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The relationship between growth rate and rRNA content in a marine Synechococcus strain was examined. A
combination of flow cytometry and whole-cell hybridization with fluorescently labeled 16S rRNA-targeted
oligonucleotide probes was used to measure the rRNA content of Synechococcus strain WH8101 cells grown at
a range of light-limited growth rates. The sensitivity of this approach was sufficient for the analysis of rRNA
even in very slowly growing Synechococcus cells (m 5 0.15 day21). The relationship between growth rate and
cellular rRNA content comprised three phases: (i) at low growth rates (<;0.7 day21), rRNA cell21 remained
approximately constant; (ii) at intermediate rates (;0.7 2 1.6 day21), rRNA cell21 increased proportionally
with growth rate; and (iii) at the highest, light-saturated rates (>;1.6 day21), rRNA cell21 dropped abruptly.
Total cellular RNA (as measured with the nucleic acid stain SYBR Green II) was well correlated with the
probe-based measure of rRNA and varied in a similar manner with growth rate. Mean cell volume and rRNA
concentration (amount of rRNA per cubic micrometer) were related to growth rate in a manner similar to
rRNA cell21, although the overall magnitude of change in both cases was reduced. These patterns are
hypothesized to reflect an approximately linear increase in ribosome efficiency with increasing growth rate,
which is consistent with the prevailing prokaryotic model at low growth rates. Taken together, these results
support the notion that measurements of cellular rRNA content might be useful for estimating in situ growth
rates in natural Synechococcus populations.

Synechococcus spp. are ubiquitous and abundant compo-
nents of the photosynthetic picoplankton in a wide range of
marine environments (32). These unicellular cyanobacteria
and their close relatives, Prochlorococcus spp., can account for
a large share of total community photosynthetic biomass and
primary production, particularly in open-ocean settings (29,
33). Measurement of the in situ growth rates of these organ-
isms, and of natural microbial populations generally, remains a
major challenge for microbial ecologists. Traditional methods
involving incubations are problematic, owing to the inevitable
disruption of natural conditions that such incubations entail
(13). This problem is particularly well documented in marine
environments, many of which are characterized by tightly cou-
pled microbial food webs and by extraordinarily low ambient
concentrations of nutrients and trace metals (e.g., reference
12). One alternative, nonincubation approach for measuring
natural microbial growth rates involves the use of biochemical
“indexes” that are correlated with growth rate and can be
measured in the population of interest (13). The utility of this
sort of biochemical approach will clearly depend on the ro-
bustness of the correlation with growth rate and on the ease
with which the index can be measured in the population of
interest. In the present study, we examine the relationship
between rRNA content and growth rate in the marine Syn-
echococcus strain WH8101. Our goal is to establish the general
nature of this relationship in cyanobacteria compared with that
in better-studied heterotrophic bacteria and to evaluate the
possibility of using cellular rRNA content as an index for
growth rate in this important group of photosynthetic pico-
plankton.

The relationships between gross macromolecular composi-

tion (e.g., RNA, DNA, and protein content) and growth rate in
Escherichia coli and other enteric bacteria are well established
(9, 14). The fact that these relationships can be described in
simple mathematical terms, and appear to be independent of
the specific environmental factor that determines the growth
rate, supports the idea of using gross biochemical composition
to estimate the in situ growth rate of natural microbial popu-
lations (11, 16). In particular, ribosome (or rRNA) content is
expected a priori to be particularly tightly coupled to growth
rate: ribosomes act as catalysts for protein synthesis, and at
steady state (and assuming that protein turnover is insignifi-
cant), specific protein synthesis rate equals specific growth rate
(9). Therefore, cellular rRNA content is a good candidate as a
biochemical index for growth rate in natural microbial popu-
lations (3, 16, 19).

The relationship between cellular rRNA content and growth
rate in cyanobacteria has not been determined. Of the few
studies that have examined growth rate-related changes in
total cellular RNA, most have involved the freshwater Syn-
echococcus strain PCC6301 (formerly Anacystis nidulans) (22,
25, 30). Although RNA cell21 is generally observed to increase
with growth rate, a consistent picture of the quantitative rela-
tionship between these two parameters has not yet emerged.
Thus, the increase in cellular RNA has been reported to be
exponential, sigmoidal, or linear (see Discussion).

In this study, we used fluorescently labeled 16S rRNA-tar-
geted oligonucleotide probes to specifically analyze the cellular
rRNA content of a coastal Synechococcus isolate growing at a
range of light-limited growth rates. Additionally, total RNA
was measured with the nucleic acid stain SYBR Green II. Flow
cytometry provided rapid, sensitive, and high-resolution anal-
ysis of hybridized and stained cells in these laboratory studies
and in the future should facilitate the extension of this analysis
to natural Synechococcus populations in mixed microbial com-
munities.
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MATERIALS AND METHODS

Culturing and sampling. Synechococcus strain WH8101 was obtained from
J. Waterbury (Woods Hole Oceanographic Institution) and grown on SN me-
dium (32). Cultures of 25 ml were maintained at 25°C under constant light from
Cool-White fluorescent lamps. Light intensity was measured with a scalar PAR
meter (Biospherical Instruments, Inc.). Photon flux densities ranging between 4
and 240 mmol m22 s21 were achieved by careful placement of culture tubes in
different locations within the incubator and by shading with black nylon window
screening. Culture growth was monitored by in vivo fluorescence (8), using a
Turner Designs model 10 fluorometer equipped with a chlorophyll analysis
accessory kit. Specific growth rates (day21) were calculated from the slope of the
regression of natural log (in vivo fluorescence) versus time. In order to maintain
semicontinuous growth conditions, cells were diluted into fresh medium prior to
the onset of stationary phase, resulting in constant exponential growth rates.
Cultures were maintained at a given light level and growth rate for the equivalent
of at least 10 generations prior to sampling. Cells were sampled, preserved in
methanol, and stored at 220°C as described previously (6). In preliminary hy-
bridization studies with WH8101, this simple methanol fixation appeared to be as
good or better than the combined paraformaldehyde and methanol fixation used
in previous studies with heterotrophic bacteria (2, 31). Data in this study derive
from three independent growth experiments that were performed over the
course of 1.5 years (indicated in figures where appropriate).

Whole-cell hybridizations. Methanol-preserved cells were centrifuged (16,000 3
g, 10 min, 4°C) and resuspended in phosphate-buffered saline (PBS; pH 7.5).
Standard hybridization conditions were as follows. Five-microliter aliquots of
these cell suspensions were combined with 50 ml of hybridization buffer (900 mM
NaCl, 20 mM Tris [pH 7.2]) and 1.6 ml of probe solution (50 ng of probe ml21;
final concentration of 1.4 mg ml21) and incubated at 45°C overnight. Hybridiza-
tion suspensions were then diluted with 500 ml of hybridization buffer, incubated
at 48°C for 20 min, centrifuged, resuspended in 500 ml of PBS, and held on ice
prior to analysis.

Two 16S rRNA-targeted oligonucleotide probes, EUB338 and NON338, were
used. The former (Oligonucleotide Probe Database designation S-D-Bact-0338-
a-A-18 [1]) is specific for the domain Bacteria (2); the latter is the complement
of EUB338 and is used as a negative control (31). These oligonucleotides were
synthesized with 59-end amino groups and labeled with BODIPY FL-X (Molec-
ular Probes, Inc.), using the manufacturer’s ONLY oligonucleotide labeling kit.

Cell staining. Aliquots of methanol-fixed cells were resuspended in PBS (pH
7.9), and incubated for 30 min at 37°C with RNase I (100 U ml21 [final concen-
tration]; Boehringer Mannheim Corp.). Duplicate cell suspensions were incu-
bated without RNase under the same conditions. Our staining protocol, modified
from that of Marie et al. (23), was as follows. Samples were resuspended in PBS
plus potassium citrate (30 mM [final concentration]), stained with SYBR Green
II (Molecular Probes) at a final concentration of 0.01% of the stock solution, and
analyzed flow cytometrically. SYBR Green fluorescence of RNase-treated cells
was taken to reflect DNA content and compared to Hoechst fluorescence (see
below). The difference between this DNA-derived fluorescence and the fluores-
cence of cells not treated with RNase was taken to reflect RNA content and was
compared with probe-conferred fluorescence. Digestion of cellular DNA would
in theory yield a direct measure of RNA content, but we found that DNase did
not fully degrade cellular DNA in our samples (data not shown). For compara-
tive purposes, cells in some samples were stained with Hoechst 33342 (0.5 mg
ml21 [final concentration]) as described previously (5).

Flow cytometric analysis. Probed or stained samples were analyzed on an
EPICS 753 flow cytometer (Coulter Corp.) equipped with a 5-W argon ion laser
and modified for high sensitivity as described previously (7). Blue excitation (488
nm, 750 mW) was used for probed and SYBR Green-stained samples. Green
fluorescence from BODIPY or SYBR Green was collected through a 525-nm
band-pass filter. Red fluorescence from phycocyanin was collected through a
680-nm band-pass filter and, together with forward angle light scatter was used
to unambiguously identify Synechococcus cells. For Hoechst-stained samples, 125
mW of UV excitation was used, blue fluorescence from the stain was collected
through a 408-nm long-pass and a 470-nm short-pass filter, and red fluorescence
was collected as described above. BODIPY and SYBR Green fluorescence was
normalized to that of standard fluorescent latex beads (0.474-mm diameter;
Polysciences, Inc.) which were added to each sample. Hoechst fluorescence was
normalized to genome equivalents (6). All data were collected as list modes and
analyzed with CYCLOPS (Cytomation, Inc.), WIN-MDI (Joseph Trotter, The
Scripps Research Institute), or WinList (Verity Software House, Inc.) software.

Cell volume determinations. Methanol-fixed cells were washed in filtered
(0.2-mm-pore-size filter) artificial seawater, diluted in the same seawater as
necessary, and analyzed with a Multisizer II Coulter Counter (Coulter Corp.)
equipped with a 15-mm aperture. Methanol fixation does not significantly affect
cell volume in Synechococcus strain WH8101 (data not shown). Reported mean
cell volumes are derived from a Gaussian curve fit to raw cell size distribution,
using ModFit software (Verity Software House), in order to reduce the effects of
noise in the lower channels of the instrument.

RESULTS

WH8101 grew at specific growth rates between 0.15 and 1.83
day21 under the range of light intensities used in this study.
The relationship between growth rate and light intensity was
well described by a hyperbolic tangent function (15), with no
evidence of photoinhibition (Fig. 1).

Preliminary hybridization experiments established that a sin-
gle 59-end BODIPY-labeled probe resulted in a detectable
fluorescence signal, well in excess of the negative control (Fig.
2). For these methanol-fixed cells, inclusion of 0.1% sodium
dodecyl sulfate in the hybridization buffer (31) resulted in in-
creased nonspecific binding as well as increased concentrations
of small particulates which interfered with our flow cytometric
analysis (not shown). Sodium dodecyl sulfate was therefore
excluded from the hybridization mix in subsequent experi-
ments. Optimum probe concentration was determined for cells
growing at three different growth rates (Fig. 3). Whereas flu-
orescence was relatively insensitive to probe concentration in
rapidly growing cells, it dropped off sharply below 1.4 mg of
probe ml21 in cells growing at moderate and low rates. Above
this probe concentration, mean fluorescence increased slowly
in all cells. Owing to a parallel increase in nonspecific binding
(as reflected by NON338 fluorescence), however, the differ-
ence between specific and nonspecific fluorescence remained
approximately constant at these higher probe concentrations
(Fig. 3B). We therefore routinely used a final probe concen-
tration of 1.4 mg ml21. Under these conditions, specific fluo-
rescence and nonspecific fluorescence were insensitive to cell
density in the hybridization mix over a factor of at least 10 (not
shown). EUB338-conferred fluorescence was insensitive to
DNase treatment but was reduced to NON338 levels by RNase
treatment, confirming that EUB338 fluorescence was in fact
associated with cellular RNA (data not shown). The standard
deviation of separate analyses performed on different days with
aliquots of the same sample corresponded to approximately
7% of the mean.

The relationship between growth rate and rRNA content in
WH8101 appeared to comprise three phases (Fig. 4A). At the
lowest rates (,;0.7 day21), rRNA cell21 remained approxi-
mately constant; at intermediate growth rates (;0.7 to 1.6
day21), it increased linearly and proportionally to growth rate;
at the highest growth rates (.;1.6 day21), it appeared to un-
dergo a downshift. Nonspecific fluorescence decreased slightly
as growth rate increased and was always insignificant (10% on
average) compared to EUB338-conferred fluorescence.

FIG. 1. Relationship between specific growth rate and light intensity for
Synechococcus strain WH8101. Shown are the means and standard errors for at
least four consecutive transfers of a given culture (corresponding to ;16 gener-
ations); line is the best-fit hyperbolic tangent function (a 5 2.97, mmax 5 1.69;
r 2 5 0.98) (15). Error bars not shown are contained within the symbols. d, day.
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Measurements of total cellular RNA and DNA based on
SYBR Green II were very well correlated with probe-based
rRNA measurements and Hoechst-based DNA measure-
ments, respectively (r 5 0.95 and 0.90) (Fig. 5). The relation-
ship between growth rate and RNA cell21 as measured with
SYBR Green II was very similar to the relationship described
above for rRNA cell21 (Fig. 4A).

Mean cell volume varied with growth rate in a manner that
was qualitatively similar to the pattern for rRNA cell21, re-
maining approximately constant (or perhaps decreasing slight-
ly) at low growth rates, increasing linearly at intermediate
rates, and dropping at rates greater than ;1.6 day21 (Fig. 4B).
The overall magnitude of these changes, however, was some-
what less than for rRNA cell21. These two data sets were
combined to calculate cellular rRNA concentration (rRNA per
cubic micrometer), which is in many ways the relevant physi-
ological parameter (see Discussion). Again, the relationship
between rRNA concentration and growth rate was qualita-
tively similar to but of smaller magnitude than that between
rRNA cell21 and growth rate (Fig. 4C). In particular, the
downshift in cellular rRNA at the highest growth rates was
significantly reduced when the data were expressed on a per-
cell-volume basis.

DISCUSSION

The relationship that we report here between rRNA content
and growth rate in Synechococcus strain WH8101 is similar in

many respects to that observed in E. coli. This likely reflects
fundamental similarities in the regulation of ribosome synthe-
sis and activity with respect to growth rate in these two organ-
isms. The concordance between measurements obtained by
using fluorescently labeled 16S rRNA-targeted oligonucleotide
probes and the nucleic acid stain SYBR Green II indicates that
both of these methods can be used to estimate RNA content in
Synechococcus cells. Note that a strong correlation between
rRNA and total RNA is to be expected, given that rRNA
generally represents a large proportion of total cellular RNA
in prokaryotic cells (9).

In E. coli and related heterotrophic bacteria growing at
moderate to high growth rates, total cellular RNA and rRNA
increase approximately exponentially with growth rate (9).
When normalized to cell mass or protein, the increase in
rRNA concentration with growth rate is linear (9, 14). At lower
growth rates, RNA concentration has been observed variously
to continue to decrease linearly (but with a positive, non-zero
intercept) or to level off at a constant, low value (14, 17).

Our observations of relatively constant rRNA cell21 at the
lowest growth rates and a linear increase at intermediate
growth rates in Synechococcus strain WH8101 are reminiscent
of these patterns in E. coli. However, decreases in rRNA cell21

at high growth rates as observed here in Synechococcus have
not been reported in E. coli. As this decrease occurs in those
cells incubated under the highest light intensities (Fig. 1), it
may reflect a shift in cellular regulation that occurs as growth
shifts from a light-limited to a light-saturated condition. A
corresponding downshift in cell volume in the same range of
growth rates supports this notion. Furthermore, this downshift
in volume can explain at least in part the downshift in rRNA
cell21 (compare Fig. 4A and C) (see below). The overall pat-
tern observed here in cell volume is strikingly similar to the
pattern reported for cellular protein content in light-limited
cultures of Synechococcus strain PCC6301 (25; but see also
reference 22).

Variations in cellular rRNA content can be interpreted in
the context of ribosome efficiency, or average protein synthesis
rate per ribosome. Under conditions of balanced growth, and

FIG. 3. Effect of probe concentration on mean cellular fluorescence in cells
growing at 0.40 (E, F), 1.17 (‚, Œ), and 1.75 (h, ■) day21. (A) Cells hybridized
with EUB338 (closed symbols) or NON338 (open symbols). (B) The difference
between EUB338- and NON338-conferred fluorescence for each cell type. Data
shown represent individual determinations.

FIG. 2. Flow cytometric signature of hybridized Synechococcus cells. (A)
Two-parameter histogram of red fluorescence (derived from phycobiliprotein
autofluorescence) and forward angle light scatter (related to cell size) showing
cells and latex bead standards. Contour lines indicate the relative number of cells
having the specified combination of red fluorescence and light scatter and cor-
respond to 0.01%, 0.02%, 0.04%, 0.08%, etc., of the total population within the
corresponding histogram bin. (B) Frequency distribution of BODIPY fluores-
cence for the cells identified in panel A and hybridized with EUB338 (dark line)
or NON338 (light line).
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assuming negligible or constant protein turnover, ribosome
efficiency can be shown to equal m z P/R, where m is specific
growth rate and P and R are cellular protein and ribosome
content, respectively (9, 28). If we assume that protein content
is proportional to cell volume, a relative ribosome efficiency
can be calculated as m z V/R, where V is cell volume. In Syn-
echococcus strain WH8101, relative ribosome efficiency so cal-
culated increases linearly with growth rate over the entire
range of growth rates examined in this study (Fig. 6). This
linear relationship may in part be a reflection of the fact that
growth rate appears in the numerator of the ordinate. Never-
theless, the calculation clearly indicates that the observed
changes in ribosome concentration are insufficient to support
the corresponding changes in growth rate without a concomi-
tant increase in the average per-ribosome protein synthesis
rate. In contrast, in E. coli growing at moderate to high growth
rates, ribosome efficiency has been found to be constant or
nearly so (9, 14). At growth rates below ;0.5 doubling h21,
however, ribosome efficiency in E. coli decreases linearly with
decreasing growth rate, as observed here in Synechococcus,
apparently reflecting a decrease in the proportion of ribosomes
that are actively involved in protein synthesis in slowly growing
cells (14, 17). We hypothesize that a similar phenomenon un-
derlies the decreasing relative ribosome efficiency observed
here in Synechococcus strain WH8101.

In comparisons of growth rate-related behavior in Synecho-
coccus with that in E. coli, it is not immediately obvious wheth-
er relative growth rates (normalized to mmax for each organ-

FIG. 4. Variation of cellular rRNA, total RNA, and volume with growth rate
in Synechococcus strain WH8101. (A) Cellular rRNA content, as reflected by
EUB338-conferred fluorescence, in cells from two different experiments (E, ‚);
NON338-conferred fluorescence (h); and total cellular RNA as measured with
SYBR Green II in cells from three different experiments (F, Œ, �). EUB338-
conferred fluorescence represents the mean and standard error of replicate
cultures at a given light intensity (except for dotted symbols, which represent
data from single cultures). Data for NON338-conferred fluorescence and SYBR
Green RNA represent individual determinations. Growth rates and associated
error bars as in Fig. 1. Both y axes are relative scales; the relationship between
the two scales is arbitrary. (B) Mean cell volume of cells from three different
experiments (E, ‚, ƒ). Error bars are as in panel A. (C) rRNA and RNA
concentrations, as calculated from the data in panels A and B. Symbols, error
bars, and axis scaling are as in panel A. Lines in panels A and C were drawn by
eye. d, day.

FIG. 5. Comparison of SYBR Green II-based measurements of cellular
RNA (A) and DNA (B) with probe-based measurements of rRNA and Hoechst-
based measurements of DNA, respectively. Points represent individual determi-
nations on the same sample; lines are least-square regressions, with SYBR Green
determinations taken as the dependent variable in both cases. Symbols are as in
Fig. 4B. The Hoechst-based DNA measurement is expressed in genome equiv-
alents; all other axis scales represent relative fluorescence.
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ism) or absolute growth rates represent the more appropriate
basis for comparison. Should we expect the behavior of Syn-
echococcus strain WH8101 growing near its maximum growth
rate (;1.8 day21) to be analogous to E. coli growing at near its
maximum rate (;40 day21), or to E. coli growing at the same
absolute rate (1.8 day21)? In this study, the growth rate-related
behavior of ribosome efficiency in Synechococcus is dramati-
cally different from that in E. coli when the comparison is
based on relative growth rates but is quite consistent when the
comparison is based on absolute growth rates. Thus, it appears
that our understanding of growth rate regulation of rRNA in
Synechococcus (and other ecologically relevant, relatively slow-
ly growing prokaryotes) may be best served by reference to the
slow-growth behavior of E. coli and other well-studied pro-
karyotic models. Similar conclusions have been drawn with
respect to growth rate regulation of DNA replication in Syn-
echococcus strain WH8101 (4, 5).

Previous studies examining the relationship between macro-
molecular composition and growth rate in cyanobacteria have
largely involved the freshwater Synechococcus strain PCC6301.
In these studies, total RNA cell21 has generally been shown to
increase with growth rate, although the quantitative relation-
ship between RNA content and growth rate has not been well
established. Thus, while Mann and Carr (22) observed an ex-
ponential increase in RNA cell21 with increasing growth rate
under light limitation, Parrott and Slater (25) observed a sig-
moidal relationship reminiscent of the pattern observed in the
present study. Under sulfate limitation, RNA cell21 appears to
increase sigmoidally with growth rate as well (calculated from
Table 1 in reference 30), while the relationship is linear under
CO2 limitation (25). Magnesium limitation represents the sin-
gle exception to the general observation that RNA cell21 in-
creases with growth rate, likely reflecting a disruption of pro-
tein synthesis (i.e., a dramatic decrease in ribosome efficiency)
at severely limiting Mg concentrations (30).

In the one relevant study of a marine Synechococcus strain
(WH7803) of which we are aware, RNA cell21 appears to
remain approximately constant at low growth rates, to increase
dramatically as growth rate reaches ;0.7 day21, and then to
decrease again at higher growth rates (18). Although this pat-
tern is not identical to that observed here in Synechococcus
strain WH8101, the similarities are intriguing and suggest the

presence of a common regulatory pattern in marine Synecho-
coccus strains.

Whole-cell hybridization with 16S rRNA-targeted probes
has been used successfully to quantify rRNA content in oth-
er bacteria (10, 20, 21, 26, 27, 31). That the patterns in rRNA
cell21 observed in this study are not influenced by growth
rate-related changes in probe binding behavior (e.g., changes
in cell membrane permeability, rRNA target accessibility, or
background binding) is evidenced by (i) the lack of significant
signal from the NON338 probe (Fig. 4), (ii) the sensitivity of
the signal to RNase but not to DNase, and (iii) the excellent
correspondence between the probe-based measurement of
rRNA and the SYBR Green-based measurement of total RNA
(Fig. 4 and 5), the latter of which does not require access to
one specific target on the rRNA molecule and is unlikely to
behave the same as oligonucleotide probes with respect to cell
permeability. Interference by the photosynthetic pigments in
Synechococcus is also unlikely to have influenced our results:
pigment-derived fluorescence spillover into the signal channel
would be present in both NON338- and EUB338-hybridized
cells. Again, the former signal was on the order of 10% of the
latter at all growth rates (Fig. 4). Note that such spillover could
represent a more significant problem in Synechococcus strains
containing phycoerythrin, which fluoresces at lower wave-
lengths than do the phycobiliproteins in WH8101. The possi-
bility of fluorescence quenching by photosynthetic pigments
cannot be entirely eliminated, but in no sample was there any
indication of an inverse relationship between phycobiliprotein
content (as reflected by cellular red fluorescence) and probe-
conferred fluorescence. Furthermore, it is unlikely that any
fluorescence quenching would affect SYBR Green fluorescence
in quantitatively the same way as it affected probe-conferred
fluorescence. Finally, the pattern observed here is in many
ways consistent with previous observations, based on more
traditional biochemical analyses, of growth rate-regulated
changes in cellular RNA in Synechococcus spp. (see above).

The data presented here support the notion that measure-
ments of cellular rRNA may prove useful for estimating
growth rates in natural Synechococcus populations. Mean cel-
lular rRNA content and rRNA concentration both varied co-
herently and systematically with light-limited growth rate in
Synechococcus strain WH8101. Even at growth rates as low as
0.15 day21 (corresponding to doubling times of 4.6 days), cel-
lular rRNA was clearly measurable by the analytical approach
that we used (Fig. 4). It is important to note, however, that
at extreme growth rates, both low and high, the relationship
between cellular rRNA and growth rate departs from linearity.
rRNA-based estimates of growth rate would therefore be more
ambiguous under these conditions than at intermediate growth
rates. Furthermore, the magnitude of change in rRNA with
respect to changes in growth rate was somewhat lower than
might have been hoped for. Over a 12-fold range of growth
rates, rRNA cell21 varied by a factor of ;2.3.

The successful application of fluorescently labeled probes
and flow cytometry to the measurement of rRNA in Synecho-
coccus cells greatly improves the potential for using rRNA-
based analyses to study natural microbial populations. Flow
cytometric analysis can be used to discriminate between groups
within a mixed assemblage based on cellular light scattering
and fluorescence properties (24), allowing the analysis of the
specific populations of interest rather than the microbial com-
munity as a whole. Taxonomic specificity could in theory be
sharpened further by the use of group- or species-specific
rRNA-targeted probes, rather than the general probes used in
the present study (2).

Although the data presented here are encouraging, the use-

FIG. 6. Relative ribosome efficiency versus growth rate. Ribosome efficiency
was calculated from the probe-based measurements of rRNA (open symbols)
and SYBR Green-based measurements of total RNA (closed symbols) shown in
Fig. 4C (see text). Relative scaling of these two calculated efficiencies is arbitrary
but consistent with scaling in Fig. 4C. Line shows linear regression of probe-
based efficiencies versus growth rate. Symbols are as in Fig. 4. d, day.
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fulness of an rRNA-based approach for estimating in situ mi-
crobial growth rates will ultimately depend on the generality of
the relationship between rRNA content and growth rate with
respect to both taxonomy and environmental conditions. Both
of these issues are under investigation.
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