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The scope of population density effects was investigated in steady-state continuous cultures of Escherichia coli
in the absence of complications caused by transient environmental conditions and growth rates. Four distinct
bacterial properties reflecting major regulatory and physiological circuits were analyzed. The metabolome
profile of bacteria growing at high density contained major differences from low-density cultures. The 10-fold-
elevated level of trehalose at higher densities pointed to the increased role of the RpoS sigma factor, which
controls trehalose synthesis genes as well as the general stress response. There was an eightfold difference in
RpoS levels between bacteria grown at 108 and at 109 cells/ml. In contrast, the cellular content of the DNA
binding protein H-NS, controlling many genes in concert with RpoS, was decreased by high density. Since H-NS
and RpoS also influence porin gene expression, the influence of population density on the intricate regulation
of outer membrane composition was also investigated. High culture densities were found to strongly repress
ompF porin transcription, with a sharp threshold at a density of 4.4 3 108 cells/ml, while increasing the
proportion of OmpC in the outer membrane. The density-dependent regulation of ompF was maintained in
rpoS or hns mutants and so was independent of these regulators. The consistently dramatic changes indicate
that actively growing, high-density cultures are at least as differentiated from low-density cultures as are
exponential- from stationary-phase bacteria.

As originally described for luminescent organisms, popula-
tion density is an important factor in bacterial physiology (7,
23). Nevertheless, a distinct problem in studying population
density-dependent regulation is that it is difficult to unravel the
complex effects operating in commonly used batch cultures.
There is no simple way with batch cultures to uncouple pop-
ulation density- and growth-phase effects, which affect expres-
sion of dozens of genes approaching stationary phase (11).
Likewise, it is unclear whether the extracellular molecules
found in spent media of Escherichia coli (3, 31, 36, 42) result
from growth phase or population density effects. The purpose
of this study was to identify the extent of regulation in E. coli
affected purely by population density, as is possible in contin-
uous cultures growing at the same growth rate but with pre-
determined, steady-state bacterial densities. As shown below,
at least four global properties of E. coli are strongly influenced
by population density in the absence of growth phase effects.

The macromolecular composition and metabolic activity of
microbes are known to vary considerably with changes in
growth conditions (24, 38). The metabolome, or global pattern
of all metabolites, is a function of environmental conditions in
steady-state cultures (39, 40). Population density may well af-
fect the metabolome, if indeed the extracellular metabolites in
spent media result from shifts in intracellular metabolism. In
this study, we investigated the influence of steady-state cell
density on metabolic pools in glucose-limited chemostats and
report on extensive changes in the pool size of metabolites,
including stress protectants.

A particularly important regulatory network suspected of
being influenced by population density is the RpoS-dependent
general stress response (12). RpoS controls large numbers of
genes and influences many structural, resistance, and virulence

properties of E. coli (16, 20). Cell density is generally included
among possible factors affecting RpoS levels (12). Spent E. coli
culture medium indeed affects RpoS regulation (33), but this
and other (14) evidence for RpoS regulation by population
density is indirect. We present experimental data relevant to
the control of the dozens of genes influenced by this alternate
sigma factor, as revealed by the extent of changes in RpoS
levels at exponential growth rates but with high bacterial den-
sities.

Another cellular component involved in global gene regula-
tion is the histone-like H-NS protein. H-NS is an abundant,
neutral, and heat-stable DNA binding protein, and the level of
H-NS influences many components of a bacterium (41). Not
only is H-NS involved in modulating the general stress re-
sponse (12), but it also influences diverse cellular functions like
flagellar synthesis (34), ribosomal promoters (1), virulence
genes (8), and many components of the proteome (18). The
cellular content of H-NS is subject to growth phase regulation
(2), but the influence of population density has not been tested.
Indeed, as for many cellular components, it is unclear whether
the regulation of H-NS supposedly by growth phase is actually
due to changes in population density in batch cultures. This
point can be addressed in steady-state continuous cultures, as
reported below.

The fourth global property investigated here is the interface
of bacteria to the outside world. In gram-negative bacteria,
outer membrane permeability is tightly regulated and gov-
erned by the balance of porin proteins (28). Aside from the
EnvZ-OmpR two-component regulator, many global regula-
tors including RpoS and H-NS influence transcription of the
porin genes ompF and ompC (28). The sensitivity of porin
regulation to environmental inputs made it worthwhile to study
the influence of population density on outer membrane per-
meability. We demonstrate that high population densities in-
deed strongly affect porin regulation and hence the permeabil-
ity of the outer membrane.
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MATERIALS AND METHODS

Bacterial strains. All bacterial strains used in this study are listed in Table 1.
P1 transduction (21) with P1 cml clr100 lysates grown on ZK1171 and CU211 was
used to introduce rpoS::Tn10 and hns::neo into MH513 and MC4100 to create
strains BW3301, BW3305, BW3323, and BW3324 (Table 1).

b-Galactosidase activity and catalase assay. The b-galactosidase activity of
lacZ fusions was assayed by the method of Miller (21). To assay catalase, bacteria
from lower (2.15 3 108 cells/ml)- and higher (1.01 3 109 cells/ml)-density che-
mostats was subjected to H2O2 treatment to test the release of gaseous O2
produced by H2O2 hydrolysis (44). The higher-density culture was diluted with
minimal medium A (MMA) to the same density as the lower-density culture; 1.6
ml of each culture was put into cuvettes, and 1 drop of 6% H2O2 was added. The
sealed cuvettes were scanned with a Hewlett-Packard ScanJet 4C with the cu-
vettes in a horizontal position.

Growth medium and culture conditions. The basal salts medium used in
chemostats was MMA (21). Glucose-limited feed medium consisted of 0.005 to
0.12% (wt/vol) glucose and 1 g of ammonium sulfate per liter. Batch cultures
used Luria broth and MMA containing 4 g of glucose and 1 g of ammonium
sulfate per liter. Batch-cultured bacteria were grown at 37°C with constant
shaking, and chemostat cultures were grown as previously described (5).

Protein extraction methods for outer membrane fractions and Western blot-
ting analysis of RpoS and H-NS. The outer membrane protein fraction of
wild-type strain MC4100 was prepared as previously described (19). For Western
blots, two methods were used. First, after sedimentation of outer membrane
protein as described previously (19), the soluble proteins in the supernatant were
treated by addition of saturated ammonium sulfate to a final concentration of
50% (4), incubated 30 min at 4°C, and centrifuged another 1 h at 35,000 3 g at
4°C to sediment intracellular proteins. Second, samples for other blots were
generated by boiling harvested bacteria in sodium dodecyl sulfate (SDS) sample
buffer (19) directly, as specified in individual figure legends. Protein concentra-
tion was measured by the commercial bicinchoninic acid reagent (Pierce, Rock-
ford, Ill.) and diluted with sample buffer to 20 mg/ml to equalize loadings for
comparative analyses. Proteins were separated by electrophoresis in 15% acryl-
amide gels in the presence of 6 M urea (19).

Protein electrophoretic transfer and immunodetection of RpoS and H-NS. For
Western blotting analysis, the above acrylamide gels were directly subjected to
electrophoretic transfer onto a sheet of cellulose nitrate membrane, using an
Electrophor II transfer apparatus (Pharmacia, Uppsala, Sweden). The transfer
buffer contained 48 mM Tris, 26 mM glycine, 0.0375% (wt/vol) SDS and 20%
(vol/vol) methanol, adjusted pH to 9.3. The transfer was run for 2 h at 32 mA at
room temperature. Following electrophoretic transfer, the membrane was
blocked in TBSTM (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% Tween 20,
5% skimmed milk powder) overnight at 4°C. The membrane was then reacted
with 5 ml of polyclonal antiserum against sS (17) or H-NS (6) in 10 ml of TBSTM
for 1.5 h. This was followed by three washes of the membrane with 20 ml of
TBSTM for 10 min each. After washing, the membrane was soaked with 10 ml of
goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate (Sigma, St.
Louis, Mo.) in 10 ml of TBST (TBSTM with no milk powder) for 1.5 h, following
by washing with TBST. The protein then was detected with the color reagent
5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium (Sigma), and bands
of RpoS and HNS were identified by comparison with control strains BW3323
and BW3324 harboring rpoS and hns mutations, respectively.

Metabolome analysis by TLC. The methods for 14C-labeling of chemostat
cultures, extraction, thin-layer chromatography (TLC) separation, and detection
of 14C-metabolites were described previously (39). The published method was
used for cultures of the bacterial strain BW2951 supplied with 0.02, 0.04, and
0.06% glucose, and the total 14C-glucose input was maintained at 300 mCi of
[U-14C]glucose for each culture despite the different glucose concentrations.
Constant pumping of label into the culture was maintained for 15 min at a
dilution rate of 0.3 h21 before harvesting.

RESULTS

Methodology. The chemostat culture approach was first used
to clarify the relationship between cell density and lumines-
cence, as discussed by Nealson (23). In this study, we used
continuous cultures of E. coli to establish stable cell densities
by fixed glucose concentrations in the feed medium. The feed
glucose concentrations were set at 0.005 to 0.12% in the input
medium and resulted in the steady-state bacterial densities
shown in Fig. 1. The continuous cultures were allowed to
equilibrate for 30 generations before sampling. These experi-
ments were all conducted at a dilution rate of 0.3 h21, corre-
sponding to an exponential doubling time of approximately
2.5 h. This growth rate does not lead to appreciable expression
of starvation or stress responses in glucose-limited continuous
cultures (9). As expected from chemostat theory (27), the
steady-state density was linearly related to input glucose con-
centration in the range used in these studies. The linearity also
suggested that no other environmental limitation besides glu-
cose limitation affected the growth in these cultures.

Metabolite pool changes affected by population density. The
metabolome patterns of E. coli growing at a dilution rate of 0.3
h21 with three population densities (preset with input glucose
concentrations of 0.02, 0.04, and 0.06%, corresponding to den-
sities of 2.2, 4.5, and 6.5 3 108 bacteria/ml, respectively) are
shown in Fig. 2 in two-dimensional separations with two sol-
vent systems. The proportion of label in each of the major
spots was quantitated as shown in Fig. 3. All identified metab-
olites (numbered 1 to 11) and some unidentified spots with
obvious differences between densities were quantitated. How-
ever, a visually striking change in the unidentified spot labeled

TABLE 1. Bacterial strains used in this study

Strain Genotype Reference or source

BW2951 MC4100 lamB::lplacMu55 F(lamB-lacZ) 25
BW3301 MH513 rpoS::Tn10 This study
BW3305 MH513 hns::neo This study
BW3323 MC4100 rpoS::Tn10 This study
BW3324 MC4100 hns::neo This study
CU121 CSH26D(pro-lac) ara thi hns::neo C. Ueguchi (43)
MC4100 F2 araD139 D(argF-lac)U169 rpsL150 deoC1 relA1 thiA ptsF25 flbB5301 32
MH513 MC4100 araD1 F(ompF9-lacZ1)16-13 10
ZK1171 W3110 DlacU169 tna-2 rpoS::Tn10 14

FIG. 1. Bacterial density as a function of input glucose concentrations in
glucose-limited chemostats. Chemostats inoculated with wild-type strain
MC41000 were supplied with feed medium containing 0.005 to 0.12% glucose at
a dilution rate of 0.3 h21. Bacterial densities were obtained from measurements
of optical density at 600 nm from individual chemostats and converted to cell
numbers from viable plate counts of diluted cultures.
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E was not quantitated because this spot shows considerable
variation among extracts tested in triplicate (39).

Many consistent changes in individual metabolites were de-
tected between multiple extracts of these cultures. Most nota-
bly, the 3-fold increase in population density resulted in more
than a 10-fold increase in trehalose pools. Smaller increases in
response to higher population densities were seen with glu-
cose, UDP-sugars, aspartate, and amino acids like valine and
lysine. Glutamate was found to decline in the higher popula-
tion density. In addition to these identified metabolites, some
unidentified spots, labeled D and S, showed strongly decreased
pool size at higher densities. Others, like P and Q, increased
with high population densities. As seen below, the threshold
for other major regulatory effects is also in the range of 2 3 108

to 6 3 108 bacteria/ml.
Aside from the extent of the changes, the most interesting

result was that the trehalose level suggested that bacteria grow-
ing exponentially at a density of approximately 6 3 108 bacte-
ria/ml were expressing the general stress response. The pro-
duction of trehalose is controlled by the alternate sigma factor
RpoS, which is required for expression of the otsA and -B
genes (13). The possible linkage between RpoS and trehalose
led us to investigate the extent of RpoS changes in response to
population density.

Cell density influence on RpoS levels. RpoS functions as a
global regulator to influence stationary-phase gene expression
and the general resistance properties of E. coli (12). RpoS
protein was quantitated with polyclonal antibodies to sS in

bacteria growing at different densities in glucose-limited che-
mostats at a dilution rate of 0.3 h21. The results of protein
immunoblots (Fig. 4) show that the amount of RpoS protein
was strongly affected by cell density. The level of RpoS protein
increased about eightfold in the transition from 2 3 108 to
1.2 3 109 cells/ml. These results are consistent with the
metabolome analysis that higher-density culture is itself suffi-
cient to trigger the general response mediated by RpoS. As
demonstrated in Fig. 5, an independent indication of enhanced
stress resistance was the high catalase activity of higher-density
bacteria, consistent with elevated katE expression controlled
by RpoS (22).

H-NS changes in response to cell density. Many genes con-
trolled by RpoS, including rpoS itself, are negatively controlled
by H-NS (12). Effects of cell density and growth rate on H-NS
were not previously investigated. The H-NS levels in cultures
grown at different cell densities but constant growth rate were
compared in immunoblots. The results in Fig. 6 show that the
H-NS content decreased as cell density increased. The range of
the decrease in this and other experiments with H-NS protein
was only about twofold but approximated the extent found
with growth-phase differences (2). These results indicate that
H-NS is reciprocally regulated with respect to RpoS and would
lead to decreased repression of rpoS and other stress response
genes at high population density.

Cell density influence on outer membrane composition.
H-NS not only controls stress response genes but also affects
porin gene transcription (37). RpoS was also reported to re-

FIG. 2. Metabolome of E. coli growing on glucose at three different cell densities. Extracts were obtained from chemostat-grown strain BW2951 at a dilution rate
of 0.3 h21 with limiting glucose at 37°C. Glucose concentrations were 0.02% (wt/vol) (a and d), 0.04% (b and e), and 0.06% (c and f) (corresponding to densities of
2.2 3 108, 4.5 3 108, and 6.5 3 108 bacteria/ml, respectively). Isotopic labeling used the same amount of [U-14C]glucose (300 mCi) in each of the cultures. Extraction
and separation techniques were exactly as described in reference 39, and the extracts were subjected to TLC in solvent system A specified previously (39) for panels
a to c and solvent system B for panels d to f. Spots: 1, glutamate; 2, trehalose; 3, glucose; 4, UDP-glucose plus UDP-galactose; 5, adenosine; 6, aspartate; 7, lysine; 8,
UDP-N-acetylglucosamine; 9, glutathione; 10, putrescine: 11, valine. The lettered spots were not identified but are mentioned in the text.
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press porin expression at the transcriptional level in some
unspecified way (29). The alterations in H-NS and RpoS con-
centration reported above were therefore expected to influ-
ence porin expression. Porins determine outer membrane per-
meability and are subjected to intricate regulation (28). OmpF
levels were highly induced by glucose limitation at a dilution
rate of 0.3 h21 (19). To investigate cell density influence on
porin expression, porin protein content of wild-type bacteria at

different culture densities was analyzed (Fig. 7). The b-galac-
tosidase activity of a transcriptional ompF-lacZ fusion in E. coli
MH513 was also investigated, as shown in Fig. 8. ompF expres-
sion, as shown in Fig. 7 and 8A, decreased with increasing cell
density. The steep decrease occurred in the density range from
2 3 108 to 4.4 3 108 cell/ml but was consistently high in
cultures growing at lower density (from 5 3 106 to about 2 3
108 cells/ml). Higher density, ranging from 4.4 3 108 to 1.2 3

FIG. 3. Changes in pool sizes as determined by metabolome analysis. Spots corresponding to the compounds represented in Fig. 2 were quantitated using
ImageQuant software as described previously (39). Data are presented as the proportion of each metabolite in the total metabolite pool to minimize loading and
extraction differences between the plates.
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109 cells/ml, resulted in a further slow decrease in ompF ex-
pression. The overall effect of population density on ompF
transcription was greater than 10-fold. Consistent with the
trend at the transcriptional level, the porin protein content in
Fig. 7 showed that the OmpF protein amount decreased as the
density increased. In contrast to OmpF, the production of the
OmpC protein level increased in a reciprocal fashion.

Pratt and Silhavy (29) proposed that RpoS repressed ompF
gene transcription, and so we checked whether the increase in
RpoS was directly responsible for the decline in ompF expres-
sion in response to high density. An rpoS mutation was intro-
duced into the ompF-lacZ strain, and the effect of population
density was retested as shown in Fig. 8B. The level of ompF
transcription was indeed higher in the rpoS mutant, increasing
by 500 U at the dilution rate used in these experiments. How-
ever, there was only a minor effect of the rpoS mutation on the
decrease in ompF expression at higher densities of 2 3 108 to
1.2 3 109 cells/ml. An hns mutation also affected porin tran-
scription, decreasing expression about fivefold. This lowered
expression in the hns mutant was also further depressed by

higher population density, as shown in Fig. 8C. Hence, the
population density effect on ompF was not mediated through
RpoS or H-NS, and an independent pathway regulates ompF
transcription at high population densities.

DISCUSSION

As reported above, bacterial cell density influences many
aspects of metabolism and gene expression. The changes were
independent of altered growth rate or other environmental
perturbations in the cultures studied. Analysis of the metabo-
lome pointed to the increased production of trehalose under
conditions of high population density. Given that trehalose is a
recognized stress protectant (35), and since the catalase activ-
ity of high-density cultures was also elevated (Fig. 5), these
bacteria were well armed for general environmental chal-
lenges. The strikingly increased level of RpoS was consistent
with the notion that high-density bacteria express the general
stress response, even when growing exponentially in a contin-
uous culture. It needs emphasizing that the level of glucose
limitation and the growth rate of the cultures studied here was
not by itself sufficient to trigger the RpoS-mediated stress
response (26), but the possible synergistic effects of glucose
limitation and high density need further investigation.

The global nature of RpoS and H-NS regulation and the
considerable quantitative protein changes with different den-
sities indicated that expression of large numbers of genes was
affected by population density at the transcriptional level. The
trehalose and catalase results provided indirect evidence con-
sistent with changed gene expression. More directly, the ompF
data provided striking evidence for order-of-magnitude changes
in density-dependent transcriptional regulation. The finding
that ompF density regulation was maintained in an rpoS mu-
tant as well as an hns mutant reveals that the population
density effect on porin regulation is mediated through yet an-
other pathway independent of the two global regulators. The
distinct targets and pathways and the sheer multiplicity of
changes make it essential to analyze in more detail the regu-
lators and signal transduction pathways in population density-
stimulated regulation.

In the colon, E. coli may generally be in the high-density
state, given the population size of E. coli in the intestine (30)

FIG. 6. H-NS protein level in bacteria at different culture densities. Western
blotting was used to determine H-NS protein levels in strain MC4100 grown in
glucose-limited chemostats at a dilution rate of 0.3 h21. Tracks 1 to 3 represent
cell densities of 0.22 3 109, 0.67 3 109, and 1.23 3 109 cells/ml. Track 4 shows
the pattern in strain BW3324, the hns control. Samples were extracted by the
SDS extraction method and are typical of samples on three separate blots from
three different sets of samples.

FIG. 7. Outer membrane protein composition at different cell densities.
Strain MC4100 was grown in glucose-limited chemostats at cell densities of
0.22 3 109, 0.45 3 109, 0.76 3 109 and 1.1 3 109 cells/ml (tracks 1 to 4,
respectively). The positions of the major proteins OmpF, OmpC, and OmpA are
indicated. Two independent sets of samples gave results as presented.

FIG. 4. RpoS protein level in bacteria at different culture densities. (A)
Western blotting using anti-ss antibodies was undertaken for extracts of bacteria
grown at different cell densities in a glucose-limited chemostat at a dilution rate
of 0.3 h21. Tracks 1 to 4 contain MC4100 cultures at cell densities of 0.22 3 109,
0.45 3 109, 0.76 3 109, and 1.1 3 109 cells/ml, respectively. (B) Relative amount
of RpoS protein as a function of cell density. Protein level was quantitated from
densitometer scans using ImageQuant software in three separate blots, each
containing samples from separate chemostat cultures of MC4100 growing at a
dilution rate of 0.3 h21 and with different steady-state densities. Samples were
extracted by the ammonium sulfate precipitate method (F, ƒ) or made using
SDS extracts (‚). Quantitations were relative to the amount of RpoS found in
bacteria grown with 0.02% glucose input in each series of experiments, which was
set as 1.

FIG. 5. Catalase activity of strain MC4100 at low (2.15 3 108 cells/ml) and
high (1.01 3 109 cells/ml) densities. The bubbles represent the O2 produced from
the hydrolysis of H2O2 catalyzed by the catalase activity of each culture.
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and the possibility that other bacteria could also contribute
density signals recognized by E. coli. The major transitions in
RpoS, porin, metabolite, and H-NS levels in our study all
occurred at approximately the same narrow range of bacterial
densities, namely, between 2 3 108 and 4.4 3 108 cells/ml. This
transition density was not particularly high and is readily
achievable not only in the colon environment but also in the
mid-exponential growth phase of experimental bacterial batch
cultures. Indeed, we conclude that exponential batch cultures
undergo regulatory and metabolic transitions based on popu-
lation density-sensing mechanisms. There is still a widespread
view that mid-exponential batch cultures are in a state of bal-
anced growth from a physiological point of view (15), but our
results suggest otherwise. It remains to be seen whether the
threshold that we determined in continuous culture is also
applicable to other media and growth rates generally used in
physiological studies, such as those used in batch culture for
production of the signal molecule(s) reported by Surette and
Bassler (approximately 5 3 108 bacteria/ml) (36).

We have not addressed the question of which, if any, quo-
rum-sensing mechanism or molecule is responsible for the
extensive cellular adaptations. Much detailed work is required
with respect to medium components such as the AI-2-like
signal (36) in the individual regulatory changes and what point
in transcriptional, translational, or protein stability regulation
the signals attack. The potential role of other signals like ho-
moserine lactones (14) and anhydro sugars (31) also needs
assessment. The experimental system described in this report is
ideally suited to future testing of the effects of extracellular
signals in the absence of growth phase changes.

In conclusion, population density is itself an inducer of ma-
jor changes in bacterial regulation, physiology, and metabo-
lism. The dramatic shifts reported above were independent of
altered growth rate or other environmental perturbations in
the cultures studied. In this respect, the presence of smaller-
channel porins, the increased synthesis of stress protectant,
and the induction of the general stress response all point to the
increased ability of E. coli to meet challenges, even in the
absence of any external environmental threat. Presumably,
high-density environments are associated with harsh situations
in the lifestyle of E. coli.
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