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The green fluorescent protein (GFP) gene, gfp, of the jellyfish Aequorea victoria is being used as a reporter
system for gene expression and as a marker for tracking prokaryotes and eukaryotes. Cells that have been
genetically altered with the gfp gene produce a protein that fluoresces when it is excited by UV light. This
unique phenotype allows gfp-tagged cells to be specifically monitored by nondestructive means. In this study we
determined whether a gfp-tagged strain of Pseudomonas fluorescens continued to fluoresce under conditions
under which the cells were starved, viable but nonculturable (VBNC), or dead. Epifluorescent microscopy, flow
cytometry, and spectrofluorometry were used to measure fluorescence intensity in starved, VBNC, and dead or
dying cells. Results obtained by using flow cytometry indicated that microcosms containing VBNC cells, which
were obtained by incubation under stress conditions (starvation at 37.5°C), fluoresced at an intensity that was
at least 80% of the intensity of nonstressed cultures. Similarly, microcosms containing starved cells incubated
at 5 and 30°C had fluorescence intensities that were 90 to 110% of the intensity of nonstressed cells. VBNC cells
remained fluorescent during the entire 6-month incubation period. In addition, cells starved at 5 or 30°C
remained fluorescent for at least 11 months. Treatment of the cells with UV light or incubation at 39 or 50°C
resulted in a loss of GFP from the cells. There was a strong correlation between cell death and leakage of GFP
from the cells, although the extent of leakage varied depending on the treatment. Most dead cells were not GFP
fluorescent, but a small proportion of the dead cells retained some GFP at a lower concentration than the
concentration in live cells. Our results suggest that gfp-tagged cells remain fluorescent following starvation and
entry into the VBNC state but that fluorescence is lost when the cells die, presumably because membrane
integrity is lost.

Increasingly, genetically modified microorganisms (GMMs)
are being engineered for specific environmental applications,
such as plant growth promotion, insect or plant pathogen con-
trol, and bioremediation. The release of GMMs must be reg-
ulated to minimize potentially hazardous consequences. Envi-
ronmental concerns include dispersal from the release site, the
effect on the indigenous microbial population, and the poten-
tial for gene transfer (7). Due to the large number of micro-
organisms found in natural samples, it would be difficult to
distinguish GMMs from the indigenous population by tradi-
tional identification methods. For these reasons molecular
marker systems and detection methods have been developed
(9, 10, 11, 15).

The ideal marker system should enable detection and quan-
tification of specific organisms and provide an indication of
their viability. It should also confer a unique characteristic that
is both simple and inexpensive to detect. Some marker systems
currently in use include antibiotic resistance genes, genes en-
coding luciferase enzymes (e.g., luxAB) that provide a biolu-
minescent phenotype, and genes encoding metabolic enzymes
(e.g., lacZY) that allow marked cells to be distinguished after a
substrate is converted to a colored or chemiluminescent prod-
uct (9, 10). One disadvantage of some marker systems is the

natural occurrence of the phenotype in the indigenous micro-
bial population. For example, Lac1 bacterial cells are often
found in habitats such as soil (6). Another problem with many
markers is a requirement for a particular substrate. For exam-
ple, when luxAB genes are used to mark cells, an aldehyde
substrate is required for bioluminescence to be observed. It is
possible to use the entire lux operon for marking cells to avoid
this dependence on substrate addition, but the requirement for
substrate synthesis places an energy burden on the cells (5).
Luciferase markers are also dependent on oxygen and cellular
energy reserves for the luciferase energy reaction. However,
bacterial cells are often starved in nature when energy re-
sources are limited and cannot be detected by bioluminescence
assays. These limitations have prompted the development of
new markers.

Currently, there is great interest in the gfp gene as a poten-
tial marker for tracking and visualizing bacteria in environmen-
tal samples. This gene, which is found naturally in the jellyfish
Aequorea victoria, encodes the green fluorescent protein (GFP)
(3). In A. victoria, GFP is activated by oxygen-dependent en-
ergy transfer between aequorin and GFP. In the absence of
aequorin, GFP emits green light at 508 nm when it is excited
with UV light at 396 nm (3). Several GFP mutants have been
constructed with altered fluorescence properties; one of these
is the P11 mutant, which has enhanced fluorescence and a
red-shifted excitation wavelength (8).

Introduction of the gfp gene into a cell results in fluores-
cence that does not require any substrates, is not species spe-
cific, and can be detected by nondestructive means (3). The
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only thing required of the host cell is gene expression. Once
GFP is synthesized and the posttranslational modifications (cy-
clization and oxidation) take place, the tagged cell is fluores-
cent as long as the protein is maintained. One copy of gfp
inserted into the chromosome is sufficient to detect fluorescing
cells by flow cytometry (23), but greater fluorescence intensity
is achieved when two copies of gfp are present in the chromo-
some (24).

One concern with the use of GFP as a marker during release
studies is the extreme stability of the GFP protein (21). A
possible consequence of this stability is that tagged cells might
remain fluorescent regardless of viability. If this is the case, the
presence of the phenotype would not be an indication that
viable cells are present. On the other hand, during a stress
response (for example, a nutrient starvation response) cells
synthesize proteases that are known to degrade some existing
proteins in order to obtain energy and amino acids for essential
protein synthesis (16). Thus, GFP may be degraded by pro-
teases. For temporal studies of gene expression in environmen-
tal samples, unstable GFP variants have been constructed
which are more susceptible to such cellular proteases (1). Al-
tered stability has been obtained by adding a protease-specific
peptide sequence to the GFP which results in degradation of
GFP.

One situation that has a profound effect on bacterial cells is
the viable-but-nonculturable (VBNC) state. This state occurs
when a cell is not able to grow on media normally used for
growth but remains viable (18). The VBNC state has been
found largely in gram-negative organisms, and Vibrio vulnificus
is the best-studied organism (18). The inducing conditions vary
from organism to organism, but all of them appear to be
normal environmental stresses. In the case of V. vulnificus, low
temperature (,10°C) has been shown to induce the VBNC
state (26). Other examples of stresses include high tempera-
ture and nutrient depletion.

In previous studies workers found that gfp-tagged pseudo-
monads remained fluorescent during long-term starvation (23,
25). However, the number of culturable bacteria declined dur-
ing starvation (25). The question remains whether the higher
number of GFP-containing cells enumerated by flow cytometry
compared to colonies grown on agar medium is due to count-
ing of GFP fluorescent VBNC cells or if dead cells are fluo-
rescent and are enumerated by flow cytometry.

The aim of this study was to determine whether a gfp-tagged
strain of Pseudomonas fluorescens is fluorescent during starva-
tion and entry into a VBNC state. Also, we wanted to deter-
mine whether GFP fluorescence of cells is linked to cell via-
bility. Such information is necessary in order to judge the
usefulness of GFP as a marker for cells in environmental
samples.

MATERIALS AND METHODS

Bacterial strains and growth conditions. P. fluorescens A506, wt (14), and
A506::gfp2 (24) were used in the experiments described below. Strain A506::gfp2
was chromosomally marked with two copies of the mutant gfp gene, P11 (8),
which results in fluorescence intensity that is greater than that of wild-type GFP
(24). P11 emits light at 502 nm when it is excited at 471 nm (8). The pseudo-
monads were routinely grown in Luria broth (LB) at 30°C. Kanamycin (50 mg/ml)
was added to the A506::gfp2 culture medium.

Microcosm preparation. Log-phase cells were grown in LB, diluted in phos-
phate-buffered saline (PBS), and inoculated into PBS to obtain microcosms
containing ca. 106 CFU/ml. One-hundred-milliliter microcosms were prepared in
125-ml plastic, screw-cap flasks and maintained under static conditions. The
microcosms were incubated at 5, 30, or 37.5°C, and the cells were starved at all
three temperatures. A temperature of 37.5°C was chosen since it been shown
previously that this temperature places P. fluorescens cells in the VBNC state
(19).

Culturability assays. The culturability of cells was determined by plating
dilutions of microcosm samples onto Luria agar (LA). A microcosm was said to

be nonculturable when there was less than 0.1 CFU/ml, as determined by a lack
of growth after a 10-ml microcosm sample was filtered through a 0.22-mm-pore-
size filter (Poretics, Livermore, Calif.) and the filter was placed on LA and
incubated at 30°C for 2 days. Cell viability was determined as described below to
distinguish nonculturable cells from dead cells.

Viability assays. Viability assays were performed by using 5-cyano-2,3-ditolyl
tetrazolium chloride (CTC), which fluoresces red when it is reduced by an active
electron transport chain (22). A 1-ml sample of cells from one of the microcosms
described above was incubated overnight in 500 ml of a 8 mM CTC solution (final
concentration, 3 mM). This was followed by incubation for at least 30 min in 50
ml of a 1-mg/ml 4,6-diamidino-2-phenylindole (DAPI) working solution, which
was used as a counterstain for microscopic determinations of total numbers of
cells. After staining, the cells were collected by filtration on black polycarbonate
filters (pore size, 0.2 mm; diameter, 25 mm; Poretics). An epifluorescence mi-
croscope (series BH2; Olympus) was used to determine the viable cell counts and
total cell counts. The percentage of viable cells in the population was then
determined.

Flow cytometry. For some experiments, samples were analyzed with a Becton
Dickinson model FACStar Plus flow cytometer equipped with a 100-mW air-
cooled argon ion laser (488 nm) by using LYSYS II software. Fluorescence
compensation was performed by using Becton Dickinson CaliBRITE beads as
directed by the manufacturer. Green fluorescence emission at wavelengths be-
tween 515 and 545 nm was collected with a photomultiplier tube (type FL1 PMT)
by using a type DF530/30 bandpass filter. Forward angle light scatter (FSC) was
collected by using a type BP488/10 bandpass filter. The FSC neutral-density filter
was removed before the bacteria were analyzed. Stabilized isotonic saline was
used as the sheath fluid, and a sterile 0.2-mm-pore-size filter was piggybacked
onto the sheath line. All of the cultures that were analyzed were fixed with 50 ml
of 37% formaldehyde, since this concentration of formaldehyde has been shown
previously to have no adverse effect on GFP fluorescence (13). After fixation, the
samples were washed once in PBS and then resuspended in 1 ml of PBS. The
threshold trigger was set to FL1 (green) fluorescence, and the FSC and side angle
light scatter (SSC) amp gains were set to LOG. The instrument voltage values for
SSC, FL1, and FL2 (orange-red fluorescence) were initially set at 400, 400, and
600 V, respectively, and then were optimized for log-phase gfp-tagged P. fluore-
scens. For each cell sample run, data for 10,000 events were collected. Log-phase
cells of gfp-tagged and nontagged strains were used as positive and negative
controls, respectively. The fluorescence of the gfp-tagged stressed cells was com-
pared to the maximum fluorescence and the baseline fluorescence by using the
mean fluorescence channel number. It should be noted that only the fluorescence
of GFP present in intact cells is detected by flow cytometry; any GFP lost to the
surrounding medium is not detected.

P. fluorescens A506::gfp2 cells treated with heat (see below) were analyzed with
a model FACScalibur flow cytometer equipped with a 15-mW air-cooled argon
ion laser (488 nm) as the excitation source. For each measurement, data for
10,000 events were collected. Green fluorescence at wavelengths of 500 to 550
nm was detected with a fluorescence detector set at a photomultiplier tube
voltage of 600 V with logarithmic gain. FSC was collected by using a diode with
an amplification factor of 10 and was processed in log gain. SSC and FL3 (red
fluorescence) were detected in log gain by using a photomultiplier tube set at 400
and 600 V, respectively. Propidium iodide (PI)- and CTC-stained cells were
detected with the FL3 detector. The fluorescence intensity of the cells was
expressed as the geometric mean (G-mean), which was defined as follows:
G-mean 5 10SlogX(i)/n, where X(i) is the channel or linear value for the ith event
and n is the number of events.

UV light treatment. P. fluorescens A506::gfp2 log-phase cells were grown in LB,
washed once, and resuspended in 10 ml of PBS. A 1-ml sample was removed and
fixed with 50 ml of 37% formaldehyde. The remaining 9 ml was transferred to a
sterile petri dish and exposed to 245-nm UV light for 5 min. After exposure, cell
death was confirmed by a lack of growth on LA. Furthermore, previous studies
(unpublished data) performed in our laboratory indicated that cells treated with
UV in this way exhibited no detectable response to CTC staining (i.e., were not
viable). Samples (1 ml) were removed, fixed, and centrifuged, and the superna-
tants were removed. The dead cells were resuspended in PBS, and the fluores-
cence intensities of both the supernatant and the cells were determined by
spectrofluorometry performed with a Hitachi model F-2500 fluorescence spec-
trophotometer. The parameters used were as follows: excitation wavelength, 471
nm; emission wavelength, 502 nm; 700 V; slit width, 10 nm. Log-phase cells of P.
fluorescens A506 were incubated for 30 min at 25°C in the supernatant removed
at each time point. The fluorescence intensity was measured by flow cytometry.
Samples (1 ml) were prepared for flow cytometric analysis as described above.

In a separate experiment, the effect of UV treatment on P. fluorescens
A506::gfp2 cell size, shape, and fluorescence properties was determined. The
cells were washed, resuspended in 0.9% NaCl, treated with short-wavelength UV
light for 60 min, and then left at room temperature for 70.5 h. Then 1-ml portions
were removed, washed, and resuspended in a solution containing 1 ml of 0.9%
NaCl and 2 ml of 20 mM PI before analysis with the FACScalibur flow cytometer.
PI can be used as a stain for dead cells because viable cells exclude the stain (17).

Heat treatment. P. fluorescens A506::gfp2 cells were grown to the early sta-
tionary phase in LB, washed once, and resuspended in 0.9% NaCl. The culture
was divided into 4-ml portions and then heat treated at 50°C for 0 to 30 min or
at 39°C for 0 to 5 h. After heat treatment the cell preparations were divided into
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1-ml portions and centrifuged, and the supernatants were saved for analysis by
spectrofluorometry. The cells were resuspended in either a solution containing
535 ml of 5 mM CTC and 465 ml of 0.9% NaCl, a solution containing 1 ml of 0.9%
NaCl and 2 ml of 20 mM PI, or 1 ml of 0.9% NaCl (to count GFP fluorescent cells
and CFU). For CFU enumeration the cells were diluted and plated onto LA
supplemented with 50 mg of kanamycin per ml. GFP fluorescent cells and PI-
stained cells were examined by flow cytometry. CTC-stained cells were incubated
overnight at room temperature in the dark prior to flow cytometric analysis as
this was found to result in optimum fluorescence. An analysis of the supernatant
for leakage of GFP from the cells during heat treatment was performed by using
a model LS50B spectrofluorometer (Perkin-Elmer, Beaconsfield, United King-
dom) set to excitation at a wavelength of 471 nm and emission at a wavelength
of 502 nm. Before analysis, the supernatant was filtered through a 0.22-mm-pore-
size sterile filter to remove any remaining cells.

RESULTS

Starvation and entry into the VBNC state. After incubation
at 37.5°C under starvation conditions for 15 days, both P.
fluorescens A506::gfp2 and wild-type strain A506 were noncul-
turable (Fig. 1). However, viability assays performed with these
cells after 21 days indicated that at least 1% (gfp-tagged) or 3%
(nontagged) of the total cell populations (as determined by
DAPI staining) were viable. In contrast, both gfp-tagged and
wild-type cells incubated in microcosms at 5 or 30°C remained
culturable, and the cell concentrations were between 108 and
109 CFU/ml during the 21-day study period (Fig. 1). Since the
results showed that the responses of wild-type and tagged cells
were the same, there was no apparent adverse effect on sur-
vival due to the presence of two copies of the gfp gene in the
chromosome.

Fluorescence intensity. The fluorescence intensities of both
starved and VBNC cells remained at levels that allowed de-
tection of the cells by flow cytometry (Fig. 2). Throughout this
study the fluorescence intensity of P. fluorescens A506::gfp2 at
37.5°C was more than 80% of the fluorescence intensity of the
same strain in the log phase. The fluorescence intensity of
starved cells incubated at 30°C never dropped below 90% of
the fluorescence intensity of the tagged log-phase cells, while
the fluorescence intensity of starved cells incubated at 5°C
remained between 90 and 110% of the fluorescence intensity
of the tagged log-phase cells.

Fluorescence following UV light treatment. UV light was
used to kill gfp-tagged log-phase cells. The fluorescence inten-
sity of the population, as determined by spectrofluorometry,

decreased when cells died (Fig. 3), while the fluorescence in-
tensity of the supernatant increased. Within 10 h following
exposure to UV light, the fluorescence intensity of the super-
natant surpassed that of the cells. This indicates that rather
than being degraded, intact GFP was released from the cells
into the surrounding environment. Although the supernatant
became increasingly fluorescent with time, incubation of non-
tagged P. fluorescens cells in the fluorescent supernatant did
not result in the cells becoming fluorescent (results not shown).

Fluorescence following heat treatment. During incubation at
50°C, the number of GFP fluorescent P. fluorescens A506 cells
(Fig. 4) decreased at a rate that paralleled the loss of cultur-
ability (as determined by CFU) and viability (as determined by
CTC). A corresponding increase in the number of PI-stained
(dead) cells was observed. Therefore, in this experiment there
was a clear distinction between living cells that were still GFP
fluorescent and dead cells that had lost the ability to fluoresce.

In a separate experiment, release of GFP from the cells
during heat treatment at 50°C was studied in more detail (Ta-
ble 1). The number of PI-stained cells was highly negatively
correlated with the number of GFP fluorescent cells (r 5
20.99), indicating that most dead cells were no longer fluores-
cent. Also, there was a very high positive correlation between

FIG. 1. Culturability of P. fluorescens A506 and A506::gfp2 under starvation
conditions at different incubation temperatures. Symbols: ■, A506 at 5°C; F,
A506 at 30°C; h, A506::gfp2 at 5°C; E, A506::gfp2 at 30°C; Œ, A506 at 37.5°C; ‚,
A506::gfp2 at 37.5°C. The results shown are the results of single trials, but the
same trends were observed in four replicate experiments.

FIG. 2. GFP fluorescence intensity of starved and VBNC cells. Samples (1
ml) were removed from microcosms, fixed, and analyzed by flow cytometry. The
results shown are the results of single trials, but the same trends were observed
in four replicate experiments.

FIG. 3. GFP fluorescence intensity of P. fluorescens A506::gfp2 cells (E) and
culture supernatant (h) following UV treatment (wavelength, 245 nm) for 5 min.
The fluorescence of nontagged P. fluorescens A506 (‚) was used as the baseline
fluorescence. This experiment was repeated five times, and the same trend was
observed in each experiment. The fluorescence intensity of the cells shown is the
average for the whole bacterial population.
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the number of PI-stained cells and the release of GFP from the
cells (as determined by spectrofluorometry) (r 5 0.99). During
treatment a small proportion of the PI-stained cells retained
GFP fluorescence, and this proportion decreased during the
treatment (Table 1). The GFP fluorescence intensities (G-
mean values) of both live cells and fluorescent PI-stained cells
decreased during treatment, indicating that both types of cells
leaked GFP (Table 1). However, the fluorescence intensity of
PI-stained cells that retained GFP fluorescence was always
lower than the fluorescence intensity of cells that were not
stained with PI, indicating that more GFP was lost from dead
or dying cells (Table 1).

When cells were gently heat treated at 39°C, fewer cells were
stained with PI compared to cells that were heat treated at
50°C (Table 1). Also, the total number of GFP fluorescent cells

did not decrease as markedly at 39°C as at 50°C. Still, there was
a high correlation between the number of PI-stained cells and
the release of GFP from the cells (r 5 0.95). By contrast, there
was significantly less negative correlation between the number
of PI-stained cells and the number of GFP fluorescent cells
than at 50°C, indicating that more PI-stained cells retained
GFP fluorescence (r 5 0.55). This was confirmed by calculating
the proportion of dead cells that were also GFP fluorescent,
which was higher after heat treatment at 39°C than after heat
treatment at 50°C (Table 1). It is important to note that even
if a portion of the dead cells retained GFP fluorescence after
heat treatment at either temperature, the majority of the cells
lost GFP fluorescence.

Comparison of the effects of UV light and 50°C heat treat-
ments on cell parameters. UV light treatment resulted in
changes in the size and shape of the cells (Fig. 5A). At 70.5 h
after UV light treatment the GFP fluorescence intensity prop-
erties (FL1) had changed, and the proportion of cells with low
fluorescence intensity was larger (Fig. 5A). The PI-stained cells
also exhibited great variation in fluorescence intensity (FL3)
after UV light treatment (Fig. 5A). This variation might have
been due to dying cells that excluded the PI stain to a greater
extent than completely dead cells excluded it.

After heat treatment at 50°C, there was a more drastic de-
crease in the GFP fluorescence intensity (FL1) of the cells
compared to the UV light treatment, and there was a corre-
sponding increase in the number of strongly PI-stained cells
(Fig. 5B). However, the cell size and shape did not change as
dramatically as they changed following UV treatment, as dem-
onstrated by analysis of the FSC and SSC properties of the
cells (Fig. 5B).

DISCUSSION
In this study, a combination of GFP tagging and different

viability assays provided detailed information about the status
of P. fluorescens A506 cell populations under various condi-
tions. One problem with the use of viability stains alone is that
they are not equally effective under all conditions but depend
on the growth phase of the culture, the staining time, dye

TABLE 1. Effect of heat treatment on P. fluorescens cell viability and GFP fluorescencea

Cell treatment
GFP total cell concn

(cells ml21)b
G-mean for

GFP total cellsc
PI-stained cell concn

(cells ml21)d
G-mean for

PI1GFP cellse
% PI1GFP cellsh

(PI-stained cells)
G-mean for

GFP-PI cellsf
GFP increase

for supernatantgTemp
(0°C) Time

50 0 min 3.95 3 109 3.01 1.53 3 107 2.36 31.76 3.02 0
5 min 2.76 3 109 2.09 1.56 3 108 2.01 29.25 2.07 743

10 min 1.91 3 109 1.99 7.65 3 108 1.86 16.01 2.04 1,808
15 min 1.16 3 109 1.86 1.96 3 109 1.67 10.37 1.95 3,268
20 min 7.09 3 108 1.75 2.19 3 109 1.60 7.03 1.90 3,863
30 min 5.01 3 108 1.65 2.52 3 109 1.57 6.33 1.84 4,140

39 0 h 1.65 3 109 3.38 8.75 3 106 2.48 47.51 3.41 0
1 h 1.76 3 109 2.47 3.90 3 107 2.03 26.56 2.48 539
2 h 1.76 3 109 2.46 4.70 3 107 2.00 22.75 2.50 667
3 h 1.57 3 109 2.45 4.75 3 107 2.07 27.54 2.50 717
4 h 1.81 3 109 2.45 5.14 3 107 2.07 24.59 2.50 839
5 h 2.00 3 109 2.48 5.85 3 107 2.09 25.36 2.50 1,256

a The data are averages based on duplicate samples.
b Concentration of GFP fluorescent cells as determined by flow cytometry.
c Geometric mean fluorescence intensity of the cell population gated by flow cytometry.
d Concentration of PI-stained cells (dead cells) as determined by flow cytometry (dead cells).
e PI1GFP cells, GFP fluorescent cells gated by flow cytometry that were also stained with PI (dead fluorescent cells).
f GFP2PI cells, GFP-stained cells gated by flow cytometry that were not stained with PI (live fluorescent cells).
g Relative increase in GFP fluorescence intensity compared to an untreated control culture, expressed as a percentage.
h See Table 1.

FIG. 4. Effect of heat killing on GFP fluorescence following a 30-min expo-
sure of P. fluorescens A506::gfp2 cells to 50°C. Symbols: E, total number of GFP
fluorescent cells; ‚, culturable cell count; h, number of viable cells as deter-
mined by using CTC; {, number of dead cells as determined by using PI. This
experiment was performed in duplicate, and the results shown are averages.
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uptake, etc. (12, 20). Also, a given stain depends on functioning
or lack of functioning of certain cellular parameters that are
considered necessary for cell viability, such as membrane in-
tegrity or membrane potential (12). As a result, depending on
the stain used to determine viability, different results may be
obtained. Therefore, a combination of viability stains with a
stable marker (GFP) is an option for more accurate determi-
nation of cell viability.

As we have previously observed, the total counts of gfp-
tagged P. fluorescens cells remain at relatively high levels dur-
ing long-term starvation (23, 25). In the present study, when P.
fluorescens A506::gfp2 cells were incubated at 37.5°C under
starvation conditions, about 104 cells/ml remained viable in the
population, although the number of culturable cells dropped
below the level of detection (,0.1 CFU/ml). In contrast, in-
creases in cell number were observed initially for microcosms
incubated under starvation conditions at 5 and 30°C, before
each population reached a plateau. Such growth may have
been due to utilization of the residual nutrients present in the
microcosms or to the reductive division normally seen in a
starved population (18). It is important to note that the gfp-
tagged strain and the nontagged strain behaved similarly under
the different incubation conditions, indicating that the pres-
ence of this gene and/or its protein product do not alter how P.
fluorescens A506 responds to these particular stresses. Similar
results have been observed in other studies (13).

In order for gfp to be used as a marker gene, GFP fluores-
cence must remain at a level that allows tagged cells to be
detected. Throughout this study, the tagged cells were easily
detected by flow cytometry, spectrofluorometry, and fluores-

cence microscopy. Cells starved at 5 and 30°C maintained their
GFP fluorescence, as measured by flow cytometry, for at least
11 months, while VBNC cells remained fluorescent for at least
6 months (data not shown). Recently, a GFP-based direct
viable count method was used to detect VBNC Salmonella
typhi cells in groundwater (4), which demonstrated that GFP
detection-based methods are applicable to other VBNC bac-
teria as well.

In a VBNC culture the majority of the cells do not appear to
be viable as determined by direct viability assays. When GFP is
used as a marker, it is not apparent whether these cells are
dead or not due to the stability of the GFP (25). After contin-
ued fluorescence of stressed cells was observed for an extended
period of time, it was necessary to determine whether there
was a difference between the stressed cells and dead cells with
regard to their fluorescence properties (i.e., whether it was
possible that fluorescent dead cells were skewing the results).

Heat treatment and UV exposure were used to kill cells
without destroying the protein. The GFP is stable at temper-
atures up to 70°C (2), and we found that fluorescence was not
bleached by the UV exposure treatments used in our experi-
ments. Therefore, GFP released into the solution remained
fluorescent after the treatments and could be quantified by
spectrofluorometry.

One problem with viability studies of cell populations is that
there is no clear definition of a dead cell. However, one pos-
sibility is to consider cells that have lost membrane integrity to
be dead (12). This is the basis for using PI staining for quan-
titation of dead cells. After heat treatment most cells com-
pletely lost GFP fluorescence (Table 1). Since these cells also

FIG. 5. Effects of UV treatment (A) and heat treatment (B) on P. fluorescens A506::gfp2 cell population size (FSC-H), shape and granularity (SSC-H), GFP
fluorescence intensity (FL1-H), and PI fluorescence intensity (FL3-H).
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were stained with PI, they were considered to be dead. How-
ever, a portion of the PI-stained cells retained their GFP flu-
orescence, especially cells treated at 39°C. The PI-stained and
GFP fluorescent cells probably represented a dying population
whose cells had slightly damaged membranes, which resulted
in the cells becoming stained with PI without losing all GFP
fluorescence. Therefore, combining GFP tagging of cells and
PI staining could provide a way not only for distinguishing
between live and dead bacterial populations but also for study-
ing damaged and dying populations.

The UV light and 50°C heat treatments affected the cell
populations in different ways (Fig. 5). Heat treatment at 50°C
for 30 min killed most of the cells, which resulted in a sharp
distinction between live and dead cells both with respect to
GFP fluorescence and PI staining (Fig. 5). UV treatment, on
the other hand, apparently killed or damaged the cells without
immediately destroying the cell membrane, since no obvious
changes in the SSC, FSC, and fluorescence properties of the
cell populations occurred immediately after the treatment (re-
sults not shown). However, when the cells were examined
70.5 h after UV treatment, the size and fluorescence properties
of the population had changed, presumably due to degradation
of the cell membranes. The gradient in the PI fluorescence
intensity of the cell population 70.5 h after treatment (Fig. 5)
is similar to the pattern which we observed previously for
starving cells (Unge and Jansson, unpublished data). We pre-
dict that in starving populations (as in nature) cell death does
not occur uniformly throughout an entire population but the
cell membrane is damaged to different extents and in different
fractions of the cell population over time. A population con-
sisting of weakly PI-stained cells after UV treatment, there-
fore, most likely consists of cells that are dying and have
slightly damaged membranes. Jepras et al. observed a similar
buildup of Escherichia coli cells with intermediate PI fluores-
cence intensity after heat treatment and speculated that this
was due to cells which had not been affected fully by the heat
treatment and into which PI had not fully entered (12).

Interestingly, there was always a clear separation between
the peak for GFP fluorescing cells and the increasing peak for
nonfluorescent background (dead) cells as observed by flow
cytometry. This could be explained if completely dead cells
lose all GFP, whereas dying cells gradually leak GFP from
increasingly permeable membranes but are still clearly fluores-
cent. At this point we cannot explain why we do not see an
entire range of fluorescence intensity in a population, as would
be the case if the cells continuously lost GFP fluorescence until
they became nonfluorescent. One explanation could be that
there is a threshold between dying cells and dead cells in terms
of membrane integrity and once that threshold is passed, the
cells rapidly leak all remaining GFP.

In conclusion, we considered PI-stained cells that had lost
GFP fluorescence dead cells, PI-stained, GFP fluorescent cells
damaged (probably dying) cells, and GFP fluorescent cells that
were not stained with PI viable cells. We found that there was
a clear relationship between cellular GFP fluorescence and
viability. Therefore, GFP can reliably be used as a marker for
detection of viable GMMs in environmental samples in which
cells are often starved or in a VBNC state.
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