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The application of flow cytometry to microorganisms is as
old as the technique itself, but it has historically been under-
exploited for microbial applications. This is now being reversed
and microbiologists are ideally placed to benefit from recent
technological advances. While earlier papers demonstrated
the use of flow cytometry for studies of viability and taxonomy,
recent developments in bioinformatics and reporter gene tech-
nologies are leading to novel applications in microbiology.
Variants of green fluorescent protein have been used for the
study of conditional microbial gene regulation in medically
important host—-pathogen interactions and fluorescence-
activated cell sorting is being applied to the isolation of novel
mutants in directed evolution studies. This paper reviews the
reasons for the delay in the application of flow cytometry to
microbial problems, the range of applications, and their limi-
tations and considers the progress made in developing new
strategies for use in microbiological investigations. o© 2000
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In 1947 Gucker and colleagues (1) developed an
instrument for the analysis of dust particles and
airborne bacterial spores. This instrument is often
quoted as being the first flow cytometer (see, e.g.,
(2)). Gucker stated in the summary to his paper that
“The principle (of flow cytometry) should have wide
application in (. ..) bacteriology.” Despite this, flow
cytometry (FCM) is still regarded primarily as a
technique for the analysis of mammalian cells.
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The small size of microbial cells and the low con-
centrations of constituents within these cells have
historically limited applications of FCM in the field
of microbiology. The DNA contents of Saccharomy-
ces cerevisiae and Escherichia coli, being some 200
and 1000 times less than a normal diploid human
cell, were below the detection limits of the early flow
cytometers. Twenty years ago the published litera-
ture on the subject comprised little more than a
series of demonstrations of proofs that the technique
could be used with microbial cells (3, 4).

While these papers were useful in their own right,
it was not until instruments were designed with the
analysis of microorganisms in mind that applica-
tions of FCM to clinical, industrial, or even research
microbiology really began. These specialized instru-
ments are discussed below.

Specialized Instruments for Microbial Flow

Cytometry

The development by Steen and co-workers of a
sensitive arc-lamp-based instrument designed spe-
cifically for work with bacteria heralded a new age
for microbial FCM. The instrument, later to be com-
mercialized as the Skatron Argus flow cytometer,
was first described by Steen and Lindmo in 1979 (5).
An updated version of this machine was available as
the Bio-Rad Bryte HS during the mid-1990s but this
too has now unfortunately disappeared from the
marketplace. Nevertheless, a number of important
developments have been made using these instru-
ments.

Early work by Steen and co-workers (6) demon-
strated the role that FCM had to play in monitoring

231



232

WINSON AND DAVEY

the cell cycle of bacteria. Prior to this, the cell cycle
model had been developed using synchronized cul-
tures. This has the disadvantage that, however care-
fully synchronization is achieved, some perturba-
tions to the cells and thus the cell cycle may be
expected. By studying individual cells flow cyto-
metrically, the cell cycle can be studied in a mean-
ingful way using unsynchronized and therefore un-
perturbed cultures. A comprehensive review of this
work can be found in Skarstad et al. (7). Steen and
colleagues, and indeed most other users of arc-lamp-
based flow cytometers, have found the combination
of mithramycin and ethidium bromide to be optimal
for measurements of DNA contents of microbial cells
(see also Fig. 1).

Extending the use of DNA staining beyond that of
cell cycle analysis, the arc-lamp-based flow cytom-
eters have also been used to assess the effects of
antibiotics on bacterial cells (8, 9). This approach
has potential clinical benefits as a rapid pretreat-
ment screen to ensure that the most appropriate
drug is used. In a lateral approach, it may also be
used as a means of distinguishing between different
organisms based on their differing responses to the
antibiotics (10). While the majority of work with
antibiotics has studied their effects on DNA replica-
tion, Suller and Lloyd (11) have used a Skatron
Argus to investigate the effects of antibiotics on bac-
terial viability using a variety of stains. Two groups
independently found rhodamine 123 to be an effec-
tive stain for bacterial viability measurements (12,
13). Providing that the concentration of rhodamine
123 is kept below 0.5 uM (14) and appropriate con-
trols are used (15) effective measurements of cell
viability can be obtained.

While FCM is generally a laboratory-based tech-
nique, there are some situations in microbiological
applications (e.g., environmental sampling) where a
portable instrument would be advantageous. One
approach has been to use conventional flow cytom-
eters in vehicles or on-board ship (16). An alterna-
tive and more flexible approach was adopted by
Gjelsnes and Tangen (17) who developed the Micro-
cyte flow cytometer. The Microcyte is a portable flow
cytometer, designed primarily for the analysis of
microorganisms (18, 19). The instrument is small,
with dimensions of 33 X 43 X 16 cm and a weight of
~15 kg. The light source is a low-power 635-nm
laser diode and the instrument can be powered from
internal batteries. The portable nature of this in-

strument should enable the technique of FCM to be
used for a broad range of environmental applica-
tions without the necessity for transporting samples
to the laboratory.

The Partec PAS Il particle analyzing system
(Partec GmbH, Mdunster, Germany) has recently
been launched and offers a modular FCM system for
a variety of applications including the analysis of
bacteria and yeast (for more information see http://
www.partec.de/indexre.html).
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FIG. 1. Fluorescence distribution of ethanol-permeabilized
yeast cells stained with (A) 100 ug ml~* mithramycin or (B) 100
ug ml~* mithramycin plus 10 ug ml™* ethidium bromide. Flow
cytometry was performed using a Skatron Argus 100 flow cytom-
eter. The B1 filter block (excitation 395-440 nm, band stop 460
nm, emission >470 nm) was used for all measurements. Mithra-
mycin (excitation maximum 445 nm) was thus excited at close to
its optimum wavelength but, importantly, ethidium bromide (ex-
citation maximum 493 nm) was not well excited. Under these
conditions, DNA-bound ethidium bromide is excited by fluores-
cence resonance energy transfer from mithramycin. Mithramycin
has a high specificity for DNA, but weak fluorescence. In contrast
ethidium bromide is strongly fluorescent but binds to other poly-
anions in the cell. The dye mixture thus gives a valuable combi-
nation of high specificity and cells with a detectable fluorescence
(99% of unstained cells analyzed under the same conditions ap-
peared below fluorescence channel 100).
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In addition to these specialized instruments, im-
proved technology has resulted in mainstream in-
struments that are useful for a range of measure-
ments on bacteria (20, 21) and viruses (22, 23). More
recently FCM has been extended to genome finger-
printing for bacterial discrimination (24).

FLOW CYTOMETRY FROM THE
MICROBIOLOGIST'S VIEWPOINT

Single-Cell Analysis

One of the most important characteristics of the
flow cytometric method from the point of view of the
microbiologist is that data are collected for each
individual cell. This enables the investigator to mea-
sure the distribution of a property or properties
within the population, in marked contrast to the
majority of analyses, which only allow a mean value
to be recorded. Heterogeneity in microbial popula-
tions results from several distinct sources. First,
genetic differences may arise as the result of a mu-
tation or the loss of a plasmid. The earlier in the
growth of the culture that this happens, the greater
will be the effect on the overall population. Second,
heterogeneity results in part from cell-cycle differ-
ences. In bacteria, new rounds of DNA replication
may be initiated before a previous round has been
completed and thus heterogeneity of DNA content
will be much larger in prokaryotes than in eu-
karyotes. The variable gene copy number that re-
sults from this adds to culture heterogeneity (7).
Flow cytometric measurement of DNA content and,
for example, the effect of an antibiotic or of other
environmental stimuli may be valuable in under-
standing and quantifying the heterogeneity of re-
sponse. Withers and Nordstrom (25) recently used
FCM to show that the initiation of chromosome rep-
lication is regulated by an extracellular factor in E.
coli. A third source of heterogeneity is at the physi-
ological level; cells at the center and the edge of a
colony growing on an agar plate are exposed to dif-
ferent local environments and their genetic regula-
tion will be adjusted to reflect this.

Microbial cultures therefore consist of a series of
subpopulations, with overlapping distributions in a
variety of characteristics. Multiparametric FCM, in-
volving the use of a cocktail of stains with different
cellular targets, can be used to define the subpopu-

lations of interest. This approach has been used to
detect mutants or contaminants which, under the
right measurement conditions, will appear as a sep-
arate subpopulation of cells. Van Dilla et al. (26)
reported an elegant method for distinguishing be-
tween bacterial species based on differences in DNA
GC content. By using chromomycin A3 (which has a
guanine—cytosine binding preference) and Hoechst
33258 (which has a preference for adenine—thymine-
rich DNA) discriminatory bivariate contour plots
were produced that distinguished clearly between E.
coli, Pseudomonas aeruginosa, and Staphylococcus
aureus. Where more than two or three parameters
are measured, data visualization and interpretation
become problematic, although multivariate data
analysis methods are applicable in this case (27).
The measurement of population heterogeneity can
be coupled with cell sorting to isolate cells of interest
(see below).

Cell Sorting

Flow cytometric analysis permits the investigator
to perform a rapid and quantitative version of the
experiments that could otherwise be performed by
fluorescent microscopy. Fluorescence-activated cell
sorting (FACS) allows the process to be taken one
very important step further. Cells with a specific
characteristic or indeed a combination of character-
istics can be separated from the sample for further
analysis or growth.

While sorting of cells into tubes or into the wells of
microtiter plates is the norm, the ability of some flow
cytometers to sort directly onto agar plates is advan-
tageous to microbiologists. This approach was first
demonstrated for assessing methods of flow cytomet-
ric bacterial viability determination (28). The value
of single-cell analyses is made evident to the micro-
biologist on production of the familiar plate of dis-
crete colonies; however, the experimenter must be
cautious of the fact that microbial cells may grow in
clumps or form aggregates during sample prepara-
tion. If this is the case any colony produced on the
plate may not be the result of growth of a single
sorted cell and a mixed phenotype may result or the
undesired cell may outcompete the selected cell of
interest. In viability tests, for example, if one cell in
a clump has a leaky membrane it will take up an
exclusion dye such as propidium iodide and thus the
clump will be fluorescent and score as “dead” in the
assay. However, if this aggregate also contains one
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or more live cells, a colony will result when it is
sorted onto an agar plate. One method of overcoming
this problem is to use forward scatter as an indica-
tion of the size of the scattering particle. However,
size variation in microbial cells (even within a single
species) can be large. As a consequence of this vari-
ability, log amplification is usually required for the
forward scatter signal; the compression that this
exerts on the higher channel numbers can make the
discrimination between single cells and aggregates
difficult. Consequently more robust methods (e.g.,
using two or more complementary viability stains)
should be sought wherever possible (15).

Similar considerations must be made when ana-
lyzing or sorting environmental samples. These of-
ten require preprocessing to ensure that there are
no large particles present that would block the flow
cell (which is typically 100-250 um in cross-section).
This limitation of course also precludes the analysis
of filamentous bacteria and fungi in their natural
state. Other microorganisms grow as biofilms and
these must be disrupted prior to analysis. In in-
stances such as these, interpretation of results will
not be straightforward, as the sample preparation
will necessarily perturb the cells.

While FACS can be used to isolate mutants it is
generally not practical, at least on mainstream in-
struments, if the mutation frequency is less than 1
in 10°-10". In these circumstances alternative meth-
ods such as the use of an antibiotic resistance
marker may be more appropriate.

Autofluorescence

Many naturally occurring cellular substances flu-
oresce when excited with light of a suitable wave-
length. For example, NAD(P)H has a (near-)UV-
excited blue fluorescence while flavins impart a
blue-excited green fluorescence to cells. In studies of
phytoplankton or photosynthetic bacteria the
autofluorescence profile can be used to discriminate
between species. However, when the excitation
and/or emission of the cellular autofluorescence
overlap with that of extrinsic fluorescent molecules,
autofluorescence can prevent useful measurements
from being performed. In a few cases it is possible to
monitor a cellular product simply by using its light
scattering or autofluorescence characteristics. FACS
can be used to sort rare, natural higher producers or,
in combination with forced or natural molecular
techniques, to select evolved mutants with a hyper-

producing phenotype. Clearly, success with this
technique is dependent on the particular autofluo-
rescent properties of the product being analyzed and
it is therefore not generally applicable. Using the
relationship between natural fluorescence of carote-
noids and the forward scatter in FCM, An et al. (29)
isolated carotenoid-producing mutants of the yeast
Phaffia rhodozyma after chemical mutagenesis.
Through the use of FACS, they achieved a 10,000-
fold improved efficiency in isolation of astaxanthin
hyperproducers compared to random isolation on
agar plates. Generally though, as discussed below,
analysis of cellular products by FCM depends on an
indirect method of analysis, such as staining with a
fluorescent dye or identification of (native or reporter)
enzyme activity using a fluorogenic substrate.

Fluorescent Stains

DNA is perhaps the most commonly stained cel-
lular constituent in flow cytometric analyses. How-
ever, as mentioned above, the amount of DNA in a
bacterial cell is much lower than that found in mam-
malian cells. While nucleic acid stains such as
ethidium bromide and propidium iodide are ade-
quate for the analysis of eukaryotic cells, they are
less favorable for use with microorganisms. In addi-
tion to the lower DNA content, there is the compli-
cation that bacteria have a relatively much higher,
and more variable, RNA content (RNA:DNA ratio)
than typical mammalian cells. Thus stains such as
ethidium bromide and propidium iodide, although
highly fluorescent, are not easily used for studies of
bacteria since they bind not only to DNA, but also to
RNA. Some successful studies of bacteria using pro-
pidium iodide have been achieved by incubating the
cells with an RNase solution prior to staining (4)
although other workers (e.g., 30 report that the re-
sults obtained from such samples are inconsistent.
While mithramycin, discussed above, has been used
successfully with arc-lamp-based flow cytometers it
is poorly excited by the argon—ion laser used in the
majority of commercial systems.

The DNA-specific Hoechst dyes (26) and 4',6-
diamino-2-phenylindole (DAPI) (31) have been used
for the analysis of microorganisms, but since they
require UV excitation they are not appropriate for
use with all flow cytometers. The range of fluores-
cent stains available is continuously expanding and
Molecular Probes (32) has produced a range of dyes
with different spectral characteristics and high spec-



FLOW CYTOMETRIC ANALYSIS OF MICROORGANISMS

235

ificities for nucleic acids. These are appropriate
for the flow cytometric analysis of microorganisms
(33, 34).

A common application of FCM in microbiology is
determination of viability. While viability is one of
the most fundamental properties of a cell, it is diffi-
cult both to define and measure. Exclusion of pro-
pidium iodide or ethidium bromide by the intact
membrane of viable cells is a common approach with
mammalian cells but it is less useful with bacteria
due to leakage of these molecules into viable cells
and the presence of efflux pumps (35). An alterna-
tive approach is to use lipophilic cations that are
accumulated by microbial cells or nonfluorescent
substrates that are converted to fluorescent prod-
ucts as a result of metabolic (enzymatic) activity.
These approaches have been reviewed elsewhere
(15) but we discuss the enzymatic approach below
from the viewpoint of reporter gene technology.

One further development that has made flow cy-
tometric measurements more readily available to
the microbiologist is the recent development of a
variety of “kits.” These kits enable the nonspecialist
to develop protocols rapidly, and since they corre-
spond to routine methods (enumeration, viability
determination, Gram status determination, etc.)
they are particularly attractive. The measurement
of viability can be accomplished using the LIVE/
DEAD BacLight bacterial viability kit from Molecu-
lar Probes. This kit is becoming widely used in mi-
crobial FCM, although appropriate controls are
essential to obtain useful results (15, 32).

Flow Cytoenzymology

Many of the qualities that make fluorescently la-
beled substrates suitable for use in enzyme assays in
solution render them inappropriate for use in FCM.
Conventional solution assays for measuring enzy-
matic activity in cell extracts utilize substrates
yielding a highly fluorescent water-soluble product
with substantially different fluorescent properties
from the substrate. However, for FCM analysis it is
necessary for the probe to enter the cell and for the
product to be retained.

Ideally after enzymatic processing inside the cell the
fluorogenic precursor should become immediately flu-
orescent and either be insoluble or form a complex
with a cellular component which effectively renders it
insoluble. The label should preferably be nontoxic, sta-
ble, persist within the cell for sufficient duration to

allow the level of fluorescence to be monitored, and be
correlated easily with the enzyme activity.

Although enzyme-generated intracellular fluores-
cence or “flow cytoenzymology” has found wide ap-
plication in mammalian cells, microbiological inves-
tigations have been more limited. However,
techniques for discriminating between bacteria and
yeasts (36), monitoring cellular viability, and in-
creasingly, using reporter enzymes in transcrip-
tional fusions have been developed. Nir et al. (36)
used native B-galactosidase activity to show that E.
coli and Candida pseudotropicalis encapsulated in
agar beads could be distinguished by FCM. In this
example, the solubility of the fluorescent product
was not an issue as any fluorescein leakage was
retained in the encapsulating agar bead and thus for
FCM detection was still associated with the pro-
ducer cell.

Dehydrogenase activity has been used as an indi-
cator of cellular viability with the substrate 5-cyano-
2,3-ditolyltetrazolium chloride (CTC) (37) to demon-
strate cell heterogeneity in a culture of Micrococcus
luteus, and viability in a wide range of bacterial
species has been demonstrated using fluorogenic es-
ters to monitor esterase activity (38).

Recent advances in molecular biological methods
now permit the detailed study of genes that were
previously difficult to analyze because of the nature
of the cognate protein product. The rapid progress in
bioinformatics and whole genome sequencing now
enables either rational design of transcriptional fu-
sions or the random insertion of a reporter down-
stream of the promoter of interest on a plasmid or in
the chromosome, in order to monitor expression of
the target gene. Translational fusions producing chi-
meric proteins can also be generated. The reporter
gene typically encodes an enzyme that is stable, that
has an activity which is easy to assay, and for which
there is little endogenous activity in the host. As
FCM analysis monitors enzyme activity through flu-
orescence of single cells there are a number of addi-
tional criteria that need to be satisfied for the suc-
cessful measurement of reporter enzyme activity by
this technique, especially in microbes. In particular,
a fluorogenic rather than a chromogenic substrate is
required; the substrate must be capable of being
taken up by the cell and the fluorescent product
retained, and there must be a low level of cellular
fluorescence (autofluorescence) at the excitation and
emission wavelengths used.
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The lacZ gene encoding B-galactosidase has been
used extensively as a reporter for the study of gene
expression. In spectrophotometric assays the chro-
mogenic product ortho-nitrophenol derived from
2-nitrophenyl B-p-galactopyranoside is typically
used to assay activity of this enzyme. However, a
more sensitive substrate recently applied to the
measurement of B-galactosidase in single cells by
FCM is fluorescein di-B-p-galactopyranoside (FDG).
The nonfluorescent FDG substrate is hydrolyzed ini-
tially to fluorescein monogalactoside (FMG) and fi-
nally to the highly fluorescent product fluorescein.

Although FDG has been used extensively for FCM
in mammalian cells (39) only a few examples of its
use have been reported for microbial cell analysis
(40). Despite the advantage of increased sensitivity
in using substrates such as FDG, methods that are
based on the release of fluorescein are limited by
problems with substrate uptake and retention of the
fluorescent product in reporter-active cells. The re-
lationship between observed fluorescence and the
actual number of B-galactosidase molecules per cell
may thus be complex as variations in cell envelope
permeability to FDG can influence the intracellular
substrate concentration (41). In addition many
workers have noted that fluorescein can leak from
B-galactosidase-active bacteria into inactive cells in
heterogeneous populations. Alvarez et al. (42) found
that leakage of fluorescein (released after enzymatic
hydrolysis from E. coli stained with FDG) could be
observed as a decrease in fluorescence after 45 min
of incubation at 37°C. Lipophilic derivatives of FDG
which yield products that are retained by cells are
available (32), and their utility has been demon-
strated in the analysis of plasmid segregation in E.
coli (43) and during investigation of differentiating
cultures of Bacillus subtilis. In the latter case prob-
lems with background fluorescence were overcome
by using C8-FDG (5-octanoylaminofluorescein) in
combination with the lipophilic tracking dye PKH26
(44). Cn-FDG substrates are derived from FDG but
contain a saturated hydrocarbon tail that allows the
released fluorescent product to remain in associa-
tion with the cell. C8-FDG was found to be the
optimal substrate fromn = 2, 4, 6, 8, 12, and 16 for
detecting B-galactosidase activity in sporulating cul-
tures of B. subtilis using FCM.

An alternative label to FDG, resorufin fB-b-
galactopyranoside, can be used for continuous mon-
itoring of enzymatic activity at physiological pH, itis

hydrolyzed to a fluorescent product in a single step,
and its fluorescence emission (585 nm) is easier to
separate from cellular autofluorescence than that of
fluorescein (525 nm).

Although the lacZ reporter system is widely used
in E. coli and many other bacterial species, it is less
well suited to FCM studies on yeast such as S.
cerevisiae and Candida albicans because the FDG is
unable to enter cells unless they are permeabilized
(and their viability thus reduced). Cid et al. (45)
overcame this problem by exploiting the S. cerevi-
siae EXG1 gene (and a homologous gene in C. albi-
cans) encoding an exo-1,3-B-glucanase. Yeast cell
walls are permeable to the fluorescein di(B-p-
glucopyranoside) (FDGP) substrate and the activity
of the exoglucanase reporter enzyme results in the
release of fluorescein. Gene expression in yeast can
be regulated differentially at various stages of the
mitotic or meiotic phases, and this system was used
successfully to sort cells with different levels of gene
promoter activity from a heterogeneous population.
However, one drawback of the exoglucanase re-
porter system is its reduced activity above 30°C.

A major development in substrate design has re-
cently been reported by Zlokarnik and co-workers
(46) who utilized B-lactamase as a reporter enzyme.
Although the B-lactamase system has similar sensi-
tivity to B-galactosidase, the major advantage is in
the design of a membrane-permeant substrate pre-
cursor, enabling its product to be retained in the cell.
The nonfluorescent, fully esterified substrate
CCF2/AM is sufficiently nonpolar to allow it to cross
the cell membrane. The four ester groups are then
hydrolyzed by cytosolic, nonspecific esterases to re-
lease and trap within the cell the actual substrate
for B-lactamase, CCF2. CCF2 is a novel resonance
energy tandem (RET) fluorogenic substrate consist-
ing of covalently linked donor and acceptors. In this
form the complex has the donor excitation properties
and the acceptor emission spectrum. When the co-
valent linkage is broken by hydrolytic activity of
B-lactamase the fluorophores are separated and ex-
hibit their own independent fluorescence excitation/
emission profiles. Using the ratios of intensities at
two or more wavelengths is a significantly more
robust approach than single-wavelength measure-
ment, reducing possible interference from other
variables such as cell size variation. Although this
method was designed to measure gene expression in
mammalian cells the principles of using RET and
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trapping of the substrate would also be applicable in
analysis of microbial gene expression and heteroge-
neity. The method could be used without modifica-
tion for the rapid analysis of cells expressing native
B-lactamase activity and for screening for inhibitors.

Green Fluorescent Protein

The gene encoding green fluorescent protein
(GFP) from Aequorea victoria has become an impor-
tant reporter in the study of the dynamics of gene
expression and localization of proteins in vivo (47).
The main advantage of GFP over other commonly
utilized reporters that depend on additional cofac-
tors or substrates is that it requires only the pres-
ence of oxygen for its characteristic green fluores-
cence (emission max. 509 nm). The light absorbing
chromophore, within a hexapeptide located at posi-
tions 64-69, is an intrinsic part of the protein. Mod-
ification of the amino acid sequence of GFP, partic-
ularly of the Ser65-dehydroTyr66-Gly67 cyclic
tripeptide fluorophore, has enabled the isolation of a
number of proteins with increased fluorescence or
altered excitation/emission properties. These in-
clude red-shifted (excitation maximum shifted from
395 to 490 nm), blue-shifted (emission max. ~448
nm), intermediate (cyan FP), and other variants
(sapphire and yellow FP). The different categories of
GFP variants have been comprehensively reviewed
by Tsien (48).

Through appropriate choices of filter sets, combi-
nations of GFP variants can be utilized for applica-
tions requiring dual reporters, increasing the per-
mutations of useful parameters for detection by
FCM. This approach can be applied to monitoring
expression of multiple genes in the same cell, the
same gene in different genetic backgrounds, and in
cell mixtures. The use of spectrally distinct fluores-
cent protein reporters (49) thus allows for the simul-
taneous measurement of a number of bacterial
genes under different environmental conditions and
is particularly useful for the study of intracellular
pathogenicity.

Analysis of Intracellular Pathogens

Many bacterial pathogens are known to survive in
phagocytes by coordinately regulating expression of
a wide spectrum of genes. Valdivia and Falkow (50)
used GFP as a selectable marker in conjunction with
FACS. Macrophages infected with Salmonella typhi-
murium cells containing a transcriptionally active

GFP fusion were separated by FACS and lysed. The
bacteria were grown and isolated by FACS and then
the fluorescence intensity of individual bacteria
grown in tissue culture medium was compared with
the same clone after release from infected cells. It
was found that 14 S. typhimurium genes under the
control of at least four independent regulatory cir-
cuits were induced selectively in host macrophages.

A major advantage of using GFP is that it can be
used to label living cells and monitor them in real
time. GFP has been used in FCM studies to monitor
promoter strength by in vivo analysis of mycobacte-
ria in macrophages containing GFP transcriptional
fusions. Dhandayuthapani et al. (51) examined the
possibility of using the GFP-based fluorescence to
sort bacterial cells from macrophages according to
their GFP expression level. They found that enrich-
ment of those bacteria containing plasmids with ac-
tive transcriptional fusions was possible when the
ratio of GFP-expressing to nonexpressing bacterial
cells was 1:1000. In these investigations it was nec-
essary to homogenize mycobacterial clumps and the
fluorescence data were gated by forward-angle light
scatter, pulse height, and pulse width; only the
smallest particles were analyzed for fluorescence in-
tensity. FCM analysis revealed distinct distribu-
tions of activities in mycobacterial cell populations,
with the ranges depending on the type of promoter.
For example, little cell-to-cell variation was found
with a GFP transcriptional fusion to the hsp60 pro-
moter, whereas the mtrA promoter showed a wide
range of fluorescence intensities.

Barker et al. (52) overcame problems associated
with isolating a mixed population of organisms from
intact macrophages by using FACS to isolate mac-
rophage vesicles rather than intact macrophages.
They identified 12 clones from GFP fusions contain-
ing mycobacterial promoter constructs differentially
expressed in the macrophage.

Many GFP variants have been improved for use in
eukaryotic cells but are less satisfactory for pro-
karyotes, especially where weak promoters are be-
ing studied. A GFP cloning cassette (green TIR)
specifically designed for prokaryotic transcriptional
fusions and containing the S65T “red-shift” and
F64L “protein solubility” mutations has been devel-
oped to overcome this limitation (53). The modified
ofp gene, flanked by convenient restriction sites and
appropriate prokaryotic expression sequences, is re-
ported to fluoresce 40- to 80-fold more intensely than
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the wild-type GFP. The need to develop specific plas-
mid constructs for diverse groups of bacteria has
also limited the widespread application of GFP in
microbiological investigations. Moreover, plasmid-
based reporters generally require antibiotic selec-
tion and can cause problems with multicopy effects.
Single-copy chromosomally integrated reporters of
gene expression are more appropriate as they main-
tain the native promoter environment. Such report-
ers can be constructed rationally by recombination
using available sequence information or randomly,
using transposons. lacZ and GFP-based mini-Tn5
reporters (54, 55) are available for creating mutant
libraries in a wide range of gram-negative bacteria
and these can be utilized in FACS to isolate condi-
tionally expressed genes for further investigation.

Enzymatic transcriptional reporters are ex-
tremely sensitive because the catalysis of a large
number of nonfluorescent precursors to fluorescent
products amplifies the original expression signal. In
contrast each GFP molecule produces at most one
fluorophore and the limit of detection is therefore
lower. However, because of its intrinsic fluorescence,
stability, small size, and the lack of requirement for
substrates, GFP is ideal for making in-frame fusions
both to the amino and to the carboxy termini result-
ing in chimeric proteins and this is where it has
found widest application (48). The persistence of
GFP (with a half-life usually in excess of 24 h) may
be an advantage in some cases, particularly in pro-
tein localization studies. However, in microbiologi-
cal FCM applications this is of less significance and
where transient gene expression is being monitored
it may actually be a hindrance. Andersen et al. (56)
have developed unstable variants of GFP for real-
time analysis of temporal gene expression by the
addition of short peptide sequences to the
C-terminal end of intact GFP. This renders the mod-
ified protein susceptible to the action of endogenous
housekeeping proteases and reduces the protein
half-life to as little as 40 min.

The success of directed molecular evolution of
GFP to produce variants with novel properties that
can be isolated by FACS provides an excellent model
for evolving other proteins. DNA shuffling is techni-
cally simple in bacteria and the combination of this
technique with high-throughput screening and
FACS-based enrichment has great potential for op-
timizing commercially important enzymes for which
there are no selection methods currently available

(57). Advances in FRET (fluorescence resonance en-
ergy transfer) technology enables GFP variants to be
used as FRET partners in investigating protein—
protein interactions, opening up a range of screening
possibilities for molecules capable of inhibiting the
activities of important proteins. The development of
new types of fluorescence proteins as secondary flu-
orophores in FRET, LRET (luminescence RET) (58),
and BRET (bioluminescence RET) (59) pairs will be
of particular significance in extending the range of
combinations available for FCM multiparametric
analysis in microorganisms.

In considering the use of FACS for microbial anal-
ysis it is important to note that it is essentially a
serial technique. As such, although it is ideal for
selecting, sorting, and enriching cells and has the
advantages of being rapid (100-10,000+ cells may
be analyzed in 1 s) and multiparametric, at present
the technique is not well adapted to the demands of
high-throughput screening. For screening of a large
number of isolates a parallel sample processing
technique that could be performed in a 96-well mi-
crotiter plate would generally be more rapid and less
labor intensive.

CONCLUDING REMARKS

Traditionally, analysis of microorganisms has
been outside of the mainstream of flow cytometric
studies and is often regarded as a niche area with
fairly esoteric applications. However, the microbial
world is extremely diverse, incorporating single-cell
and multicellular prokaryotes and eukaryotes. Dif-
ferent strategies for staining and cell sorting must
be adopted for different species of bacteria, yeast,
and fungi and their various states (e.g., spores).
While FCM has many advantages for the microbiol-
ogist the main barriers to its widespread usage have
been the expense and complexity of the equipment
and the fact that many of the methodologies and
staining techniques have been designed principally
for studies on mammalian cells. However, the devel-
opment of new fluorescent stains appropriate for use
with microorganisms and technological advances
leading to reasonably priced flow cytometers capable
of multiparametric detection and cell sorting will
soon make FCM and FACS suitable for widespread
use by microbiologists.
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FCM and FACS have considerable potential for
application in the evolution of microbial strains and
recombinant proteins by classical and modern mu-
tagenic methods. The development of altered green
fluorescent proteins (in some cases evolved by
FACS), in addition to being an excellent model sys-
tem for development of novel enzymes, is ideal for
multiparametric analysis of the complex regulation
of gene expression in microbes. The potential of the
combination of FACS and fluorescent proteins in
investigating host—pathogen interactions and the
importance of cell heterogeneity is only just being
realized.
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