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The quiescent-cell expression system is a radical alternative to conventional fermentation for protein
overproduction in Escherichia coli. It is dependent on the controlled overexpression of a small RNA called Red
in Ans mutant strains to generate nongrowing, quiescent cells which are not nutrient limited. Quiescent cells
no longer produce biomass and have their metabolic resources channelled toward the expression of plasmid-
based genes. The biosynthetic capacity of the system is demonstrated by its ability to express chloramphenicol
acetyltransferase to more than 40% of total cell protein. Quiescent cells may provide an ideal environment for

the expression of toxic as well as benign proteins.

Escherichia coli continues to be a favored host for large-scale
expression of heterologous proteins (12). Developments to
promote high-level protein expression in E. coli continue at a
rapid pace, although a general cloning strategy for the overex-
pression of heterologous proteins remains elusive. The use of
high-biomass fermentations for high-level protein expression
leads to cells becoming stressed and starved and may trigger
the synthesis of stress-specific proteins. Furthermore, the ex-
pression of a foreign protein is often detrimental to the cell’s
integrity, severely reducing the long-term protein synthetic ca-
pacity of the culture (36). Recent attempts to address these
problems include strain development and coexpression of
chaperone and suppressor proteins (1, 20, 23). Despite these
advances, neoteric approaches to protein expression are still
required, particularly when attempting to express and retain
the functionality of polytopic prokaryotic and eukaryotic mem-
brane proteins (9).

A fundamental problem associated with the expression of
recombinant proteins in growing cells is that energy and nu-
tritional resources are channelled toward biomass production.
Expression of the “product gene” is simultaneous with the
expression of hundreds of host genes which compete for the
transcription-translation machinery and metabolic resources.
Furthermore, the metabolic stress imposed by the expression
of a recombinant gene from a multicopy plasmid reduces the
growth rate and viability of the host cell (16). Cells that have
lost the cloning vector or have mutated or deleted the cloned
gene will almost invariably outgrow the original cell type, re-
ducing the yield and purity of the product (26). The desirability
of uncoupling biomass production from the expression of
cloned genes has stimulated interest in the basis of bacterial
dormancy, stress response, and entry into stationary phase with
the aim of placing genes under the control of starvation-induc-
ible promoters (10, 13, 17, 31).

This study concerns the development of a system for gene
expression in a nongrowing but metabolically active (quies-
cent) cell culture. It offers a radical, alternative solution to the
much-debated problem of sustaining protein synthesis in the
absence of rapid cell division (8). The quiescent-cell expression
system is a “spin-off” from our studies on plasmid stability in E.
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coli. Tt is well known that plasmid dimers, arising initially by
recombination and proliferating by over-replication, are a ma-
jor cause of segregational instability among cloning vectors (25,
29). Dimers and higher multimers of ColE1 and other natural
plasmids are resolved to monomers by unidirectional, site-
specific recombination requiring a 250-bp region of ColE1 (the
cer site [28]) and at least four proteins (XerC, XerD, ArgR,
and PepA) encoded by the host bacterium (5). The presence of
multimers also triggers the expression of a small RNA called
Rcd (regulator of cell division) from its promoter (P,.,) within
the ColE1 cer site (21). Transient expression of the Rcd tran-
script is proposed to delay cell division, allowing time for plas-
mid multimers to be removed and avoiding the production of
plasmid-free offspring (27). Cells in which Rcd is overex-
pressed for an extended period have a distinct cell cycle arrest
phenotype. The majority of cells are of uniform size (two to
four cell lengths) with correctly partitioned, condensed nucle-
oids, but they remain undivided since no cell septum is formed.
As distinct from other situations in which cell division is
blocked, Rcd overexpression does not lead to cell filamenta-
tion. We describe here how these cells can be exploited as
factories for the high-level expression of plasmid-borne genes.

MATERIALS AND METHODS

Strains and plasmids. DS941 and DS903 are derivatives of E. coli K-12 strain
AB1157 (3). DS941 is AB1157 recF lacl? lacZAMI15 (lacY). DS903 is AB1157
recF and carries wild-type lacl and lacZ genes. The hns-205::Tnl0 derivatives of
DS941 and DS903 were constructed by P1 transduction from strain GM230 (11)
selecting for mucoid, tetracycline-resistant colonies.

PCR was used to generate DNA fragments where Rcd was placed under the
control of the APy promoter by using the oligonucleotide primers 5'-ATGCAT
ATGTAACACCGTGCGTGTTGACTATTTTACCTCTGGCGGTGATAAT
GGTTGCAGGCGCGATCGCGGCAG-3' and 5'-ATGCATATGATTTACCA
TAATCCC-3" and pKS490 (21) as template. PCR-generated DNA fragments
were cloned into the Smal site of pUCIS8 (35) to generate plasmid BS. Our
original vector system for generating a quiescent state used two plasmids with
compatible origins: plasmid B8 (a 2,915-bp pUCI18-based vector containing a
179-bp PCR-generated fragment with red under control of the APy promoter)
and pclts857 (22). The single-shot vector pCm(ss)-19 (5,177 bp) was constructed
by ligating the 1,220-bp Bg/I-Bg/II fragment of pclts857 containing the clts857
temperature-sensitive repressor allele with the 3,456-bp BamHI-BglI fragment of
PACYC184 (4) to create plasmid pACYC/clts857-68 (4,676 bp). Plasmid B8 was
cut with Pvull, and the 501-bp fragment containing the NPy-rcd fusion cloned
into the BstI1071 site of pACYC/cIts857-68 to create pCm(ss)-19 (5,177 bp).
Plasmid pSC1 contains the ins gene under the control of the P,,. promoter (18).

Plasmids were introduced by electroporation with a Gene Pulser (Bio-Rad
Laboratories, Ltd., Hemel Hempstead, England) according to the manufactur-
er’s specifications. Transformants were selected on Iso-Sensitest broth agar
(which is used for antimicrobial susceptibility testing; Oxoid/UniPath, Basing-
stoke, England) at 30°C so that Rcd expression was repressed by the cIzs857
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protein, allowing colonies to form. Where appropriate, media were supple-
mented with kanamycin (50 pg/ml), ampicillin (100 pg/ml), or chloramphenicol
(30 pg/ml).

Cell culture and quiescence. Cells were grown in L broth (14) in 50-ml conical
shake flasks containing antibiotics, where appropriate, for plasmid selection. A
single colony of the plasmid-containing strains was picked from a selective plate
and cultured overnight in L broth at 30°C. Portions (0.2 to 1 ml) of the overnight
culture were used to inoculate 20 to 30 ml of L broth prewarmed to 30°C. After
the cells had undergone several generations in exponential phase, reaching an
optical density at 600 nm (ODg) of between 0.2 and 0.3, 1 to 4 ml of culture was
withdrawn and used to inoculate 17 to 21 ml of L broth prewarmed to 42°C. The
shift in growth temperature induces Rcd expression from the APx promoter,
since the cl£s857 protein does not function as a transcriptional repressor at 42°C.
An Rcd-induced quiescent state was reached within 3 h. Then, 20 ul of carben-
icillin (50 pg/ml) was added each hour to maintain selection for pB8. The
viability of cells in quiescent culture was assessed by colony formation (measured
as CFU per milliliter) on selective Iso-Sensitest agar plates at 30°C (repressing
conditions for Red expression).

DAPI and viability staining. For staining with DAPI (4',6-diamidino-2-phe-
nylindole) cells from broth culture were heat fixed onto Poly-Prep slides (Sigma-
Aldrich, Poole, England) coated with poly-L-lysine. Cells were permeabilized
with 4% para-formaldehyde for 1 min and stained with DAPI (Sigma-Aldrich)
(0.1 pg/ml) for 2 min. The excess stain was removed, and cells were mounted by
using 70% glycerol and sealed under a coverslip. Cells in broth culture were
tested for viability by use of the Live/Dead Baclight bacterial viability kit (Mo-
lecular Probes, Leiden, The Netherlands), which utilizes the fluorescent nucleic
acid stains SYTO9 and propidium iodide. Cells were stained in suspension
according to the manufacturer’s instructions and examined by fluorescent light
microscopy. Live cells are stained by SYTO9 and fluoresce green, while dead
cells are stained by propidium iodide and fluoresce red.

Measurements of B-galactosidase expression. Expression of the lacZ gene was
monitored by assaying B-galactosidase activity by the method of Miller (19).
B-Galactosidase activity was expressed in Miller units, which are equivalent to
the increase in o-nitrophenol concentration per minute per bacterium. A 1 mM
concentration of isopropyl-B-p-thiogalactopyranoside (IPTG) was used to in-
duce lacZ expression.

[**S]methionine incorporation and protein sequencing. Samples (10 ml) of
the DS941hns-205 pCm(ss)-19 culture were labelled for 1 h with 20 wCi of
protein labelling mix ([L->*S]methionine, 1,175 Ci/mmol; NEN Life Science
Products, Hounslow, England). Total protein was prepared from 10 ml of cul-
ture. Cells were centrifuged for 6 min at 4,000 rpm at room temperature; they
were then washed twice with 5 ml of phosphate buffer (pH 7.0) and suspended
in 100 pl of phosphate buffer and an equivalent volume of 2X sodium dodecyl
sulfate (SDS) Laemmli sample buffer (Sigma-Aldrich). Then 1 pl of protein
sample was loaded onto a SDS—4 to 15% polyacrylamide gel electrophoresis
(PAGE) homogeneous Phast-Gel (Amersham Pharmacia Biotech, Little Chal-
font, England) and run for 40 min at 250 V against Rainbow *C-methylated
protein molecular weight markers (Amersham Pharmacia Biotech). Proteins
were fixed for 30 min in isopropanol-water-acetic acid (25:65:10), and the gel was
treated with Amplify (Amersham Pharmacia Biotech) for 20 min, followed by
soaking in 1% glycerol for 30 min. The gel was dried at 65°C overnight before
autoradiography. Two to 4 pl of proteins was also separated on a 12.5% homog-
enous SDS-PAGE Phast-Gel, stained with Coomassie brilliant blue R (Sigma-
Aldrich), and destained in methanol-water-acetic acid (40:53:7). N-terminal se-
quence analysis was carried out at the Protein and Nucleic Acid Chemistry
Facility, Department of Biochemistry, University of Cambridge.

RESULTS

Effect of Rcd overexpression on cells in broth culture. In
order to achieve inducible high-level expression of Rcd, the
coding sequence under control of the lambda Py promoter
(APg) was inserted into pUCI8. A temperature-sensitive cI
repressor protein (cIzs857) was used to control Red expression.
The clts857 protein is inactive at 42°C, so transcription of rcd
from the APy promoter is induced when the growth tempera-
ture is shifted from 30 to 42°C. The clts857 allele was present
either on a compatible plasmid, pclts857 (22) (the two-plasmid
system; Fig. 1A), or on the same plasmid as Red (the single-
shot system; Fig. 1B). As expected, when Rcd was overex-
pressed with the two-plasmid system in DS941 (a derivative of
E. coli K-12 AB1157) and in many other strains used in large-
scale fermentations, it prevented colony formation on Iso-
Sensitest broth agar, L agar, and minimal agar (data not
shown). To our surprise, in L broth culture the same strains
responded slowly or not at all to Red overproduction. Figure
2A shows that overexpressing Red in DS941 leads to a reduc-
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FIG. 1. Plasmids used to generate an Red-induced quiescent state. (A) The
two-plasmid system consists of plasmid B8 with rcd under control of the APy
promoter and pclzs857, which encodes the clts857 temperature-sensitive repres-
sor. (B) The single-shot vector pCmy(ss)-19 contains both the APg-rcd fusion and
the cIts857 temperature-sensitive repressor.

tion in growth rate, although growth continued for many hours,
and the final OD was only slightly less than the control culture
containing the plasmid pKS490 which expresses Rcd at ex-
tremely low levels.

A mutation in hns is necessary to generate an Red-induced
quiescent state in broth culture. We supposed that differences
between the levels of global regulators for cells growing on
agar and in liquid culture might explain differences in response
to Rced induction. It has been reported that when H-NS (his-
tone-like nucleoid structuring) protein (2, 33) is overexpressed
it causes growth inhibition, filamentation, and nucleoid com-
paction (24). Since nucleoid condensation is also found in
DS941 overexpressing Red on agar plates and in broth culture,
we speculated that an increased level of H-NS in tandem with
Rcd expression might result in growth arrest in broth culture.
Much to our surprise, we found the reverse was true: cells in L
broth (Fig. 2B) and minimal medium (37) carrying an Ans-205::
Tn/0 mutation (11, 30) entered a stable nongrowing (quies-
cent) state in response to Rcd induction. Figure 2B shows the
effect of overexpressing Rcd with the two plasmid system in
DS941hns-205 growing in L broth. Cells growing exponentially
at 30°C were subcultured into L broth prewarmed to 42°C to
induce Red. By 2 to 3 h after the temperature shift there was
no further increase in the OD of the culture, whereas control
cultures without Red showed normal growth kinetics. To con-
firm that mutation in Ans is required for the establishment of
the quiescent state, we compared the effect of Red overexpres-
sion in hns-205 cells with or without pSC1, a multicopy plasmid
expressing wild-type H-NS (18). When H-NS was expressed
from pSCl, the culture continued to grow well beyond the
point at which cells lacking the H-NS-producing plasmid en-
tered a quiescent state (data not shown). We have compared
the efficacy of various Ans alleles in the establishment of the
quiescent state (data not shown). We found that cells carrying
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FIG. 2. Effect of overexpressing Red on the growth of E. coli K-12 in broth culture. (A) DS941 transformed with the two-plasmid Red expression system (m) and
the control plasmid pKS490 (@). (B) DS9414ns-205 plasmid-free (A) or transformed with the two-plasmid Red expression system (@) or pUC19 and pclts857 (m).
Cultures were initially grown in L broth at 30°C and then diluted in L broth prewarmed to 42°C at t = (. Carbenicillin was added each hour to maintain selection for

plasmid B8 and pUC19.

the N43 hns::tet (source of strain: 1. B. Holland, Institut de
Génétique et de Microbiologie, Université Paris-Sud, Orsay,
France) and hns::neo (32) alleles entered an Red-induced qui-
escent state, whereas cells carrying an /ns-206::amp (6) muta-
tion did not.

Viability of cells in the quiescent state. Results consistent
with those from the two-plasmid system were also obtained
with the single-shot vector, pCm(ss)-19, which carries both the
red gene under APy and the cIzs857 repressor. Typical quies-
cent induction kinetics with pCm(ss)-19 are shown in Fig. 3,
which also includes data on the viability of quiescent cells
assayed by measuring CFU on agar plates at 30°C. We found
that CFU initially showed a decline after Red induction but
then stabilized as the culture remained in quiescence for up to
8 h (Fig. 3). Cell viability was also tested with the Live/Dead
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FIG. 3. Overexpression of Red from the single-shot vector. DS941hns-205
transformed with the single-shot vector, pCm(ss)-19 (@), was grown initially in L
broth at 30°C and then diluted in L broth prewarmed to 42°C at ¢t = 0. Cell
viability was tested by the ability to form colonies on Iso-Sensitest broth agar
plates with appropriate antibiotic selection for pCm(ss)-19 under repressing
conditions (30°C) for Red expression (m).

Baclight bacterial viability kit (Molecular Probes), which uti-
lizes the fluorescent nucleic acid stains SYTO9 and propidium
iodide. After 8 h of culture at 42°C, approximately 25% of the
cells per field of view were stained green with SYTOO9, sug-
gesting that a significant subpopulation of quiescent cells re-
mained alive (data not shown). Taken together, these results
suggest that the viability and the ability to escape from the
quiescent state decrease with time, but a relatively stable sub-
population of viable cells remain. Microscopic examination of
DAPI-stained quiescent cells showed that the majority of cells
were elongated to an average of four times the normal cell
length compared to the control strain, where cells were grown
under identical conditions but in the absence of Red (Fig. 4A
and B). A closer examination at a higher magnification re-
vealed that quiescent cells contained very compact nucleoids
(Fig. 4C).

Quiescent cells synthesize proteins preferentially from plas-
mid-borne genes. The de novo protein synthetic capacity of
quiescent cells was investigated by [*>S]methionine pulse-la-
belling and SDS-PAGE analysis of total protein isolated from
DS941hns-205 containing pCm(ss)-19 after induction of Rcd
expression. Figure 5 shows an autoradiograph of [**S]methi-
onine-labelled total cell protein separated on an SDS—4 to 15%
PAGE gel. It can be clearly seen that quiescent cells continue
de novo protein synthesis for up to 10 h (lane 7) after induction
of Red expression (equivalent to 7 h in the quiescent state).
For the first 2 h after Red induction a diverse population of
proteins continues to be expressed, although the level of ex-
pression of a single protein of approximately 23 kDa is dispro-
portionately high (lanes 4 and 5 in Fig. 5). Cultures pulse-
labelled 7 or 10 h after Red induction show continued, high
levels of synthesis of the 23-kDa protein but an extremely low
level of production of other proteins. Plasmid pCm(ss)-19 car-
ries the gene for chloramphenicol acetyltransferase (CAT),
and N-terminal sequence analysis confirmed that this major
protein band was the 25.659-kDa CAT protein. Thus, plasmid
gene expression appears to continue at a high level in quiescent
cells. Figure 6 shows total proteins from a quiescent broth
culture of DS941/4ns-205 pCm(ss)-19 separated on an SDS-
12.5% polyacrylamide gel stained with Coomassie brilliant
blue R. The amount of protein loaded on this gel was normal-
ized to a cell culture biomass based on an ODy, of 0.147. Lane
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FIG. 4. Morphology of quiescent cells. DS9414ns-205 (control) and DS941hns-205 pCm(ss)-19 cells were cultured at 42°C (inducing conditions when expressing
Red). Cells were stained with DAPI and visualized by using fluorescent light microscopy. (A) DS941hns-205 (ODgg, = 0.316). (B) DS941Ans-205 pCm(ss)-19 6 h after
transfer to 42°C (ODg, = 0.258). Magnification (A and B), X400. (C) DS941hns-205 pCm(ss)-19 4 h after transfer to 42°C (ODg, = 0.244). Magnification, X 1,000.

1 contains 0.4 pg of purified CAT protein, which comigrates
with the major protein band in quiescent cells. Densitometry of
the stained gels shows that CAT protein constitutes up to 40%
of protein in these samples.

Chromosomal gene expression is depressed in quiescent
cells. Quiescent cells have condensed nucleoids, which sug-
gests that many chromosomal genes may be switched off. Fur-
thermore, our pulse-labelling experiments indicate a down-
regulation of chromosomal gene expression in quiescence. We
have further investigated this phenomenon by measuring the
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FIG. 5. Assessment of the de novo protein synthetic capacity of quiescent
cells. Samples (10 ml) from a culture of DS941/4ns-205 pCm(ss)-19 were labelled
for 1 h with [*S]methionine at various times after induction of Red expression.
Total proteins were separated on an SDS—4 to 15% polyacrylamide gradient gel,
and [*S]methionine labelling was revealed by autoradiography. Lanes: 1, Rain-
bow '*C-methylated protein molecular weight markers; 2, DS9414ns-205 pC-
m(ss)-19 grown at 30°C for 1 h (ODgg, = 0.359); 3, DS941hns-205 grown at 42°C
for 1 h (ODgyy = 0.225); 4, DS941hns-205 pCm(ss)-19 grown at 42°C for 1 h
(ODggp = 0.147); 5, DS941hns-205 pCm(ss)-19 grown at 42°C for 2 h (ODyy =
0.211); 6, DS941hns-205 pCm(ss)-19 grown at 42°C for 7 h (ODgq, = 0.279); 7,
DS941hns-205 pCm(ss)-19 grown at 30°C for 10 h (ODgqy, = 0.285). An equal
volume of total protein preparation was loaded in each lane.

expression of the chromosomal lacZ gene induced by IPTG in
strain DS903Ans-205 in the presence and absence of Rcd.

When Red was expressed, growth of the culture stopped
within 2 h, whereas in the absence of Red cells grew normally,
eventually entering stationary phase (data not shown). The
levels of B-galactosidase in these cultures are shown in Fig. 7,
where Miller units are normalized for cell biomass and the data
thus represent the protein content per cell. The control culture
DS903hns-205, which contained no Red, showed a high level of
B-galactosidase activity, increasing from 1,700 to 7,500 Miller
units. It is common to observe an increase in lacZ expression as
a culture enters stationary phase. In contrast, the level of
B-galactosidase expression from the chromosomal lacZ gene in
the quiescent culture was less than 200 Miller units (Fig. 7).
This result is consistent with the downregulation of chromo-
somal genes in quiescent cells.

1h 2h 7Th 10h
>

hours after Red induction

FIG. 6. Analysis of total protein isolated from quiescent cells. Total protein
from DS941hns-205 pCm(ss)-19 was isolated at various times after the induction
of Red expression. Proteins were separated on an SDS-12.5% polyacrylamide gel
and stained with Coomassie brilliant blue R. Lanes: 1, purified CAT protein (0.4
ng); 2, total protein from DS941hns-205 pACYC/clts857 grown at 42°C for
160 min (ODgqyy = 0.219); 3, DS941Ans-205 pCm(ss)-19 grown at 42°C for 1 h
(ODggg = 0.147); 4, for 2 h (ODgqy = 0.211); 5, for 7 h (ODggy, = 0.279); or 6,
for 10 h (ODggo = 0.285).
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FIG. 7. Chromosomal lacZ gene expression in quiescent cells. DS903Ans-205
and DS903Ans-205 containing the two-plasmid system for Rcd expression were
grown initially in L broth at 30°C and then diluted in L broth prewarmed to 42°C
containing 1 mM IPTG to induce expression of the lacZ gene. Carbenicillin (50
pg ml~1) was added each hour to maintain selection for plasmid B8. DS903/ns-
205 containing the two-plasmid system reached an Rcd-induced quiescent state
within 2 h, whereas the control culture continued to grow. B-Galactosidase
activity is expressed in Miller units in the presence (black bars) and absence
(white bars) of Red.

DISCUSSION

We have exploited the ColE1-encoded regulatory transcript,
Rcd, to develop an E. coli quiescent cell system for the over-
expression of proteins from plasmids. Quiescent cells are gen-
erated by the controlled overexpression of Rcd in hns-205
mutant cells in broth culture. The cell density at which growth
is arrested can be readily controlled and is achieved under
culture conditions where nutrients are not limiting. Quiescent
cells remain competent for protein synthesis from plasmid-
borne genes, while chromosomal gene expression decreases,
possibly as a consequence of nucleoid condensation. The low
level of chromosome gene expression is advantageous for the
purification of proteins by downstream processes. Further-
more, in the quiescent state the metabolic resources of the cell
are channelled toward the expression of plasmid-borne genes.
Our data suggest that quiescent cells are extremely productive
and that a relatively small biomass can have a high level of
protein production.

We have shown that cells are able to synthesize the plasmid-
encoded CAT protein for at least 10 h after Red induction
despite some decline in the rate of synthesis over time. It is
known that CAT expression in E. coli increases four- to five-
fold when the growth temperature is shifted from 37 to 42°C,
possibly as the result of posttranscriptional regulation (15).
Despite a temperature shift being involved in Rcd expression,
this does not explain the high level of CAT expression ob-
served in quiescent cells. The level of CAT production in the
control culture DS941hns-205 pACYC/clts857 (Fig. 6, lane 2)
grown at 42°C for 160 min to a biomass equivalent to that of a
quiescent culture produced levels of CAT protein far lower
than was observed in quiescent cells. Our data suggest that the
CAT promoter is very active in quiescent cells. We are pres-
ently developing dedicated expression vectors for use in this
system and have identified several additional promoters which
also direct high levels of gene expression in cells which have
entered quiescence (38).

For rapid establishment of an Rcd-induced quiescent state,

APPL. ENVIRON. MICROBIOL.

the bacterial strain must contain an Ans mutation. In this re-
port we used the hns-205::Tnl0 allele, which produces a C-
terminal-truncated H-NS protein (7, 11). Quiescence was also
achieved for strains containing the N43 hns::tet (which also
produces C-terminal-truncated H-NS protein) and the
hns::neo null mutation (32). However, not all Ans mutations
appear suited for achieving an Rcd-induced quiescence. For
example, overexpressing Recd in DS941 containing the
hns-206::amp null mutation (6) does not stop cell growth. At
present, we have no explanation for the allele specificity of hns
on entry into quiescence.

Quiescent cell culture uncouples protein synthesis from bio-
mass production and retains cells in a nutrient rich, nonstress-
ful environment favorable for extended protein synthesis of
plasmid-borne genes. These cells may provide a useful expres-
sion system for “difficult” proteins (e.g., polytopic membrane
proteins) which disrupt cell growth and division in conven-
tional culture. There may also be benefits for the expression of
benign proteins where a scale-down in the size of fermenta-
tions could be achieved without a reduction in product yield.
Furthermore, use of quiescent cells means that the segrega-
tional instability of cloning vectors is no longer a problem;
indeed some plasmids in these cells continue to replicate, am-
plifying their copy number and the dosage of any cloned gene
(30).

We note that the plasmid-encoded cIts857 protein does not
show the same high-level accumulation as CAT in quiescent
cells. This disparity in protein levels probably reflects the dif-
ferences between the efficiency of transcription and translation
of the CAT and cI genes. It is also possible that the cIzs857
protein is unstable and is degraded rapidly at 42°C. In any case
it is clear that not all plasmid-borne genes are expressed at the
same high level in quiescent cells. We can exploit such differ-
ences by using transcription and translation control signals
which ensure the high-level expression of the product gene
while choosing expression signals of nonproduct genes, such as
antibiotic resistance, which lead to low-level expression in qui-
escence.

The quiescent state is quite distinct from the stationary
phase. This difference is demonstrated by our observation that
in the former case -galactosidase levels decline, while in the
latter they rise (Fig. 7). Furthermore, an initial attempt to
identify promoters that are activated in the quiescent state
focused on “gearbox” promoters and used the well-character-
ized bolAp, promoter as an example (34). The expression of
this promoter is maximal in slow-growing and stationary-phase
cells, but we were unable to detect expression from plasmid-
borne bolAp,::lacZ fusions in quiescent cells (7a).

The expression system described here is protected by Inter-
national patent PCT/GB97/00731 (30).
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