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—————— . Introduction

Conventional techniques (i.e., growth on laboratory media) employed for the
detection and enumeration of microbes in clinical and environmental samples
require time (24 to 48 hr), and they have a strong bias in that these methods
detect only organisms that grow under a selected set of conditions. Problems
with the current technology for microbial cell analysis led to development of
alternative techniques that include flow cytometry. Flow cytometry allows rapid,
multiparameter data acquisition and analysis of individual cells.
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512 S. A. Sincock and J. Paul Robinson

Although flow cytometry was rapidly accepted into hospital pathology and
immunology laboratories, microbiology laboratories have remained essentially
oblivious to the use of this technology. With few exceptions (Dubelaar et al.,
1999; Steen, 1980, 1983; Steen and Boye, 1980), flow cytometers were not designed
to measure microorganisms, but rather mammalian cells in the range of 5 to 15
um, the general size of blood cells. In practice the measurement of smaller
particles, while possible, often required modifications to the instrument or a
greater understanding of and interest in the technological aspects of cytometry
than generally possessed by those with expertise in clinical microbiology. In
addition, clinical microbiologists generally found the technology expensive and
inappropriate for their cells of interest.

Improvements in the sensitivity and specificity of flow cytometric instrumenta-
tion have made possible a wide range of techniques to rapidly characterize
microbial populations. More importantly, microbiologists have started to recog-
nize the potential of flow cytometry to study the responses of individual cells in
environmental and clinical samples and to report their findings. An excellent
review describing applications of flow cytometry in the field of microbiology has
been published (Davey and Kell, 1996).

This chapter discusses experimental approaches that have been or could be
used to study individual microbial cells using flow cytometry and key factors
that may impact these studies, including instrument setup, instrument operation,
and sample preparation. A brief discussion of flow cytometric applications to
the field of medical and food microbiology is also included.

A. Instrument Setup for Microbes

Flow cytometers designed specifically for small particles (i.e., Bio-Rad Bryte
HS, Hercules, CA; Skatron, Oslo, Norway) are no longer commercially available,
and technical support for existing instruments is limited. An ordinary flow cy-
tometer optimized for mammalian cells can be adapted for microbial cell analysis
with a few simple changes in instrument setup and operation. For example,
sheath fluid, sample buffer, media used to grow bacteria, and other reagents
(i.e., dyes, antibodies) must be filtered (0.2-pm filter or smaller) to remove any
particles that could interfere with bacterial measurements. The laboratory water
system used to prepare sample buffer and sheath fiuid should also be rigorously
cleaned and maintained to prevent bacterial contamination.

Daily quality control procedures should include the instrument alignment
beads recommended by the manufacturer and latex beads of size similar to that
of the microbe of interest (1.0, 1.5, 2.0, 4.0, 6.0 um). Because small latex beads
can give a scatter signal quite different from that of bacteria of similar size,
ethanol- or heat-fixed vegetative cells (i.e., Escherichia coli) or unfixed spores
in water (i.e., Bacillus subtilis) should also be used as an internal laboratory
standard to check light scatter parameters. Fixed cells or spores can be stored
at 4°C for up to 6 months.
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Initiat light scatter parameters should be established using target microorgan-
isms spiked with latex beads. For example, in Fig. 1 Bacillus subtilis cells were
spiked with a small number of 1.0-um beads. Bacteria and beads in the spiked
sample were separated using a dual-parameter histogram of log forward scatter
(FS) and log side scatter (SS). A region was established for the bacterial popula-
tion and used as a gating parameter to exclude cell aggregates and debris from
further analysis. Sterile, filtered sample buffer was used to set the discriminator
or threshold on forward light scatter to eliminate background particles.

In order to reduce the risk associated with analyzing potentially hazardous
microorganisms, certain protective measures should be followed and strictly
enforced. In particular, the protective doors that shield the instrument sample
probe should be kept closed to reduce aerosolization of bacterial particles, bleach
should be added to the waste container to kill any harmful organisms, and
personal protective gear (i.e., gloves, mask, laboratory coat) should be worn at
all times. Laboratory personnel should also avoid contaminating the computer
keyboard and mouse with bacteria. Instrument maintenance should include fre-
quent flushing of the system between samples to reduce instrument carryover
of bacteria and dyes and rigorous shutdown/cleaning procedures.

B. Sample Preparation

Biological characteristics of bacteria such as size, shape, DNA, RNA, and
protein content can change depending on growth conditions and cell source. For
example, exponentially growing cells are larger than dormant or starved cells
and contain considerably higher levels of nucleic acids. Growing cells have a
wide light scatter distribution with a cometlike tail in the direction of increasing
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Fig.1 Lightscatter measurements of a mixture of Bacillus subtilis cells and latex beads. Fluorescent
microspheres (1.0 um) were added as an internal standard.
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scatter (Thomas et al, 1997). Prior to flow cytometric analysis, growing cells
should be washed with sterile, filtered buffer to remove debris and reduce cell
clumping (Fig. 2). A washing step will also remove medium that may interfere
with staining. Bacteria can grow as single cells or in pairs, chains, or clusters.
Gentle pipetting or vortexing may be necessary to disrupt the chains or clusters
and form a single cell suspension.

Some bacteria have considerable permeability barriers (i.e., cell walls, endo-
spores, capsules, efflux pumps) to fluorescent dyes or DNA probes and may
require use of fixatives or EDTA. However, sample preparation methods neces-
sary for efficient penetration of a fluorochrome into target cells may significantly
affect light scatter profiles. For example, alcohol fixation can cause considerable
cell shrinkage and a reduction in cell size.

. Experimental Approaches

The basic problem in developing flow cytometric protocols for microbial cell
analysis is the assumption that procedures developed and optimized for mamma-
lian celis will work for bacteria. In some cases, ignorance of traditional flow
methods is an advantage; however, the fundamentals of microbiology must always
be understood. In this chapter, we have outlined a few experimental approaches
for using flow cytometry to study microbial cells. These approaches included
generic detection of microorganisms, specific identification of target organisms,
cell viability determinations, and Gram staining.

A. Detection of Microbes

Nucleic acid dyes can be combined with light scatter measurements to detect
bacteria using flow cytometry. A detailed discussion of bacterial DNA appears
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Fig. 2 Changes in light scatter profiles of bacteria due to sample preparation: (A) Bacillus subtilis
spore slurry in water and (B) washed spores.
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in Chapter 54 of this volume. The dye selected for a detection assay should
have a high specificity for DNA binding, high extinction coefficient, and high
quantum yield. Depending on the available excitation source, 4',6-diamidino-
2-phenylindole (DAPI), Hoechst 33258, propidium iodide, YO-PRO-1, or
YOYO-1 could be used for a rapid detection assay. YOYO-1 (Molecular Probes,
Inc., Eugene, OR) is a membrane impermeant cyanine dye (excitation 491 nm,
emission 509 nm) that is essentially nonfluorescent unless bound to nucleic acids.
Dyes that are membrane impermeant will stain only cells that are dead or have
compromised membranes. Live cells must be fixed for the dye to pass through
the membrane. Rapid fixation with ice-cold 70% ethanol will ensure that the
selected dye will enter all cells in the sample and bind to nucleic acids. Alcohol
fixation will cause some cell shrinkage and prevent further studies regarding
cell viability.

Figure 3 is an example of a rapid detection assay. A “bacteria™ region (region
F) was created using E. coli cells fixed with ice-cold 70% ethanol. Cells were
washed briefly with filtered 0.8% NaCl, stained with 0.1 &M solution of YOYO-
1 for 5 min in the dark, and then analyzed using flow cytometry (Sincock et al,
1996a). YOYO-1 stained E. coli cells were gated on region F; the fluorescence
of the gated population was then measured and displayed as a histogram with
fluorescence intensity on the x-axis and the number of cells on the y-axis. The
background noise was determined using 0.2 um-filtered 0.8% NaCl

Samples containing dust, pollen, fungal spores, or unknown bacteria were
tested with this assay. Particles in the test samples that met the light scatter
requirements (bacteria region) and stained positive for nucleic acids were classi-
fied as bacteria. Although pollen, moid, and fungal spores contain nucleic acids
and will stain with YOYO-1, they do not meet the light scatter gating require-
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Fig. 3 Detection of E. coli cells in environmental samples using YOYO-1 nucleic acid stain.

(A) Light scatter measurements of ethanol-fixed E. coli cells (region F). (B) Fluorescence histo-
gram overlay of YOYO-1 stained (M) and unstained E. coli cells (0J).
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ments due to their large size (20-100 xm) and therefore can be excluded. YOYO-
1 will not stain dust particles that fall within the bacteria region because they
do not contain aucleic acids.

This assay can be used for generic detection of bacteria within a heterogeneous
sample but cannot be used for specific identification. In mixed populations of
bacteria (i.e., E. coli combined with Staphylococcus aureus), it was not possible
to discriminate between bacteria using light scatter or by using differences in
relative staining.

B. Identification of Specific Microorganisms

During the 1990s, experimental approaches to identifying microorganisms in
liquid samples using flow cytometry have included light scatter profiles, DNA
content, immunoassays, neural nets, and rRNA probes, with varying degrees of
success. Some of these areas are discussed in detail in other chapters of this
volume (Chapters 54, 55); however, a brief introduction to this material follows.

1. Light Scatter Measurements

Light scattering profiles are a function of cellular size, shape, and refractive
index of a cell. Morphological features of bacteria that can influence light scatter
profiles include shape (rods, cocci, vibrios, spirilla, spirochetes), flagella, pilli, and
capsules. Growth conditions, cell source, and responses to stress (i.e., starvation,
antimicrobial exposure) can also influence light scatter profiles.

Light scatter profiles are a useful first step in characterizing microorganisms.
Identifying specific organisms within mixed populations is difficult. Allman et al.
(1993) collected dual-parameter contour plots of forward versus side scatter for
artificial mixtures of clinically relevant microorganisms using an arc lamp-based
cytometer. Mixtures of vegetative cells (i.e., Salmonella typhimurium, Legionella
pneumophila, Staphylococcus aureus) had overlapping light scatter profiles. How-
ever, light scatter profiles could be used to resolve spore-forming bacteria (i.e.,
Clostridium perfringens) from vegetative cells. Spores give a forward light scatter
signal that is out of proportion to their size, which may be explained on the basis
of a high value for their refractive index (Allman et al,, 1993). Using a cytometer
specifically designed for smali particles (Bio-Rad Bryte HS), light scatter profiles
could also be used to resolve populations of closely related gram-positive spores
(Sincock et al., 1996b) (Fig. 4A). A laser-based commercial cytometer (Coulter
EPICS XL, Hialeah, FL) could not resolve a mixture of E. coli, S. aureus, and
Bacillus subtilis spores using light scatter measurements (Fig. 4B).

2. DNA Content

Using flow cytometry, DNA base composition of individual cells within a
bacterial sample can be determined without extraction of DNA. Van Dilla ef al.
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B.subtilis Mixed species

Fig. 4 Isometric plots of forward scatter versus side scatter for artificial mixtures of bacterial
species: (A) mixture of three closely related Bacillus spores (Bio-Rad Bryte flow cytometer) and
(B) mixture of E. cofi and 5. aureus and Bacillus subtilis spores (Coulter EPICS XL flow cytometer).

(1983) used a combination of DNA-specific fluorochromes to analyze six species
of ethanol-fixed bacteria with differing DNA base composition. Using a combina-
tion of Hoechst 33258, a fluorochrome that binds preferentially to the regions
of DNA rich in AT base pairs, and chromomycin A3, a fluorochrome that binds
preferentially to regions of DNA rich in GC base pairs, this group established
a direct relationship between the fluorescence dye ratio calculated by flow cytom-
etry and the % Guanine + Cytosine (%[G + C]) content. This method was able
to resolve individual species within an artificial mixture of Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa based on differences in DNA
content. Each species formed a distinct cluster within the dual-parameter fluores-
cence histogram. However, further studies using this method suggested that flow
cytometric determination of %[G +C] be limited to samples containing only one
bacterial species (Sanders et al,, 1990).

3. Immunofluorescence Approach

Fluorescently labeled antibodies combined with light scatter measurements
can be used for the specific identification of microorganisms. Microbes that
have been identified using a flow cytometric immunoassay include pathogenic
microorganisms found in food, water, sewage, and aerosols (Table I). An example
of a direct flow cytometric immunoassay can be found in Fig. 5. Escherichia coli
O157:H7 cells at a concentration of 10° cells/ml were incubated with a fluorescein
isothiocyanate (FITC)-conjugated rabbit anti-E. coli O157:H7 polyclonal anti-
body for 5 min at room temperature and analyzed by flow cytometry. For this
assay, the desired population of cells was selected by gating on light scatter
signals. A discriminator was set on forward scatter and used to resolve bacteria
from noncellular material and electronic noise. The fluorescence of the gated
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Table I
Examples of Microbes Identified Using a Flow Cytometric Immunoassay
Microbe References
Food
Escherichia coli O15T;H7 Seo er al. (1998a,b); Tortorello et al. (1998)
Listeria monocytogenes Pinder and McClelland (1994); Donnelly and
Baigent (1986)
Salmonella typhimurium Clarke and Pinder (1998); Pinder and
' McCleland (1994); McClelland and
Pinder (1994b)
Salmonella serotypes MecClelland and Pinder (1994a)

Oral Bacteria

Streptococcus mutans & Actinomyces
viscosus

Streptococcus pyogenes
Dental plaque

Acrosols
Francisella tularensis

Water and sewage
Legionella pneumophila
Nitrosomonas serotypes
Salmonella spp.
Fecal bacteria

Cryptosporidium parvum
Giardia spp.

Biowarfare Agents
Bacillus anthracis

Cell surface polysaccharides or proteins
Bacteroides fragilis
E. coli lipopolysaccharide expression
Myxococcus virescens
Pseudomonas aeruginosa outer membrane
protein .
Microsphere-based immunoassays
Helicobacter pylori
E. coli 0157:H7

Barnett et al. (1984)

Sahar et al. (1983)
Obernesser et al. (1990)

Henningson et al. (1998)

Ingram et al (1982)

Volsch ef al. (1990)

Desmonts et al. (1990)

Apperloo-Renkema er al. (1992); van der
Waaij et al. (1994)

Vesey etal. (1993, 1997); Valdez et al. (1997);
Arrowood et al. (1995)

Dixon et al. (1997); Bruderer et al. (1994)

Heyworth and Pappo (1989)

Sincock et al. (1996b); Phillips and Martin
(1983, 1988)

Lutton ef al. (1991)
Nelson er al. {1991)
Martinelli ez al. (1995)
Hughes et al. (1996)

Best ez al, (1992)
Seo et al. (1998a,b)

population was then measured and displayed as a histogram with fluorescence
intensity on the x-axis and the number of cells on the y-axis (5000 counts). Target
E. coli O157:H7 cells were identified and enumerated within a few minutes of
obtaining the sample. Culturing of the target organism was not necessary for

identification in this direct immunoassay.

Low numbers of target organisms can be identified in the presence of large
numbers of nontarget organisms or high levels of background particulate material
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Fig. 5 (A) Dual-parameter histogram of forward versus side scatter for live E. coli O157:H7 cells
stained with a FYTC-labeled anti-E. coli O157:H7 polyclonal antbody. (B) Comparison of stained
(M) and unstained ((0) E. celi O157:H7 cells. Region D represents bacteria stained positive with
FITC-labeled antibody. Cells were gated on region C (5000 events).

using nonselective media. Unknown samples are incubated in nonselective media
for a short period of time, washed with buffer, and then stained with a specific
antibody. Flow cytometry can be used to discriminate target organisms from
nontarget organisms by means of specific antibody binding. Enrichment media
specific to the nutritional requirements of the target organism can also be used.
Ideally, only the target organism will grow. Nutritional supplements can also be
used to facilitate expression of specific polysaccharides on bacterial cell surfaces
that can be used to discriminate between closely related species. For example,
viable Bacillus anthracis spores were identified after a brief incubation (20 min,
37°C) in media selected to stimulate the outgrowth and expression of specific
polysaccharides on the surface of vegetative cells. After exposure to the food
source, Bacillus anthracis spores were able to sporulate and transition to vegeta-
tive cells. Cells were stained with FITC-conjugated monoclonal antibody specific
for B. anthracis cell wall polysaccharide and analyzed using flow cytometry (Fig.
6) (Sincock er al., 1996b).

Because cell fixation is not necessary for antibody binding, the immunofluores-
cence approach can be combined with certain stains to identify viable target
organisms. For example, the survival ratio of Francisella tularensis, the causative
agent of tularemia, was determined before and after aerosolization using a specific
anti-F. tularensis monoclonal antibody to identify the target organisms together
with rhodamine 123 to count the number of viable or metabolically active
cells (Henningson et al., 1998). In a second example, Red613-conjugated anti-
Salmonella typhimurium monoclonal antibody combined with Chemchrome, a
live cell stain, was used to detect viable Salmonella typhimurium cells in the
presence of large number of nontarget and dead organisms (Clarke and
Pinder, 1998).
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Fig. 6 Flow cytometric analysis of B. anthracis spores.incubated in polysaccharide media for 30 min
at 37°C. A specific FFTC-conjugated anti-cell wall polysaccharide MAb stained emerging vegetative
B. anthracis cells (region 6) (viable cells) but did not stain encapsulated B. anthracis cells, dormant

" B. anthracis spores, or other Bacillus species. Forward light scatter was used to identify vegetative

cells population in the sample (region 1). (See color plates.)

Flow cytometric immunoassays are rapid (usually less than 10 min), sensitive
(lower limit of 10° cells/ml), specific, require very little sample preparation, and
need no cell fixation. Immunoassay-based methods rely on the specificity and
sensitivity of the selected antibody to identify the target organism. Unfortunately,
very few good antibodies for microbes are commercially available, and in-house
antibody development can be time consuming and expensive. High levels of
nonbacterial particles, bacterial debris, and antibody aggregates in the test sample
can also produce sensitivity problems.

4. Automated Classification and Identification Techniques

Flow cytometry can be used to generate multiparameter data for individual
cells. However, the vast quantity of information generated can make data analysis
difficult. Artificial neura! networks are computing technologies that can be used
to discriminate between different cell types based on flow cytometry data (Boddy
and Morris, 1993). A computer is “taught” how to recognize data patterns (i.e.,
staining profiles of different organisms) and to analyze cell populations using
examples. Eventually, the neural network can identify specific cell types in real
time and adapt to changing conditions (Frankel ef al., 1989). Artificial neural
networks have been developed for chromosome classification (Errington and
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Graham, 1993), leukemia subsets, (Maguire et al, 1994a,b), and phytoplankton
populations (Frankel ez al. 1989). Davey et al. (1999) developed an artificial
neural network for detection and identification of Bacillus globigii spores against
a background of other microorganisms (Escherichia coli, Micrococcus luteus,
Saccharomyces cerevisiae). Data sets were collected for microorganisms stained
with six cocktails of fluorescent stains. These stains included Tinopal CBS-X,
Nile Red, propidium iodide, FITC, DiSCy(5), Oxonol V, SYTO 17, and TO-
PRO-3. Forward scatter, side scatter, and autofluorescence measurements were
also included in the data sets. Careful selection of the staining cocktail and data
analysis method allowed accurate identification of the target organism (Bacillus
spores). Trained neural networks may be useful in identifying specific organisms
against a high background of particulate matter or discriminating between closely
related organisms in real time. Applications may include food analysis, clinical
microbiology samples, and identification of biowarfare agents.

C. Cell Viability

Fluorescent dyes have been successfully used as indicators of cell viability in
fiuorescence microscopy and flow cytometry. Using these dyes, live and dead
cells within a heterogeneous sample population can be identified and counted
within a few minutes. Traditional methods employed to detect and enumerate
bacteria (such as growth on laboratory media) require time (24 to 48 hr) and
may underestimate the number of viable bacteria. Therefore, direct methods for
the assessment of microbial viability are of increasing importance. Because each
technique has its limitations, each investigator must choose the experimental
approaches that are best suited for the test organisms and the specific questions
being asked.

1. Membrane Integrity

Membrane integrity analysis is based on the capacity of bacterial cells to
exclude certain compounds. Stains that are commonly used to determine mem-
brane integrity include ethidium bromide, propidium iodide, and SYTOX Green
dead cell stain. These dyes passively enter stressed, injured, or dead cells via
damaged membranes and intercalate into DNA and RNA. The fiuorescence
indicates a loss of viability or membrane integrity. Flow cytometry can be used
to quantify the fluorescence associated with dead or injured cells. Because the
influx of the dye can be correlated with the extent of the bacterial wall permeabil-
ity. the number of fluorescent cells counted using flow cytometry is inversely
proportional to the number of viable cells. These dye exclusion methods have
been successfully used to monitor antibiotic-induced changes in bacterial mem-
brane permeability (Gant et al., 1993). For example, the oral pathogen Streptococ-
cus mutans was treated with the antibiotic clindamycin and then stained with
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SYTOX Green (Fig. 7). After 2 hr of exposure to the antibiotic, a significant
number of cells were dead, as indicated by strong green fluorescence.

Membrane integrity analysis is not suitable for all cell types because some
bacteria can rapidly pump out dyes using an efficient efflux pump (Jernaes and
Steen, 1994). In this case, damaged or injured cells would not fluoresce and
would be counted as viable.

2. Membrane Potential

Count

Membrane potential analysis is based on the selective permeability and active
transport of charged molecules through intact membranes. Cells with a membrane
potential actively take up lipophilic, cationic dyes or actively exclude lipophilic,
anionic dyes. Using flow cytometry, any particle in the approximate size range
of bacteria that is found to have a membrane potential can be identified as a
viable organism. However, organisms can show considerable variation in dye
uptake due to differences in membrane potential (Allman et al., 1993).

Using the lipophilic cation rhodamine 123, which preferentially accumulates
within viable cells, several groups have been able to discriminate between live,
dead, and dormant cells in culture. Viable and nonviable cells have been enumer-
ated using flow cytometry (Kaprelyants and Kell, 1992, 1993a,b; Kaprelyants et
al, 1993). Studies using this dye have determined that dye uptake is variable
both between species and among cells from the same culture (Porter et al., 1995).
In addition, this dye can be used for gram-negative bacteria only after they have
been treated with EDTA (Diaper et al., 1992).

In contrast to rhodamine 123, the lipophilic oxonol dyes are anionic and
preferentially accumulate within dead bacteria; they have been used to assess

Count

Fig. 7 Isometyic plots of log green fluorescence versus log forward scatter for Strepfococcus miulans
cells stained with SYT'OX Green after exposure to clindamycin (10% MIC) for (A) 0 hr and (B) 2 br.
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bacterial antibiotic susceptibility (Deere et al, 1995; Mason et al., 1995b) and
cell viability (Jepras et al., 1995; Mason et al., 1995a) by flow cytometry. In these
studies, either heat or bactericidal antibiotics were used to kill cells prior to
oxonol staining, and comparisons were made with untreated cells. Figure 8 is a
fluorescence histogram overlay of E. coli cells treated with gentamicin at 10
times the mimimum inhibitory concentration (10X MIC) and then stained with
bis(1,3-dibutylbarbituric acid) trimethine oxonol [DiBAC,(3)]. Over time, the
number of dead cells increased as indicated by an overall shift in green fluores-
cence.

3. Enzymaric Activity

Flow cytometric detection of intracellular enzymatic activity utilized lipophilic.
uncharged, nonfluorescent derivatives such as fluorescein diacetate (FDA) that
readily diffuse across cell membranes. Once inside the cell, the derivative is
hydrolyzed by nonspecific esterases to release the highly fluorescent parent com-
pound. Because the parent compound is polar and charged, it is retained inside the
cells with intact membranes. Dead or dying cells with compromised membranes
rapidly leak the dye.

Flow cytometry can be used to detect the number of viable bacteria and to
verify the metabolic activity of these cells (Diaper and Edwards, 1994; Diaper
et al., 1992). However, FDA does not efficiently penetrate some types of miem-
branes and the fluorescein product tends to leak from cells or can be actively
pumped out (Edwards, 1996). Other related fluorescent compounds such as

Count

Time (min}

unstained cells

Fig. 8 Fluorescence histogram overlays of E. coli cells stained wiith DIBAC,(3) (oxonol) after
exposure to 10x MIC gentamicin. Cells were stained with oxonol after 0, 30, 60, 90, 120, or 150 min
of drug incubation.
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carboxyfluorescein diacetate (CFDA) and sulfofluorescein diacetate (SFDA)
exhibit similar problems (Tsuji et al., 1995).

4. Bacterial Respiration

The redox dye 5-cyano-2,3-ditolyl tetrazolium chloride (CTC) was first em-
ployed for the direct microscopic enumeration of respiring bacteria in environ-
mental samples. CTC is readily reduced via electron transport activity to insolu-
ble, highly fluorescent, and intracellularly accumulated CTC-formazan through
bacterial respiration. Actively respiring bacteria (red fiuorescence) can be distin-
guished from nonrespiring bacteria and abiotic material. More recent studies
have used flow cytometry to enumerate respiring bacteria in lakes (del Giorgio
et al.,, 1997), marine systems (Lépez-Amords et al., 1998), and after exposure to
antibiotics (Suller and Lloyd, 1999).

However, several problems associated with using CTC have been identified.
The CTC assay may not be sensitive enough to detect low respiration rates of
microorganisms, especially in very small bacteria. In addition, not all bacteria
are able to reduce tetrazolium salts. It is also thought that CTC may have an
inhibitory effect on bacterial metabolism (Ullrich et al., 1996; Yu et al., 1995).

D. Identification of Viable Bacteria with Fluorescent in Situ Hybridization

Staining with membrane-integrity or membrane-potential fluorochromes offers
limited information on the numbers of viable bacterial ceils within a sample and
none at all about their identity. Staining with fluorochromes that preferentially
bind to specific DNA base pairs offers limited information on species identifica-
tion but not cell viability. Fluorescent in situ hybridization can be used to label
specific nucleic acid sequences inside intact, viable cells and identify species of
bacteria present in the sample. Probe binding to ribosomal RNA (rRNA) is
perhaps the best target for bacterial cells.

rRNA can be found in all bacteria and consists of both highly conserved and
variable regions. Synthetic probes have been developed that can target sections
of the FRNA based on the amount of conserved and variable regions. Appropriate
probes can be composed of oligonucleotide sequences that distinguish between
the primary kingdoms (eukaryotes, eubacteria, archaebacteria) and between
closely related organisms (DeLong et al,, 1989). Probes that target very conserved
regions can be used as universal probes to measure total IRNA within a sample
(Amann et al., 1990).

The rRNA content of microorganisms is proportional to the growth rate in
pure culture. Using microfluorimetry, DeLong et al. (1989) quantified the binding
of a universal rRNA probe to E. coli cells grown in media that support different
growth rates. The fluorescence intensity of single cells due to hybridization with
the universal probe varies linearly with growth rate and can be used to estimate
the growth rate of that particular organism in a natural population. Further
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E. Gram Stain

studies conducted by Wallner et al. (1993) demonstrated that 165 rRNA probe-
conferred fluorescence is directly proportional to ribosome content. Because the
amount of fluorescence can be correlated with cellular rRNA content, it is
possible to obtain information on the physiological state (i.e., growth rate, activity,
viability) of specific bacterial cells (Manz er al., 1993; Wallner et al., 1993). Due
to the abundance of cellular ribosomes in rapidly growing cells (approximately
10* to 10° per cell), the binding of fluorescent probes to individual cells can be
readily visualized (DeLong et al., 1989).

After appropriate selection, rRNA-targeted oligonucleotides can be se-
quenced, labeled with an appropriate fluorochrome, and used as probes in hybrid-
ization experiments. After hybridization, the fluorescence conferred by rRNA-
targeted oligonucleotide probes can be analyzed by flow cytometry (Rice et al.,
1997; Thomas et al,, 1997; Simon ef al,, 1995; Lange et al,, 1997, Wallner ¢t al,
1993, 1995; Amann et al., 1990) or confocal microscopy (Amann et al., 1996).

Gram staining is the most commonly used procedure in clinical microbiology
laboratories. Specimens are smeared on glass slides, heat fixed, Gram stained,
and examined microscopically. Based on the outcome of the Gram reaction,
bacteria are divided into two taxonomic groups. Cells stained purple-blue are
gram-positive; cells stained red are gram-negative. This technique is relatively
simple, albeit messy. However, some organisms can show gram variability (i.e.,
Acinetobacter species), particularly anaerobes.

Sizemore ef al. (1990) reported on the use of a fluorescently labeled lectin as
an alternative Gram staining technique. Lectin isolated from Triticum vulgaris,
or wheat germ agglutinin (WGA), will bind specifically to N-acetylglucosamine
in the outer peptidoglycan layer of gram-positive bacteria. Gram-negative bacte-
ria have an outer membrane covering the peptidoglycan layer that prevents lectin
binding. Using this method, heat-fixed bacterial smears were covered with a
small aliquot of FITC-conjugated WGA (100 pg/ml), washed briefly with phos-
phate buffer, and observed using fluorescence microscopy. Unlike the Gram
staining method, culture age did not affect lectin binding, suggesting that this
technique can be used directly on samples without culturing and may offer an
alternative method to classify fastidious, slowly growing, or viable but noncultura-
ble organisms. In theory, flow cytometry could be used to extend this technique.

Flow cytometry has been used to determine the Gram stain of unfixed cells
using DiIC,(5) (Shapiro, 1995) or thodamine 123 {Allman et al., 1993). More
recently, Mason et al. (1998) developed a two-color flow assay for mixed popula-
tions of bacteria in suspension. Bacterial strains isolated from clinical specimens
were cultured overnight, washed, and then stained with a combination of fluores-
cent nucleic acid-binding dyes hexidium iodide (excitation 488 nm, emission 605
nm) and SYTO 13 (excitation 488 nm, emission 509 nm). Hexidium iodide (HI)
preferentially penetrates gram-positive bacteria, whereas SYTO 13 enters both
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gram-positive and gram-negative bacteria. When used in combination, these dyes
allow differential labeling of unfixed gram-positive bacteria (HI and SYTO 13,
red-orange fiuorescence) and gram-negative bacteria (SYTO 13 only, green fluo-
rescence) in suspension (Mason ef al., 1998). Using this method, artificial mixtures
of E. coli and S. aureus cells analyzed using flow cytometry were clearly separated
using fluorescence. Total time needed for this assay was 15 min.

HI. Applications in Medical and Food Microbiology

To date, the most frequent application of flow cytometry to the study of
microorganisms is the field of environmental microbiology, where rapid assess-
ment of bacterial viability in natural samples is important. The rapid methods
first described in these studies have been adapted for use in medical and food
microbiology. In these areas, flow cytometry can significantly shorten the analysis
time required for detection and identification of bacteria compared with conven-
tional detection procedures and provide additional information on responses of
individual cells.

A. Antimicrobial Agents

Flow cytometry permits rapid analysis of individual bacterial, fungal, or proto-
zoan responses to antimicrobial agents. Antimicrobial agents such as antibiotics,
disinfectants, and antiseptics are used to reduce the number of microorganisms
to a level that is insufficient to transmit infection. Antibiotics are products of
the metabolism of a microorganism that are inhibitory to other microorganisms.
Disinfectants are chemical or physical agents used to kill pathogenic microorgan-
isms on nonliving objects (i.e., sink, table); antiseptics are chemicals used to kill
microbes on a living object (i.e., skin, mouth). Flow cytometry can be used to
investigate physiological and morphological changes that can occur after drug
exposure, even if little is known about a particular antimicrobial agent.

1. Exposure to Antibiotics

Clinical microbiology laboratories devote a great deal of resources to antibiotic
susceptibility testing. Routine analysis is limited to growth inhibition assays
using fast growing, nonfastidious bacteria. Flow cytometry can supply valuable
additional information on the response of individual cells to antibiotic exposure
within a short period of time and provide an indication of population dynamics
within the heterogeneous test sample. For example, gentamicin was added to
early exponential phase E. coli cells in broth and incubation was allowed to
continue for 5 hr. Untreated E. coli cells were used as controls. At timed intervals,
aliquots of treated and untreated cells were removed, stained, and analyzed.
Membrane perturbation was assessed using the membrane potential-sensitive dye
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DiBAC,(3) and the membrane integrity dye propidium iodide. Dual-parameter
histograms of log forward scatter versus log fluorescence suggest that membrane
potential of the treated cells collapsed after 5 hr; however, a subpopulation of
treated cells maintained membrane integrity (Fig. 9).

Table II is a brief summary of work using flow cytometry to investigate the
effect of antibiotic and antifungal agents on target organisms. Procedures for
antibiotic susceptibility testing using flow cytometry are described in detail in
Chapter 55 of this volume.

2. Exposure to Disinfectants or Antiseptics

Traditional assessment of disinfectant efficacy involves the incubation of mi-
crobes in liquid or on solid media for 24 to 48 hr. Most bacteria will not grow
in the presence of low concentrations of disinfectants. To avoid this inhibitory
effect, disinfectant compounds must be inactivated or neutralized before treated
cells are incubated in media or plaiecl. In addition, some cells will experience a
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Fig. 9 Dual-parameter density dot plots of log forward scatter versus log fluorescence for E. coli
cells stained with (A} propidium iodide (PI} or (B) DiBAC,(3) (oxonol), after exposure to gentamicin
for 0, 3, and 5 br.
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lag of regrowth, similar to the postantibiotic effect, after exposure to disinfectants.
For example, chlorhexidine delays regrowth after exposure for more than
2 hr. Flow cytometry combined with fluorescent probes allows the activity of
disinfectant compounds on target organisms to be ascertained within a few min-
utes and provides information on the heterogeneity of the sample population.

Sheppard et al. (1997) used oxonol and propidium jodide to monitor chlorhexi-
dine-induced membrane damage in stationary and log phase E. coli cells. Their
results indicated that membrane potential (oxonol) of cells collapsed prior to loss
of membrane integrity (propidium iodide). Increased light scattering properties of
organisms exposed to higher chlorhexidine concentrations suggest that there are
also major changes to internal cellular structure. Comas and Vives-Rego (1997)
used rhodamine 123, bis-oxonol, propidium iodide, SYTO-13, and SYTO-17 to
assess the effect of formaldehyde and surfactants [i.e., sodium dodecy! sulfate
(SDS), benzalkonium chloride] on E. coli.

Paul er al. (1996) used oxonol to determine the effectiveness of oral antiseptics
found in mouthwash and toothpaste to kill bacteria such as Strepfococcus mutans,
Streptococcus sanguis, and Streptococcus oralis that cause tooth decay and gum
disease. Membrane potential damage after 30 sec of exposure to triclosan, chloro-
hexidine, or cetylpyridinium chloride at 5X MIC was assessed using flow cytome-
try and compared to plate-count data. Flow cytometry provided information
within minutes on the immediate effect of oral antiseptics on target bacteria;
plate-count data required 24 to 48 hr.

In our laboratory, we have developed a rapid flow cytometric assay to evaluate
alternative disinfectant processes. Outbreaks of cryptosporidiosis have been at-
tributed to the inability of chlorine to inactivate the oocyst form of Cryptospo-
ridium parvum. Gamma (y) irradiation may be a viable alternative to conven-
tional chlorine-based wastewater disinfection processes.

Purified Cryptosporidium parvum oocysts were exposed in batch reactors to
y-irradiation from a ®Co source. Exposures to y-irradiation ranged from 50 to
800 krad. Untreated oocysts, heat-killed (70°C for 30 min) control oocysts, and
irradiated oocysts were stained with SYTOX Green dead cell stain (10 pM final
concentration), incubated at 37°C for 1 hr, and counted using flow cytometry
(Fig. 10). Differences in light scattering properties were used to differentiate
oocysts from sporozoites, ghosts (oocyst shells), and debris. After exposure to
y-irradiation, the oocysts were morphologically intact, but the process damaged
the oocyst wall and allowed SYTOX Green, a membrane integrity stain, to enter
and bind to nucleic acids. Nonviable oocysts with damaged but intact walls
fluoresced bright green; viable oocysts and ghosts did not stain. Flow cytometry
was used to count the number of damaged or inactivated cocysts after disinfectant
exposure (Sincock et al., 1998).

B. Food and Drink

Flow cytometry has been used to detect and identify pathogenic microorgan-
isms in food samples and to monitor food and drink products for spoilage microor-
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Fig. 10 Flow cytometric analysis of Cryptosporidium parvum oocysts exposed to y-irradiation
from 2 ®Co source: (A) 200-krad dose: {B) 800-krad dose. Intact cysts (region L, K) can be differenti-
ated from sporozoites (region J), ghosts (region M), and debris using light scatter measurements.
High doses of y-irradiation prevented excystation of sporozeites from oocysts.

ganisms. Food pathogens that canbe detected and identified using flow cytometry
include Listeria monocytogenes in raw milk (Donnelly and Baigent, 1986), Salmo-
nella typhimurium in eggs and milk (Pinder and McClelland, 1994; McClelland
and Pinder, 1994b), and Escherichia coli O157:H7 in ground beef, apple juice,
and milk (Seo et al,, 1998a,b; Tortorello ef al., 1998). In general, flow cytometry
requires specific monoclonal antibodies to detect and identify food pathogens.

Spoilage microorganisms are not necessarily harmful but can interfere with
the quality of a food or drink product and can cause delays in product releases
at great economic cost to the manufacturer. To guarantee that food or drink
products conform to specifications, flow cytometry has been used to detect spoil-
age caused by yeast in soft drinks (Pettipher, 1991), yogurt, and fruit juice
(Mulard, 1995), and to monitor the viability of yeast used for beer (Jespersen
et al, 1993; Jespersen and Jakobsen, 1994), wine (Bruetschy et al., 1994), and
cider (Willetts et al., 1997; Lloyd et al, 1996).

In order to identify sources of food contamination and spoilage, a large number
of samples need to be tested. Flow cytometry allows the rapid and semiautomated
analysis of heterogeneous food samples; however, extensive sample preparation is
needed to isolate target organisms from high background levels of nonpathogenic
microflora and particulate matter found in food samples. Sample preparation
may include homogenization of solid food using a stomacher, filtering of large
food particles, serial dilutions, or special reagent addition (i.e., clearing solution
to remove micelles in milk and egg samples). After the cells have been isolated
from the food santple, enrichment media can be used to increase the number of
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target organisms and to allow recovery of stressed or injured cells. Increasing
the number of target organisms in food samples is extremely important because
the infective dose for some foodborne illnesses can be as low as 10 cells.

IV. Conclusion

It is clear that there are a tremendous number of excellent uses of flow cytome-
try in the field of microbiology; however, there are some valid problems in
implementing this technology. Listed below are what are considered to be the
main advantages and disadvantages in the application of flow cytometry to micro-
bial systems,

1. Advantages of using flow cytometry to analyze microbes

a. Technology is clinically proven in areas such as leukemia/lymphomas,
HIV monitoring, platelet studies, and functional studies. Most hospitals and
research centers have already purchased the instrument.

b. Assays can be performed rapidly, usually taking less than 1 min with
little to no sample preparation.

¢. Sensitivity is high, as low as 10° cells/ml reported.

d. Direct detection and identification can be achieved without elaborate or
time-consuming culturing of microbes.

e. Cost per test, after initial investment in instrument, is low.

f. Automation/walk-away capability is available in most instruments as well
as report generation for clinicians.

g. Flow cytometry is user friendly once the initial protocol is developed.
h. Instrument maintenance {daily/monthly quality control) is minimal.
2. Disadvantages to using flow cytometry to analyze microbes

a. Most microbiologists are not comfortable with using nontraditional, high
technology procedures to run routine tests.

b. Initial cost of instrument is high.

c. Few microbial reagents or kits are commercially avallable for use with
flow cytometry. Reagents (i.e., antibodies, DNA probes, control cells) must be
developed in-house,

d. Protocols for microbes need to be developed in-house. Because most
instruments were designed for mammalian cells, instrument setup and operation

" must also be modified.

e. Few, if any, instruments are designed specifically for small particles.

f. Little support is available from instrument manufacturers. Service techni-
cians and technical support personnel are not familiar with proceclures or methods
utilized in microbial flow cytomeiry.
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protocols, appropriately designed instruments, and fluorescent probes will enable
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