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Abstract

In this study, multiparametric flow cytometry (FCM) was installed to enumerate the diagnosis of Pseudomonas aeruginosa ATCC
10145 and Escherichia coli K12 (IFO 3301). The nucleic acids (DNA/RNA) were double stained by a LIVE/DEAD bacLight viability kit,
involving green SYTO 9 and red propidium iodide (PI), based on the permeability of two chemicals according to the integrity of plasma
membrane. As the results showed, the gate for dead bacteria was defined as the range 0f 0.2 x 10° to 6.0 x 10' photo multiplier tube (PMT)
2 fluorescence (X-axis) and 2.0 x 10° to 2.0 x 10> PMT 4 fluorescence (Y-axis), and the gate for live bacteria was defined as the range of 6.0
x 10°to 6.0 x 102 PMT 2 fluorescence (X-axis) and 2.0 x 10° to 4.0 x 10 PMT 4 fluorescence (Y-axis). In the comparison of the number of
the tested bacteria detected by FCM (viability assessment) and plate culture (cultivability assessment), the number of bacteria detected
by FCM well represented the number of bacteria that was detected by the colony forming unit (CFU) counting method when bacteria
were exposed to isopropyl alcohol and silver/copper cations. Consequently, it is concluded that the application of FCM to monitor the
functional effect of disinfectants on the physiological status of target bacteria can offer more rapid and reliable data than the plate cul-
ture colony counting method.
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1. Introduction assess the inactivation profiles in the water disinfection process.
Assessment of active or viable microorganisms is often diffi-

Water is a major vehicle of disease transmission preceded sci- cult, since no single analytical method identifies all physiologi-
entific verification of the germ theory of disease [1]. Therefore, cal characteristics of bacterium under a certain condition [4].
the presence of infectious bacteria, such as Vibrio cholerae, Esch- Although counting colony formed on agar plate is usually em-
erichia coli 0157, and Salmonella or Pseudomonas spp. in drink- ployed as the standard method for measuring bacterial viability,
ing water has a potential to enter numerous persons to cycle of it only indicates the number of cells able to replicate under the
waterborne disease [2]. To the bacteriologists in the study of in- conditions provided for growth. Moreover, the counting colony
fectious disease and management of public health, the reliable forming unit (CFU) method requires much time (in most cases,
and fixable methods on the enumeration of pathogenic bacteria results are available in 24 to 72 hr) to incubate and detect the tar-
including the determination of bacterial diagnosis is the most get cells, and some bacteria in a specific physiological status, for
important factor in their research in order to protect humans example in a viable but nonculturable state, cannot be detected
from the potential exposure of the infectious bacteria. by the CFU counting method [2, 5].

Among the bacterial properties, viability and activity (bac- Fluorescent techniques in combination with flow cytometry
terial regrowth potential, BRP) assessments are major require- (FCM) have been extensively used for the assessment of the vi-
ments in several areas of infectious bacteriology [3]. Especially, ability or BRP of microorganisms from different environmental
detection of viability of pathogenic bacteria is very important to samples [5-7]. The FCM technique makes it possible to perform
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arapid detection of individual cell viability within a few minutes
[8-10], and offers a powerful tool for analyzing a cell population
at the single-cell level, since it can be used both to identify and
enumerate bacterial populations from environmental samples
and to characterize functional properties of the individual cell [5,
10]. Moreover, it allows simultaneous measurement of different
physical and biochemical parameters and hence offers substan-
tial information on the dynamics and physiological heterogene-
ity of the bacterial population. In addition, FCM offers the abil-
ity to physically separate selected cells by cell sorting for further
molecular and physiological analysis when used in combination
with fluorescent staining, for example, dyes based on enzyme
activity, membrane integrity, and membrane potential [11-16].

FCM is an analytical method that allows the rapid measure-
ment of light scattered and fluorescence emission produced by
suitablyilluminated cells. The cells, or particles, are suspended in
liquid and produce signals when they pass individually through
a beam of light [6]. Since measurements of each particle or cell
are made separately, the results represent cumulative individual
cytometric characteristics. An important analytical feature of
FCMs is their ability to measure multiple cellular parameters [5,
16]. Some FCMs are able to physically separate cell subsets (sort-
ing) based on their cytometric characteristics.

However, most of the FCM tests that assess the viability of
bacteria have been done certainly about the single sort of pure
culture cell in laboratory environments, so far. Furthermore, the
applicability of FCM to the viability assessment as well as the de-
tection of the amount of dead bacteria with regards to the water
disinfection field has not been clearly studied thus far.

Therefore, this study was performed to estimate the applica-
bility of FCM to assess the viability as well as the population of
Pseudomonas aeruginosa and Escherichia coli. Additionally, sur-
vival properties of two bacterial strains against exposure to anti-
microbial silver and copper cations were estimated by applying
the multiparametric FCM technique.

2. Materials and Methods
2.1. Bacterial Strains

Two Dbacterial strains, Pseudomonas aeruginosa (ATCC
10145), and Escherichia coli K12 (IFO 3301) were used during
this study. P aeruginosa and E. coli were carefully incubated in
Luria-Bertani (LB) broth medium (10 g, tryptone; 5 g, yeast ex-
tract; 5 g, NaCl per liter of distilled water and sterilized at 120
for 15 min) for 24 hr at 37 [17, 18]. All of the bacterial samples
were collected in the exponential growth phase and adjusted to
adensity of 1 x 10°cells/mL. Exponential growth phases of tested
bacteria in optimized nutritional conditions were determined by
consecutive monitoring of the variation in bacterial densities us-
ing FCM combined with fluorescent staining of bacterial nucleic
acids with SYTO 9 and propidium iodide (PI). During the ex-
periments, the viability or survivability (when silver and copper
was exposed) of bacteria was simultaneously detected by FCM,
and compared with that detected by the CFU counting method
based on the plate culture.

2.2. Preparation of LIVE and DEAD Bacteria

Three pairs of sterilized centrifuging tubes (15 mL) including
10 mL of each culture media (LB broth, CBYE) containing a num-
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ber of P aeruginosa, and E. coli (3 x 107 cells or CFU/mL) were
used to yield the individual conditions of bacteria, live and dead.
The samples were then centrifuged at 3,500 rpm for 15 min, and
separated supernatants were removed from the samples. Isopro-
pyl alcohol (75%, for dead) and distilled water (for live samples)
were continuously injected as same amount of removed super-
natant onto both tubes and the samples were re-suspended by
vortex for the preparation of dead and live conditions of P, ae-
ruginosa, and E. coli. All samples were then cultivated at room
temperature while mixing every 15 min during 1 hr. After this
step, samples were centrifuged again and supernatants were re-
moved. Finally, the distilled water was added as a rinsing reagent
onto samples to remove the effect of residual sterilizer (this step
was repeated 3 times). Consequently, the same amount of live
and dead samples of P aeruginosa, and E. coli were prepared with
roughly the same density following the products information of
company regarding molecular probes.

Additionally, silver and copper cations dissolved from silver
nitrate (AgNO,; Kisita Co., Japan) and copper sulfate, 5-hydrate
(CuS0,.5H20; Kisita Co., Japan) was exposed to P aeruginosa
and E. coli as the range of 0-0.1 mgAg/L and 0-1.0 mgCu/L to ob-
serve the applicability of FCM to monitor the variation of bacte-
rial diagnosis in the exposure to disinfectants (silver and copper)
[19]. The concentrations of silver and copper in collected sam-
ples were measured by using inductively coupled plasma mass
spectrometry (ICP M/S, Hp 4500 series; Agilent, Santa Clara, CA,
USA) in the acidic condition (< pH 1) with nitric acid (3% HNO,).

2.3. Staining Protocols and FCM

Based on the permeability of the cell membrane, the nucleic
acids (RNA/DNA) of P aeruginosa, and E. coli were stained with
two kinds of fluorescent molecular probes (LIVE/DEAD Ba-
clight bacterial viability kits, L-7012; Molecular Probes Inc., Eu-
gene, OR, USA), SYTO 9 and PI (C,,H, N ; Phenanthridinium,
3,8-diamino-5-[3-(diethylmethylammonio)propyl]-6-phenyl-,
diiodide; molecular weight [MW], 668.40) [8]. The bacterial sam-
ples labeled with SYTO 9 and PI were then analyzed by FCM to
assess the viability and number of bacteria [5, 20]. SYTO 9 has a
maximum excitation wavelength (Amax) of 504 nm and an emis-
sion wavelength of 525, while PI has 536 nm and 625 nm, respec-
tively. Mixed PI and SYTO 9 molecular probes were simultane-
ously added to the samples at a concentration of 1.5 ug per mL
sample, and samples were incubated at room temperature for 15
min in the dark. Flow count™ with a volume of 100 pL (assayed
concentration was 1,052 particles/ul; Beckman Coulter Inc.,
Fullerton, CA, USA) was added to count the bacterial number
in samples. The bacterial population was calculated following
the equation; where, the content C is the concentration of tar-
getbacteria (cells/mL), N, . .is the number of bacteria counted
by FCM protocol (cells), EC, is the number of flow counter

etected

counted by FCM (particle), and D is the dilution rate.
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FCM analyses were performed on a EPICS® ALTRA™ with a
HyPerSort Cell Sorting flow cytometer (Beckman Coulter Inc.)
equipped with a 15-mW, 488 nm, air cooled argon ion laser. Bac-
terial samples were diluted to approximately 10° cells/mL and
delivered at a low flow rate, corresponding to 80 to 150 cells or
particles/sec. A band pass filter of 525 nm (510 to 540 nm) was
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Fig. 1. Flow cytometry cytograms of Pseudomonas aeruginosa. Red fluorescent signal is come out from the molecular probe, propidium iodide,

and green fluorescent signal is come out from SYTO 9.

used to collect the green fluorescent signal (PMT2), and a band
pass filter of 610 nm (615 to 640 nm) was used to collect the red
fluorescent signal (PMT4). Data were analyzed with the EXPO™ 2
Flow Cytometry Software ver. 2 (Beckman Coulter Inc.).

3. Results and Discussion

3.1. FCM Protocol for the Double Staining with SYTO 9
and Pl

Fig. 1 showed overlays of fluorescence histograms of P aeru-
ginosa and E. coli cells that were not treated (live) and cells that
were fixed to 30% of isopropyl alcohol (dead). The LIVE/DEAD
bacLight viability kit (Molecular probes Inc.) was developed to
assess the viability (dead or live) of bacteria, based on plasma
membrane permeability and has been used to monitor growth of
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bacterial populations [11, 21]. This kit comprises two fluorescent
nucleic acid stains: SYTO 9 and PI. SYTO 9 (green; excitation and
emission maxima, 480 and 500 nm) is a high-affinity nucleic acid
(DNA/RNA) stain that crosses the plasma membranes of whole
bacterial cells, while PI (red; excitation and emission maxima,
490 and 635 nm) is commonly used as a cell death marker be-
cause it is excluded by intact plasma membranes; thus, the fluo-
rescence conferred by the probe is generally associated with cells
that have lost their membrane integrity [5]. Therefore, bacterial
cells with compromised membranes fluoresce red and those
with intact membranes fluoresce green [16, 22].

The mixture of only SYTO 9 labeled model bacteria (live) and
both SYTO 9 and PI labeled bacteria (dead) with percentages of
100:0, 80:20, 60:40, 40:60, 20:80, and 0:100 (live:dead) were then
counted by multiparametric FCM performing region analysis on
PMT 2 (green fluorescent, 510-540 nm) versus PMT 4 (red fluo-
rescent, 615-640 nm) dot plots. As shown in the FCM cytograms
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Fig. 2. Correlation of the number of bacteria detected by colony
forming unit (CFU) counting with multiparametric flow cytometry
that the samples were double staining with SYTO 9 and propidium
iodide. The symbol (m) indicated the data of Pseudomonas
aeruginosa and the symbol (o) indicated the data of Escherichia coli.
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Fig. 3. Correlation of the number of model bacteria detected by
colony forming unit (CFU) counting with multiparametric flow
cytometry that the samples were double staining with SYTO 9 and
propidium iodide when silver and copper were used as disinfectants
in synthetic drinking water. The symbol (m) indicated the data of
Pseudomonas aeruginosa and the symbol (o) indicated the data of
Escherichia coli.

(Fig. 1), the gate for dead bacteria was defined as the range of 0.2
x 10°t0 6.0 x 10' PMT 2 fluorescence (X-axis) and 2.0 x 10° to 2.0 x
102 PMT 4 fluorescence (Y-axis), and the gate for live bacteria was
defined as the range of 6.0 x 10° to 6.0 x 102 PMT 2 fluorescence
(X-axis) and 2.0 x 10° to 4.0 x 10> PMT 4 fluorescence (Y-axis).
The number of live and dead cells could be calculated by creat-
ing gates on the cytograms. Consequently, using the FCM proto-
col with PMT 2 and PMT 4, live and dead P, aeruginosa and E. coli
were clearly separated into two subpopulations corresponding
to the mixing rate of live and dead compositions.

3.2. Application to the Monitoring of Bacterial Diagnosis

The results of fluorescence counts of bacterial diagnosis (vi-
ability) based on the region analysis on PMT 2 (green fluores-
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cent, 510-540 nm) versus PMT 4 (red fluorescent, 615-640 nm)
dot plots were compared with the counts that were measured
by the plate culture method (culturability assessment) as shown
in Fig. 2. Additionally, the number of the tested bacteria in the
live condition detected by FCM (cells/mL) well represented the
number of those detected by culturability assessment with agar
plate (CFU/mL). As the results on fitting the data with linear
functions, slope was measured in 1.1774 cell/CFU (R?=0.9842, n
=6) in the case of P aeruginosa, and was measured in 1.3428 cell/
CFU (R?=0.9765, n = 6) regarding E. coli, respectively.

Consequently, the numbers of the tested bacteria detected by
FCM protocol was slightly over-estimated than the number de-
tected by the culturability assessment. These phenomena might
be come from the physiological properties of bacteria that en-
tered into a viable but non-culturable (VBNC) state due to the
environmental or nutritional stresses. Hwang et al. [2] demon-
strated that the culturability assessment based on the counting
colony formed on agar plate was very difficult if the bacteria had
entered into a state of VBNC. According to the observations, de-
tection of viability as well as the density of the pure-cultured P
aeruginosa and E. coli that were treated with isopropyl alcohol
(30%) was successfully performed, simultaneously.

Based on the observed results, FCM was surveyed to moni-
tor the disinfection properties of P aeruginosa and E. coli in syn-
thetic drinking water (SDW) that were treated with bactericidal
silver (Ag*) and copper (Cu*) cations. These results were shown
in Fig. 3. The data plotted in figure were partly collected from our
previous studies that have demonstrated the biocidal properties
of silver and copper reagents [2, 19]. Fitting the number of bac-
teria in live condition detected by FCM and plate culture with
linear functions after exposure to the concentrations of silver
at the range of 0-0.1 mgAg/L and copper at the range of 0-1.0
mgCu/L (P aeruginosa, slope = 0.8645 cell/CFU, R* = 0.9790 and
n = 16; E. coli, slope = 1.1408 cell/CFU, R? = 0.9826 and n = 12).
Furthermore, the number of tested bacteria detected by viability
assessment with FCM correlated well with the number of bacte-
ria that was detected by culturability assessment with plate cul-
ture, respectively.

Compared with the data obtained from alcohol-fixed tests,
the number of P aeruginosa in live condition detected by FCM
after exposure to silver and copper was observed to be slightly
lower than that detected by plate culture, but the data observed
from E. coli tests showed similar with the numbers detected by
plate culture. From the results, the application of FCM to moni-
tor the functional effect of disinfectants on the physiological sta-
tus of target bacteria can offer more rapid and reliable data than
the plate culture colony counting method.

4. Conclusions

In this study, multiparametric (PMT 2 for green fluorescence
and PMT 4 for red fluorescence) FCM was installed to enumer-
ate the bacterial diagnosis (viability as well as the population) of
P aeruginosa ATCC 10145 and E. coli K12 (IFO 3301). The nucleic
acids (DNA/RNA) were double stained by a LIVE/DEAD bacLight
viability kit (Molecular Probes Inc.), involving green SYTO 9 and
red PI, based on the permeability of two chemicals according to
the integrity of plasma membrane concerning the tested bacte-
ria. Additionally, the FCM was introduced to verify its applicabil-
ity to monitoring the biocidal profile of silver and copper cations
in the inactivation of the tested bacteria.
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The FCM protocol with PMT 2 and PMT 4 successfully deter-
mined diagnosis (live and dead) of P aeruginosa and E. coli. The
gate for dead bacteria was defined as the range of 0.2 x 10° to 6.0
x 10' PMT 2 fluorescence (X-axis) and 2.0 x 10° to 2.0 x 10> PMT
4 fluorescence (Y-axis), and the gate for live bacteria was defined
as the range of 6.0 x 10° to 6.0 x 102 PMT 2 fluorescence (X-axis)
and 2.0 x 10° to 4.0 x 102 PMT 4 fluorescence (Y-axis). In the com-
parison to the number of the tested bacteria detected by FCM
(viability assessment) and plate culture (culturability assess-
ment), the number of bacteria detected by FCM well represented
the number of bacteria that was detected by the CFU counting
method when bacteria were exposed to isopropyl alcohol and
silver/copper cations.

Consequently, it is concluded that application of FCM to
monitor the functional effect of disinfectants on the physiologi-
cal status of target bacteria can offer more rapid and reliable data
compared to the plate culture colony counting method.
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