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We describe the in situ use of rRNA-targeted fluorescent hybridization probes in combination with digital
microscopy to quantify the cellular content of ribosomes in relationship to the growth rate of single cells of a
specific population of sulfate-reducing bacteria in multispecies anaerobic biofilms. Using this technique, we
inferred that this population was growing with an average generation time of 35 h in a young biofilm, whereas
the doubling time in an established biofilm was significantly longer. Conventional chemical determinations of
the RNA, DNA, and protein contents of this culture at different growth rates were also carried out, and the
resulting data were compared with the rRNA fluorescence in situ hybridization data.

The presence of specific genes or microorganisms in the
environment can be inferred by using direct biochemical or
molecular measures (e.g., lipid analysis or DNA or RNA
sequence analysis) (22). However, such measures provide
little information concerning the metabolic activity of spe-
cific organisms making up different environmental popula-
tions or the responses of these organisms to changing biotic
and abiotic conditions. Thus, the development of methods to
evaluate both single-cell identity and activity should offer a
useful complement to existing direct detection methods. In
this study we evaluated an approach to the simultaneous
measurement of single-cell identity and growth rate in mul-
tispecies biofilm communities. Both of these measures are
based upon hybridization of tagged oligonucleotide probes to
rRNAs.
The use of rRNA sequence divergence to infer phyloge-

netic relationships and as the basis for developing determi-
native hybridization probes is now well established (1-3, 12,
24). An increasingly popular method is the use of fluores-
cent-dye-labeled oligonucleotides complementary to rRNAs
for the visualization of single cells with fluorescence micros-
copy (2, 3, 14, 21). In principle, cellular ribosome content
can also be inferred from the results of hybridization of
fluorescent probes to cellular rRNA.
The correlation between cellular ribosome (rRNA) con-

tent and growth rate was one of the earliest and most
fundamental observations in microbial physiology (17).
Thus, fluorescent-dye-tagged oligonucleotide probes might
be used as a basis for estimating the growth rates of single
cells in a variety of settings. Delong et al. (5) demonstrated
the application of this general approach to the study of cells
in pure culture. However, since oligonucleotide probes can
be designed to hybridize to specific species of microorgan-
isms, this measure could in principle also be used to evaluate
the growth rates of specific populations within complex
microbial communities. In this study, we used this approach
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to infer the growth rate of single cells making up a population
of sulfate-reducing bacteria in multispecies biofilms.

Biofilms were established in an anaerobic fixed-bed biore-
actor system. Similar systems have been used as model
systems to study biofilm processes (15) and more recently to
evaluate molecular techniques for the study of microbial
population ecology (3). The study reactor was established
previously from a groundwater inoculum and was main-
tained on a glucose-based medium containing sulfate as a
terminal electron acceptor. Previous studies have shown
that this system maintains a stable and complex community
with associated populations of sulfate-reducing bacteria (3,
14). A sulfate-reducing bacterium previously isolated from
this reactor was characterized in pure culture as a prelude to
the studies described below (17). We report the relationships
among cellular composition, rRNA fluorescence in situ
hybridization signal intensity, and the growth rate of this
microorganism. For these studies, a cooled, slow-scan,
charge-coupled device camera attached to an epifluores-
cence microscope was used to capture images of hybridiza-
tion signals from single cells (23). Analysis of digitized
images was subsequently used to quantify cell size and
fluorescence intensity both in batch culture and in multispe-
cies biofilms. The results of this study indicated that this
approach should be useful for directly inferring the growth
rates of microorganisms, even very slowly growing micro-
organisms, in the environment.

MATERIALS AND METHODS

Organisms. The sulfate-reducing bacterium strain PT2 was
isolated previously from a sulfidogenic bioreactor (8) (see
below). This isolate exhibits 94% 16S rRNA sequence sim-
ilarity with Desulfovibrio vulgaris and a similar range of
substrates and electron-accepting species (8). Escherichia
coli MC4100 is a derivative of E. coli K-12 (19).

Media. The composition of the basic medium used for the
pure-culture studies of strain PT2 has been described previ-
ously (8). Lactate, malate, fumarate, or formate was used at
a concentration of 20 mM. Acetate was used at a concentra-
tion of 10 mM. The bioreactor was fed a glucose-sulfate-
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FIG. 1. Schematic drawing of the minireactor and the main
bioreactor. The arrows indicate flow directions.

minerals medium as previously described (12). E. coli was
grown in M9 medium containing 0.2% glucose (18). The
optical densities of cultures were determined at 600 nm with
a Spectronic 20 colorimeter (Milton Roy). Cell numbers
were determined with a bacterium-counting chamber
(Hausser Scientific Partners, Horsham, Pa.) following dilu-
tion of the culture with an equal volume of 0.1 M HCI.
Growth rate determination. The growth rate studies were

conducted at the bioreactor operating temperature (23°C).
Prior to determination of the culture composition at each
specific growth rate, strain PT2 was grown for 15 to 20
generations to ensure that the culture was in balanced
growth. The growth rate was determined in batch culture by
measuring the increases in both turbidity and protein con-
tent. Cultures were harvested at an optical density of ap-
proximately 0.1 (mid-log phase) for determinations of cell
number and RNA, DNA, and protein contents. At this time
a portion of the culture was fixed for subsequent hybridiza-
tion of cells with the fluorescent probes.

Bioreactor sampling. The fixed-bed bioreactor used in this
study was maintained under anaerobic conditions at 23°C as

previously described (3, 15). This reactor had been inocu-
lated previously (August 1988) with an inoculum derived
from groundwater and at the time of the study contained a
stable and complex microbial community (3, 14). Two types
of biofilm were sampled, biofilm in the early stages of
development (designated young biofilm) and biofilm derived
from established material (designated old biofilm). The
young biofilm (one to three layers of cells) was recovered on
glass coverslips placed for short periods of time in a vertical
position within a minireactor. As shown in Fig. 1, the
minireactor was a short column that had the same diameter
as the main reactor and was connected to the outlet of the
main reactor. This configuration ensured that the coverslips
experienced the same medium composition and flow as

material within the main reactor. The old biofilm was ob-
tained by removing five beads (diameter, 3 mm), with
attached biofilm and floc, from the main reactor. This sample
was placed in a glass test tube (12 by 100 mm) containing 3
ml of reactor medium and disaggregated by sonication for
approximately 10 min in a model 1200 sonicator (Branson
Cleaning Equipment Co., Shelton, Conn.) containing ice

water. Released cells were inspected microscopically with
increasing time of sonication to monitor disaggregation and
possible cellular disruption. Each young biofilm was fixed
without removal from the coverslip as previously described
(12). Both the attached and disaggregated biofilms were fixed
prior to hybridization as described below.
RNA, DNA, and protein determinations. For the batch

culture analyses we used 250-ml cultures grown anaerobi-
cally with gentle shaking. Immediately prior to harvesting,
samples were removed for nucleic acid and protein analyses,
optical density measurement, direct cell counting, and hy-
bridization. The samples used for hybridization were imme-
diately fixed (see below). RNA and DNA contents were
determined with 0.5- and 0.1-ml samples, respectively, by
using the orcinol and diphenylamine assays as previously
described (7). Purified 16S and 23S rRNA (Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.) was used as an RNA
standard (assuming that an optical density at 260 nm of 1 was
equivalent to 40 p,g/ml), and chromosomal DNA isolated
from E. coli (Sigma Chemical Co., St. Louis, Mo.) was used
as a DNA standard (assuming that an optical density at 260
nm of 1 was equivalent to 50 ,ug/ml). The Coomassie brilliant
blue G-250 assay (Bio-Rad, Richmond, Calif.) was used to
estimate protein content according to the manufacturer's
instructions, using bovine serum albumin as a standard
(Sigma). The assay was done in triplicate (three culture
samples) for each time point.

Oligonucleotide probes. Oligonucleotide probes were syn-
thesized with a DNA synthesizer (Applied Biosystems,
Foster City, Calif.) operated by workers at the University of
Illinois Biotechnology Center. An aminohexyl linker (Ami-
nolink 2; Applied Biosystems) was attached at the 5' termi-
nus by using a standard DNA synthesis cycle. The specific
probe for strain PT2 (PT2 probe; 5'-TCTCCCGAACTCA
AGTCCA-3') has been described previously (3, 8) and is
complementary to a region corresponding to positions 647 to
665 in the E. coli 16S rRNA. The general probe for the
bacterial domain (5'-GCTGCCTCCCGTAGGAGT-3'), des-
ignated EUB338, has also been described previously (20).
Both probes were labeled with tetramethylrhodamine iso-
thiocyanate (Research Organics, Cleveland, Ohio) and puri-
fied as previously described (20). The PT2 probe was ex-
tended by poly(T) tailing, using terminal deoxynucleotidyl
transferase (United States Biochemical Corp., Cleveland,
Ohio). The reaction mixture consisted of 90 ,ug of oligonu-
cleotide, an 80-fold molar excess of TTP, 100 mM sodium
cacodylate (pH 7.2), 0.2 mM 2-mercaptoethanol, and 2 mM
CoCl2. Following addition of 25 U of enzyme, the mixture
was incubated for 2.5 h at 37°C, and unincorporated nucle-
otides were removed by passage of the reaction mixture
through a G-25 Spincolumn (5'-3', West Chester, Pa.). The
probe was then labeled with tetramethylrhodamine isothio-
cyanate and fractionated by size on a polyacrylamide gel.
Regions of the gels containing different size fractions were
excised, eluted, and purified as previously described (1). The
average length of each extended probe fraction was esti-
mated by comigration on a DNA sequencing gel.

Hybridization of whole cells and biofilms. Prior to hybrid-
ization, cultured cells, or biofilms were fixed in 4%
paraformaldehyde as previously described (3). For hybrid-
ization of single cells (from a culture or disaggregated
biofilm), cells were bound to gelatin-coated slides and dried
by sequential washes in 50, 80, and 100% ethanol (3 min
each) (12). Following the ethanol series washes, 9 p,l of
hybridization mixture (30% formamide, 0.9 M NaCl, 20 mM
Tris [pH 7.2], 0.1% sodium dodecyl sulfate [SDS]) contain-
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ing 25 ng of probe was added to each sample position on the
slide. The cells were hybridized for 4 h at 37°C in a moisture
chamber (1, 20), washed twice for 25 min at 37°C in 20 ,ul of
hybridization solution (without probe), and then rinsed with
water. The young biofilms were examined by breaking off a
small piece of coverslip with associated biofilm and using the
same hybridization conditions as described above. The
hybridized specimens were visualized by epifluorescence
microscopy as previously described (12).
DAPI staining. The cells were first immobilized on gelatin-

coated slides and then stained with DAPI (4',6-diamidino-2-
phenylindole) for 5 min by adding 30 ,ul of a 38.5-,ug/ml DAPI
solution in 30% formamide-0.9% NaCl-20 mM Tris-HCl (pH
7.2)-0.1% SDS to the hybridization well. The cells were
washed twice in a solution of the same composition without
DAPI.
Image analysis and photomicrography. Two epifluores-

cence microscopes were used, an Olympus BH2 microscope
and a Carl Zeiss Axioskope-20 microscope attached to a
16-bit cooled charge-coupled device camera (model CH250;
Photometrics, Tucson, Ariz.). For images captured with a
x 100 objective, 1 pixel corresponded to 0.042 ,um of the
image field. A Macintosh computer was used to run IPlab
image analysis software (SU2, 14 bit). The edge of a cell was
manually circumscribed by using a pointing device, and the
resulting data were used to determine cell size and integrated
fluorescence intensity. Photomicrography was performed as
previously described (1).

RESULTS AND DISCUSSION

Determination of growth-related cellular parameters. Strain
PT2 is a recent isolate that was obtained from a bioreactor
and initially exhibited significant wall growth in culture
tubes. Since wall growth complicated physiological experi-
ments, a variant of strain PT2 which only grew in suspension
was isolated. This variant was selected for by sequential
dilution of batch cultures for about 60 generations. In order
to characterize changing cellular composition associated
with changing growth rate, strain PT2 was grown in five
different media which resulted in doubling times ranging
from 5.75 to 37.5 h. Sulfate was provided as an electron
acceptor in all media (see Materials and Methods). Inclusion
of the electron donors lactate, malate, fumarate, formate
plus acetate, and formate resulted in generation times of
5.75, 7.5, 8.25, 20, and 37.5 h, respectively.
Measurements of the mean cellular RNA content deter-

mined chemically demonstrated that there was a four- to
fivefold change in content per cell between generation times
of 5.75 and 37.5 h (Fig. 2A), corresponding to growth rates of
0.174 and 0.027 doubling per h, respectively (growth rate =
11g, where g is the generation time in hours). The relation-
ship between ribosome content and growth rate was approx-
imately linear as previously observed for E. coli, Salmonella
typhimurium, and Aerobacter aerogenes (4, 16). Assuming
that 80% of the total RNA is rRNA (11), the ribosome
content was inferred to vary from about 35,000 to 8,000
ribosomes per cell over this range. The greatest variation in
RNA content was observed between generation times of
5.75 and 20 h (growth rates, 0.174 and 0.05 doubling per h,
respectively), with a lesser change between 20 to 37 h.
The growth rate-related change in DNA content is also

shown in Fig. 2A. At the maximum growth rate evaluated
(0.174 doubling per h, corresponding to a 5.75-h generation
time), there was approximately S x 10-8 ,ug of DNA per cell.
A 1.8-fold change in DNA content per cell was associated
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FIG. 2. Relationship between the growth rate and the cellular

contents of RNA, DNA, and protein for strain PT2. (A) Total RNA
content per cell (A), total DNA content per cell (-), and total
protein content per cell (A) at five different growth rates. (B) The
RNA/DNA (M) and RNA/protein (l) ratios at five different growth
rates.

with a change in generation time from 5.75 to 37.5 h. Thus,
if the molecular weight of the strain PT2 genome is compa-
rable to the estimate of 1.14 x 109 reported at the stationary
phase of batch growth (13) for D. vulgans, an organism to
which this isolate is related, a cell growing at the maximum
growth rate would contain approximately 26 chromosomes.
Although this number is greater than the estimate of 4
chromosomes per cell for D. vulgans, it is comparable to the
estimate of 17.2 chromosomes per cell for Desulfovibno
gigas growing with a 33-h generation time (13). However,
given the uncertainty of these earlier genome size determi-
nations and the possible contribution of extrachromosomal
DNA, a reevaluation of previous size estimates should be
considered.

In addition to the chemical determination of DNA content,
digital imaging was used to quantify the DNA content of
DAPI-stained cells (see Materials and Methods). The results
of this quantification were comparable to the results of the
chemical determination and showed a 2.1-fold change in
DNA content over the range of growth rates examined (data
not shown).
The protein content of strain PT2 was about 2 x 10-7 ,ug

of protein per cell at a 5.75-h generation time (Fig. 2A). For
the observed range of generation times (5.75 to 37.5 h), the
protein content of strain PT2 cells varied about threefold.

Relative changes in cellular composition were also evalu-
ated. The relationship between RNA content and either
protein or DNA content (RNA/protein ratio and RNA/DNA
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FIG. 3. Microscopic comparison of strain PT2 growing at 6-h (A) and 37-h (B) generation times. Cells were hybridized with the PT2 probe
and visualized by epifluorescence microscopy (see Materials and Methods). Bar = 10 ,um.

ratio) at the growth rates tested is shown in Fig. 2B. With a
change in generation time from 5.75 to 37.5 h, the RNA/
DNA ratio declined from 2.5 to 1.0 and the RNA/protein
ratio declined from 0.65 to 0.38. In contrast, studies of E.
coli at generation times between 0.4 and 1.6 h demonstrated
that the ratio of RNA to DNA ranged from 14.0 to 3.2 and
the ratio of RNA to protein ranged from 0.5 to 0.2 (4).
Change in cellular composition accompanying early stages

of starvation. A preliminary study of the response of strain
PT2 to starvation was also completed. In this study, the
RNA and DNA contents of this strain were measured at 6 h
after cessation of growth in a lactate-based batch culture.
The RNA content determined at this point was 0.5 x 10-7 ,ug
per cell, suggesting that there was an approximately 60%
reduction in RNA content during the 6-h period in stationary
phase. In contrast, the DNA content (5 x 10-8 ,ug per cell)

remained comparable to the DNA content prior to entry into
stationary phase.

Determination of cellular ribosome content by whole-cell
hybridization. The relationship between the intensity of the
rRNA fluorescence in situ hybridization probe signal and the
growth rate in batch culture was determined as a prelude to
the multispecies biofilm studies. Although the total hybrid-
ization signal per cell was easily determined with the image
analysis software, this measurement was unsuitable for
comparison with growth rate. This is because cell size varies
with the point in the cell cycle. Variations in cell size and
ribosome content are apparent in the photomicrographs of
strain PT2 growing at 6- and 37-h generation times (Fig. 3).
Size variation did not complicate the chemical determination
much, since variation in cell size was averaged over the large
number of cells present in each sample. However, for the
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FIG. 4. Relationship between RNA content, inferred by chemi-
cal and fluorescence measurements, and growth rate. The total RNA
content per cell (A) is from Fig. 2A. The mean pixel intensity (U)
was calculated by dividing the total fluorescence signal per cell by
the corresponding number of pixels covering the cell.

much smaller number of cells evaluated by image analysis, it
was necessary to normalize fluorescence by dividing the
total light emission per cell by the image area (the total
number of pixels defining the cell) to give a mean pixel
intensity per cell. The mean pixel intensity per cell was
determined for strain PT2 at four different growth rates (Fig.
4). At each growth rate, 20 to 25 cells were quantified. A 10
to 20% standard deviation was observed for the signal
intensity at each growth rate. This deviation probably re-
flects both biological variation and the error associated with
defining the cell boundaries. The mean pixel intensity per
cell for hybridized cells varied by a factor of about 1.9 across
the growth rate range and generally corresponded to the
cellular RNA content as determined with orcinol (Fig. 4).
The greater range in RNA content per cell as determined
chemically reflects changes associated with variation in both
average cell size (increasing with increasing growth rate) and
ribosome concentration.
However, it remained possible that change in fluorescence

intensity might also, in part, reflect altered permeability of
cells to the probe. To evaluate this, we constructed a set of
hybridization probes having increasing lengths by adding a
tail of thymidine residues to the PT2-specific probe, using
terminal deoxynucleotidyl transferase. Probe-conferred flu-
orescence intensities, as determined by using five different
size fractions of the tailed probe (corresponding to 19
[nonextended], 30 to 70, 70 to 100, 100 to 120, and 120 to 150
nucleotides) were quantified by image analysis. Although the
level of nonspecific binding to E. coli was slightly elevated
when the extended probes were used, the fluorescence
intensities of cells hybridized with the probes (evaluated for
cultures growing at doubling times of 5.75 and 37.5 h) were
comparable (data not shown). These studies indicated that
altered permeability did not contribute significantly to the
change in fluorescence associated with changing growth
rate. In addition, similar fluorescence intensity measure-
ments were obtained by using either the PT2-specific probe
or a general probe for the bacteria (EUB338). In aggregate,
the results of these experiments support the use of probe
hybridization for direct measurement of cellular ribosome
content.
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FIG. 5. Inferred growth rates of biofilm populations. The mean

pixel intensities (-) are shown along with the standard deviations
based on 20 to 25 quantified cells. The signal intensities of cells in
young (developing) and steady-state (established) biofilms are indi-
cated (A). The cross-hatched area corresponds to the range of
growth rates covered by the standard deviation of 50 cells charac-
terized from the young developing biofilm. The standard deviation
of the value for the established biofilm (flocs) was based on the
results obtained for nine cells.

A comparison of E. coli and strain PT2 growth rate-
associated ribosome contents was subsequently made by
using the general hybridization probe, EUB338. The results
of the orcinol determination had previously indicated that
strain PT2 growing at a 5.75-h generation time (23°C) had
about the same RNA content as E. coli growing at a 60-min
doubling time (37°C) (5). Image analysis demonstrated that
the total amount of probe fluorescence from E. coli growing
at a 60-min doubling time was 13% greater than the amount
of probe fluorescence measured for strain PT2 growing at a
5.75-h doubling time. This compares favorably with the 8%
difference determined by chemical analysis. Thus, the re-
sults of this study support the validity of using fluorescent
rRNA probes to measure RNA content.

Direct estimation of strain PT2 growth rate in multispecies
biofilms. A standard curve (Fig. 4) relating fluorescence
intensity to growth rate was used to infer the growth rate of
strain PT2 within multispecies biofilms. Two types of biofilm
material were compared, young biofilm obtained from initial
colonization of a new surface and old biofilm obtained from
long established (presumed steady-state) bioreactor mate-
rial. The young biofilm was obtained by placing a clean glass
coverslip in a minireactor coupled to the main reactor (Fig.
1). The coverslip was removed after 7 days, and the biofilm,
consisting of one to three layers of cells, was fixed and
hybridized with the strain PT2-specific fluorescent probe.
The mean pixel intensity of 50 cells was determined and
compared with the standard curve (Fig. 5). The cross-
hatched area in Fig. 5 corresponds to the range of doubling
times encompassed by the standard deviation. This spans
generation times of approximately 25 to 45 h.
The inference of growth rate in the established biofilm was

based on the mean pixel intensity of 10 cells hybridizing with
the PT2-specific probe. One of these cells was found to have
a mean pixel intensity corresponding to a doubling time of
about 33 h. However, the remaining nine cells fluoresced
much less intensely. In fact, the mean pixel intensity for
these organisms (Fig. 5) is not represented by the standard
curve. The mean values for young and established biofilm
cells are significantly different as determined by the t test (t
= 1.13; df = 58; P < 0.0001). Thus, although the sample set
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obtained for the established biofilm is relatively small (10
data points), a difference between the two populations is
evident. Linear extrapolation of the standard curve to the
mean value for the established biofilm cells indicated a

doubling time of approximately 70 h. However, this proba-
bly is a considerable underestimate since the relationship is
almost certainly not linear. Also, the retention time for
biomass in the bioreactor has been estimated to be between
2 and 3 months, and the average generation time for organ-

isms within the main reactor may be weeks or months rather
than hours or days. Thus, the applicability of this method to
the characterization of populations having vastly different
growth rates was demonstrated.
Given that extracellular material associated with the bio-

film could alter the rate and/or extent of hybridization,
hybridization of both young and old biofilms was also
evaluated by using the extended probes (see above). The use

of the longest probe (ca. 130 nucleotides) resulted in a very

high level of background fluorescence, preventing quantifi-
cation of specific hybridization. Although hybridization with
a shorter probe (ca. 80 nucleotides) resulted in slightly
elevated levels of background fluorescence, it produced the
same mean pixel intensity that was observed following
hybridization with the nonextended probe (after background
value subtraction). We also compared hybridization of both
intact and disaggregated old biofilms. Cell flocs were disag-
gregated by mild sonication prior to hybridization (see
Materials and Methods). No measurable difference in fluo-
rescence intensity was observed (data not shown), indicating
that neither sonication nor aggregation measurably altered
hybridization.
One limitation to the method described here is that a

standard curve is required; cells must be isolated in pure

culture prior to their study in the environment. However, the
need for a standard curve for each organism might be
alleviated in part by using the change in the relative contents
of RNA and DNA (RNA/DNA ratio) to estimate the growth
rate. The RNA/DNA ratio has been used as a general
indicator of growth rate and biomass in the environment (6).
This ratio may also be a more useful general value for
estimating the relative growth rate of a specific organism.
The RNA content and the DNA content could be simulta-
neously estimated by using fluorescent oligonucleotide
probes in combination with DAPI staining. However, addi-
tional studies will be needed to establish the character of this
relationship for a variety of environmentally relevant organ-

isms.
The timing of chromosome replication with long genera-

tion times is also of considerable interest. Although this cell
cycle parameter was not directly addressed in this study, the
techniques are applicable to its study. For example, work of
Skarstad et al. (18) in which flow cytometry was used to

quantify the DNA content of slowly growing E. coli cultures
demonstrated that the B period (the time between cell
division and the initiation of a new round of chromosome
replication) at a 17-h generation time was 80% of the
doubling time (18). Thus, continued studies of PT2 should
allow us to quantify DAPI-conferred fluorescence of larger
cell numbers and evaluate the use of chemostats for a more

systematic study of growth rate-related cellular changes.
Fundamental questions that have yet to be addressed

include the comparability of ribosome contents for different
organisms growing with the same generation time and the
influence of long-term selection in pure culture on this
relationship. The influence of temperature also has not been
well explored. Studies of S. typhimurium during balanced

growth demonstrated that size and composition were not
influenced by the temperature of cultivation (17). A recent
study in which laboratory strains of E. coli were compared
with more recent "wild-type" isolates demonstrated that
laboratory strains grow faster than wild-type cells having
approximately the same content of ribosomes. It has been
suggested that this reflects a selection for ribosomes having
greater efficiency in laboratory strains (10). The variation in
ribosome content among the E. coli strains examined was
about 10% and was no longer evident after prolonged chemo-
stat selection (280 generations) (9, 10).
Although the physiological significance and ecological

significance of the observed differences in growth rate-
related ribosome content are unclear, one practical conse-
quence is that changing ribosome content should provide a
useful tool for evaluating the status o f a great variety of
microorganisms growing at a wide range of generation times.
One format for the application of this tool to the study of
natural microbial communities would be to use change in
ribosome content as a basis for evaluating the response of
specific populations to altered environments (for example,
the addition of alternative substrates or electron acceptors).
In addition, heterogeneity within a population (for example,
differing activity of single cells associated with increasing
depth in a biofilm) might provide useful insights into aspects
of substrate and mass transport limitation. For example, in
the study reported here, the fluorescence of one cell ob-
served in the established biofilm was significantly more
intense than the fluorescence of the other cells observed,
corresponding to a doubling time of about 33 h. This may
indicate that the established population was composed of
cells having a variety of growth rates. Such differences might
reflect different positions of cells within the biofilm matrix.
For example, cells located near the surface of the biofilm
may not be as limited by mass transport of, or competition
by surrounding cells for, nutrients. Finally, a more applied
application might be the use of this measure to evaluate the
growth or activity status of different attached microbial
populations associated with corrosion and biodeterioration.
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