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fluorescing cells over green fluorescing cells has been observed
for fast-growing cell populations because of high contents of
RNA (3). Alternatively, direct cell growth rates may in some
cases be estimated from rRNA determinations obtained by
quantitative hybridization with ribosomal probes (11). Growth
rate estimates on the basis of macromolecular contents have
their origin in early observations in microbial physiology. In
1958 Schaechter et al. (45) described the macromolecular composition of Salmonella typhimurium when growing in different
media, and they found that the content of RNA in a bacterial
cell is strictly dependent on the growth rate. It has been demonstrated for several organisms that, at least at higher growth
rates, there is a tight correlation between RNA content and
growth rate (6, 26, 27, 37, 38, 44). New methods using hybridization with fluorescence-labelled oligonucleotide probes targeting rRNA and microscopy coupled with digital imaging
allow estimations of the amount of rRNA probe bound within
a single cell, whereby the staining intensity can be related to
the bacterial growth rate (11, 39).
Starved organisms contain small numbers of ribosomes (16,
21), as do slowly growing cells. Therefore, using rRNA content
as the sole indicator of the physiological states of cells in
complex natural systems may, in the presence of starved or
nongrowing bacteria, give misleading results. Another inherent
problem of the in situ hybridization technique is the quantification of the light emitted from the fluorescent cells when they
are examined by digital image analysis. Traditionally, digitized
images are analyzed by manually circumscribing individual
cells with a pointing device (mouse) and measuring the accumulated intensity from the defined area. This method is highly
dependent on the operator, and even for one operator the
variation between consecutive measurements is considerable.
Also, this method is labor-intensive, allowing only a limited
number of cells to be circumscribed and thus making the generation of statistics almost impossible. Approaches to limit
these drawbacks have been to employ various automatic global
thresholding or edge detection techniques to define cells in a
digital image (4, 46, 56), all of which have disadvantages as

Phylogenetic studies of rRNA sequence variations among
organisms (58) have made it possible to design phylogenetic
stains (13) targeting different groups or species of bacteria (1,
2, 20, 54). Phylogenetic probes targeting the rRNA have been
widely used for in situ identification of specific groups of organisms, and they have been useful for description of the
spatial distribution of bacteria in multispecies natural populations such as sewage sludge (41), biofilms (39, 40), and the
rumen (50).
In natural environments the majority of bacteria grow in
complex consortia of microorganisms associated with surfaces
(9, 55) referred to as biofilm communities (34). These mixed
microbial communities are important ecological systems consisting of numerous species of bacteria (57). Biofilms thicker
than a few cell layers often exhibit complex three-dimensional
structures (31), and they may contain local microenvironments
in which growth conditions are very different from those of the
surroundings (10). Therefore, heterogeneity with respect to
the physiological states of the organisms present in various
microenvironments is to be expected. One way of obtaining an
indication of the metabolic activity of these organisms is to
measure their respiratory activity. Chemical redox dyes such as
5-cyano-2,3-ditolyl tetrazolium chloride (43) and 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride (60) have
been used as indicators of actively respiring cells in natural
systems. The dye rhodamine 123 has also been used as a viability indicator, since this dye is taken up only by cells having
active membrane transport (36). These chemical stains provide
indications of the proportion of viable cells in a natural sample,
but they neither indicate the degree to which the organisms are
active nor inform about the overall physiological state of the
cells. However, staining of cellular macromolecules with acridine orange (AO) has been used to monitor physiological
activity of Escherichia coli, i.e., a greater proportion of orange
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A fast routine method for estimating bacterial cell growth rates by using the metachromatic dye acridine
orange is described. The method allows simultaneous estimates of cellular RNA and DNA contents of single
cells. Acridine orange staining can be used as a nonspecific supplement to quantitative species-specific
hybridizations with fluorescence-labelled ribosomal probes to estimate the single-cell concentration of RNA. By
automated analysis of digitized images of stained cells, we determined four independent growth rate-related
parameters: cellular RNA and DNA contents, cell volume, and the frequency of dividing cells in a cell
population. These parameters were used to compare physiological states of liquid-suspended and surfacegrowing Pseudomonas putida KT2442 in chemostat cultures. The major finding is that the correlation between
substrate availability and cellular growth rate found for the free-living cells was not observed for the surfacebound cells; in contrast, the data indicate an almost constant growth rate for attached cells which was
independent of the dilution rate in the chemostat.
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MATERIALS AND METHODS
Strains and growth media. The strain P. putida KT2442 (12) was used in all
growth experiments. The growth medium in all batch cultures was AB minimal
medium (8) supplied with 6 mM sodium citrate as a carbon source.
Chemostat cultures. Continuous chemostat cultures were grown in AB minimal medium with 3 mM sodium citrate as the sole carbon source at a constant
temperature (258C). The chemostat consisted of a glass cylinder (2.7 cm in
diameter) with rubber stoppers at each end. Sufficient stirring was obtained with
an air inlet in the bottom of the chamber. A constant volume (approximately 50
ml) was controlled by monitoring the level of the outlet tube at the top of the
glass cylinder. To prevent attachment of the bacteria to the inner surface of the
chemostat, it was treated with 4% dimethyl-dichlorosilan (Sigma Chemicals, St.
Louis, Mo.) and placed in a 1108C oven for at least 1 h before sterilization. To
obtain a balanced culture, the chemostat cultures were grown for approximately
10 generations with a constant optical density at 450 nm prior to sampling for
hybridization and flow cytometry. Subsequently a sterilized microscope coverslip
was introduced into the chemostat, and a surface culture was allowed to develop
on this surface for 14 to 18 h before a surface sample and a sample from the
liquid phase were fixed for hybridization. The coverslips were cleaned in chloroform, methanol, acetone, and chloroform again (1 min each) before sterilization.
Oligonucleotide probes. Oligonucleotide probes were synthesized with an automatic DNA synthesizer, and an aminohexyl linker (Aminolink 2; Applied
Biosystems, Foster City, Calif.) was attached at the 59 terminus by using a
standard DNA synthesis cycle. For hybridizations the probe EUB338, specific for
the bacterial domain, was used (49). The probe was labelled with tetramethylrhodamine isothiocyanate (Molecular Probes, Eugene, Oreg.) or the isothiocyanate derivative CY3 or CY5 (Biological Detection Systems, Pittsburgh, Pa.) and
purified by reverse-phase liquid chromatography as previously described (30).
Hybridization of whole cells. Samples for hybridization were fixed in 3%
paraformaldehyde as previously described (39). For hybridization of single cells
(from the chemostat liquid cultures) samples were applied to a poly-L-lysine
(Sigma Chemicals)-coated slide (slides were cleaned in 1% HCl in 70% ethanol,
dipped into a 0.01% poly-L-lysine solution, and air dried) and dried by sequential
washes in 50, 80, and 96% ethanol (3 min each). Subsequent to the ethanol
washing 10 ml of hybridization mixture (30% formamide, 0.9 M NaCl, 100 mM
Tris [pH 7.2], 0.1% sodium dodecyl sulfate [SDS]) containing 25 ng of probe was
added to each hybridization well. Cells were incubated with hybridization solution for 16 h at 378C in a moisture chamber (49). For washing, the slides were
submersed in 100 ml of the following washing solutions. First, the slides were
washed in washing solution I (30% formamide, 0.9 M NaCl, 100 mM Tris [pH
7.2], 0.1% SDS) for 20 min at 378C. Then they were transferred to a 49,6diamidino-2-phenylindole (DAPI) staining solution (0.1 M Tris [pH 7.2], 0.9 M
NaCl, 6.25 mM DAPI) for 5 min at 218C, and subsequently they were washed for
15 min in washing solution II (0.1 M Tris [pH 7.2], 0.9 M NaCl) at 378C, before
a final rinsing in 100 ml of distilled water.
To fix the surface-associated cells on glass surfaces, the coverslips were first
rinsed in phosphate-buffered saline (PBS; 130 mM NaCl in 10 mM NaPO4 buffer
[pH 7.2]) and then fixed overnight in 3% paraformaldehyde in a 50-ml plastic
container. The following day the fixative was removed, and, still in the container,
the coverslip was washed for 5 min with PBS and then briefly rinsed with 0.1%
Nonidet P-40 (Sigma Chemicals) before dehydration in an ethanol washing
sequence (50, 80, and 96%; 3 min each). The fixed cells were stored at 48C in an
evacuated dessiccator with silica gel beads. To hybridize the surface samples, a
small piece of the coverslip was broken off and placed on a slide for hybridization. The hybridization was performed under the conditions mentioned above,

with the modification that the DAPI staining and the washing steps were carried
out directly on the slide with 40 ml of each solution.
AO staining. The AO staining was performed directly on paraformaldehydefixed cells in AO staining buffer containing EDTA (5 mM EDTA, 0.15 M NaCl,
0.1 M phosphate-citrate buffer [pH 6]) to ensure preferential denaturation of
double-stranded RNA inside the cells (53). Samples were applied to poly-Llysine-coated slides dehydrated as described above and incubated in the dark at
room temperature for 5 min with 40 ml of staining solution (22 mM AO in AO
staining buffer filtered though a 2.0-mm-pore-size filter to remove AO crystals).
The staining solution was removed by a short rinse with distilled water, and the
cells were submersed for 30 s in distilled water and rapidly air dried. To remove
the RNA in whole cells, 10 ml of concentrated RNase solution (500 to 1,000
U/ml) was added directly to the fixed cells on the slide and they were incubated
for 20 to 30 min at 378C prior to AO staining.
Flow cytometry. Samples for flow cytometry were removed from the balanced
chemostat culture and fixed in 70% ethanol as previously described (21). The
DNA-specific fluorescence in a sample was normalized to the fluorescence of a
sample of P. putida KT2442 starved for 4 days. Since a starved culture of P. putida
KT2442 is assumed to contain one chromosome per cell (21), the number of
chromosomes in growing cells could be estimated.
Microscopy. Hybridized and stained samples were analyzed by use of a Carl
Zeiss Axioplan epifluorescence microscope. The excitation source was a 100-W
HBO bulb or a 75-W XBO bulb (for AO staining), and digital images were
captured with a 12-bit cooled slow-scan charge-coupled device camera (KAF
1400 chip; Photometrics, Tucson, Ariz.). The charge-coupled device camera was
controlled by using the PMIS software (Photometrics). Generally, the exposure
times used were as follows: 80 ms for AO staining of RNA; 500 ms for AO
staining of DNA, TRITC, and CY3; and 2,000 ms for CY5-labelled probes.
Tetramethylrhodamine isothiocyanate-, CY3-, and CY5-labelled cells were simultaneously stained with DAPI, and the captured images were focused by using
filter set 1 (BP 356/12 excitation filter, 395-nm dichroic filter, and LP 397 emission filter) (Carl Zeiss) for DAPI staining to avoid bleaching of the fluorochrome
during focusing. Tetramethylrhodamine isothiocyanate CY3, and CY5 were visualized by use of filter sets 15 (BP 546/12 excitation filter, 580-nm dichroic filter,
and LP 590 emission filter) (Carl Zeiss), XF40 (BP 560/40 excitation filter,
590-nm dichroic filter, and LP 600 emission filter) (Omega Opticals, Brattleboro,
Vt.), and XF45 (BP 610/20 excitation filter, 645-nm dichroic filter, and BP670/40
emission filter) (Omega Opticals), respectively. For AO staining focusing was
obtained by using phase contrast, and RNA-specific light was captured by using
the XF21 filter set (BP 480/60 excitation filter, 530-nm dichroic filter, and
BP635/55 emission filter) (Omega Opticals), while DNA-specific light was captured by using fluorescein isothiocyanate filter set 10 (BP 450-490 excitation
filter, 510-nm dichroic filter, and BP515-565 emission filter) (Carl Zeiss).
Image analysis. The amount of light from AO-stained or hybridized cells was
quantified by use of the Cellstat image analysis program. For each staining the
average intensity of three different images corresponding to between 200 to 500
cells was used. Cellstat is a Unix-based image analysis program capable of
handling 16-bit image data. The bases for Cellstat object recognition are cell size
(area in pixels) and various shape parameters. A detailed description of Cellstat
will be presented elsewhere (unpublished data). At present, on-line information
is available on the Internet World Wide Web at the uniform resource locator
(URL) http://www.lm.dtu.dk/cellstat/index.html.
By choosing the right parameters for cell identification, it is possible to discriminate between single cells and clumps of cells (Fig. 1A and B). Cell clumps
are normally ignored when the average intensity of a planktonic population is
calculated, even though an analysis showed that the mean intensities of cell
clumps and single cells are equal (data not shown). By using a different set of
parameters for object recognition, it is possible to detect and measure the
intensities of surface-associated microcolonies (Fig. 1D) and single cells on the
surface (Fig. 1C) independently. Thus, Cellstat provides a large amount of
flexibility in object recognition. A problem of cell identification by automated
image analysis is the determination of the cell edge. Conventional thresholding
or manual circumscription for edge identification causes underestimation of the
sizes of faint objects, while the sizes of bright objects tend to be overestimated
(46). When P. putida KT2442 cells are hybridized at different stringencies by
using increasing amounts of formamide (from 0 to 70%), the signal intensity
decreases approximately sevenfold. Under such conditions the cell areas calculated by Cellstat were constant (data not shown), indicating consistent edge
determination regardless of object intensities.

RESULTS
AO staining. The emission spectra of AO upon binding to
nucleic acids are highly dependent on substrate structure, i.e.,
AO complexes with single- and double-stranded nucleic acid
will emit red and green fluorescence, respectively (42). This
provides the basis for using AO to simultaneously stain RNA
and DNA. When EDTA is included in the AO staining buffer
to remove Mg21, double-stranded RNA denatures, while
DNA, which is more stable, is left double stranded (53). When
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discussed below. An alternative procedure is the segmentation
algorithm described by Dubuisson et al. (15).
In this communication we report the development of an
automated image analysis program which makes it possible to
quantify accurately and reproducibly the amount of light emitted from a single cell. The analysis of the digitized images also
allows the determination of other growth rate-related parameters, such as cell volume and the frequency of dividing cells
(FDC). The FDC has been used as an indicator of biological
activity in aquatic communities (23), and it can serve to validate the rRNA and volume measurements. Furthermore, we
present a method for a simultaneous quantitative staining of
RNA and DNA by using the metachromatic dye AO. Based on
the growth rate variation of these macromolecules, this staining method can be used as a fast and convenient indicator of
the physiological state of the cell. In the present paper this
combination of growth rate-related parameters is used to estimate the physiological state of surface-associated and planktonic cells of the Pseudomonas putida strain KT2442.
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FIG. 1. Automatic identification of bacteria with Cellstat. (Upper panels) Results of an analysis of an image of exponentially growing P. putida KT2442 cells
hybridized with a rhodamine-labelled ribosomal probe (Eub338). The image contains single cells as well as cell clumps. (A) The following parameters were used for
identification of single cells: cell area between 75 and 700 pixels and high stringency on shape parameters. (B) The same viewing area as for panel A but analyzed for
cell aggregates with a different set of parameters: cell size between 350 and 700 pixels and low stringency on shape parameters. (Lower panels) Results of a differential
analysis of a surface-associated population. (C) Identification of single cells (cell size between 75 and 175 pixels and high stringency on shape parameters). (D)
Identification of microcolonies on the surface (cell size between 200 and 7,000 pixels and low stringency on shape parameters). The boxes around the cells are not the
actual cell edges defined by Cellstat, but they indicate the object-oriented bounding boxes of the cells, which were analyzed. A, cells outside the area limits defined;
R, cells with an irregular shape; p, cell identified as dividing. The numbers refer to a list of data for each measured cell.
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filter set XF21 (BP635/55) is used on the microscope, only the
light emitted from AO bound to single-stranded nucleic acid—in this case RNA—is monitored. Since the majority (80 to
85%) of cellular RNA is rRNA (6), AO may be used as a
ribosomal stain. To test this theory, exponentially growing cells
of P. putida KT2442 were stained with different concentrations
of AO under RNA-denaturing conditions. The staining intensity was measured by quantifying the amount of light emitted
from stained single cells by image analysis as described in
Materials and Methods. From Fig. 2 it is seen that an AO
concentration of approximately 45 mM saturates the RNA.
Higher concentrations seem to decrease the signal intensity,
probably because of a change in the emission spectra for high
AO/nucleic acid ratios, as mentioned by McFeters et al. (35).
When RNase was added to whole cells prior to AO treatment,
no signal was detected (Fig. 2), indicating that the light detected is specific for RNA. Furthermore, staining of cells growing with doubling times of 0.9 and 3.8 h, respectively, suggests
that the RNA staining intensity is dependent on the RNA
content of the cells and that it may be used as a growth rate
indicator (Fig. 2). AO staining of the RNA in cells growing
with different doubling times shows the same saturation kinetics independent of the growth rate (Fig. 2). Since AO has been
shown to stain RNA in intact ribosomes (19), this suggests that
the rRNA in ribosomes is equally accessible for staining in
fast-growing and slowly growing cultures of P. putida KT2442.
Determination of growth rate-related parameters. To evaluate the possibility of using the intensity of AO staining as a
growth rate indicator, P. putida KT2442 was grown in a carbonlimited chemostat at different dilution rates. The rRNA contents were estimated by hybridization with the 16S eubacterial
probe EUB338; cells were visualized by epifluorescence microscopy, and digitized images were captured and subjected to
image analysis. As can been seen from Fig. 3, the expected
correlation between the rRNA content estimated by hybridization and the specific growth rate was observed. This is in
accordance with earlier findings (11, 39) showing that it is
possible to estimate the rRNA contents of single cells by hybridization with ribosomal probes and that the rRNA content
correlates with the growth rate. Samples from the same chemostat cultures were also stained with AO, and the staining
intensity was measured. The correlation between AO staining
intensity and growth rate (Fig. 3) indicates that AO staining

FIG. 3. RNA content of P. putida KT2442 at different growth rates. The
RNA content was estimated by hybridization with the eubacterial probe EUB338
labelled with CY5 (E) and by AO staining (h). Cells were grown in a carbonlimited chemostat with different dilution rates. ■, an exponential batch culture
stained with AO. The solid lines are regression lines for AO staining and 16S
hybridization, respectively. The regression line for AO staining showed a correlation of r2 5 0.72, and for the 16S hybridization the correlation was r2 5 0.89.
For both lines the linearity was highly significant (P , 0.005). Error bars indicate
standard deviations (between 20 and 30%) among individual cells in a sample.

can be performed quantitatively, thereby allowing estimation
of growth rates. The slope of the regression line for the AO
staining is about three times larger than the slope for the 16S
hybridization regression line. This can be explained by the fact
that AO stains all types of single-stranded nucleic acid and
accordingly measures all amounts of rRNA (including 23S
rRNA), tRNA, and mRNA.
AO bound to double-stranded nucleic acid can be visualized
using filter set 10 (42). In this way the DNA content of a single
cell can be measured as the total amount of fluorescence from
the cell, corresponding to the number of chromosomes in the
cell. Figure 4 shows AO staining of P. putida KT2442 analyzed
for DNA content. As can be seen, the DNA content was
approximately doubled when the generation time was lowered
from 6.8 h (D 5 0.10 h21) to 0.9 h (D 5 0.77 h21). This was in
agreement with the results of flow cytometric analysis of the
chromosomal contents of P. putida KT2442 cells grown in
chemostat cultures, which showed an increase from 1.5 to 3.1
chromosomes per average cell when the generation time was
changed from 6.8 to 0.9 h (Fig. 4). The flow cytometer gives
quantitative measurements of chromosomal contents (51), and
therefore we conclude that staining with AO provides the
possibility to estimate both the RNA and the DNA contents of
individual cells by simultaneous staining. AO staining has previously been used as an indicator of the physiological state of
E. coli on the basis of the color of cells stained by the AO direct
count method (3, 35). In contrast, the method presented here

FIG. 4. DNA content of P. putida KT2442 at different growth rates as measured by AO staining (h) and flow cytometry (■). The various growth rates were
obtained by growing P. putida KT2442 in a carbon-limited chemostat with different dilution rates. The fluorescence levels for the different cell populations
measured with the flow cytometer were normalized to the fluorescence level for
a starved culture containing one chromosome (see Materials and Methods) to
give the average number of chromosomes in the culture.
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FIG. 2. P. putida KT2442 stained with increasing concentrations of AO. Results for a batch culture (F) with a doubling time of 0.9 h and a chemostat culture
(■) with a dilution rate corresponding to a doubling time of 3.8 h are shown.
Error bars indicate standard deviations between cells in a sample. E and h, the
same cultures (doubling times of 0.9 and 3.8 h, respectively) but treated with
RNase before AO staining.
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separates emission from AO bound to cellular RNA and emission from AO bound to DNA, allowing quantification of the
cellular contents of both types of macromolecules.
AO staining and 16S hybridization techniques for estimating
the physiological state of bacteria are based on the correlation
between growth rate and macromolecular content. However,
under conditions such as starvation, during which bacteria contain a much reduced number of ribosomes (16, 21), such a
relationship becomes meaningless. Therefore, parameters like
the cell volume or the FDC are needed to infer the physiological states of bacteria in environmental samples.
The volume (V) of E. coli is known to increase exponentially
with the growth rate according to the following equation (13):
V 5 V0e(m ln 2)

(1)

where m is the specific growth rate and V0 corresponds to a
hypothetical cell volume at m 5 0 h21. For E. coli V0 is 0.4 mm3
(13). By using image analysis to circumscribe cells, the volume
of P. putida KT2442 could be correlated with the growth rate
as shown in Fig. 5. A close agreement between the experimentally obtained values and the curve for the mathematical relation between volume and growth rate (equation 1) is obtained
if V0 is set at 0.9 mm3 (Fig. 5). This corresponds to the size of
cells of P. putida KT2442 starved for carbon for 8 h (data not
shown). In addition, light scatter measurements obtained by
using the flow cytometer, which are known to be a good indicator of cell size (5), showed that the cell size doubled over the
range of growth rates tested (Fig. 5). This corresponds to the
doubling of the cell volume found by image analysis.
Another measurable growth rate-related parameter is the
FDC, which has previously been used to estimate growth rates
in natural populations (23). By using image analysis, dividing
cells in a population can be identified (Fig. 1A), and the FDC
may serve as an independent measure of the physiological state
in situ. Visual inspection of analyzed digitized images indicated
that a reasonable setting of the discriminator for detection of
dividing cells was 0.86, i.e., a cell was classified as dividing if a
profile of the intensity projected on the main axis of the cell
showed a minimum of 14% less intensity than the cell maxi-

FIG. 6. FDC of P. putida KT2442 at different growth rates. ■, FDC as
determined by image analysis. The solid line is a plot of the regression line for the
set of data (r2 5 0.75; P , 0.01). Data are averages of results for six images
corresponding to between 500 and 800 cells. The broken line indicates a theoretical dependence of the FDC on the growth rate, as determined by using the
mitotic index (48). To calculate the FDC from the model the constriction time
(t) was set at 10 min. The various growth rates were obtained by growing P.
putida KT2442 in a carbon-limited chemostat with different dilution rates.

mum. Figure 6 shows the FDCs estimated by image analysis for
chemostat cultures of P. putida KT2442 grown with different
dilution rates. As can be seen, a larger fraction of dividing cells
is detectable in fast-growing cultures than in more slowly growing cultures. Linear regression (r2 5 0.69; P , 0.001) indicates
that the FDC is growth rate dependent, as found for natural
bacterial populations (23). A theoretical correlation between
the FDC and growth rates is included in Fig. 6. This FDC
estimate is based on the mitotic index determined for eukaryotic cells (48), and it gives the fraction of cells in an exponential
culture engaged in mitosis, i.e., cell division. The relation for
an exponentially growing culture is as follows: FDC 5 etm 2 1,
where t is the fraction of the cell cycle needed for the constriction leading to cell division. For values of the product mt
smaller than 1, which are physiologically relevant, a mathematical Taylor series expansion shows that there is an approximate
linearity between the FDC and the specific growth rate, as
indicated in Fig. 6. For E. coli the constriction time has been
estimated to be 10 min at high growth rates (59), but it is
dependent on the growth rate in the case of slowly growing
cultures. For simplicity the constriction time for P. putida
KT2442 was assumed to be constant (t 5 10 min), and this
resulted in a simulation that corresponds well with the experimental findings (Fig. 6). In the starvation situation, in which m
is close to 0, the model predicts no dividing cells, whereas the
experimental findings indicate about 6% dividing cells at m 5
0. An analysis of samples from cultures of P. putida KT2442
starved for 1 to 3 days showed that 6.7% of the population
consisted of dividing cells. After 1 day of starvation, P. putida
KT2442 would have undergone reductive divisions (21) and no
dividing cells would be expected, and so the 6% dividing cells
indicated by extrapolation of the regression line to m 5 0
probably corresponds to cells accidentally clumped together on
the microscope slide.
Direct estimates of growth rates on glass surfaces. The array
of growth rate-related parameter determinations described
above was used to compare the physiological states of surfaceassociated and planktonic growing cells under similar growth
conditions. A small chemostat was constructed, and after
growth for approximately 10 generations, a glass surface (a
coverslip) was placed into the chemostat. Surface growth on
the coverslip was allowed to develop for 14 to 20 h, resulting in
a single layer of surface-attached cells. Subsequently, samples
were withdrawn from the planktonic population and the sur-
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FIG. 5. Cell size of P. putida KT2442 at different growth rates. Cell volumes
measured with Cellstat are indicated by open boxes, and the theoretical relationship [V 5 V0e(m ln 2)] originally found for E. coli is denoted by diamonds. For
the best fit V0 was estimated to be 0.9 mm3. Light scatter measurements obtained
with the flow cytometer are indicated by solid boxes. Volumes were calculated by
assuming that 1 mm corresponded to 9.264 pixels. The various growth rates were
obtained by growing cells in a carbon-limited chemostat with different dilution
rates.
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face-attached population and fixed for hybridization, and the
staining intensities of the two populations were compared. By
varying the dilution rate of the chemostat, various growth rates
of the planktonic population were supported.
Figure 7 shows the results of 16S rRNA hybridizations of
samples from the planktonic and substratum-associated populations from chemostat cultures grown at various dilution rates.
The cell intensities per cell area, which allow estimates of mean
intensities of cell aggregates such as microcolonies, are shown.
Cells in the liquid phase reduced their rRNA contents with
increasing doubling time, i.e., at low dilution rates in the chemostat (Fig. 7). The surface population was analyzed with
respect to single cells and microcolonies, as these populations
could be distinguished by image analysis (Fig. 1C and D). In
contrast to cells in the planktonic phase, the substratum-associated population showed a relatively constant hybridization
intensity over the range of dilution rates tested, indicating a
maximum doubling time of approximately 4 h (Fig. 7). The
constant RNA contents of the surface-attached population
were confirmed by AO staining of the two populations for
RNA content (data not shown).
In addition, the DNA contents of single cells on the surface
and in the liquid phase were determined by AO staining (Fig.
8). The measured DNA content of substratum-attached cells
was rather uniform, in accordance with the constant physiological state of the surface-attached population, as inferred
from RNA measurements. Furthermore, a constant cell volume (approximately 1.1 mm3) was measured for the surfaceattached population, whereas the volume of the planktonic
population decreased as seen in Fig. 5. This further supported
the constant physiological state of cells attached to the surface.
Estimates of the number of dividing cells showed a decreasing
FDC for the planktonic population when the chemostat dilution rate was lowered (as seen in Fig. 6) and a constant FDC
for the surface-associated population (data not shown), again
indicating a constant physiological state for cells attached to
the surface. The FDC on the surface was in the range of 20 to
25%, somewhat higher than the 20% measured for an exponential batch culture with a doubling time of 0.9 h. The high
FDC for the surface population may have been an artifact
caused by cells that divided at the surface but were not spatially
separated following cell division.

FIG. 8. DNA contents of planktonic and surface-associated cells in cultures
grown in a chemostat operated at different dilution rates. The planktonic population (h) and the surface-attached population (■) were stained with AO and
visualized to determine their DNA content. E, an exponential batch culture
included for comparison. The x-axis label (ln2 divided by the dilution rate of the
chemostat) corresponds to the doubling time for cells in the planktonic phase.

DISCUSSION
Studies of the growth physiology of bacteria have been performed almost exclusively with monocultures of cells suspended in liquid media of known composition and under conditions controllable by the investigator. In this way a very large
amount of valuable information concerning a few model organisms has been accumulated over the years. Patterns of
synthesis of macromolecules such as DNA, RNA, and proteins
have been the basis for developing our present-day understanding of the controlled life activities of bacteria and their
reactions to changing environments. The great advantages of
studying cell suspensions under conditions of balanced, exponential growth (in addition to the important correlations revealed) is the reproducibility and predictability of such experiments, and for quantitative biology these features of the
experiments are highly important.
In natural environments, however, bacteria do not grow exponentially (except for short periods), and more importantly
they do not normally grow in suspension. Obviously, polluted
waters will support planktonic microbial growth to fairly high
cell densities, but in general bacteria are most active (9, 55)
and present at the highest densities on surfaces, where the
concentration of nutrients presumably is highest. In order to
understand bacterial physiology in natural environments, it
therefore becomes necessary at some point to address surfacebound populations and to investigate the physiologically relevant cellular parameters as revealed by test-tube experiments.
We have initiated such an enterprise, and by combining the
information on bacterial physiology obtained from exponentially growing cultures with sophisticated and very specific molecular techniques for single-cell analysis, we hope to be able to
shed some light on bacterial life and activity in situ.
Surface-associated organisms in natural communities are believed to be more active than their planktonic counterparts,
and this has been attributed to the accumulation of nutrients at
the surface (9, 17, 24, 25, 28, 32, 55, 61). However, there have
been reports of equal or higher levels of activity for the planktonic population (7, 18, 52). To investigate the growth of sessile
and planktonic cell populations, growth rate-related parameters were determined for samples from a chemostat which
supported growth of both planktonic and substratum-attached
cell populations. Both types of cell populations were analyzed
by 16S ribosomal probe hybridization, by AO staining for cellular RNA and DNA contents, by cell volume measurements,
and by FDC estimates (Fig. 7 and 8 and data not shown). All
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FIG. 7. Hybridization of planktonic and surface-associated cells sampled
from cultures grown in a chemostat operated at different dilution rates. Hybridization intensities per cell area for planktonic cells (}) and for surface-associated
populations of P. putida KT2442 (F, single cells; å, microcolonies) are shown. E,
an exponential batch culture included for comparison. The x-axis label (ln2
divided by the dilution rate of the chemostat) corresponds to the doubling time
for cells in the liquid phase. Cells were hybridized with bacterial probe EUB338
labelled with CY3.
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minimum will correspond to the septum in the dividing cell.
The FDCs determined for P. putida KT2442 at different growth
rates were in accordance with model predictions (Fig. 6), indicating that the FDC measured by image analysis can be used
as a parameter to estimate the growth rate of a bacterial
population. Furthermore, the identification of dividing cells
allows population growth rate estimates to be compared with
estimates of the subpopulation of cells which are actively growing (the dividing cells).
To supplement the growth rate estimates based on macromolecular (rRNA) content, a method was developed to determine the RNA/DNA ratio for single cells, since this ratio is
growth rate dependent (14, 26). The method is based on AO
staining of the nucleic acids, and it takes advantage of differential emission spectra of AO bound to single- and doublestranded nucleic acids (42). For P. putida KT2442 the RNA
and DNA contents were shown to be related to the growth rate
(Fig. 3 and 4), and accordingly the RNA/DNA ratio could be
calculated (data not shown).
Investigations of environmental samples of microorganisms
analogous to those described here for the chemostat samples
may yield hitherto-inaccessible information about the life of
bacteria in their natural habitats. With species-specific tools
such as rRNA oligonucleotide probes it is possible to identify
and characterize one organism at a time, independently of the
complexity of the community, and once they are defined by
such markers other parameters, such as DNA content, cell size,
the division index, etc., may be recorded with the proper tools
for the very same cells. It is important to emphasize, however,
that bacteria present in such environmental samples do not
necessarily grow exponentially. Therefore, the measurements
of the growth-related parameters described above will provide
information about the physiological state of the cells, i.e., cell
shape and cell composition. To convert this information into
estimated growth rates is impossible, since in most cases the
growth of individual cells follows complex patterns. Nevertheless, by defining experimentally the physiological state of the
cells, two important pieces of information become available: (i)
an apparent maximum growth rate obtainable at the sampling
time and (ii) a reflection of the local environment ‘‘seen’’ by
the cell.
In conclusion, we have developed an image analysis program, Cellstat, which together with macromolecular staining
allows the estimation of a variety of independent growth raterelated parameters, such as cellular RNA and DNA contents,
cell volume, and the FDC of a bacterial population. The automated image analysis is not biased by the operator, and it
allows the analysis of a number of objects, ensuring good
statistics. We have shown here how these techniques for estimating the cellular physiological state may be applied to surface-attached organisms. Taken together, measurements of
this pool of growth rate-related parameters provide the tools
needed to investigate bacterial physiology in situ in multispecies, surface-associated communities.
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