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The signals that control the transcription of osmoregulated genes are not understood satisfactorily. The
“turgor control model” suggested that the primary osmoregulatory signal in Enterobacteriaceae is turgor loss,
which induces the kdp K� transport operon and activates the Trk K� permease. The ensuing increase in
cytoplasmic K� concentration was proposed to be the signal that turns on all secondary responses, including
the induction of the proU (proline-glycine betaine transport) operon. The “ionic strength model” proposed that
the regulatory signal for all osmotically controlled responses is the increase in the cytoplasmic ionic strength
or macromolecular crowding after an osmotic upshift. The assumption in the turgor control model that the
induction of kdp is a primary response to osmotic shock predicts that this response should precede all
secondary responses. Both models predict that the induction of all osmotically activated responses should be
independent of the chemical nature of the solute used to impose osmotic stress. We tested these predictions by
quantitative real-time reverse transcription-PCR analysis of the expression of six osmotically regulated genes
in Salmonella enterica serovar Typhimurium. After shock with 0.3 M NaCl, proU was induced at 4 min, proP and
rpoS were induced at 4 to 6 min, kdp was induced at 8 to 9 min, and otsB and ompC were induced at 10 to 12
min. After an equivalent osmotic shock with 0.6 M sucrose, proU was induced with kinetics similar to those seen
with NaCl, but induction of kdp was reduced 150-fold in comparison to induction by NaCl. Our results are
inconsistent with both the turgor control and the ionic strength control models.

Organisms respond to changes in external osmolality by ac-
cumulating or releasing low-molecular-weight “compatible sol-
utes” that maintain the proper balance between internal and
external osmolality. One of the prominent responses of Enter-
obacteriaceae to high ion concentrations is transcriptional in-
duction a �100-fold of two operons: proU (proVWX), which
encodes a transport system for the osmoprotectant compounds
glycine betaine and proline, and kdpABC, which specifies the
components of a high-affinity K� transport system.

The signal sensing mechanisms of the osmotic control of
transcription of the kdp and proU operons are uncertain. Two
osmoregulatory models were proposed for Enterobacteriaceae.
The “turgor control model,” which has been very influential in
shaping thinking about bacterial osmoregulation, suggests that
the fundamental signal is the loss of turgor resulting from the
efflux of water after an osmotic upshift (3, 13). This model
postulates that the first response of the cells to turgor loss is
increased uptake of K�, accomplished by stimulation of the
activities of the constitutive, low-affinity K� transport systems
Trk and Kup and by transcriptional induction of the kdpABC
operon. The model further proposes that elevated K� acts as
a second messenger to turn on all other osmotically activated

responses, including the induction of proU. Finally, the model
postulates that when K� and the counterion glutamate are
accumulated to sufficient levels, turgor is restored and the
transcription of the kdp operon returns to the prestress basal
level. The “ionic strength model” proposes that the regulatory
stimulus for the activation of osmotically controlled responses
is the increase in the ion concentration of the cytoplasm (35).
Because the reduction in volume resulting from plasmolysis
increases the concentrations of all cytoplasmic components,
from small metabolites to macromolecules, in principle the
increase in the concentration of a variety of molecules could
provide a signal to set off osmotically activated responses (8).
The elevated K� concentration, together with macromolecular
crowding, has been shown to stimulate the activity of the ProP
transport system under osmotic stress (10), and it is conceiv-
able that such a signal could be used to regulate the transcrip-
tion of osmoresponsive genes. Because K� glutamate is the
major determinant of the cytoplasmic ionic strength (6), the
turgor control and the ionic strength models are very similar;
the main difference between them is that is that the former
model suggests that K� uptake and the induction of the kdp
operon are regulated by turgor loss and all other responses are
secondary consequences of the accumulation of K� glutamate,
whereas the latter model suggests that all osmotically activated
responses, including the induction of the kdp operon, are
turned on by the increase in ionic strength.

The two models make a number of testable predictions. It
has been proposed in the turgor control model that kdp is
induced by low turgor pressure when Trk activity is not suffi-
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cient to maintain turgor (3, 13). If the function of the osmotic
induction of kdp is to enable the cells to acquire K� when Trk
is inadequate, then it would be expected that the osmotic
induction of this operon would precede the secondary re-
sponses that are suggested to depend on the accumulation of
K�. The fundamental cause for both turgor loss and volume
reduction after an osmotic upshift is the decrease in external
water activity imposed by impermeant solutes. Thus, both the
turgor control and the ionic strength control models imply that
the response of every osmotically regulated function would
depend on the decrease in the water activity, regardless of the
chemical nature of impermeant solutes that are used to impose
the osmotic shock. We tested the above predictions by quan-
titative real-time reverse transcription-PCR (Q-RT-PCR)
analysis to determine the kinetics of induction of proU, kdp,
and four other osmotically regulated operons in Salmonella
enterica serovar Typhimurium.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The experiments in this work
were done with derivatives of S. enterica serovar Typhimurium LT2. Strain
TL3025 (proX1917::TnphoA DUP [kdpA101::Mud1-8::nadA216]/kdp�) is a
Kdp� strain, which carries an intact copy of the kdpABCDE genes and a kdpA-
lacZ transcriptional fusion generated by phage Mud1-8 (14) in a chromosomal
duplication of the kdpA-nadA segment of the chromosome. Strain TL3353 (DUP
[proX(proU)1884::Mud1-8::pheA564]/proX1917::TnphoA) carries a chromosomal
duplication of the pheA-to-proU region of the chromosome, in which one copy of
the proU operon contains a proX-phoA translational fusion (obtained from E.
Eisenstadt via J. Galán) and a second copy carries a proX-lacZ translational
fusion (30). The chromosomal duplications in these strains were constructed
essentially by the method of Hughes and Roth (20). Both strains are ProU�, but
the absence of this transport system has no effect on the transcriptional regula-
tion of the kdp or proU operons (11). The sites of insertion of the
proX1917::TnphoA and kdpA101::Mud1-8 fusions are 2,462 and 1,467 nucleo-
tides (nt) downstream of the proU and kdp promoters, respectively, as deter-
mined by PCR amplification and DNA sequencing (data not shown). The site
of insertion of the proX1884::Mud1-8 is 3.4 kbp downstream of the proU pro-
moter, determined by Southern blot analysis (30). Strain TL3799 (proX1917::
TnphoA/F�128 lac� mhpC31::Tn10dTc) carries the wild-type lac operon of Esch-
erichia coli K-12 on the low-copy-number plasmid F�.

The medium used for the study of the high-osmolality-dependent regulation of
the kdp and proU operons was K medium, which has been used previously in
other studies of the osmotic control of expression of the kdp and proU operons
(1, 11, 16). This medium contains 1 mM KH2PO4, 1 mM (NH4)2SO4, 0.08 mM
MgCl2 · 6H2O, 1.8 �M Fe2SO4 · 6H2O, 5 g liter�1 Casamino Acids (Difco), and
10 mM glucose. The osmolality of this medium was increased by 0.3 M NaCl or
0.6 M sucrose, and in each case the pH was adjusted to 7.6 with Tris base. The
K� concentration of the K medium was confirmed with inductively coupled
plasma atomic emission spectrometry to be 1 mM. The osmolalities of K medium
and K medium containing 0.3 M NaCl or 0.6 M sucrose were 147, 638, and 662
mosM, respectively, measured by a Wescor 5100 osmometer. Growth was with
aeration at 37°C. Ampicillin was added at 25 �g ml�1 for maintenance of the
chromosomal duplications in strains TL3025 and TL3353, and tetracycline was
added at 15 �g ml�1 for the maintenance of the F�128 lac� mhpC31::Tn10dTc.

RNA extraction and cDNA synthesis. Cells were inoculated to a density of 5 �
107 ml�1 (optical density at 600 nm � 0.05) in K medium and grown to early
exponential phase. After two doublings (optical density at 600 nm � 0.2), the
osmolality of the medium was increased by the addition of 0.1 volume 3.0 M
NaCl or 0.5 volume of 1.2 M sucrose, dissolved in K medium that was warmed
to 37°C. Samples (total, 3 ml) were removed from the cultures at 5 and 2 min
before and at various time points after the osmotic upshift: 1 ml, used for
�-galactosidase and alkaline phosphatase assays, was mixed rapidly with 100 �g
chloramphenicol and kept on ice until the assays; 2 ml was mixed with 4 ml of
RNAprotect reagent (QIAGEN) and used for the isolation of RNA with the
RNeasy Mini kit (QIAGEN), according to the manufacturer’s protocol. Random
hexamer-primed cDNAs were obtained from the RNA preparations by using the
Superscript First Strand Synthesis system for RT-PCR (Invitrogen).

Amplification primers. The primers used for the amplification of mRNAs and
16S rRNA were designed with Applied Biosystems Primer Express software
(version 1.5). The following primer sequences were used (5�-to-3� direction), with
their nucleotide positions downstream from the translation start site of the
relevant gene given in parentheses, unless otherwise indicated: kdpA, GGCGC
TACTGACGCTCAATC (nt 192 to 211) and AGGCTTGCCAGTTGGTA
TTGG (nt 352 to 332); proV, GGATTATCCGGCTCGGGTAA (nt 181 to 200)
and GAGCGCAAATGACTGGAAGAC (nt 351 to 331); proP, TGCCTACGC
GTTGGGTAAAG (nt 141 to 160) and CCGTATTTATCGCCGAGCAT (nt
281 to 262); rpoS, GTTGGACGCGACTCAGCTTT (nt 160 to 179) and TTTT
ACCACCAGACGCAGGTT (nt 310 to 290); otsB, TTAACCGTATCCCCCG
AACTC (nt 11 to 31) and CCGCGAGACGGTCTAACAAC (nt 146 to 127);
ompC, GCGCCGACATCAACGTATTT (nt 882 to 901) and GCCAACAAAG
CGCAGAACTT (nt 1042 to 1023); gnd, CAACATCGAAAGCCGTGGTT (nt
58 to 77) and GGCGTTTCGAGGGATTCAA (nt 198 to 180); lacZ, CACCA
GCAGCAGTTTTTCCA (nt 3347 to 3366 in Mud1-8) and ATCCAGTGCAG
GAGCTCGT (nt 3447 to 3429 in Mud1 to 8); phoA, GCGATGCTGCCTCAC
TGAAT (nt 751 to 770 in TnphoA) and TTGCGGATTTGGCGTACAG (nt 911
to 893 in TnphoA); and 16S rRNA, ATTGACGTTACCCGCAGAAGA (nt 478
to 498 in rrsA, -B, -C, -E, and -G; nt 477 to 497 in rrsD; nt 468 to 488 in rrsH) and
GGGATTTCACATCCGACTTGA (nt 613 to 593 in rrsA, -B, -C, -E, and -G; nt
612 to 592 in rrsD; and nt 603 to 583 in rrsH).

Q-RT-PCR. Amplification of 8 ng of cDNA was carried out in triplicate with
SYBR Green I PCR Master Mix (Applied Biosystems), as described by Balaji et
al. (2). The RT-PCR and melting-curve analysis of the amplification products
were carried out with an ABI PRISM 7700 Sequence Detector (38).

The mRNA levels for the genes of interest were quantified from the Ct value,
which is the PCR cycle number that generated a common signal for each gene in
the exponential phase of amplification. The Ct values were converted to template
concentrations, using standard curves (15). To correct for sampling errors, the
levels of expression of each gene, as determined from their Ct values, were
normalized to the level of 16S rRNA, and the data were averaged for the three
replicates. Error bars for the proV and the kdpA mRNA levels after shock with
0.3 M NaCl are shown (see Fig. 2A) and for kdpA after shock with 0.6 M sucrose
(see Fig. 4B). These errors are similar to those obtained for other genes in all
experiments, and the latter are not shown for the ease of visualization of the
curves. Induction ratios were obtained by dividing the normalized levels of
mRNAs at each time point after the osmotic shock by the average of the
normalized levels of those mRNAs before the osmotic shock.

Statistical treatment of data. The time of induction of each gene was deter-
mined by repeated-measures analysis of variance (ANOVA), comparing the
preinduction levels of mRNA to the triplicate data obtained at each time point
after induction, using a multiple-comparison t test (�diff’ option in PROC
MIXED software [41a]). The threshold time of induction for each gene was
taken as the first time point at which the normalized level of expression of that
gene was significantly greater (	 � 0.05) than the preinduced value. We tested
for differences in the time of peak expression of kdpA versus proV as follows. We
calculated the mean value of the proV and kdpA mRNA/16S rRNA levels at each
separate time point and then standardized all the individual data points by
dividing each by the peak mean value. Standardization was conducted separately
for each experiment and each gene product. This standardization transforms the
gene expression level to ensure that the curves for both gene products range from
�0 to 1 and therefore gives us a simple way to compare the relative shapes of
these two curves. We then tested all the data collected in each experiment in a
single, repeated-measure ANOVA with a standardized expression level as the
dependent variable and time and gene (kdpA versus proV) as independent vari-
ables. The model included a time � gene interaction term; a significant inter-
action term indicates that the relative shape of the two curves is different, but it
does not indicate where those differences occur. To determine the relative
position of the peaks of both of these curves, we used a multiple-comparison t
test (�diff’ option of PROC MIXED as above) at the time of the peaks of both
curves. If the curves were significantly different at these points, we concluded that
the relative position of the peaks were not coincident.

Enzyme assays. �-Galactosidase and alkaline phosphatase assays were carried
out as described by Miller (29) and Overdier et al. (31), respectively, with the
enzyme specific activities expressed as the number of nanomoles of substrate
used per minute per milligram of protein.

Determination of the effect of osmotic upshift on macromolecular synthesis
and the induction of the lac operon. For the determination of the effect of
osmotic stress on macromolecular synthesis, strain TL3353 was inoculated at a
density of 5 � 107 cells ml�1 in K medium and 10 �Ci of [U-14C]glucose (5.5 mCi
mmol�1; ICN). After two doublings, the osmolality of the medium was increased
by 0.3 M NaCl, as described above for the induction of proU and kdp. At various
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time points before and after the osmotic shift, 1-ml samples were removed and
mixed rapidly with 50 �l of 100-mg ml�1 trichlorocacetic acid at room temper-
ature. The trichlorocacetic acid-insoluble fraction was pelleted by centrifugation,
the precipitate was washed three times with 1 ml H2O, and the incorporated
radioactivity was determined by liquid scintillation counting.

For determination of the effect of osmotic shock on the induction of the lac
operon, strain TL3799 (proX-phoA/F� lac�) was inoculated at a density of 5 �
107 cells ml�1 into K medium. After two doublings, the lac operon was induced
by the addition of 1 mM IPTG (isopropyl-ā-D-thiogalactopyranoside); 15 min
later, the osmolality was increased to 0.3 M NaCl, as described above. At various
time points before and after the addition of IPTG and NaCl, the alkaline
phosphatase and �-galactosidase activities were measured.

RESULTS

Kinetics of induction of the proU and kdp operons after
osmotic shock with NaCl. The kinetics of induction of osmot-
ically regulated genes after shock with 0.3 M NaCl were ana-
lyzed in two kdp� strains (Fig. 1): TL3353, which carried a
proV� proW� proX-phoA translational fusion and a
proV�proW�proX-lacZ transcriptional fusion in a tandem du-
plication of the proU operon, and TL3025, which in addition to
carrying an intact copy of the kdpA� kdpB� kdpC� kdpD�

kdpE� genes also contained a kdpA-lacZ transcriptional fusion
in a duplication of the kdp region of the chromosome. These
strains were used because the reporter genes enabled us to
monitor the level of expression of the kdp and proU transcripts
at widely spaced sites in the mRNAs and to correlate the
accumulation of the translation products of the reporters with
the levels of the messages. We obtained similar results for the
kinetics and magnitude of induction of the kdpA and proV
genes in strain TL3353, which carries a single copy of the kdp�

operon and two copies of proU, as in strain TL3025, which
carries a kdpA-lacZ fusion in the background of a kdp� operon
and a proX-phoA fusion. We show the data obtained after NaCl
shock only for the former strain, but the main conclusions
obtained with both strains are summarized below (see Fig. 6).

Figure 2 shows the results on the induction of kdpA, proV,
proX-phoA, and proX-lacZ mRNAs after shock with 0.3 M

NaCl. The primers used in this experiment amplified se-
quences covering nucleotide positions 253 to 413 in the kdpA
mRNA and positions 241 to 412 in the proV mRNA. We also
used a pair of primers that amplified sequences at positions
3211 to 3372 downstream of the proU promoter in the proX-
phoA fusion and a pair of primers that amplified sequences 6.7
to 6.8 kbp downstream of the proU promoter in the proX-lacZ
fusion. Increased accumulation of the 5� portion of the proV
gene was detectable by 4 min after the NaCl shock. The accu-
mulation of this portion of the proV mRNA increased until 14
min after the NaCl shock, at which point it reached a 
600-
fold induction ratio over the preinduced value, and then it
decreased to a steady-state level of 
200-fold induction at 60
min. In contrast, increased accumulation of the 5� end of the
kdpA gene was detectable only 9 min after the shock. Expres-
sion of kdpA peaked at a 670-fold induction ratio at 20 min
after the shock and decreased to a 170-fold induction ratio at
60 min. The observation that the kdp operon was expressed at
a substantial level 1 h after the osmotic upshift has been indi-
cated previously by lacZ reporter gene fusion studies (1, 14).
This finding is not consistent with the postulate of the turgor
control model that the expression of the kdp operon is shut off
after turgor restoration, as proposed by Epstein (13).

We detected induction of the phoA and lacZ mRNAs in the
proX fusions 10 and 13 min after the NaCl shock, respectively.
The accumulation of the mRNAs of these two genes showed
comparable phases of increase and decay that were seen for
the proV mRNA, but with about a 6- and 9-min delay, respec-
tively. The temporal order of induction of the amplified por-
tions of the proV, proX-phoA, and proX-lacZ mRNAs was con-
sistent with the physical sequence of these sites in the
chromosome. This result validated our conclusion that the
5-min difference in appearance of the proV and kdp mRNAs
was due to a difference in the timing of induction of these two
genes. We also measured the kinetics of induction of the �-ga-
lactosidase and alkaline phosphatase enzymes from the proX-

FIG. 1. The location of the amplified segments of the proU and kdp mRNAs in the strains used for the Q-RT-PCR analysis of the osmotic
control of proU and kdp expression. The arrows indicate the distance from the promoters to the amplified regions in the mRNAs.
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lacZ and proX-phoA fusion (Fig. 2C). Induction of the synthe-
sis of both enzymes was detectable 14 min after the NaCl
shock. The delay in the appearance of the products of the phoA
and lacZ reporter fusions compared to the appearance of the
internal portions of the mRNAs could be due to a combination
of factors, including the time required for the completion of
the messages, possible inhibitory effects of osmotic shock on
translation (see below), or adverse effects of this treatment on
the assembly of enzymatically active proteins, which in the case
of alkaline phosphatase requires export to the periplasm.

Kinetics of induction of other osmoregulated genes. We also
probed the timing of induction of four other osmotically con-
trolled genes: proP (encoding proline glycine betaine per-

mease), rpoS (encoding stationary-phase � factor), otsB (en-
coding trehalose-6-phosphate phosphatase), and ompC
(encoding outer membrane porin), after shock with 0.3 M
NaCl in strain TL3353. Increase in the expression of the rpoS
gene was detectable by 4 min after the NaCl shock (Fig. 3A).
This timing was similar to that obtained for proU, although the
rpoS gene showed only a maximal 12-fold induction (at 13 min)
above the basal level. Increased expression of the otsB gene
was detectable by 6 min after the shock. The otsB gene had a
transient peak of induction ratio of 370 fold at 13 min (Fig.
3A), after which it fell and then increased again gradually to an
induction ratio of 660 at 60 min. The otsBA operon is known to
be induced by stationary phase, and it is possible that the

FIG. 2. Kinetics of induction of the proU and kdp operons by osmotic shock with 0.3 M NaCl. Strain TL3353 (kdp� proV� proW� proX-phoA/
proV�pro W� proX-lacZ) was grown in K medium and shocked with 0.3 M NaCl at 0 min. The accumulation of the kdpA, proV, phoA, and lacZ
mRNAs was determined by Q-RT-PCR. The synthesis of alkaline phosphatase and �-galactosidase activities were measured at the indicated time
points as described in Materials and Methods. The mRNA levels are normalized to the level of 16S rRNA, and the enzyme activities are in
nanomoles of substrate consumed per minute per milligram of protein. (A and B) Normalized mRNA levels displayed for the first 15 min (A) and
for 60 min (B); panel A shows an expanded version of the same data as panel B. For the sake of clarity, the mRNA data for kdpA and lacZ are
plotted on different scales than for proV and phoA; the normalized mRNA levels were multiplied by 2 for kdpA and by 10 for lacZ. (C) Alkaline
phosphatase and �-galactosidase specific activities. The levels of the phoA and lacZ mRNAs from panel B are also included in this panel. The
threshold times of induction and times of peak expression were determined by ANOVA, as described in Materials and Methods. The threshold
induction times of proV and kdpA were at 4 and 9 min, respectively (P � 0.0001). Mean peak value expression of proV was at 14 min (t � 17.3)
and of kdpA was at 20 min 20 min (t � 15.5) (P � 0.0001 for both).

FIG. 3. The kinetics of induction of the rpoS, otsB, proP, and ompC genes after shock with 0.3 M NaCl. RNA preparations isolated in the
experiment shown in Fig. 2 were used to measure the expression of the rpoS, otsB, proP, and ompC genes at the indicated time points as described
in Materials and Methods. (A) Normalized mRNA levels for the rpoS and otsB genes; (B) data for the proP, ompC and gnd genes for the first 20
min after the shock with 0.3 M NaCl. These panels also include the results for the proV gene, copied from Fig. 2. (C) Data for the rpoS, otsB, proP,
ompC, and gnd genes for the 20 to 60 min after the osmotic shock.
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increase in the expression of this operon at the later time
points was due to the growth-phase-dependent regulation (17).

Increase in the transcription of the proP gene was detectable
by 5 min after the NaCl shock and it reached a peak value of

60-fold induction by 11 min (Fig. 3B). A previous analysis of
the regulation of proP expression conducted with a lacZ fusion
indicated that osmotic shock elicited an initial 17-fold induc-
tion in the differential rate of synthesis of �-galactosidase (21),
but after about 25 min, the proP-lacZ fusion was expressed at
only a 2-fold-higher steady-state level in cells that were
adapted to high osmolality than in cells growing at low osmo-
lality (12, 21). In E. coli K-12, the proP gene has been shown to
be transcribed from two osmotically inducible promoters, one
of which is dependent on the RpoS-RNA polymerase (49). The
permease activity of the ProP protein is known to be enhanced
at high osmolality by a posttranslational mechanism (12, 37).
Thus, the initial burst of induction of proP gene could amplify
the effect of the posttranslational regulation of the transport
system in the accumulation of compatible solutes soon after
osmotic upshifts.

The kinetics of induction of ompC were more complicated
(Fig. 3B): after an initial increase in expression at 3 to 4 min,
there was a reduction to background levels until 11 min, and
statistically significant induction was evident only after 12 min.
The expression of ompC continued to increase steadily until 60
min after the osmotic shift.

As a control for the quantification of the effect of osmotic
shock on transcription, we measured the levels of the gnd
(encoding gluconate-6-phosphate dehydrogenase) mRNA,

which is subject to a growth rate control but is believed to be
independent of other environmental factors (34). There was a
gradual reduction in the level of the gnd mRNA after the NaCl
shock, resulting in a fourfold decrease at 15 min, which could
be a manifestation of the reduction in growth rate after the
NaCl shock.

The kdp operon is less sensitive to osmotic induction by
sucrose than by NaCl. Both the turgor control and the ionic
strength models predict that the kdp operon should be induced
upon plasmolysis to the same extent in response to a given
increase in external osmolality by an impermeant solute, re-
gardless of the chemical nature of the solute. However, con-
trary to this prediction, it was observed with lacZ reporter
fusions that permanent induction of the kdp operon could be
achieved only with high concentrations of NaCl and ionic sol-
utes but not with nonpolar solutes, such as sucrose (14, 16, 43).
Because Q-RT-PCR provides a more sensitive measure of the
instantaneous levels of mRNAs than reporter gene fusions, we
used the this technique to determine simultaneously the kinet-
ics of induction of the kdp and proU operons after shock with
0.6 M sucrose in a strain that carried a kdpA-lacZ and a
proX-phoA fusion. The results are shown in Fig. 4. In contrast
to the peak 670-fold induction of the kdpA mRNA that we
observed after the shock with 0.3 M NaCl (Fig. 2), the level of
this message increased only 4-fold in response to 0.6 M su-
crose. This slight induction of the kdp operon was initiated at
8 min after addition of sucrose and peaked at 11 min after the
osmotic shock. Another difference in the response of the kdp
operon to sucrose and NaCl was that the expression of the

FIG. 4. The kinetics of induction of the kdp and proU operons after shock with 0.6 M sucrose. Strain TL3025 (kdp� proX-phoA/kdpA-lacZ) was
grown in K medium and exposed to an osmotic shock with 0.6 M sucrose. At the indicated time points, the accumulation of the kdpA, proV, and
phoA mRNAs was determined by Q-RT-PCR and the synthesis of alkaline phosphatase and �-galactosidase activities measured as described in
Materials and Methods. (A) Normalized kdpA, proV, and phoA mRNA levels. (B) Expanded view of the normalized mRNA levels for the kdpA
mRNA and the �-galactosidase activities (in nanomoles per minute per milligram of protein). The induction of alkaline phosphatase from the
proX-phoA fusion was also determined. These data, which are not shown, were similar to those obtained with the proX-phoA fusion after shock
with 0.3 M NaCl (Fig. 2).
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operon returned to basal level by 30 min after the addition of
sucrose, whereas it was maintained at a 170-fold-induced level
at 60 min after the shock with 0.3 M NaCl. We did not detect
induction of �-galactosidase from the kdpA-lacZ fusion after
shock with sucrose, in accord with the marginal increase of the
mRNA accumulation. It should be noted that the osmotic
shock experiments with 0.3 NaCl and 0.6 M sucrose were
carried out using 1 mM K�; therefore, the K�-dependent
component of kdp regulation would have presumably been
uniform under both conditions.

The proU operon, however, was induced to similar high
levels by 0.6 M sucrose as by 0.3 M NaCl, as measured by the
accumulation of the proV and phoA mRNAs and alkaline phos-
phatase activity. Induction of the 5� part of the proV mRNA by
sucrose was detectable by 3 min after the osmotic upshift and
reached a maximum of 590-fold induction at 8 min after shock
with sucrose. Induction of the phoA mRNA and alkaline phos-
phatase activity from the proX-phoA fusion was evident by 6
and 11 min after the shift, respectively. This sequence of re-
sponses demonstrates that the osmotic induction of proU also
preceded that of kdp after shock with sucrose. The fact that we
observed efficient induction of proU with 0.6 M sucrose serves
as an important control, demonstrating that this solute imposes
an osmotic shock similar to 0.3 M NaCl but did not induce the
kdp operon to the same high level.

Osmotic upshift causes a transient inhibition of macromo-
lecular synthesis. The 4 min required for the induction of the
proV mRNA after shock with 0.3 M NaCl (Fig. 2) was consid-
erably longer than the typical response times observed for the
transcriptional control of other genes. For example, increased

synthesis of enzymatically active araB and lacZ gene products
was detectable within 0.7 and 1.5 min after the induction of the
ara and lac operons by arabinose or IPTG, respectively (32,
42). The comparatively sluggish response of the proV and other
osmotically controlled genes to osmotic induction might be due
to an inherent feature of the mechanisms that perceive or relay
the regulatory signal to the promoters of these genes. How-
ever, osmotic shock has been observed to cause a transient
inhibition of nutrient uptake, respiration, and DNA synthesis
(19, 27, 28, 40), and the slow induction of the osmotically
regulated genes might be due to a general inhibition of me-
tabolism after plasmolysis. To probe the latter possibility, we
determined the effect of osmotic shock on the incorporation of
radioactivity from [14C]glucose into macromolecules and on
the induction of the lac operon under conditions identical to
those used for the measurements of RNA levels.

The results of the first experiment are shown in Fig. 5A.
Strain TL3353 was grown in the low-osmolar K medium in the
presence of [14C]glucose. Initially, there was a rapid incorpo-
ration of radioactivity into macromolecules. After two dou-
blings, the osmolality of the culture was increased by 0.3 M
NaCl. The osmotic upshift caused an immediate inhibition of
the incorporation of 14C. Further incorporation did not resume
until 
0.5 h after the osmotic shock. These results confirm that
osmotic shock with 0.3 M NaCl resulted in a transient cessation
of overall macromolecular synthesis.

In the second experiment, exponential-phase cells of strain
TL3799 (proX-phoA/F� lac�) growing in K medium were
treated with IPTG to induce the lac operon; 15 min after the
addition of IPTG, the osmolality of the medium was increased

FIG. 5. Effect of osmotic shock on macromolecular synthesis and induction of the lac operon. (A) Strain TL3353 was grown in K medium
containing 10 �Ci [U-14C]glucose. At 0 h, the osmolality of the medium was increased with 0.3 M NaCl. Samples were removed from the culture
at the indicated time points, and the incorporation of radioactivity into macromolecules was determined as described in Materials and Methods.
(B) Strain TL3799 (kdp� proX-phoA/F� lac�) was grown in K medium. At �15 min, the lac operon was induced with 1 mM IPTG; at time 0, the
osmolality of the culture was increased with 0.3 M NaCl. The accumulation of �-galactosidase and alkaline phosphatase (in nanomoles per minute
per milligram of protein) was determined at the indicated time points, as described in Materials and Methods.
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to 0.3 M NaCl. The expression of the lac operon was moni-
tored by �-galactosidase assays (Fig. 5B). Using the mathemat-
ical treatment of Schleif et al. (42), we were able to detect the
formation of newly synthesized �-galactosidase by 1.5 min after
the addition of IPTG, in accord with the previously observed
kinetics of induction of the lac operon (32, 42). This result
confirms that the induction of proV by high osmolality (Fig. 2
and 4) was indeed substantially slower than the induction of lac
operon by IPTG. The accumulation of �-galactosidase contin-
ued to increase rapidly for 15 min, at which time the cells were
exposed to 0.3 M NaCl. The osmotic shock caused a rapid
inhibition of �-galactosidase synthesis that persisted for 
0.5 h
and then resumed at a lower rate than before the shock. These
results are consistent with the 14C labeling, because both ex-
periments suggest that shock with 0.3 M NaCl inhibited the
overall macromolecular synthesis for 
0.5 h. Thus, this ad-
verse effect of osmotic upshift on macromolecular synthesis
could account for the slow induction of proU and the other
osmotically regulated genes. As a control, we measured the
induction of the alkaline phosphatase from the proX-phoA
fusion, which was detectable by 15 min after the osmotic shock,
similar to the result reported in Fig. 2.

DISCUSSION

Measurement of mRNA levels after osmotic induction en-
abled us to construct a temporal sequence of induction of the
six osmotically induced operons that we examined. Our time-
line of induction of these genes after shock with 0.3 M NaCl in
two different strains is shown in Fig. 6. These observations
show that the rpoS, proV, and proP genes were induced earliest
among the osmotically regulated genes, 4 to 6 min after the
shock. It is important to note that the kdp operon was induced
only at 8 to 9 min after the shock with 0.3 M NaCl or 4 to 5 min
after the induction of proV. Induction of the otsB and ompC
genes was observable at 10 to 12 min. This timeline of the
regulation of the osmotically controlled operons (Fig. 6) is at
odds with the suggestions that the induction of the kdp operon
is an early response to an osmotic shift (5, 25) and that most (if
not all) osmotically controlled events, including the induction
of the proU operon, are secondary consequences of accumu-
lation of K� (13, 18). Our observation that the induction of the
proU operon occurs within 4 min after the osmotic upshift is
certainly contrary to an assertion in the literature that the
induction of osmoresponsive genes occurs one or more hours
after the osmotic upshift (47).

To our knowledge, this is the first work in which induction of
genes has been monitored by Q-RT-PCR in bacteria, although
this technique been used to follow the kinetics of accumulation
of mRNAs in plants after viral or fungal infection (2, 39). The
sensitivity of Q-RT-PCR in a bacterial system has been docu-
mented by its usefulness in measuring mRNA half-lives at a
0.5-min resolution (41). The osmotic control of gene expres-
sion has been studied extensively with lacZ or lux reporter gene
fusions (12, 21, 24, 33). Our Q-RT-PCR measurements de-
tected both earlier induction times and higher induction ratios
of osmotically controlled genes than were inferred with the
reporter gene fusions. Under conditions comparable to ours
(K medium; 1 mM K�), Gowrishankar (16), found that 0.3 M
NaCl caused a 12-fold induction in steady-state levels of �-ga-

lactosidase in a kdp mutant E. coli carrying a kdp-lacZ fusion.
One reason why the induction ratio observed by Gowrishankar
is substantially less than the one we observed in this work could
be that his strain already had an elevated basal level of expres-
sion of the kdp-lacZ fusion, due to the kdp mutation (14, 24).
Furthermore, it is to be expected that there would be differ-
ences in the results of Q-RT-PCR measurements and reporter
gene analysis, because the former technique gives the instan-
taneous level of mRNAs, while the latter technique measures
a delayed output, the accumulation of an enzymatic activity
integrated over time. Weber and Jung (46) carried a single
time point profiling of gene expression in E. coli at 9 min after
shock with 0.4 M NaCl and found by Northern analysis that
proX, otsA, kdpA, rpoS, and ompC were induced 19.9-, 8.1-,
6.1-, 3.3-, and 1.1-fold, respectively. Because of differences in
the species examined and the media and severity of osmotic
shock used, our results may not be directly comparable to
those of Weber and Jung, but we found that the proV, otsB,
kdpA, rpoS, and ompC genes gave induction ratios of 540, 19,
41, 4, and 2, respectively, at 9 min after shock with 0.3 M NaCl.
Thus, we measured higher induction ratios for each operon,
especially for proU and kdp, with Q-RT-PCR than were de-
tected by Northern analysis (46).

The strains we used for the Q-RT-PCR analysis were wild
type with respect to K� transport, but we examined the effect
of K� transport mutations on the expression kdp and proU
operons with lacZ or phoA reporter fusions. Although
kdpC::Tn10 and trkA::MudQ mutations increased the basal
level of �-galactosidase from the kdpA-lacZ fusion 3- and 36-
fold, respectively, over that seen with the wild type in K me-
dium, these K� transport mutations did not affect the timing of
induction of either the kdp or proU operon by 0.3 M NaCl (K.
O’Connor and L. N. Csonka, unpublished data). These results
suggest that functioning of the Kdp or the TrkA system is not
required for the osmotic induction of these two osmotically
controlled operons (if at least one of these two K� permeases
is functioning).

Our observed timeline gene induction (Fig. 6) suggests that
the osmotically controlled genes can be divided into three
groups: rpoS, proV, and proP, which are induced early after the
osmotic upshift; kdp, which is induced somewhat later; and
otsB and ompC, which are induced last. The fact that these
groups of genes have different threshold and peak times of
induction suggests that they might respond to different regu-
latory signals, although we cannot rigorously exclude the pos-
sibility that some them could be regulated by a common signal
but with different response times. It has been shown by Yan et
al. (50) that the accumulation of glutamate is necessary for the
maintenance of high concentrations of K� in osmotically
stressed cells. However, glutamate limitation did not impair
the high-level expression of proU at high osmolality (9), pro-
viding evidence against K glutamate being a regulatory signal
for the induction of this operon. The transcriptional control of
the kdp operon is mediated by a two-component system, con-
sisting of the membrane-bound signal receptor KdpD and the
transcriptional activator KdpE. KdpD has been suggested to
sense two periplasmic signals: high osmolality and K� limita-
tion (22, 43). The synthesis of the RpoS protein is stimulated
under a variety of conditions, including starvation or entry into
stationary phase, high osmolality, low and high temperatures,
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and acidic pH (17). The rpoS gene is downstream of the nlpD
gene in an operon, and it is transcribed from three promoters,
of which one is within nlpD and has a 567-nucleotide-long
untranslated region (17) and the other two are upstream of the
latter gene. It is not known what the signal is for the osmotic
induction of the rpoS gene, but in view of the fact that this gene
is up-regulated under a variety of stress conditions that cause
growth impairment, it is possible that it may be controlled by a
temporary growth rate reduction, such as the one after an
osmotic upshift. The otsBA operon is transcribed by the RpoS-
RNA polymerase holoenzyme (17); therefore, the observation
that the induction of the otsB gene occurs after the induction
of rpoS is consistent with this transcriptional activation cas-
cade. The transcription of ompC is controlled by another two-
component regulatory system, comprising the membrane sig-
nal receptor EnvZ protein, which activates the transcriptional
regulatory protein OmpR in response to some periplasmic
signal(s) (36). The regulation of transcription of ompC is more
complex than that of the other osmotically regulated genes,
because in addition to osmolality, this gene (and its paralog,
ompF) responds to a variety of other environmental cues, in-
cluding carbon source, pH, and temperature (36). Superim-
posed on the transcriptional control, translational control also
contributes to the regulation of expression of the ompC gene
product, mediated by the micC antisense RNA, which can
anneal to the first 22 nucleotides at the 5� end of the ompC
mRNA and inhibit binding of ribosomes to the message (7).
The primers that we used for the amplification of the ompC
sequences did not overlap micC; therefore, there was no in-
terference from the micC RNA in our measurements of the
ompC mRNA levels. It is possible that the long-term increase
in the level of the ompC mRNA that we observed may not have
been due solely to an osmotic effect but to some other factor,
such as growth phase.

In addition to finding that the proU operon was induced

before kdp after osmotic shock, our experiments demonstrated
that kdp mRNA was induced at 170-fold-higher levels by 0.3 M
NaCl than by 0.6 M sucrose. Our direct measurements of
mRNA levels confirm data obtained by lacZ reporter gene
analysis (14, 16, 43) that in contrast to proU, which responds to
low levels of water activity resulting from any impermeant
solute, the kdp operon is much more sensitive to ionic solutes
as inducers than nonpolar ones and that the induction of the
kdp operon can be antagonized by high concentrations of K�.
There are contradictory data in the literature about the steady-
state regulation of the kdp operon by high osmolality. Laimins
et al. (24) reported the finding that constitutes one of the
premises of the turgor control model, that the kdp operon was
induced only transiently by an osmotic upshift imposed with 0.2
M glucose. However, other researchers noted that osmotic
stress imposed by ionic solutes resulted in a high level steady-
state induction of the operon, whereas nonpolar solutes did
not induce the operon at all, even transiently, as measured with
lacZ reporter fusions (14, 16, 43). Our observations may offer
a resolution for the discrepancy between the data of Laimins et
al. (24) and that of other researchers (14, 16, 43). The mRNA
level measurements indicated the proU, kdp, proP, and rpoS
genes exhibited a large initial induction soon after the osmotic
shock, followed by a drop in their expression. The kdp operon
exhibited this pattern of expression after the NaCl and the
sucrose shocks, although the magnitude of the response was 2
orders of magnitude less with the nonpolar solute than with the
ionic one. Thus, our mRNA data on the regulation of the kdp
operon by sucrose, which indicate that the expression of the
operon returned to basal level 30 min after the osmotic shock,
are consistent with the results that Laimins et al. obtained by
kdp-lacZ reporter analyses, although we were not able to de-
tect the small induction of the kdpA-lacZ fusion by �-galacto-
sidase assays after sucrose shock. It should be noted that
Laimins et al. used a kdp trk kup mutant strain that was highly

FIG. 6. The timeline of induction of osmotically controlled genes. This figure shows the threshold induction times of the proV, kdpA, proP, rpoS,
otsB, and ompC genes after shock with 0.3 M NaCl. The threshold induction times of these genes were determined by ANOVA, as described in
Materials and Methods. The arrows above the rectangle show the times of induction of each gene in strain TL3353 after shock with 0.3 M NaCl,
extracted from the data shown in Fig. 2 and 3, and the arrows below the rectangle show induction times obtained with strain TL3025 in a similar
experiment (primary data not shown).
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defective in K� uptake, whereas our experiments were con-
ducted with strains that were wild type with respect to K�

accumulation. The triple-mutant strain used by Laimins et al.,
which required a pathologically high concentration of 50 mM
K� for growth, was near K� limitation, even at this concen-
tration of the cation. It is possible that the transient induction
of the kdp-lacZ fusion that was reported by Laimins et al. after
shock may have been magnified in the kdp trk kup triple mu-
tant, compared to that seen by us in the wild-type background.

Regardless of the reasons why the kdp operon responds
differently to sucrose and NaCl, critical predictions of both the
turgor control and the ionic strength models were not borne
out by our data. As discussed in the introduction, the turgor
control model entails the prediction that the transcription of
the kdp operon should decrease as proU is induced. However,
our observation that the transcription of proU was already
declining by 20 min after the osmotic shock when the expres-
sion of the kdp operon became maximal (Fig. 2) is contrary to
this prediction. Osmotic shock with sucrose elicited a much
lower induction of the kdp operon than was seen with NaCl,
whereas both solutes elicited similar induction of the proU
operon. These observations are inconsistent with both the tur-
gor control and the ionic strength models, because these mod-
els propose that all impermeant solutes would have similar
effects on the regulation of the osmotically controlled genes.

According to one of the assumptions of the turgor control
model (13), our result that the kdp operon was induced by 0.3
M NaCl (Fig. 1) would indicate that the constitutive Trk ac-
tivity and the uninduced levels of Kdp were not sufficient to
maintain turgor. If K� were the second messenger for the
induction of the proU operon, as is assumed in the turgor
control model, then the fact that the induction of the proU
operon begun by 4 min after shock with 0.3 M NaCl would
imply that the accumulation of K� was at least initiated by this
time. However, the fact that the kdp operon was not induced
until 8 to 9 min after the shock means that turgor has not been
restored at this time. Thus, the induction of the kdp operon
does not seem to be a rapid mechanism for turgor restoration
by K� accumulation compared to a proposed secondary re-
sponse, the K�-dependent induction of the proU operon.
Moreover, the peak expression of proU occurred at 14 min
after shock with 0.3 M NaCl (Fig. 1). Assuming that K� is the
regulatory signal for the expression of proU, this result would
imply that the K� concentration reached a peak level at or
before 14 min. However, at this time, kdp expression was still
on the increase, suggesting that turgor has not yet been fully
restored. Thus, this analysis of our data in light of the turgor
control model leads to the seeming paradox that the K� accu-
mulation peaks before turgor restoration has been achieved.

It is generally accepted that the uptake of K� is the earliest
active osmoregulatory response in Enterobacteriaceae and that
organically compatible solutes, such as glycine betaine and
proline, are taken up only after K� has been accumulated to
potentially deleterious levels (13, 18, 23, 25, 44, 45, 48). Our
observations that proU and proP are induced before kdp sug-
gests that, on the contrary, the cells might be poised to take up
organic osmolytes before K�. This conclusion is consistent
with the observations that K� transport mutations did not
impair the transport of glycine betaine after an osmotic upshift
(28). By accumulating glycine betaine or other organic os-

molytes in preference to K�, the cells could avoid the unnec-
essary energy expenditure for the uptake of K� and the syn-
thesis of glutamate, which are more deleterious to
macromolecular function than the organic compatible solutes.

To obtain a satisfactory understanding of the osmoregula-
tory responses, it would be necessary to correlate the transcrip-
tion of osmotically regulated genes over the time course of
osmotic adaptation with a variety of relevant parameters, such
as turgor pressure, membrane tension, water content, cytoplas-
mic volume, intracellular K� concentration, and ionic strength.
The water content, cytoplasmic volume internal solute concen-
trations, and turgor pressure have been determined for non-
growing E. coli cells (6). As our analysis required the use of
cells that were able to carry out normal osmotic adaptation, the
technology is not available for meaningful determination of
these rapidly changing parameters on the necessary time scale.

Analysis of the timing of the induction of the proV, proX-
phoA, and proX-lacZ mRNAs (Fig. 2) enables us to estimate
the rate of progression of RNA polymerase after osmotic
shock. The distances between the amplified portion of the proV
mRNA and the amplified portions of the phoA and lacZ
mRNAs were 3.0 and 6.8 kb, respectively. Induction of these
sequences was detectable 6 and 9 min after the induction of the
amplified segment in the proV mRNA, respectively. From
these results, we can calculate that the average transit time of
the RNA polymerase during minutes 4 to 9 after the osmotic
upshift was 0.5 to 0.8 kb min�1. This estimate is considerably
less than the RNA polymerase progression rate of 2.6 to 3.3 kb
min�1 reported for exponentially growing E. coli (4). The dras-
tic reduction in the rate of RNA elongation rate during the
early stages after the osmotic shock could be due to the general
inhibition of metabolism documented in Fig. 5.

Although our data provide evidence against predictions of
the turgor control and the ionic strength control models, we do
not feel that we are in a position to offer satisfactory alterna-
tives for a signal(s) for any of the osmotically controlled genes.
A conceptual difficulty in any model of osmoregulation is to
account for both the rapid initial increase in transcription of
the osmoresponsive operons, such as proU and kdp, and for
their continued high steady-state levels of expression after the
osmotic adaptation has been completed (8). As plasmolysis has
drastic effects on the cell envelope, one could speculate that
the rapid induction of these operons might be mediated by a
sensor(s) monitoring some physical property of the cell enve-
lope, such as membrane tension, surface area, or turgor pres-
sure. Sugiura et al. (43) proposed that high osmolality and K�

limitation, which are the inducing signals for the kdp operon,
are detected by two distinct domains in the membrane-bound
KdpD protein. The fact that osmotic shock with sucrose did
not elicit high-level induction of kdp while it efficiently induced
the proU operon does not support the idea that high osmolality
itself is sufficient to activate the KdpD protein. It has been
suggested by Sugiura et al. (43) that the ability of the KdpD
protein to sense high concentrations of K� may by perturbed
by high concentrations of Na� and other cations. If this idea is
correct, then high concentrations of salts may induce the kdp
operon, not because of an osmotic effect but because other
cations at elevated concentrations may compete with K� for
binding to the KdpD protein and mimic K� limitation. An
alternative explanation for the higher sensitivity of the kdp
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operon for ionic solutes than nonpolar ones, proposed by Malli
and Epstein (26), was that at intermediate K� concentrations,
ionic solutes cause a limitation of K� uptake, which is not seen
with nonpolar osmolytes.

Our understanding of the regulation of proU is even more
unsatisfactory than that of the kdp operon, because thus far no
osmotic signal-sensing or signal-transducing proteins that
achieve the �600-fold induction of this operon have been
identified. The transcriptional regulation of the proU operon is
mediated by a negative control mechanism that involves an
interaction between the promoter and a downstream silencer
(31). Coupled transcription-translation assays demonstrated
that the proU promoter was efficient in cell extracts and that it
exhibited a response to K� glutamate concentration that was
essentially identical to the response seen with the lacUV5 pro-
moter, which is not osmotically regulated (9). The generalized
DNA binding protein Hns plays a role in the repression of the
proU operon in media of low osmolality, but this protein is not
necessary for the osmotic induction of this operon (25). Con-
ceivably, the transcriptional control of proU might be effected
by an ensemble of generalized DNA binding proteins (includ-
ing Hns), which also contains an undetermined protein that
couples the expression of the operon to some osmoregulatory
signal. From measurements of the periplasmic and cytoplasmic
volumes, water content, and solute levels after plasmolysis,
Cayley et al. (6) deduced the turgor pressure in cells that had
been grown at different osmolalities. They concluded that the
steady-state turgor pressure and the intracellular volume of
exponentially growing cells are not equal at low and high os-
molalities, but rather that these quantities decrease as a func-
tion of external osmolality. Because these parameters change
as a function of external osmolality, it is possible that the
difference in turgor, volume, water content, or some related
quantity (such as cytoplasmic ion concentration, macromolec-
ular crowding, membrane tension, or surface area) could pro-
vide a steady-state signal for the maintenance of the high-level
expression of the proU operon at high osmolality. The identi-
fication of the regulatory signal for the proU operon remains
one of the outstanding challenges in the field of osmoregula-
tion.
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