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We have developed a method, using laser, optical tweezers and direct microscopic analysis of reproductive
potential and membrane integrity, to assess single-cell viability in a stationary-phase Escherichia coli popula-
tion. It is demonstrated here that a reduction in cell integrity, determined by using the fluorescent nucleic acid
stain propidium iodide, correlated well with a reduction in cell proliferating potential during the stationary-
phase period studied. Moreover, the same cells that exhibited reduced integrity were found to be the ones that
failed to divide upon nutrient addition. A small but significant number of the intact cells (496 of 7,466 [6.6%])
failed to replicate. In other words, we did not find evidence for the existence of a large population of intact but
nonculturable cells during the stationary-phase period studied but it is clear that reproductive ability can be
lost prior to the loss of membrane integrity. In addition, about 1% of the stationary-phase cells were able to
divide only once upon nutrient addition, and in a few cases, only one of the two cells produced by division was
able to divide a second time, indicating that localized cell deterioration, inherited by only one of the daughters,
may occur. The usefulness of the optical trapping methodology in elucidating the mechanisms involved in

stationary-phase-induced bacterial death and population heterogeneity is discussed.

Most attempts to define life emphasize three major things
necessary for something to qualify as a living organism: (i) it
must be a physically contained entity partly insulated from the
surrounding environment; (ii) it must have an autocatalytic
metabolic system; and (iii) it must demonstrate the properties
of multiplication, variation, and heredity (e.g., see reference
10). In bacteriology, the last of these aspects (i.e., the capacity
for self-replication and colony formation on nutrient agar
plates) is usually used for operational reasons in experimental
determination of cellular life and death (10). In most cases,
assessing colony-forming ability is a reliable and sufficient
method for determination of the live/dead fraction of a bacte-
rial population. However, the method is, in principle, indirect
and it has been argued that the failure of a bacterial cell to
reproduce on standard nutrient agar plates may not mean that
the cell was dead at the time of sampling; the cell could be
temporarily but reversibly nonculturable or the culturing con-
ditions could be suboptimal (10). For example, the apparent
die-off during stationary phase of Escherichia coli cells lacking
the regulator OxyR is caused by a diminished ability of these
cells to reproduce on culture plates unless plating is performed
anaerobically or on culture plates containing catalase (3). In
addition, it is known that under some conditions bacteria may
lose their capacity to form colonies while remaining physically
intact and metabolically active (see, e.g., references 9 and 12).
Such observations have led to the not-so-surprising conclusion
that bacteria can lose their reproductive ability while remain-
ing intact and metabolically functional as individuals; this type
of cell has been referred to as viable but nonculturable
(VBNO) (see, e.g., references 9 and 12). The only reason for
calling nonculturable (or more correctly, not cultured) cells
viable is, as far as we understand, that this state is reversible
(e.g., see reference 2). However, reports on true resuscitation
of VBNC cells are very rare (but see references 7, 8, 13, and
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14) and the usefulness and semantics of the VBNC concept
have been questioned (1, 2).

Another problem is that assessments of metabolic activity,
such as the often-used assays for respiration and uptake of
substrates, are not sufficient to distinguish live and dead cells,
firstly because the activity of the cells may be below the thresh-
old for detection and secondly because cells that have irrevers-
ibly lost reproductive ability may well exhibit detectable met-
abolic activity (reviewed in reference 2). For example, E. coli
minicells, which lack chromosomal DNA, would, by the crite-
rion normally used for detecting VBNC cells (9), be defined as
viable! Also, a caveat of VBNC assessment is that it relies on
comparisons between one method that is retrospective and
involves observations made at the population level (CFU enu-
meration) and another that is direct (microscopic) and involves
observations made at the individual level (metabolic activity
measurements such as respiration assays).

To overcome these obstacles, we wanted to develop a
method that would allow two independent methods for viabil-
ity assessment (one of which should be an assay of replicative
ability) to be applied on the same individual cells analyzed
under the microscope. To do this, we needed to sort, trap, and
assign coordinates to a large number of cells that subsequently
could be subjected to viability assays. This was achieved by
designing a suitable optical tweezers methodology and using it
in combination with fluorescence microscopy. With this system
at hand we determined the viability of nongrowing, stationary-
phase E. coli cells in two different ways. First, we used a
fluorescent kit (LIVE/DEAD BacLight) to score for mem-
brane integrity, and second, the same cells were analyzed un-
der the microscope with respect to their ability to reproduce
upon addition of fresh nutrients. We report here on the results
of this analysis, the details of the technology, and its potential
usefulness in stationary-phase research as well as in single cell
genetics and isolation of mutants.

MATERIALS AND METHODS

Bacteria and culturing conditions. E. coli cells were grown aerobically in
complex medium (nutrient broth) at 37°C. Samples were withdrawn during
exponential phase and during stationary phase for optical trapping and viability
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FIG. 1. Optical trapping and fluorescent microscopy setup. The Ar* laser
serves to excite the dye used in the sample, while the diode laser, which works in
the infrared region, serves as the trapping beam. By tilting mirror M3, the optical
trap can be moved in the trapping plane. Since both the trapping beam and the
beam used for excitation are directed down through the microscope objective,
only the bacteria within the field of view are excited. DL, diode laser; APP,
anamorphic prism pair; M1 to M6, mirrors; L1 to L4, lenses; DM1 to DM2,
dichroic mirrors; MO, microscope objective; S, sample; CL, condenser lens; LS,
light source; D, diffuser; FR, filter revolver; BF, blocking filter; CCD, charge-
coupled device.

assessments. The AF1000 (F~ araD139 A(argF-lac)U169 rpsL150 fibB5301 deoC1
ptsF25 rbsR) strain of E. coli was used since this strain lacks flagella which would
otherwise increase the movement of the bacteria and make optical sorting more
difficult. The AF1000 strain is MC4100 in which the rel41 allele has been crossed
out and replaced by rel4™".

Microscopic equipment. Today commercial microscopes that have optical
tweezers integrated with epifluorescent capabilities are available. The disadvan-
tage of this kind of system is that the fluorescence analysis cannot be performed
while the optical trap is in use, and the optical trap is often fixed. One of the goals
of our design was that it should be possible not only to move the optical trap but
also to use the optical tweezers and the fluorescence analysis function simulta-
neously. A condenser lens with a high numerical aperture was placed under the
microscope table along with an illumination source (Fig. 1). The specimen in the
sample was viewed through a high-numerical-aperture 100X oil immersion mi-
croscope objective and imaged by a charge-coupled device (CCD) camera (Fig.
1).

Fluorescence microscope. To excite the dyes used in the sample, the 488-nm
line of an Ar™ laser was used. The laser beam was reflected by a diffuser onto a
dichroic mirror (DM1) with a cutoff frequency of 495 nm and directed down
through the microscope objective (Fig. 1). In this way we excited only the
bacteria within the field of view. This also made it possible to use the microscope
with or without fluorescence. To view the result from the fluorescence analysis
separately, two interference filers were mounted in a filter revolver (Fig. 1). A
blocking filter was placed in front of the CCD camera to avoid any loss in
contrast caused by interference of the reflected Ar™ laser light (Fig. 1).

Optical tweezers methodology and optical trapping. To trap the bacteria in the
sample, a mirror (DM2) with a cutoff frequency of 700 nm was placed to reflect
the 836-nm trapping beam from the diode laser into the microscope objective
(Fig. 1) using an output power of 50 mW (measured between the mirror DM2
and the microscope objective [Fig. 1]). The negative lens L2 expanded the beam
so that the optical trap would be in the object plane of the microscope objective.
Lenses L3 and L4 worked together as an imaging telescope, and by tilting M3 it
was possible to make small adjustments of the trap in the trapping plane (4). An
anamorphic prism pair was used to reshape the beam from the laser diode from
an elliptical to a more circular shape. Both dichroic mirrors were designed to
allow the fluorescence to pass right through.

Direct measurement of cell viability. The fluorescent LIVE/DEAD BacLight
bacterial viability kit (Molecular Probes, Inc.) consists of two dyes: the green
fluorescent nucleic acid stain SYTO 9, which stains the nucleic acids of both
living and dead bacteria, and the traditional red fluorescent nucleic acid stain
propidium iodide, which does not enter bacteria that have intact cell membranes
and thus only stains bacteria that have damaged and leaky membranes. When
properly mixed into a bacterial suspension, live bacteria will fluoresce in green
whereas dead bacteria will fluoresce in red. The two solid-phase components of
the LIVE/DEAD BacLight kit (L-13152) were mixed together in 5 ml of distilled
H,O. A diluted bacterial suspension and the LIVE/DEAD BacLight solution
were then mixed together in equal volumes and incubated in the dark for 30 min.
For the frozen solution of LIVE/DEAD BacLight (L-7012), 1.5 pl each of the
two components (3.34 mM SYTO 9 and 20 mM propidium iodide (PT), both in
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FIG. 2. Doubling time of E. coli bacteria at room temperature as a function
of the output power of the trapping diode laser. The bacteria were held with the
optical trap in the nutrient broth (NB) complex medium. For each data point,
1,000 cells were analyzed. The doubling time is an average for four generations
studied directly under the microscope.

anhydrous dimethyl sulfoxide) were mixed together with 1 ml of bacterial sus-
pension (4.5 X 10” cells/ml). The solution was mixed thoroughly and incubated
for 30 min. The rest of the solution was used to make a series of dilutions to
determine the number of CFU per milliliter and to confirm the optical density
with our reference. A small sample of the LIVE/DEAD BacLight bacterial
solution was then placed on a Thoma counting chamber. The counting chamber
consisted of two sets of grids, each containing 256 squares divided by small lines;
each square was 0.015 by 0.015 mm. The counting chamber was placed under the
microscope objective. With the help of the optical tweezers, bacteria were moved
and placed in ordered arrays of 500 cells per experimental cycle on the glass
surface of the counting chamber. Nonflagellated E. coli cells were efficiently
trapped and positioned by this method. The position of each bacterium was
recorded, and, by using the green or red fluorescence signals after LIVE/DEAD
BacLight staining, each bacterium was marked as damaged or intact. The repro-
ductive ability of the same individuals was then analyzed by determining their
ability to divide upon addition of fresh nutrients (fresh complex medium was
added to the cell suspension in a 200/1 ratio). To qualify as viable, we required
the individual cell to go through at least two divisions. The fresh medium was
allowed to enter the chamber by capillary forces, and this did not affect the
positioning of cells in the array. The total time required from sampling of the
bacteria until a cell array had been formed took about 15 min. Typically, the cells
were allowed 3 h to respond to the added medium and the viability reading and
recording required an additional 30 min. Thus, collecting viability data for 500
cells requires about 4 h at the present manual operation of optical trapping.

RESULTS

Trapping laser light and LIVE/DEAD BacLight dyes do not
damage bacteria. If a bacterium trapped by the optical tweez-
ers were to absorb energy at a level corresponding to the
wavelength of the trapping beam it would very quickly be
damaged. It was therefore of utmost importance to first eluci-
date the effects of the trapping laser beam on the bacterial cell.
Thus, we elucidated the effects of changing the output power
of the trapping diode laser on the bacterial viability and dou-
bling time studied directly under the microscope. As seen in
Fig. 2, the doubling time of the bacteria remained constant
when the output power of the infrared trapping laser was
changed. In fact, an output power of 2 W does not affect the
plating efficiency of the E. coli cells used (not shown). In this
work, we subsequently used an output power of 50 mW in the
experiments. In addition, we determined the doubling time as
a function of output power for the trapping beam also in the
presence of both fluorescent dyes and we concluded that nei-
ther the laser nor the dyes affected the bacteria to the extent
that the doubling time was reduced (Table 1).
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TABLE 1. Analysis of reproductive ability and doubling time after
staining with fluorescent dyes and/or optical trapping with exciting
laser light?

Exciting laser No. (%) of bacteria Doubling time

Fluorescent dye

light able to divide (min)
None No 100 48
None Yes 93 (=5) 47
PI + SYTO 9 No 90 (£5) 52
PI + SYTO 9 Yes 97 (=) 49

“ The nontreated cell culture was used as a control and was assigned the value
100% viability. For each data point, 1,000 cells were analyzed. Doubling time was
measured for four generations of optically trapped cells. Values in parentheses
are standard deviations.

Comparison of plate counts and direct viability assessment
in exponential-phase and in stationary-phase cultures. To de-
termine cell viability we wanted to apply two independent
methods applied directly on individual single cells studied un-
der the microscope. One method made use of the commer-
cially available LIVE/DEAD BacLight kit which includes
stains to determine whether cells that appear to be intact under
standard light or phase-contrast microscopes in fact have dam-
aged and leaky membranes. The other viability assessment
selected was a direct analysis of reproductive ability on the
single-cell level. This is, in principle, a new version of the
microscopic slide-culture technique (11), but with the help of
laser tweezers we were able to keep the cells in broth condi-
tions and avoid the use of surface growth to score for repro-
ductive ability. In addition, the laser technology allowed us to
trap and organize the cells in certain patterns that could be
analyzed for extended periods of time. By using the two meth-
ods of viability assessment, we first established that the meth-
ods gave results similar to those obtained with the standard
CFU assessment for a culture growing in exponential phase. In
this phase, the CFU and total cell counts are close to identical
and there is no statistically significant evidence for a fraction of
dead cells in a exponentially growing culture of the E. coli
AF1000 strain. Similarly, no cells were found to have lost
membrane integrity when analyzed using the LIVE/DEAD
BacLight methodology and we were thus unable to find false
positives during the exponential phase of growth (1,000 cells
were examined in each of four replicates; thus, we can only say
that the fraction of nonviable cells is below 0.1%). Gallant and
Palmer (5) found that a small fraction (0.5% of the total
number of cells) of an exponentially growing E. coli culture
failed to produce colonies on nutrient agar plates.

Next, we applied the viability assays on a stationary-phase
culture at times of growth arrest, when the CFU counts and
total counts clearly differed. During the stationary phase of an
E. coli population viability, as determined by CFU measure-
ments, is gradually lost. However, as determined by phase-
contrast microscopy, 100% of the original cell population re-
mains intact for extended periods of time. Thus, we wanted
first to determine whether standard CFU counts differed sig-
nificantly from results obtained by direct microscopic determi-
nation of live bacteria using the LIVE/DEAD BacLight dyes.
As shown in Fig. 3, the direct microscopic assessment of via-
bility gave values nearly identical to those obtained by standard
CFU determination throughout the experiment, and both
methods indicated that about 45% of the cell population was
nonviable after about 38 h in stationary phase (38 h after the
end of increase in culture optical density), whereas very few
cells were intact (green) and able to form colonies after about
90 h (Fig. 3). Next we determined whether the cells that were
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FIG. 3. Number of bacteria (in billions) per milliliter as a function of time
during growth and stationary phase in NB complex medium. The same data is
plotted in a linear (A) and semilog (B) scale for comparison. Cell numbers were
analyzed using the two different techniques (CFU counting versus fluorescent
response and total cell counts). In the figure, total counts, CFU counts, the
number of green fluorescent bacteria, and the number of red fluorescent bacteria
are depicted. The detection limit was 0.1% of the total number of cells at the
time points shown. The sum of the counts of green and red fluorescent bacteria
corresponded to total counts at all time points analyzed.

judged to be intact were the same cells that retained an ability
to reproduce. For a cell to qualify as viable, we required that it
produce at least four cells during the incubation, and an ex-
ample of how the cells appeared under the microscope is
shown in Fig. 4. For this figure, cells from stationary phase
were trapped by the laser and sorted into patterns under the
microscope. The live/dead fraction was determined using the
LIVE/DEAD BacLight kit dyes, and the cells’ ability to re-
spond to nutrient addition by initiating cell divisions was sub-
sequently determined. This analysis could in principle distin-
guish among six theoretical categories of bacteria: (i) cells that
fluoresced in green (intact) and divided more than once on the
counting chamber, (ii) cells that fluoresced in green and di-
vided only once on the counting chamber, (iii) cells that fluo-
resced in green and did not divide on the counting chamber,
(iv) cells that fluoresced in red (leaky) and divided more than
once on the counting chamber, (v) cells that fluoresced in red
and divided once on the counting chamber, and (vi) cells that
fluoresced in red and did not divide on the counting chamber.
The results are summarized in Table 2, and as seen in this
table, we could not detect any cells belonging to the fourth and
fifth categories, indicating that the LIVE/DEAD BacLight as-
say is reliable during the conditions used, since no false posi-
tives could be detected. Moreover, the same cells that exhib-
ited reduced integrity (red) were found to be the ones that
failed to divide upon nutrient addition (Fig. 4; Table 2). Also,
we did not find evidence for a large population of intact but
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FIG. 4. Bacterial viability studied under the microscope. The bacteria were
placed in a lattice using the optical tweezers. Bacteria stained fluorescent green
(SYTO 9) have intact membranes, whereas bacteria stained red (PI) have dam-
aged membranes that allow PI to enter. Since the binding affinity of PI is higher
than that of SYTO 9 for binding to the DNA, bacteria with a damaged mem-
brane will stain fluorescent red. Pictures were taken 0 min (A), 50 min (B), and
3 h (C) after the addition of fresh medium. After 50 min, the first cell divisions
of bacteria stained green were visible, and after 3 h such divisions were obvious.
None of the bacteria stained fluorescent red were found to be able to divide in
any the experiments so far carried out.

nonculturable cells during the stationary-phase period studied.
Among the stationary-phase cells that were recorded as intact
(green), 6.6% (496 of 7,466 cells) were unable to divide and
1% divided only once (Table 2). This fraction of cells (5.4% of
total population) is thus potentially nonculturable but meta-
bolically active, demonstrating that reproductive ability may be
lost prior to the collapse of membrane potential. In addition, in
a few cases only one of the two cells produced by division was
able to go through a subsequent second division.

DISCUSSION

In this paper, we report on a new approach for direct mi-
croscopic assessment of bacterial viability using optical trap-
ping and cell sorting. We argued that the two assays used in
concert will, if working properly, give good and true indications
of cell viability. The microscopic assessment of reproductive
ability essentially elucidates the same properties as plate
counts but was performed directly at the level of individual
cells in suspension. However, like standard plate count tech-
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TABLE 2. Analysis of reproductive ability and cell integrity by
direct microscopic measurement of cell division upon nutrient
addition and staining with LIVE/DEAD BacLight dyes”

No. of

. . . . % of total
Categories of stationary-phase cells ﬁuz(rj:lzgmg no. of cells
Bacteria that fluoresced in green and:
Divided more than once on the counting 6,897 65.2
chamber

Divided once on the counting chamber 73 0.7
Did not divide on the counting chamber 496 4.7
Total green fluorescence 7,466 70.6

Bacteria that fluoresced in red and:
Divided on the counting chamber 0 0
Did not divide on the counting chamber 3,112 29.4

Total red fluorescence 3,112 29.4

“ Data are for cells in stationary phase for 38 h.
> Total number of cells that fluoresced = 10,758.

niques, it does not answer whether the loss of reproductive
ability is temporary or irreversible. The LIVE/DEAD BacLight
assay, on the other hand, is designed to distinguish between
cells with an intact membrane(s) (green) and cells with leaky
membranes (red). The presence of nucleic acids in the cells is
a prerequisite for staining using the BacLight system, and
ghost cells will therefore not be detected. Cells stained red by
propidium iodide should exhibit a collapsed membrane poten-
tial and be unable to both replicate and perform homeostatic
metabolism. Moreover, the loss of membrane potential should
be irreversible and it would be hard to argue against calling
such cells dead. However, we did not know how accurate the
commercial LIVE/DEAD BacLight (Molecular Probes, Inc.)
dyes worked in our system and whether the propidium iodide
could give false positives. To approach these questions we
performed a series of experiments using fluorescent dyes and
compared the results from the fluorescence-based technique
with those from the streak-plate technique and direct micro-
scopic measurements of the reproductive ability. In order to
allow measurements of integrity and reproductive ability to be
performed on the same individual cells, we developed a system
of optical laser trapping in combination with fluorescence mi-
Croscopy.

Our conclusion from the studies reported here is that the
LIVE/DEAD BacLight assay accurately reports on the viability
of the growing and stationary-phase E. coli culture analyzed.
For the 10,000 cells analyzed, we found no propidium iodide-
positive ones that were able to perform cell division upon
nutrient addition. In addition, no propidium iodide-positive
cells were detected in the exponential phase of growth. Also,
we did not find evidence for a large population of intact but
nonculturable cells during the stationary phase period studied
but it is clear that reproductive ability can be lost prior to the
loss of membrane integrity. We do not know whether the
failure of the bacteria in this group to perform division is
reversible or not but we noted that for 15 cells the color
changed from fluorescent green to red during the experiment,
indicating that at least a fraction of these cells are moribund.
Based on the results, the stationary-phase population analyzed
can be divided into two major categories and one minor cate-
gory, as follows: live bacteria (65%; green with dividing capac-
ity), dead bacteria (29.6%; red and nondividing), and intact but
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nonreplicative (5.4% green and nondividing). These numbers
matched the data obtained by standard plate counts (Results).
Using the optical tweezers, we are now setting up a rapid and
automated technology to isolate and concentrate cells from
these individual categories for further analysis, using proteom-
ics and microarray determination of transcription patterns.
Thus, we can approach the question of population heteroge-
neity in gene expression and correlate this to the categories
identified above. In addition, we think the technique lends
itself nicely to further analysis of bacteria reported to readily
enter a nonculturable state.

The laser trapping methodology can be used also for manual
isolation of mutants at the level of single cells rather than
colonies. For example, the optical traps used here in combi-
nation with fluorescence microscopy can be used in the analysis
of single-cell gene expression (with fluorescent reporter sys-
tems). By using a gene fusion-reporter system that is normally
activated by, say, a critical quorum of bacteria, we can screen
for mutants that fail to elicit such quorum response in dense
populations studied directly under the microscope and subse-
quently isolate this mutant cell from the population by laser
trapping and transfer to a growth medium. Finally, using op-
tical trapping we are setting up single-cell chemostat opera-
tions with the aim of elucidating whether bacteria, in contrast
to eukaryotic cells, including unicellular yeast cells, really lack
the type of limitation in their reproductive potential described
by Hayflick and Moorehead (i.e., the loss of proliferative ca-
pacity with successive cell divisions) (6). This assumption has
not been put through a close experimental scrutiny.
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