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Three fluorescent nucleic acid binding dyes—propidium iodide, TO-PRO-1, and SYTOX green—were eval-
uated, and their abilities to distinguish between bacterial cells with and without an intact cytoplasmic
membrane were compared. Each dye was readily able to discriminate between healthy and permeabilized cells
of Escherichia coli, although SYTOX green showed a greater enhancement in fluorescence intensity on staining-
compromised, as opposed to healthy, cells in log-phase growth, than either PI or TO-PRO-1. Flow cytometric
analysis of E. coli stained with these dyes after exposing them to several antimicrobial agents showed that all
three dyes were able to detect antimicrobial action. Notably, however, the intensity of the cell-associated
fluorescence was related to the mechanism of action of the antimicrobial agent. Large changes in fluorescence
intensity were observed for all the dyes subsequent to -lactam antibiotic action, but smaller changes (or no
change) were seen subsequent to exposure to antimicrobials acting directly or indirectly on nucleic acid
synthesis. Furthermore, cell-associated fluorescence did not relate to loss of viability as determined by plate
counts. Despite offering much insight into antimicrobial mechanisms of action, these fundamental problems
become relevant to the development of rapid antimicrobial susceptibility tests if colony formation is used as the

standard.

Numerous fluorescent dyes have been suggested to act as
viability probes because they can detect changes in the physi-
ology or metabolism of both eukaryotic and prokaryotic cells as
discussed in the Molecular Probes handbook (Molecular
Probes Inc., Eugene, Oreg.). The behavior of such dyes has
been increasingly studied in combination with flow cytometric
techniques (1), and some have been shown to be useful tools
for evaluating the effects of antimicrobial agents when com-
bined with flow cytometry (4, 8, 10, 16, 17, 20, 21). These
techniques may detect changes in individual bacterial cells in
less than 60 min of exposure to antimicrobial agents (15, 16).
The combination of flow cytometry with such probes would
thus appear to be ideal for the development of rapid bacterial
susceptibility testing.

The bacterial cytoplasmic membrane is important in deter-
mining which molecules enter or leave the cytoplasm. A
change in the ability of the membrane to control such molec-
ular traffic may compromise the cell and its ability to survive.
Many probes used in the determination of cytoplasmic mem-
brane integrity rely on the premise that they are fluorescent
only when bound to nucleic acids. Healthy cells exclude such
probes and will not be rendered fluorescent, unlike dead or
damaged cells, which can no longer exclude dye and are there-
fore fluorescent. While propidium iodide (PI) has frequently
been used for this purpose, alternative dyes have more recently
been proposed for this role (7). To our knowledge, little or no
data exist comparing such alternative probes for their ability to
discriminate between cells in a healthy state and those dam-
aged by antimicrobial agents. This study was accordingly de-
signed to investigate the behavior of these probes in the pres-
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ence of several antimicrobial agents with different mechanisms
of action in clinically relevant concentrations.

We studied three nucleic acid binding probes—PI, TO-
PRO-1, and SYTOX green. These dyes share the properties of
being incapable of permeating (eukaryotic) cells and of fluo-
rescing subsequent to binding nucleic acids. PI is a classical
phenanthridinium intercalating dye, and TO-PRO-1 is a mo-
nomeric cyanine dye with a single cationic side chain with little
base selectivity. Although generally used as a DNA electro-
phoresis stain, it possesses the chemical characteristics neces-
sary for a viability probe (Molecular Probes handbook).
SYTOX green is also a cyanine dye and shows little base
selectivity; its advantage lies in its ability to fluoresce 1,000
times more brightly when bound to nucleic acid. It has recently
been reported as a promising and perhaps superior alternative
to PI (11, 21). There are also some reports of TO-PRO-1 and
other cyanine dye analogues being used in flow cytometric
studies (12, 13, 22). Antimicrobial agents were selected to
provide examples of various mechanisms of action from inhib-
itors of cell wall synthesis to inhibitors of protein synthesis.

MATERIALS AND METHODS

Bacterial strains, media, and antibiotics. Escherichia coli NCTC 10418 was
maintained on blood agar slopes and grown as a suspension in Iso-Sensitest broth
(filtered through a 0.2-wm-pore-size filter). Ceftazidime, chloramphenicol, cip-
rofloxacin, and rifampin were purchased as powders, and gentamicin was pur-
chased as a stock solution, 10 mg/ml in deionized water (Sigma). Stock solutions
(1 mg/ml) of the powdered antibiotics were prepared in sterile distilled water
with added ethanol, NaOH, or HCI where required for solubility. All further
dilutions were done with sterile distilled water.

Permeabilization of the cells. Aliquots (1 ml) of cells (107 CFU/ml) were
pelleted and resuspended in 70% ethanol (1 ml) for 1 h. The cells were then
washed twice in phosphate-buffered saline and finally resuspended in fresh Iso-
Sensitest broth. A further 1 ml of cells suspended in Iso-Sensitest broth was
immersed in boiling water for 10 min, washed, and resuspended in broth. Per-
meabilized cells were analyzed by flow cytometry with each dye as described
below.

MIC determination. Doubling dilutions in Iso-Sensitest broth of each antimi-
crobial agent (100 wl) was made in a 96-well round-bottom plate. Each dilution
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was inoculated with 11 ul of a 10° CFU/ml suspension (determined using Mc-
Farland standards) to give a starting bacterial concentration of 10° CFU/ml in
each well and incubated overnight at 37°C. The lowest concentration of antimi-
crobial showing no visible accumulation of cells in the bottom of the well was
considered the MIC. The MICs (in micrograms per milliliter) of the following
drugs were determined to be as indicated: ceftazidime, 0.125; chloramphenicol,
2; ciprofloxacin, 0.0075; gentamicin, 0.5; and rifampin, 8.

Susceptibility to antimicrobial agents. A 1 in 100 dilution (vol/vol) of an
overnight culture grown to stationary phase at 37°C was made in Iso-Sensitest
broth and grown to logarithmic phase (1.5 h) on a shaker (200 rpm) at 37°C. The
culture was divided into three, and antimicrobials at the MIC and 10 times the
MIC were added to two of the portions, while the final portion was used as a
control. Incubation of the cultures was continued for a further 2 h with samples
(0.5 ml) being removed at 30-min intervals. The samples were pelleted and
washed with fresh broth to remove the antimicrobial, and finally resuspended in
fresh broth. Three aliquots (108 pl) were stained with each one of the three
probes (see below), and the final aliquot was used for colony counting.

The experiments were performed on three or more separate occasions: typical
results are shown.

Viable counts. The number of CFU/ml was estimated using the technique of
Miles et al. (18). Briefly, aliquots of the serially diluted sample were placed on
nutrient agar, and colonies were counted after 24 h of incubation at 37°C.

Staining of cells. A stock solution of PI (100 pg/ml) (Sigma Chemical, Poole,
United Kingdom) was prepared in deionized water. TO-PRO-1 (1 mM) and
SYTOX green (5 mM) (both from Molecular Probes) in dimethyl sulfoxide were
diluted in Tris-HCI (10 mM) buffer to give working stock solutions of 50 pM.
Portions (12 pl) of the probe stock solutions were added to aliquots of cells (108
wl) to give a final concentration of 10 pg of PI per ml or 5 uM for both
TO-PRO-1 and SYTOX. These were incubated at room temperature for 3 to 5
min.

Flow cytometric analysis. The cell populations were analyzed on a dual-
parameter Bryte HS (Bio-Rad, Hemel Hempstead, United Kingdom) with a
xenon arc lamp as the light source. The instrument is equipped with two light
scatter detectors (<15° and >15°) and two fluorescence detectors for green and
red fluorescence (beam split at 520 nm). A fluorescein isothiocyanate filter block
with the following characteristic wavelengths was used to excite each of the dyes:
excitation, 470 to 490 nm; band stop, 510 nm; and emission, >520 nm. SYTOX
green and TO-PRO-1 were both detected by detector FL1 which detects emitted
light with wavelengths between 515 to 565 nm (green fluorescence) and PI was
detected by FL2 (red fluorescence). The detection of light by FL2 is limited by
a band-pass filter to wavelengths in excess of 565 nm. All detectors were set on
logarithmic amplification. Sample flow and sheath fluid pressure were at 1.5
ul/min and 0.7 kPa/cm?, respectively. Optical and electronic noise were elimi-
nated by setting appropriate electronic gating thresholds to both light scatter
detectors.

RESULTS

Fluorescence intensity of intact and permeabilized cells af-
ter staining. Permeabilized cells showed greater fluorescence
intensity than log-phase cultures upon staining with all three
dyes, but the enhancement in fluorescence intensity varied
between the three probes as indicated by the peak channel
number of the populations stained (Fig. 1). The fluorescence
scale is divided into 4 log orders with peak channel numbers
between 1 and 64 in the first log order, those between 65 and
128 in the second log order, and so forth. SYTOX green
showed the greatest difference in fluorescence intensity be-
tween permeabilized and log-phase cells.

Cells which had undergone alcohol fixation or heat treat-
ment were used as positive controls to enable a region of
interest to be set which equated to fluorescent positive cells.

Antibiotic susceptibility tests. (i) Viable counts. The log-
phase culture showed an increase in colony counts of 2 log
orders over a 2-h period while the suspensions treated with
gentamicin, rifampin, and ciprofloxacin at 10 times the MIC
showed between a 2 to 4 log order reduction in CFU/ml (Fig.
2). Ceftazidime caused only a small decline in CFU/ml at both
10 times the MIC and MIC (results not shown), while chlor-
amphenicol was bacteriostatic.

(ii) Changes in bacterial fluorescence. With each probe, less
than 5% of the population of cells in log-phase growth allowed
penetration of the dye, and this remained constant over 2 h.
Similarly, there was no change to the proportion of cells in the
population showing fluorescence with any dye during exposure
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FIG. 1. Peak channel numbers of untreated (a), heated (b), and ethanol-fixed
(c) cultures of E. coli stained with PI, TO-PRO-1, or SYTOX green. The symbols
represent the mean peak channel numbers calculated from six separate cell
samples from different days, and the bars indicate the coefficients of variation for
these samples.

to chloramphenicol at both its MIC and 10 times the MIC for
2 h (results not shown).

After only 1 h of exposure to 10 times the MIC of ceftazi-
dime, PI and SYTOX green rendered nearly 90% of the pop-
ulation fluorescent; TO-PRO-1, however, rendered only 40%
of the population fluorescent. This percentage doubled after
90 min of exposure (Fig. 3a). At the MIC of ceftazidime,
TO-PRO-1 also showed less cell-associated fluorescence than
the other probes at each time interval (results not shown).
Rifampin-treated cells (10 times the MIC) showed a similar
uptake of SYTOX and TO-PRO-1 over the 2-h period. With
this antibiotic, however, PI caused only approximately half the
percentage of fluorescence observed with the other two probes
(Fig. 3b). A gradual increase in the number of fluorescent cells
was observed over 2 h with all three probes in a population
treated with gentamicin (10 times the MIC), although SYTOX
tended to render a slightly higher percentage of cells fluores-

CFU/ml

Time (mins)

FIG. 2. Number of CFU for cultures of E. coli over time. Results are shown
for an untreated culture (solid line) and cultures treated at 37°C for 120 min at
10 times the MIC of ceftazidime (@), chloramphenicol (O), ciprofloxacin (OJ),
gentamicin (A), and rifampin (m).
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FIG. 3. Percentage of fluorescent E. coli cells in the presence of PI (@), TO-PRO-1 (A), and SYTOX green (m) after treatment with ceftazidime (a), rifampin (b),
gentamicin (c), and ciprofloxacin (d) all at 10 times the MIC. The solid line represents the maximum percentage of fluorescent cells stained by any of the dyes in an

untreated culture.

cent than TO-PRO-1 or PI (Fig. 3c). There was little change in
the cell-associated fluorescence for all the probes after cipro-
floxacin exposure at 10 times the MIC (Fig. 3d). In some
instances, fluorescence was slightly greater with each probe
when the population was treated with ciprofloxacin at its MIC,
but the response was variable and typically the percentage
uptake remained low (results not shown).

It was notable also that the quantity of fluorescent cells
within a population appeared to be unrelated to the changes
observed in CFUs.

(iii) Distribution of fluorescence intensity in the bacterial
population. Staining a suspension containing a mixture of per-
meabilized (fixed or heated) and log-phase cells with any of the
probes showed fluorescence within the population distributed
around two distinct narrow peaks (Fig. 4a). During treatment
with the antimicrobial agents, however, the distribution of flu-
orescence was less well defined, with some antimicrobials caus-
ing the population to distribute around two peaks while for
others the fluorescence intensity of the bacteria was distributed
around three distinct peaks (Fig. 4 and 5). Gentamicin-treated
suspensions showed fluorescence distributed around two peaks,
although the peaks were broader than those observed in the
artificially mixed population (Fig. 4b). In the case of PI and

TO-PRO-1, the peak channel number of the lower peak was
similar to that of a log-phase culture (i.e., cells in an unper-
turbed state), but with SYTOX green, this peak was shifted
slightly to the right from that of an untreated population,
suggesting that some dye was able to associate with these cells
(Fig. 5). Interestingly, for all three dyes, the cells distributed
around the higher fluorescent peak were more fluorescent than
those permeabilized by either ethanol or heat. Cells exposed to
rifampin (10 times the MIC) and ceftazidime (MIC) usually
showed three fluorescent peaks within 90 min of treatment
(Fig. 4c and e and 5) for each dye. These three peaks suggested
the population was divided between cells showing no dye up-
take, those showing uptake less than that of a permeabilized
population, and some showing fluorescence comparable to, or
in excess of, a permeabilized population. As indicated previ-
ously, uptake of the dyes in a ciprofloxacin-treated population
was minimal. After 120 min of exposure to MICs of this anti-
biotic, two peaks were nevertheless observed when the popu-
lation was stained with either SYTOX or TO-PRO-1 (Fig. 4e),
although the peak channel number of the most fluorescent
peak indicated that the cells in this peak were less fluorescent
than those in a fully permeabilized population (Fig. 5). We
observed a single peak only for a PI-stained population in the
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FIG. 4. Representative examples of fluorescence distributions (dyes shown in brackets below) from E. coli treated differently. (a) An artificially mixed population
of untreated and ethanol-fixed E. coli cells [SYTOX green] and (b to f) E. coli cells treated with 10 times the MIC of gentamicin [SYTOX] (b), 10 times the MIC of
rifampin [PI] (c), the MIC of ceftazidime [TO-PRO-1] (d), the MIC of ciprofloxacin [SYTOX] (e) and 10 times the MIC of ciprofloxacin [PI] (f) are shown.

presence of ciprofloxacin at the MIC and for all dyes at 10
times the MIC. The channel number of this peak was related to
that of an unpermeabilized population (Fig. 4f and 5).

DISCUSSION

One of the most important criteria for a rapid antimicrobial
susceptibility test is that it should be applicable to a wide
variety of clinically important organisms and relevant antimi-
crobial agents. All three probes were able to distinguish be-
tween untreated and permeabilized cell suspensions for this
gram-negative bacterial species. SYTOX green is reported to
have a >500-fold fluorescence enhancement on binding with
nucleic acids (21) and accordingly showed a larger difference
between the peak channel numbers for the untreated and per-
meabilized populations than PI, which has only a 20- to 30-fold
fluorescence enhancement on binding to its target (discussed
in the Molecular Probes handbook).

The probes are of similar molecular weights (PI, 668; SY-
TOX, 600; TO-PRO-1, 645), and they bind readily to nucleic
acids with enhancement in fluorescence normally being greater

upon binding with double-stranded DNA than with single-
stranded DNA or RNA (Molecular Probes handbook). In ad-
dition, they are all believed to show little base selectivity (7;
Molecular Probes handbook). Hence, not surprisingly after
exposure to an antimicrobial agent, the proportion of cells in
the population showing dye-associated fluorescence was simi-
lar for each probe. However, there were notable exceptions to
this, in particular the smaller percentage of cells rendered
fluorescent by PI than those of TO-PRO-1 and SYTOX in a
rifampin-treated population and the lower percentage of cefta-
zidime-exposed cells fluorescing with TO-PRO-1 compared to
the other two dyes. Bacterial efflux pumps have been associ-
ated with the removal of ethidium bromide, a molecule struc-
turally similar to PI, and this may explain the poorer staining
by PI (9). Ethidium bromide extrusion from Pseudomonas
aeruginosa has recently been used to investigate efflux pump
activity (5). Furthermore, in the case of TO-PRO-1, even when
the cytoplasmic membrane is damaged, the steric properties of
the fluorochrome may in some instances still prevent the mol-
ecule penetrating to its binding site (Molecular Probes hand-
book).
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FIG. 5. Peak channel numbers of E. coli cultures stained with PI (a), TO-PRO-1 (b), and SYTOX green (c) after treatment for 120 min with gentamicin (Gent)
(10 times the MIC), rifampin (10 times the MIC), ceftazidime (MIC), ciprofloxacin (Cipro) (MIC), and ciprofloxacin (10 times the MIC). The symbols represent the
mean peak channel numbers calculated from six separate cell samples from different days, and the bars indicate the coefficients of variation for these samples. If there
were two or three distinct peaks, the mean channel number for each of the peaks is shown.

Antimicrobial agent-related differences in both the percentage
of stained cells and the intensity of fluorescence has already
been observed by Gant et al. (4). In this study we demonstrate
that the percentage of fluorescent cells in an antibiotic-exposed
population bears no relation to the ability to form colonies. It
is possible that the extent and intensity of fluorescence within
a bacterial population after exposure to antimicrobials may not
relate entirely to the ability of a dye to penetrate and remain
within the cell. Factors other than active efflux, such as the
quantity and accessibility of intracellular binding sites, could
also influence fluorescence intensity. Alternatively, there may
be more nucleic acid per cell due to continued replication in
the absence of division. This suggestion would be consistent
with our findings of higher fluorescence intensity in some an-
tibiotic-treated populations than in populations containing
fixed cells. Finally, such mechanisms of fluorescence might be
influenced by the conformational state of nucleic acids, highly
supercoiled as opposed to more relaxed states. In this respect,
the quantum yield and wavelength emission of several other
asymetrical cyanine DNA binding dyes varies with nucleic acid
secondary structure; the use of such dyes may identify the
factors responsible for our results (Molecular Probes hand-

book). Finally, nucleic acids may leak out of the cell, causing a
reduction in the number of available dye binding sites. Some
clues as to the relative contribution of these possibilities are
provided by our results. Although the appearance of cells ex-
posed to ceftazidime and ciprofloxacin when viewed under the
microscope are similar in that they induce the formation of
filaments (2), the staining properties of cells exposed to these
two antimicrobial agents were very different. The interference
to cell wall synthesis by ceftazidime primarily by binding to the
transpeptidase enzyme PBP3 appears to have allowed the pen-
etration of the probes into both filamented and microscopically
normal cells. In contrast, neither filaments nor normal-sized
particles became highly fluorescent after exposure to cipro-
floxacin, even though quinolones are reported to induce per-
meability changes (3). In this case a reduction in the number of
binding sites could explain our results, since this antibiotic
inhibits DNA gyrase, an enzyme responsible for conforma-
tional changes in DNA. Furthermore, the bactericidal activity
of ciprofloxacin may result from the leakage of cellular con-
tents, which might include dye binding sites (3). Gentamicin
was notable in that it produced a rapid loss of viability in terms
of CFU, but there was no rapid increase in the population



VoL. 44, 2000

fluorescence intensity. Hancock (6) indicated that major dis-
ruption to the cytoplasmic membrane by aminoglycosides oc-
curs only after the lethal event that prevents cell recovery. This
is consistent with our data where dye uptake is apparent only
at the later sampling times in contrast to the immediate decline
in CFUs. Finally, the contribution of cell volume to our results
remains to be determined as Novo and colleagues suggest that
correct fluorescence values for individual cells can be obtained
only by using a ratiometric carbocyanine dye method (19).

In conclusion, this study has highlighted a number of issues
relevant to the use of non-cell-permeating nucleic acid binding
dyes for determining antimicrobial susceptibility. The major
obstacle is that the mechanism of action of the antibiotic ap-
pears to influence the degree of staining observed with dam-
aged cells, and consequently there is no easily interpretable
relationship between dye uptake and the bacteriostatic or bac-
tericidal activity of the antimicrobial agents. Furthermore, it is
not possible to predict the behavior of these dyes with other
bacterial strains until the nature and importance of the mech-
anisms discussed above have been formally elucidated. Le-
baron et al. (11) recently voiced a word of caution for using
SYTOX green, as well as other molecules with similar targets,
in assessing the viability of starved population due to the deg-
radation or modification of binding sites during the starvation
period. They suggested that similar problems may occur with
antimicrobials targeted at nucleic acid. These results support
their suspicions. We suggest that the ability of flow cytometry
to detect heterogeneous responses in apparently homogeneous
log-growth-phase cultures mitigates against the establishment
of simple decisions concerning susceptibility of antimicrobials.
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