorescence. It has been reported
that PI is more suitable than EB for evaluating membrane
integrity, because EB slowly penetrates the membranes of in-
tact cells (26, 27). Double-staining methods, which are used to
obtain additional information on heterogeneity in cell popula-
tions, assess cell viability by staining live cells with one dye and
dead cells with another dye of a different color (6, 21, 22, 24).
Although double staining with CAM and PI has been used to
assess the viability of eukaryotes by fluorescence microscopy,
its application to prokaryotes has been limited (17). Also, dou-
ble staining with CAM and PI has not been used to assess
bacterial viability by FCM. The aim of this study was to eval-
uate the effectiveness of double staining with CAM and PI for
assessing the viability of C. testosteroni TK102 by FCM.

Bacterial strain and culture conditions. The gram-negative
bacterium C. testosteroni strain TK102, which was isolated from
soil contaminated with PCBs, was grown and maintained at
30°C in phosphate-buffered minimal salt medium (18) with
biphenyl as the sole carbon source. Preincubation was carried
out with a 500-ml Erlenmeyer flask containing 100 ml of min-
imal salt medium supplemented with 500 mg of biphenyl/liter,
and incubation was carried out at 30°C for 48 h with shaking at
80 rpm. One milliliter of the preculture was used to inoculate
a 500-ml flask containing 100 ml of one-third-diluted Luria-
Bertani medium, and incubation was carried out at 30°C with
shaking at 80 rpm.

Staining protocols and FCM. One milliliter of the exponen-
tial-phase culture was harvested by centrifugation (2,500 � g
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for 5 min at 4°C); washed once in phosphate-buffered saline
(PBS [pH 7.2]), Tris-EDTA (100 mM Tris-HCl, 1 mM EDTA
[pH 8.0]) buffer, or 10 mM HEPES (pH 7.0) buffer; and re-
suspended in 1 ml of PBS. Dead cells were prepared by ethanol
fixation. One milliliter of the culture was washed once in PBS,
fixed in 70% ethanol, and stored at 4°C until use. No growth of
TK102 was observed on one-third-diluted Luria-Bertani agar
plates following ethanol fixation. Before staining, the ethanol-
fixed cells were washed and resuspended in 1 ml of PBS. The
cell suspensions were diluted in PBS to a concentration of 106

cells per ml. CAM (Dojindo, Kumamoto, Japan) was added to
a final concentration of 5 �g/ml from a 1-mg/ml stock solution
in dimethyl sulfoxide, and the mixture was incubated for 30
min at 30°C. PI (Sigma Chemical Co., St. Louis, Mo.) was
added to a final concentration of 5 �g/ml from a 1-mg/ml stock
solution in ethanol, and the mixture was incubated for 5 min at
room temperature in the dark. When double staining with

CAM and PI was performed, the same dye concentrations and
incubation times were used. HEPES-washed (live) cells and
ethanol-fixed (dead) cells were mixed in various proportions;
the proportion of dead bacteria varied in 25% increments from
0 to 100% (vol/vol). Samples were stained by the double-

FIG. 1. Histograms of live (open histogram) and ethanol-fixed (closed histogram) cells of C. testosteroni TK102 after CAM staining. Expo-
nential-phase cells were washed in PBS (A) or HEPES buffer (B) before CAM staining.

FIG. 2. Histograms of ethanol-fixed (closed histogram) and live
(open histogram) cells of C. testosteroni TK102 after PI staining.

TABLE 1. NPN uptake of C. testosteroni TK102 after cells
were washed with several buffersa

Buffer Mean � SD
NPN fluorescence NPN uptake factor

Control (NPN only) 0
PBS 143 � 10 1
Tris-EDTA 261 � 16 1.8
HEPES 300 � 19 2.1

a Fluorescence was measured 2 min after the addition of 10 �M NPN to cells
resuspended in PBS (pH 7.2). Fluorescence results are expressed in arbitrary
units. Background fluorescence in the presence of NPN only (56 arbitrary units)
was subtracted. The NPN uptake factor represents the ratio of each fluorescence
value to the value obtained with PBS.
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staining method with CAM and PI as described above. Sam-
ples were analyzed by FCM.

FCM was carried out with a FACSCalibur instrument (Bec-
ton Dickinson, San Jose, Calif.) equipped with an argon ion
laser providing 15 mW at 488 nm and with the standard filter
setup. All parameters were collected as logarithmic signals.
Fluorescence emission was detected at the FL1 channel (530 �
15 nm) for CAM and at the FL2 channel (585 � 21 nm) for PI.
The sheath fluid was FACSFlow (Becton Dickinson). The sam-
ple flow rate was set to low (12 �l/min), and at least 5,000 cells
were acquired for analysis. Triplicate counts were made for
each procedure. The performance of the instrument was mon-
itored daily by using CaliBRITE Beads (Becton Dickinson).

Measurement of OM Permeability. Gram-negative bacteria
are generally impermeable to fluorescent vital dyes owing to
the effective permeability barrier function of their outer mem-
brane (OM) (23). It was difficult to distinguish clearly between
live and dead cells of C. testosteroni TK102 with CAM after the
cells were washed in PBS (Fig. 1A). EDTA has been success-
fully used to increase the penetration of fluorescent vital dyes
through the OM of gram-negative bacteria (9, 15, 23). Al-
though EDTA produced well-stained cells, it was found to be
toxic to TK102 (data not shown). Therefore, EDTA was
avoided and cells were washed in HEPES buffer, which proved
to be nontoxic (data not shown) and provided clear discrimi-
nation between live and dead cells (Fig. 1B).

To evaluate OM permeability, the hydrophobic fluorescent
probe 1-N-phenylnaphthylamine (NPN) (Wako Pure Chemical
Industries, Osaka, Japan) was used. NPN uptake was mea-
sured with fluorescence spectrophotometry by a modification

of the method of Hancock and Wong (12). Samples (1 ml) of
exponential-phase cells were harvested by centrifugation
(2,500 � g for 5 min); washed once in PBS (pH 7.2), Tris-
EDTA (pH 8.0) buffer, or HEPES (pH 7.0) buffer; and resus-
pended in PBS to give an optical density at 600 nm of 0.1. NPN
was dissolved in acetone at a concentration of 500 �M and
used at a final concentration of 10 �M. Fluorescence was
measured 2 min after the addition of 10 �M NPN. Excitation
and emission wavelengths for NPN were set at 350 and 420 nm,
respectively. Fluorescence spectra and data were obtained with
a Hitachi (Tokyo, Japan) F-3010 fluorescence spectrophotom-
eter. NPN uptake was measured as the total increase in fluo-
rescence. NPN fluoresces weakly in aqueous environments but
strongly in hydrophobic environments (13, 16, 20). When OM
permeability is increased, NPN can enter the phospholipid
layer, resulting in prominent fluorescence. The NPN uptake
value after the samples were washed in HEPES was twice that
after the samples were washed in PBS and slightly higher than
that after EDTA treatment (Table 1). The results indicate that
HEPES enhanced the OM permeability of TK102 cells and
may be used as an OM-permeabilizing agent for gram-negative
bacterial cells.

Assessment of cell viability by FCM. Figure 1B shows over-
lays of fluorescence histograms of live and ethanol-fixed (dead)
cells after staining with CAM. The calcein fluorescence inten-
sity of live cells was greater than that of dead cells. Figure 2
shows overlays of fluorescence histograms of live and dead
cells after staining with PI. The PI fluorescence intensity of
dead cells was greater than that of live cells. These results

FIG. 3. Dual-parameter histograms of exponential-phase (A) and ethanol-fixed (B) cells stained with CAM and PI. About 96% of exponential-
phase cells were in Q4 (live cells) (A), and 100% of ethanol-fixed cells were in Q1 (dead cells) (B). Signals in Q2 were stained with both CAM
and PI (permeabilized cells). Nonfluorescent debris (signals in Q3) was excluded.
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indicate that CAM stained live cells, whereas PI stained dead
cells.

The ability of CAM to detect live bacterial cells has been
reported to be limited (9, 17, 28). Longer incubation times (60
min) and higher concentrations of the dye than those required
to stain eukaryotes were required to stain prokaryotes. In this
study, however, 5 �g of CAM/ml could stain 95% of TK102
cells after 30 min of incubation (Fig. 1B). To confirm the
generality of our CAM staining method, it was applied to other
gram-negative bacteria, i.e., Pseudomonas putida PpY101,
Pseudomonas aeruginosa PAO1, and Escherichia coli MV1184.
About 83% of P. putida PpY101 cells and 80% of P. aeruginosa
PAO1 cells were stained with CAM (data not shown). How-
ever, only 35% of E. coli MV1184 cells were stained with CAM
(data not shown). These results suggest that CAM can be used
as an indicator to detect live bacteria, although CAM cannot
be used to detect live cells of all gram-negative bacteria. The
choice of the dye used would depend on the bacterial strain
under study because variations in the ability of other fluores-
cent vital dyes (e.g., rhodamine 123) to detect live bacteria
have also been reported (14, 15).

When double staining with CAM and PI was performed,
three physiological states were detected (Fig. 3). Live cells
were detected in quadrant 4 (Q4) (calcein positive, PI nega-
tive), whereas dead cells were detected in Q1 (calcein negative,
PI positive). The cells in Q2 (calcein positive, PI positive)
represented cells with permeabilized cytoplasmic membranes,
i.e., permeabilized cells, because PI is excluded by cells with
intact cytoplasmic membranes but enters cells through dam-
aged and permeabilized cytoplasmic membranes (26, 27). It
was reported that PI-stained cells were not viable after a single
cell sorting (25), indicating that PI-stained cells were dead. It
was also reported that green fluorescence was retained in dead
cells when fluorogenic esters were used to assess cell viability;
this effect was postulated to be due to the presence of residual
esterase activity (4, 5). These results suggest that the perme-
abilized cells in Q2 may have been dead cells with residual
esterase activity which resulted in calcein fluorescence. The
percentage of each population was determined as [i/(Q1 � Q2
� Q4)] � 100, where i is Q1, Q2, or Q4. Nonfluorescent debris
in Q3 (calcein negative, PI negative) was excluded (Fig. 3).

To evaluate the reliability of this quadrant assessment, sus-
pensions of live and ethanol-fixed cells (dead cells) were mixed
in various proportions, stained with CAM and PI, and analyzed
by FCM (Table 2). The proportion of dead cells measured by
FCM directly correlated with the proportion of dead cells in

the sample (y � 0.9872 x � 0.18; R2 � 0.9971). In addition, the
proportion of live cells measured by FCM inversely correlated
with the proportion of dead cells in the sample (y � �0.9776
x � 98.36; R2 � 0.9962). The proportion of permeabilized cells
was consistently less than 2%. These results indicate that the
double-staining method with CAM and PI can distinguish
clearly and correctly among live, dead, and permeabilized cells.

Microscopic observations. A mixed-cell suspension (live and
ethanol-fixed cells in a ratio of 1:1) was stained with CAM and
PI and observed by fluorescence microscopy to confirm the
three physiological states. Aliquots (5 �l) of stained bacterial
suspensions were placed on glass slides under coverslips and
observed with a Nikon (Tokyo, Japan) Optiphot-2 inverted
epifluorescence microscope fitted with a 100-W mercury arc
lamp, a Nikon dual (F-T) filter (fluorescein isothiocyanate
[FITC] filter, excitation at 480 to 510 nm [for CAM and PI] and
emission at 515 to 555 nm [for CAM]; Texas red filter, excita-
tion at 560 to 580 nm and emission at 600 to 700 nm [for PI]),
and a �100 oil immersion objective lens. Photographs were
obtained with a Nikon Coolpix950 digital camera. The digital
image was further processed by using Photoshop 5.5 (Adobe).
The proportions of live, dead, and permeabilized cells deter-
mined by fluorescence microscopy were similar to those deter-
mined by FCM (data not shown). Live cells fluoresced green
(Fig. 4A), whereas dead cells fluoresced red (Fig. 4B). The
centers of permeabilized cells fluoresced red, whereas the
outer edges of the cells fluoresced green (Fig. 4C). When
permeabilized cells were observed by fluorescence microscopy,
however, the green fluorescence was quenched in a few sec-
onds because calcein is sensitive to light (Handbook of Fluo-
rescent Probes and Research Chemicals, 6th ed. Molecular
Probes, 1996), and the cells turned red. Because FCM detects
cells in a fast-flowing fluid stream that passes through a fo-
cused light beam at rates of 100 to 1,000 cells per second (7),
FCM is more suitable than fluorescence microscopy for accu-
rately detecting rare and unstable populations, such as the
permeabilized cells in this study.

In summary, FCM in combination with CAM and PI staining
allowed rapid and accurate identification of three physiological
states (i.e., live, dead, and permeabilized cells). To our knowl-
edge, this is the first assessment of bacterial viability by FCM
with CAM and PI. This technique has significant potential in
the rapid assessment of cell viability in widespread areas of
microbiology, including environmental microbiology, food
technology, and the pharmaceutical and medical industries.

FIG. 4. Fluorescence micrographs of C. testosteroni TK102 after
staining with CAM and PI. Live (A), dead (B), and permeabilized cells
(C) fluoresced green, red, and both green and red, respectively.

TABLE 2. FCM measurement of the percentages of live, dead, and
permeabilized cells of C. testosteroni TK102 in suspensions

containing live and ethanol-fixed cells in various
proportions in triplicate experiments

Ethanol-fixed cells
added (%)

% Cells (mean � SD)

Live Dead Permeabilized

0 96.7 � 1.5 1.4 � 1.1 1.9 � 1.8
25 72.8 � 2.9 25.3 � 3.4 1.9 � 1.2
50 52.4 � 3.7 45.8 � 4.2 1.8 � 0.5
75 23.4 � 0.1 75.1 � 0.4 1.5 � 0.3

100 0 � 0 100 � 0 0 � 0
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