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ABSTRACT

Synthetic acid tolerance, especially during active
cell growth, is a desirable phenotype for many bio-
technological applications. Natively, acid resistance
in Escherichia coli is largely a stationary-phase
phenotype attributable to mechanisms mostly
under the control of the stationary-phase sigma
factor RpoS. We show that simultaneous over-
expression of noncoding small RNAs (sRNAs),
DsrA, RprA and ArcZ, which are translational RpoS
activators, increased acid tolerance (based on a
low-pH survival assay) supra-additively up to 8500-
fold during active cell growth, and provided protec-
tion against carboxylic acid and oxidative stress.
Overexpression of rpoS without its regulatory
50-UTR resulted in inferior acid tolerance. The
supra-additive effect of overexpressing the three
sRNAs results from the impact their expression
has on RpoS-protein levels, and the beneficial
perturbation of the interconnected RpoS and H-NS
networks, thus leading to superior tolerance during
active growth. Unlike the overexpression of
proteins, overexpression of sRNAs imposes hardly
any metabolic burden on cells, and constitutes a
more effective strain engineering strategy.

INTRODUCTION

Strains tolerant to acid, oxidative and general stress
from toxic chemicals are important in bioprocessing and

bioremediation applications, where the robustness and
prolonged productivity of the cells under stressful
bioprocessing conditions are critically important (1–4).
Acid resistance (AR) in Escherichia coli and other patho-
gens are also of physiological importance to human
health. Orally ingested microbes pass through the acidic
stomach environment, which typically kills most of
them (5), but acid-resistant pathogens can survive this
natural defense barrier and cause serious infections (6).
Toxicity of carboxylic acids is not only due to high
H+ concentrations in the medium, but also to anion-
specific inhibition in a pKa- and pH-dependent fashion
(4,7–9).

The AR systems of E. coli have been extensively studied
and can be classified as amino acid dependent or inde-
pendent (10). They include the glutamate-dependent
AR2 (11), the arginine-dependent AR3 (11) and the
lysine-dependent AR4 system (12). Their general mechan-
ism is based on consumption of protons during the de-
carboxylation of the respective amino acid, followed by
an antiport of the decarboxylation product in exchange
for an extracellular amino acid (11,12). The amino acid
independent AR1, also known as the glucose-repressed or
oxidative AR system (6,10), depends on the stationary-
phase sigma factor RpoS (10,13), engages the FoF1
ATPase to extrude protons out of the cell under ATP
consumption (14), but remains less characterized than
AR2-AR4. RpoS is involved in the regulation of AR2
by regulating GadX (10), which also acts as a global regu-
lator of the acid fitness island (AFI), a chromosomal locus
coding for several AR-associated genes in E. coli (15). The
complex regulation of AR2 is orchestrated by GadE,
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which is under the control of three regulatory circuits, the
signal transduction system EvgA/EvgS, the TrmE circuit
as well as the GadXW circuit (10).

Another global regulator, the nucleoid associated
protein H-NS, was first shown to regulate AR2 by inhibit-
ing gadA and gadX transcription (16), but more recently,
its global influence on AR has been firmly demonstrated
(17). H-NS is now seen as a top-level regulator of AR: it
enhances degradation of rpoS mRNA (18), and represses
the expression of specific regulators of the amino acid–
dependent AR systems [GadX, AdiY and CadC (16,17)],
elements of the GadE regulatory circuits [EvgA, YdeO,
GadX, RcsB (17,19,20)] and genes found on AFI
[hdeABD (21)].

Acid tolerance response (ATR) (14,22) describes an
inducible AR providing lower protection than the station-
ary-phase AR systems, but which is also active in expo-
nentially growing cells (14,22). ATR is induced by mild
acid treatment (pH between 4.7 and 5.5) (22), which
induces acid-shock proteins (23) as well as upregulates
AR and AFI genes (24–26).

Besides its role in AR1 and AR2, RpoS is the general
stress sigma factor in E. coli regulating the response to
several stresses, including acid stress, starvation, hyper-
osmolarity and suboptimal temperature (27,28). RpoS
expression is also induced by carboxylic acids (29).
RpoS is heavily regulated at all levels, but predominantly
at the translational and posttranslational levels (27), and
is reported to directly or indirectly influence the expres-
sion of >500 genes (13). Thus, for engineering tolerant
phenotypes, RpoS is an ideal target, but the complex
regulation of RpoS (27) poses many challenges, and
thus little has been so far reported in terms of synthetic
strategies involving RpoS for developing desirable
strains.

By screening coexisting genomic libraries, we have
recently (30) identified the noncoding small RNA
(sRNA) ArcZ as imparting acid tolerance in actively
growing E. coli cells. ArcZ activates RpoS translation by
binding to the 50-untranslated region (50-UTR) region of
the rpoS mRNA to free up the ribosomal binding site, a
well-established mechanism by which two other sRNAs,
DsrA and RprA, also activate RpoS translation (31–33).
DsrA has been reported to be also involved in regulating
H-NS by increasing hns mRNA turnover (34). Thus, we
wanted to examine if the overexpression of these three
RpoS translational activators could be used to alter
RpoS expression aiming to engineer acid-tolerant,
actively growing E. coli cells. Acid tolerance during
active growth is most desirable as most acids are
produced during active growth in industrial fermentations
(4), when RpoS protein levels are reported to be low (27).
Our hypothesis is that overexpression of these three
sRNAs will lead to increased RpoS protein synthesis
during active growth, so that these cells can mount an
effective protective response to acid stress. We show that
simultaneous overexpression of all three sRNAs leads
to dramatically enhanced acid tolerance during active
cell growth and in a supra-additive fashion, and we
explore the potential mechanisms that underlie this
strong protective phenotype.

MATERIALS AND METHODS

Strains and media

Strains and plasmid used in this study are listed in Supple-
mentary Table S1. Cultures were grown in lysogeny broth
(LB) broth or M9 media at 37�C under shaking at 250 rpm
with ampicillin (100mg/ml) or spectinomycin (100 mg/ml).
M9 media were supplemented with 1.5mM glutamate as
indicated.

Construction of sRNA overexpression and related
plasmids

Noncoding sRNAs, DsrA, RprA and ArcZ were directly
amplified from wild-type E. coli MG1655 via colony poly-
merase chain reaction (PCR) and cloned via TOPO-TA
cloning into pCR�8/GW/TOPO vector (Invitrogen,
Carlsbad, CA, USA). Small RNAs were amplified as
complete transcription units (TUs) including their native
promoter and terminator. Combinations of two or three
sRNA TUs were constructed via overlap extension PCR
(35). The DNA coding for two sRNAs to be combined
was first amplified with primers containing a homologous
sequence of the other sRNA as an overhang (bold part of
the primers listed in Supplementary Table S2). This hom-
ologous sequence was used to assemble the DNA for the
two individual sRNA TUs, as one PCR product in a
second PCR. For example, to assemble the DNA for the
DsrA and ArcZ TUs into a single PCR product, the indi-
vidual sRNA TUs were amplified with primers dsrA-for
and DA-dsrA-rev as well as DA-arcZ-for and arcZ-rev
in the first PCR, and then both products were added
as template (10 ng each) and amplified with the dsrA-for
and arcZ-rev primer pair in a second PCR. Supplementary
Table S3 lists the primer combinations used in each PCR
to construct all sRNA overexpression vectors. For the
ternary combination, the DsrA-RprA PCR product
was combined with the ArcZ PCR product as described
above. The assembled PCR products containing multiple
sRNA TUs were cloned into pCR�8/GW/TOPO. These
entry vectors were then shuffled via in vitro recombin-
ation using the Gateway� system (Invitrogen, Carlsbad,
CA, USA) into the commercial destination vector
pDESTTM14 yielding the final sRNA overexpression
plasmids listed in Supplementary Table S1. As a control
plasmid, the control entry plasmid pENTRTM-gus was
recombined with pDESTTM14 to generate pCTRL.
Another plasmid was constructed by cloning the rpoS

gene without its 50-UTR under the control of the lac
promoter. Escherichia coli MG1655 gDNA was used to
amplify rpoS (with rpoS-for and rpoS-rev), digested with
SphI and SbfI and cloned into the MCS of pUC19 to
generate pUC-RpoS. From this plasmid, rpoS together
with the lac promoter was amplified (pUC19for and
pUC19rev) and cloned into pCR�8/GW/TOPO. Finally,
the rpoS insert was shuffled into pDESTTM14 yielding
pRpoS. Transcription of rpoS was induced with isopropyl
b-D-1-thiogalactopyranoside (IPTG). Because the 50-UTR
was not amplified, the generated rpoS mRNA from this
plasmid cannot form a stem loop, and thus translation can
occur from the unobstructed ribosomal binding site.
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Control plasmids carrying multiple copies of DsrA were
constructed by cloning additional TUs of DsrA into
plasmid pDsrA. First, a DsrA TU (as used before to con-
struct pDsrA) was inserted via blunt-end ligation in the
BsaAI site of pDsrA. The resulting plasmid was designated
as pDD and contained two copies of the DsrA TU. Next,
the pDD plasmid was digested with PvuII and another
DsrA TU was inserted via blunt end ligation. The resulting
plasmid, now carrying three DsrA TUs, was designated
as pDDD. Phusion or Taq Polymerase (NEB, Ipswich,
MA, USA) was used for the PCRs.

Isolation of total and low molecular mass RNA

Total RNA was isolated from cell pellets frozen at �85�C
via the RNeasy Mini Kit (Qiagen, Hilden, Germany).
For sRNA isolation, total RNA was first isolated via
the miRNeasy Mini Kit (Qiagen). From this isolation,
low molecular mass (LMM) RNA was isolated by sequen-
tial RNA precipitation. One hundred fifty micrograms
of total RNA was mixed with 0.5M sodium chloride
(NaCl) and 50% PEG 8000 in a final volume of 250ml.
After 30min incubation on ice, the high molecular mass
RNA was collected by centrifugation at >13 000 rpm for
15min at 4�C. The supernatant, containing the LMM
RNA, was mixed with 750 ml 100% ethanol, incubated
overnight at �20�C and collected by centrifugation at
>13 000 rpm for 30min. The pellet of the LMM RNA
was washed with ice-cold 75% ethanol and dissolved in
30 ml RNase-free H2O, from which 10 ml (50mg equivalent
of total RNA) or 5 ml (25 mg equivalent of total RNA)
were separated via gel electrophoresis for northern blots.

Northern-blot analysis

LMMRNA was separated via gel electrophoresis on a 5%
Ready Gel� TBE-Urea gel (BioRad, Hercules, CA, USA).
Gels were prerun at 170–180V for 20min. An equivalent
volume of LMM RNA of 50 or 25 mg total RNA was
loaded into each well and separated at 170–180V. As a
marker, 2 mg of the low Range ssRNA ladder (NEB) was
used. After electrophoresis, gels were washed with DEPC
water, stained with ethidium bromide and visualized to
ensure separation (separation of the ssRNA ladder) and
equal loading (5s RNA band). After destaining the gels in
0.6� Tris/Borate/EDTA buffer (TBE) for 10min, the gels
were electro-blotted (400mA) onto a BrightStar�-Plus
positively charged nylon membrane (Ambion, Foster
City, CA, USA) in cold 0.6� TBE at 4�C for 90min.
After blotting, membranes were baked at 80�C for 2 h
before prehybridization with ULTRAhyb�-Oligo hybrid-
ization buffer (Ambion) at 42�C for 2 h.
Probes for sRNA detection were generated as single-

stranded g-32P end-labeled oligo (ssOligo) probes. ssOligo
(10 pmol) was end-labeled with g-32P (7000Ci/mmol; MP
Biomedicals, Solon, OH, USA) using the OptiKinaseTM

Kit (USB, Cleveland, OH, USA). Nonincorporated
radionucleotides were removed using Micro Bio-Spin
30 columns (BioRad) and cleaned up probes were used to
hybridize the membranes for 16–20 h at 42�C. Membranes
were washed twice in 2� SSC, 0.1% sodium dodecyl sul-
phate and 0.1� saline-sodium citrate buffer (SSC), 0.1%

sodium dodecyl sulphate for 15min before exposing the
membranes to a phosphor screen. Screens were visualized
on a phosphorimager (GE Healthcare, Piscataway, NJ,
USA).

Western-blot analysis

Crude cell extracts were prepared and western blots per-
formed as described (36). Briefly, 10–50 mg of total protein
was separated via gel electrophoresis on a Ready Gel�

12% Tris–HCl gel (BioRad). Separation was monitored
with the KaleidoscopeTM standard (BioRad). After
blotting, the nitrocellulose membranes were first blocked
with 2% milk in TBST (20 mM TrisHCl pH 7.4, 137 mM
NaCl and 0.2% Tween-20) buffer overnight. Primary
antibody against RpoS (Neoclone, Madison, WI, USA)
was diluted 1:5000 to 1:10 000 and hybridized for 1 h at
room temperature. Secondary anti-mouse antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) was diluted
1:3000 and incubated for 1 h at room temperature.

Quantitative reverse transcription PCR

Two micrograms of total RNA was reverse transcribed via
the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA).
Quantitative reverse transcription PCR was performed
with SYBR� Green PCR Master Mix (Applied
Biosystems) as described (37). Briefly, a 25-ml reaction
mix containing 20 ng of cDNA, 1 mM of each primer
(see Supplementary Table S2), 12.5ml of SYBER� Green
Master Mix and sterile water was analyzed on a iCycler
iQ5 Multicolor Real-Time PCR Detection System
(BioRad). The E. coli hcaT gene was used as a housekeep-
ing gene to normalize cycle threshold (CT) values.
Differences in relative expression levels were calculated
with the 2^-(��CT) method (38).

Low-pH tolerance assays

Tolerance to low-pH was tested as described (30). Briefly,
50ml Falcon tubes filled with 10ml LB (or M9, when
specified) medium with antibiotics were inoculated with
2% overnight cultures and grown with open caps to
ensure adequate oxygen transfer. Growth was monitored
via optical density measurements at 600 nm (OD600).
Cultures were sampled at different growth phases (based
on OD and time), diluted 1:10 in medium containing the
stressor (high H+, carboxylic acids or H2O2; see below)
and exposed for 1 h. Serial dilutions were plated before
and after exposure to the stressful medium and survival
rates calculated as survival (%)=colony forming units
(CFU) (post stress)/CFU(prior stress)� 100. The follow-
ing stress conditions were tested: LB containing 5 g/l
acetate (�pH 4.0), 5 g/l butyrate (�pH 4.2), 4 g/l lactate
(�pH 3.8) or 4mM H2O2 or M9 media adjusted to pH 2.5
with HCl. Glutamate was added (where indicated) to a
concentration of 1.5mM.

Statistical analysis

After testing for equal variances of the data, either a
homo- (equal variance) or heteroscedastic (nonequal
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variance) one-sided two-sample t-test was performed to
test for significance. Analyses were performed with
Minitab16 and MS Excel.

RESULTS

Supra-additive effects of DsrA, ArcZ and RprA
overexpression on acid tolerance during active cell growth

Actively growing cells (OD600=1 in LB medium) of
E. coli strains expressing ArcZ, RprA and DsrA individu-
ally from plasmids off their native promoters were tested
for survival in acidified (pH 2.5) minimal M9 media with
no amino acid supplementation. AR based on this survival
assay in actively growing cells was increased for all three
strains compared with control (Figure 1). The highest
survival was observed for DsrA overexpression (from
plasmid pDsrA), followed by ArcZ overexpression (from
pArcZ) and RprA overexpression (from pRprA). In view
of our previous finding that combined overexpression
of ArcZ and recA has a supra-additive effect on acid
tolerance (30), we investigated if the combinatorial over-
expression of the three sRNAs would further increase acid
tolerance. We constructed the following overexpression
strains: E. coli MG1655(pDR) (combined expression
of DsrA and RprA), MG1655(pDA) (combined expres-
sion of DsrA and ArcZ), MG1655(pRA) (combined ex-
pression of RprA and ArcZ) as well as MG1655(pDRA)
(combined expression of the triple combination of DsrA,
RprA and ArcZ). Both the binary and triple combination

(Figure 1) increased acid tolerance during active cell
growth in a supra-additive fashion. The highest AR was
observed for the triple combination (Figure 1), which dis-
played an 8500-fold higher survival to low pH compared
with the plasmid-control strain. Overexpression of a single
sRNA, namely of the most effective sRNA, DsrA, from
plasmids carrying two copies [strain MG1655(pDD)]
or three copies [strain MG1655(pDDD)] of the DsrA,
did not elicit as strong a pH-tolerant phenotype as the
triple sRNA combination, namely strain MG1655
(pDRA) (Figure 1). Thus, the phenotypic behavior
observed from MG1655(pDRA) is not the result of
further saturation of the individual sRNA regulatory
function, but is rather due to the supra-additive inter-
action of the three sRNAs.
The three sRNAs on all expression plasmids were

cloned as individual TUs under their native regulation.
To ascertain their transcription as well as investigate
their temporal transcription patterns, we used northern
blot analysis (Figure 2a and b). Transcription of all
three sRNAs was significantly higher in strain MG1655
(pDRA) throughout the batch culture compared with the
plasmid control strain MG1655(pCTRL). For both DsrA
and RprA, maximal transcript levels were observed at
the transition between the exponential and early station-
ary phase (time points 4 and 5) of culture, which is con-
sistent with previously described native transcription
(39,40). ArcZ displayed a continuously increasing expres-
sion with apparent maxima in stationary phase
(time points 5 and 6) as in native transcription (33).

Figure 1. Survival of sRNA overexpression strains in exponential growth phase (OD600=1) after 1 h exposure to acidified (pH 2.5) M9 media. The
fold improvement of each strain compared with the plasmid control strain [MG1655(pCTRL)] is shown above each survival bar. Plasmid inserts are
as follows: pDRA=DsrA, RprA and ArcZ, pDA=DsrA and ArcZ, pDR=DsrA and RprA, pDDD=DsrA, DsrA and DsrA, pDD=DsrA and
DsrA, pRA=RprA and ArcZ, pDsrA=DsrA, pRpoS=RpoS, pArcZ=ArcZ and pRprA=RprA). pRpoS was investigated at three different
induction levels (0, 0.1 and 1mM IPTG). Error bars indicate the standard error of at least three biological replicates, and statistical significance was
tested with a two-sample t-test (*P< 0.05). The insert shows survival in a linear scale.
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The northern blot for ArcZ showed a second smaller-size
transcript, which, as previously described, corresponds to
a 55-bp truncated form (33). These data show the expected
much higher (compared with plasmid control) levels of
expression for all three sRNAs and that overexpression
did not alter their native temporal patterns.
If one assumes that the impact of these three sRNAs on

acid tolerance is mediated by RpoS, would direct rpoS
overexpression from an inducible promoter generate a
comparably strong phenotype? To address this question,

rpoS was cloned without its regulatory 50-UTR portion
(27) under control of the lac promoter (plac) to generate
plasmid pRpoS, which was transformed also into
MG1655, and rpoS expression was induced by varying
the IPTG concentration. Survival to low pH of this
strain was similar to what was observed by overexpressing
DsrA alone, and, surprisingly, independent of induction
level (Figure 1). Apparently, leaky expression from plac
without any IPTG addition was sufficient to saturate the
effect of direct rpoS expression from this construct. It has

Figure 2. Transcriptional analysis of the three sRNAs using northern blots, and western analysis of RpoS protein levels during batch growth.
(a) Growth profile of MG1655(pDRA) and MG1655(pCTRL) indicating the sampling points for western and northern analyses. (b) Transcription
profile of DsrA (87 nt transcript), RprA (106 nt transcript) and ArcZ (121- and �80-nt transcript) of MG1655(pDRA) (X) and MG1655(pCTRL)
(Y). LMM RNA of 50 mg (DsrA and ArcZ) or 25 mg (RprA) equivalent of total RNA (see ‘Materials and Methods’ section) was loaded for each
sample and probed with an oligonucleotide probe (see ‘Materials and Methods’ section). 5S-RNA and ssRNA ladder (NEB), visualized via ethidium
bromide staining before blotting, were used as loading control and size marker. (c) Time course analysis of RpoS protein levels in MG1655(pDRA)
and MG1655(pCTRL). In (c–e), strains are indicated by the plasmid they carry. Fifty micrograms of total cell protein were loaded for each sample
and detected with monoclonal anti-RpoS antibody. (d) RpoS protein levels in sRNA overexpression strains MG1655(pDRA), MG1655(pDR),
MG1655(pDA), MG1655(pRA), MG1655(pDsrA), MG1655(pRprA), MG1655(pArcZ) and the control strain MG1655(pCTRL). Ten micrograms
of total protein (extracted from samples taken at time point #2) were loaded for each strain and detected with monoclonal anti-RpoS antibody.
Three biological replicates were analyzed; one representative blot is shown. RpoS protein amount was quantified via ImageJ and the relative fold
change±standard error compared with RpoS levels of MG1655(pDRA) is shown below the band for each strain. (e) RpoS expression of
MG1655(pRpoS) compared with MG1655(pDRA) and MG1655(pCTRL). RpoS expression was induced with IPTG at various concentrations.
Samples were taken at time point #2, and 10 mg of total protein were loaded and detected with monoclonal anti-RpoS antibody. Quantitation as in (d).
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been reported that ‘overexpression of RpoS in exponential
phase cells is not sufficient for full induction of many
RpoS-dependent genes’ (27), and this would suggest that
if the observed acid-tolerant phenotype is at least in part
related to RpoS expression, then this plasmid-borne rpoS
overexpression is not sufficient to engage the genes neces-
sary for strong pH tolerance as in the MG1655(pDRA)
strain. Western-blot data presented below corroborate this
hypothesis.

Unlike the phenotype of known AR mechanisms, increased
survival to low pH is observed during active growth,
without amino acids and without acid stimulation

We have shown in Figure 1 that the three sRNAs impart
acid tolerance during early to mid-exponential growth and
without acid induction. We also wanted to investigate if
their overexpression would also increase AR in post-expo-
nential phases of culture. Thus, we carried out assays for
survival to low pH on cells grown to an OD600 of 2 (late
exponential to early transition phase), 7 h (early stationary
phase) as well as 12 h (stationary phase) (Figure 3).
Overexpressing the triple sRNA combination increased
AR for all phases of culture, but the highest effect was
observed for cells in exponential growth phase.

As discussed, to resist acid stress, E. coli engages four
distinct mechanisms (AR1–AR4), which are largely
associated with the stationary phase of culture (AR1–
AR3) and/or are acid induced (AR1, AR4), and three of
which (AR2–AR4) require the presence of amino acids,
glutamate, arginine and lysine, respectively (10). In the
experiments of Figure 1, cells were grown in LB media
but acid-tolerance assays were carried in the defined
medium M9 without the presence of any amino acids.
Could there be a carryover of amino acids from the LB
medium into the M9 medium, thus enhancing acid toler-
ance? Is it possible that the observed effects are glucose

repressible like the AR1 system? To examine these ques-
tions, strains MG1655(pDRA) and MG1655(pCTRL)
were grown in M9 media (22.2mM glucose) for 7 h (expo-
nential growth phase, OD600 between 0.3 and 1.5; different
range than cultures in LB media) and we examined
the acid tolerance of MG1655(pDRA) and MG1655
(pCTRL) in the presence as well as absence of 1.5mM
glutamate, which is essential for the AR2 system with
the highest observed protection against low pH (10).
Survival of MG1655(pDRA) increased several orders of
magnitude compared with the control-strain MG1655
(pCTRL) and was largely independent of glutamate sup-
plementation (Figure 4). For the control strain MG1655
(pCTRL), glutamate addition offered no protection,
indicating that, as would be expected, the glutamate-de-
pendent AR2 mechanism is not engaged in these exponen-
tial phase cells. For the sRNA-overexpression strain
MG1655(pDRA), 1.5mM glutamate addition does
provide a statistically significant increase in acid tolerance
(Figure 4). However, the difference in survival observed in
glutamate supplemented versus unsupplemented media is
low compared with the overall increased survival of
MG1655(pDRA) versus the MG1655(pCTRL) strain,
which shows that the contribution of the glutamate-de-
pendent mechanism is small. These data suggest that the
observed AR is largely independent of glutamate and any
amino acid supplementation because the used M9 media
did not have any other amino acid supplementations.
The absence of mild acid-stress pretreatment and the

presence of glucose suggest that the engineered system
does not display the requisite characteristics of AR1,
AR4 or ATR. If one or more of these latter mechanisms
may still be engaged in the strong acid-tolerant phenotype,
then overexpression of the three sRNAs would appear to
override the expected requirement for acid pretreatment
and the suppressive effect of glucose.

Figure 3. Survival of MG1655(pDRA) (gray bars) and MG1655
(pCTRL) (open bars) cells from different phases of culture in acidified
pH-2.5 M9 media. Cells were sampled from the exponential growth
phase (OD600 of 1 and 2), transition phase (OD600 of 3.5; 7 h after
inoculation) and mid-stationary phase (OD600 of 4.5; 12 h after inocu-
lation) of culture. Increased survival is shown as fold improvement
above each set of comparisons. Error bars indicate the standard error
of at least three biological replicates, and statistical significance was
tested with a two-sample t-test (**P< 0.05, *P< 0.10).

Figure 4. Survival of exponential-growth E. coli MG1655(pDRA) and
MG1655 (pCTRL) cells grown on M9 media after 1 h exposure in
acidified pH-2.5 M9 media. Cells were tested in M9 media supple-
mented either with 1.5mM glutamate (gray bars) or without any glu-
tamate (open bars). The difference in survival of E. coli MG1655
(pDRA) in glutamate-supplemented versus nonsupplemented media is
shown in the insert in a linear scale. Error bars indicate the standard
error of at least three biological replicates, and statistical significance
was tested with a two-sample t-test (*P< 0.05).
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RpoS protein expression levels are largely
commensurate with observed acid tolerance levels
but cannot alone explain the supra-additive effect
of the triple sRNA combination on acid tolerance

Temporal western analysis of RpoS expression of E. coli
MG1655(pDRA) and MG1655(pCTRL) was carried
out to investigate if combinatorial overexpression of
the three sRNAs alters the protein-expression profile
of RpoS. In unmodified E. coli and in the absence of
stress, RpoS protein expression is initiated during the
transition phase and continues to high levels in station-
ary phase (27,28). This RpoS profile was observed for
the control strain MG1655(pCTRL): low protein levels
were detected in late exponential phase (time point #3)
and continued to increase into the stationary phase
(Figure 2c). In contrast, high levels of RpoS protein
were observed for MG1655(pDRA) in early exponential
phase (time point #1, OD600 �0.75) and maintained
high through the stationary phase (Figure 2c). Thus,
combinatorial overexpression of the three sRNAs
leads not only to increased RpoS expression, but, sig-
nificantly, it alters the temporal expression profile
by activating RpoS expression during exponential
growth.
Transcription of rpoS has not been reported to be

influenced by the expression levels of these three sRNAs,
and because all three of these sRNAs bind to the same
part of the 50-UTR of the rpoS mRNA, one would expect
that simultaneous overexpression of the three sRNAs
would not dramatically affect RpoS protein levels. Yet,
it does and in a profound way (Figure 2d). This suggests
that the combinatorial overexpression of the three sRNAs
leads to elevated translation of rpoS mRNA. The highest
RpoS amount was detected by overexpressing all three
sRNAs [MG1655(pDRA)]. We quantitated the relative
levels of RpoS protein by setting this observed
maximum to 1 (Figure 2d). The two strains with the
second and third highest tolerance (Figure 1), namely
MG1655(pDR) and MG1655(pDA), also show the
second and third highest RpoS levels. Strains
MG1655(pRA) and MG1655(pDsrA), which have
similar survival rates (Figure 1), exhibit similar RpoS
protein levels (Figure 2d), which are about half of what
was observed for MG1655(pDRA). Surprisingly for two
strains displaying similar levels of acid tolerance
(Figure 1), RpoS protein was detected for MG1655
(pRprA) but not for MG1655(pArcZ) (Figure 2d).
Moreover RpoS levels of MG1655(pRpoS) for different
induction levels (Figure 2e) do not correlate with the
observed phenotypic behavior (Figure 1). This could be
an indication that the amount of RpoS in exponential
phase cells must reach a certain threshold to effectively
compete with the major sigma factor RpoD to activate
the part of the RpoS regulon that is involved in acid tol-
erance. Despite these exceptions, these data suggest that
there is an overall good qualitative correlation between
high RpoS protein levels and increased acid tolerance.
Yet, these data cannot explain the observed supra-
additive effect of the three sRNAs on acid tolerance
(Figure 1).

Combinatorial sRNA overexpression impacts rpoS and
hns mRNA level as well as mRNA levels of core members
of their respective regulons

Degradation of rpoS mRNA by endonuclease RNase E is
blocked by DsrA and RprA binding, which leads to
mRNA stabilization and increased rpoS mRNA levels
(41). Thus, we wanted to investigate if the observed high
RpoS protein levels are the result of increased mRNA
levels in the cell and if so, whether the combinatorial
overexpression of the three sRNAs enhances this effect.
As expected, overexpression of the sRNAs increases the
mRNA levels of rpoS (Figure 5a). Relative to
MG1655(pCTRL),the highest mRNA levels were found
in strain MG1655(pDsrA), and the lowest levels in the
strain expressing the triple combination, but there was
no statistically significant difference in rpoS mRNA
levels between the three strains relative to
MG1655(pRpoS) or among themselves (Figure 5a).
Thus, overexpression of these sRNAs stabilizes rpoS
mRNA, but the double or triple combinations do not
improve rpoS mRNA stability if not the opposite.
Therefore, the hypothesis that the increased RpoS
protein levels are the result of increased rpoS mRNA
levels due to combinatorial overexpression of the three
sRNA is not valid. This suggests that other mechanisms
must account for the observed increased RpoS-protein
levels in the strains overexpressing the double and triple
combinations of the three sRNAs. A possible mechanism
and hypothesis is that the three sRNAs provide a protect-
ive effect on RpoS protein stability. Thus, chlorampheni-
col chase experiments were performed to investigate the
degradation rates of RpoS in the presence of pDRA,
pDR, pDsrA, pRpoS and pCTRL (Supplementary
Data). Overexpression of the three sRNAs increased
RpoS stability with the highest half-life being observed
for the triple combination (pDRA) (Supplementary
Figure S1). The tested hypothesis appears to be correct
and thus explains the lack of correlation between
mRNA and proteins levels for RpoS.

In addition to the positive regulation of rpoS transla-
tion, these three sRNAs are reported to interact with other
mRNAs in the cell, typically involving negative regula-
tion. Of interest here is the interaction of DsrA with hns
mRNA. H-NS is a global regulator involved in the tran-
scriptional regulation of �250 genes (19). As discussed, H-
NS inhibits RpoS translation and increases RpoS protein
degradation (27). H-NS is also involved in AR (17,19): it
represses the AR genes hdeAB (21), as well as gadA and
gadX, which are part of the AR2 system (16). DsrA nega-
tively regulates H-NS by increasing turnover of hns
mRNA, but the observable mRNA levels are not
affected as a result of a feedback loop whereby H-NS
protein controls hns transcription (42). We found that
hns mRNA levels were not significantly altered in strains
MG1655(pDR) or MG1655(pDsrA), but were reduced
to about half in the triple overexpression strain MG1655
(pDRA) as well as in MG1655(pRpoS) in comparison
with the control strain MG1655(pCTRL). So, by overe-
xpressing all three sRNAs simultaneously, the hns mRNA
turnover is increased significantly compared with the
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control strain MG1655(pCTRL), as well as the
MG1655(pDsrA) and MG1655(pDR) strains. This
suggests that in addition to DsrA, ArcZ and RprA are
also involved in regulating hns mRNA levels, which, if
confirmed, is a novel finding.

Do higher RpoS levels lead to increased transcription of
genes in the RpoS regulon? Do the lower hnsmRNA levels
impact genes under H-NS control? To address these ques-
tions, we examined the transcription of a subset of genes
associated with AR, which are either under the control of
RpoS or H-NS alone or are coregulated by RpoS and
H-NS. Specifically, we examined the transcription levels
of poxB, talA [under RpoS control (13)], adiA, adiY [under
H-NS control (17,43)] as well as hdeA, gadX and gadB
[coregulated by RpoS and H-NS (10,17,44)]. As an add-
itional control, we also examined the expression of ars,
which, in addition to being controlled by RpoS and
H-NS, requires acid induction for its expression (44).

As expected, genes under the control of RpoS only
(poxB and talA) increased in all overexpression strains
compared with the plasmid-control strain (Figure 5c).
Genes under the control of H-NS only (adiA and adiY)
showed increased expression in the sRNA overexpression
strains MG1655(pDRA) and MG1655(pDR), but not
in the RpoS expression strain or MG1655(pDsrA)
(Figure 5c). Expression of asr was not altered significantly
in any strain [except modestly for MG1655(pDRA)], most

likely because we did not use acid induction. The genes
under the control of both RpoS and H-NS (gadX, hdeA
and gadB) showed dramatically increased transcription in
all sRNA overexpression strains compared with the RpoS
expression strain. Thus, sRNA overexpression activates
transcription of AR genes under the joint RpoS and
H-NS control stronger than observed for rpoS over-
expression alone.
Transcription levels of gadX were highest in the triple

sRNA expression strain, the strain with reduced hns
mRNA levels, and the highest RpoS protein levels, in com-
parison with all other strains. GadX was originally dis-
covered as a major transcriptional regulator of the AR2
system (45), but further studies revealed its global regula-
tory role in AR, as it controls the majority of genes found
in the AFI (15). The triple sRNA overexpression led to
the highest RpoS protein level, low hns mRNA levels, the
induction of all investigated AR associated genes and most
importantly to the highest expression of gadX, resulting
in the highest acid survival observed (Figure 1). So, given
that the observed increased acid tolerance imparted by
the triple sRNA overexpression is largely amino acid
independent, does not require acid induction, is growth
associated and not glucose repressed, one would ascribe
the protection mechanism as associated largely to GadX,
HdeA and other genes whose function transcends the
AR1-AR4 mechanisms and ATR.

Figure 5. Transcriptional changes due to combinatorial sRNA overexpression. Relative gene expression (fold change) of rpoS (a); hns (b); and of
genes regulated by RpoS and H-NS (gadX, hdeA and gadB), by H-NS (adiA and adiY), by RpoS (poxB and talA) as well as asr (its transcription is
acid induced and regulated by RpoS and H-NS) (c) in various overexpression strains (carrying the plasmid indicated) in comparison with the control
strain MG1655(pCTRL). Error bars indicate the standard error of at least three biological replicates, and statistical significance (P< 0.05) was tested
with a two-sample t-test. Single asterisk indicates significant change in comparison with MG1655(pCTRL); double asterisks indicate significant
change compared with both MG1655(pCTRL) and MG1655(pRpoS); triple asterisks indicate significant change of MG1655(pDRA) compared with
all other strains.
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Increased tolerance to carboxylic-acid stress by sRNA
overexpression

Acid stress can derive from both inorganic and organic
acids (46), the latter being of significance both in food
safety (5,47) and bioprocessing (4). Carboxylic acids are
high value products as they can be used as precursor in the
chemical industry (4). Bioprocess-based productions of
carboxylic acids such as butyrate, acetate, lactate and suc-
cinate requires strains that can tolerate high concentra-
tions of the carboxylic acid of interest (4,48). Here, we
examined if the high AR of strain MG1655(pDRA)
would also result in resistance to three important and
model toxic carboxylic acids: acetate, butyrate and
lactate. Production of carboxylic acids is typically
growth dependent (4). Thus, we tested exponential phase
cells for survival to 5 g/l acetate (�pH 4.0), 5 g/l butyrate
(�pH 4.2) and 4 g/l lactate (�pH 3.8). These concentra-
tions and pH values were determined through screening
experiments, whereby conditions that resulted in substan-
tial reduction but did not abolish survival for the control
strain were used (Figure 6).
Overexpression of the three sRNAs increased E. coli

survival to toxic concentrations of the tested carboxylic
acids (Figure 6). The highest protection was observed
for butyrate, whereby a 3380-fold increase was detected.
This was followed by a 1270-fold increase for lactate and
12-fold increase for acetate. The toxicity of carboxylic
acids is rather complex: their production by the cells and
their transport in and out of the cell does not only result
in a pH drop in the medium, but, significantly, it acidifies
the cytosol and reduces the transmembrane �pH and
protonmotive force (4,8,48). Thus, their toxicity is likely
more complex than the toxicity imparted from inorganic
acids. In this respect, the protection offered by
overexpressing the three sRNAs is of both fundamental
and practical significance.

Increased tolerance to oxidative stress by sRNA
overexpression

Tolerance to oxidative stress is also of major physio-
logical, medical and bioprocessing significance (49,50).
Acid stress introduced by carboxylic acids is increasingly
viewed as, partially at least, similar to oxidative stress
(3,4,48,51). For instance, two mechanisms of acid-
mediated generation of reactive-oxygen species were
proposed in yeast cells (51). Thus, we wanted to investi-
gate if overexpression of the three sRNAs will also protect
the cells from oxidative stress. To do so, we used a
standard oxidative-stress assay (52) to test the survival
of MG1655(pDRA) in comparison with the plasmid
control strain MG1655(pCTRL) to 4mM H2O2 using
active growing cells (Figure 6). Overexpressing the three
sRNAs resulted in a 13-fold increase in survival.

DISCUSSION

We have shown that overexpressing the three sRNAs,
DsrA, RprA and ArcZ, increased survival of MG1655
(pDRA) against acid stress in a supra-additive fashion,
during active cell growth, without the presence of amino
acids, without acid induction and in the presence of
glucose. We also showed that MG1655(pDRA) displays
resistance against carboxylic-acid and oxidative stress.
Taken together, these data demonstrate that over-
expressing the three sRNAs results in protection against
a broad range of stresses during active cell growth and
without any supplements. While several studies
have used growth assays (at a relatively higher pH:
3.9–4.5) to assess tolerance to acid stress (53–55), in this
study, we used the widely used survival to low pH assay,
which we found to be reproducible and appropriately
quantitative.

Figure 6. Survival of strain MG1655(pDRA) and MG1655(pCTRL) exposed for 1 h to high concentrations of carboxylic acids or H2O2. From the
left: Survival to 5 g/l acetic acid (�pH 4.0), survival to 5 g/l butyric acid (�pH 4.2), survival to 4 g/l lactic (�pH 3.8) acid and survival to 4mM H2O2.
Increased tolerance of MG1655(pDRA) is indicated as fold change compared with the control strain. Error bars indicate the standard error of at
least three biological replicates, and statistical significance was tested with a two-sample t-test (*P< 0.05).
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As discussed, AR is a complex phenotype that engages
several mechanisms and notably those of the AR1-AR4
systems (11,12), but several more as already discussed,
with more possibly remaining to be explored. Several of
these mechanisms are controlled by global regulators like
RpoS and H-NS, which can be targeted for synthetic
strategies to generate tolerant phenotypes. This is not,
however, a simple task, as these regulators are extensively
regulated themselves (27,42,56) in complex, interactive
and frequently incompletely understood mechanisms
even in E. coli. RpoS in particular is an attractive target
to engineer tolerant phenotypes (27). We demonstrated
that simple overexpression of RpoS is not sufficient to
mount the full phenotypic response against acid stress,
most likely because of incomplete induction of its
regulon deriving from ineffective recruitment of the
RNA polymerase (RNAP) owing to limiting RpoS
protein levels (57). Our data (Figure 5) would suggest
that this could be partially due to regulation by H-NS,
which mediates degradation of rpoS mRNA and RpoS
protein (27). We demonstrated that this limitation can
be overcome by combinatorially overexpressing the three
sRNAs (Figure 2), whereby the interaction of all three
sRNAs with the rpoS mRNA lead to increased translation
resulting in higher RpoS protein amounts in the cell (see
Figure 2e). This observed behavior is not a saturation
effect of the sRNAs binding to the rpoS mRNA, as we
observed, especially for the early time points (#1–#4),
similar RpoS protein level (Figure 2c), while the transcrip-
tion of all three sRNAs is constantly increasing during this
period (Figure 2b). Thus, simultaneous interactions
between these three sRNAs and the rpoS mRNA must
be responsible for this behavior. The detailed elucidation
of these interactions is a difficult problem beyond the
scope of this work, and will require new tools and
strategies to bring to fruition.

We speculate that simultaneous overexpression of the
three sRNAs saturates the effect of rpoS mRNA stabiliza-
tion and translational activation, so that sufficient levels
of the three sRNAs are present in the cell to interact with
other targets. In this context, we examined the impact of
overexpressing the three sRNAs on H-NS, a well-known
target of DsrA (42) and an important regulator of AR
(17). DsrA binds to hns mRNA and increases mRNA
turnover (42), but this does not influence the steady state
hns mRNA levels, as H-NS autoregulates itself (42).
However, when all three sRNAs were overexpressed,
steady state mRNA levels of hns were decreased
(Figure 5b), which we speculate is due to the effect of
increased mRNA turnover by increased DsrA levels and/
or possible additional regulatory effects by ArcZ and
RprA. When we examined genes known to be transcrip-
tionally silenced by H-NS (namely, adiA and adiY;
Figure 5c), we measured significant upregulation of these
genes in strains MG1655(pDRA) and MG1655(pDR),
but less so or not at all in MG1655(pDsrA) (Figure 5b).
These and the data from strain MG1655(pRpoS), which
displays reduced steady state hnsmRNA levels but a lesser
impact on adiA and adiY expression, demonstrate the
complex regulatory network engaged in this acid-tolerance
phenotype. Although it is possible that the three sRNAs

have additional targets imparting tolerance of acid stress,
our data suggest that the supra-additive effect of over-
expressing the three sRNAs is largely due to the altered
regulatory and heavily interconnected network of RpoS
and H-NS, which could not be achieved by overexpressing
RpoS directly. Significantly, unlike the overexpression of
proteins, overexpression of sRNAs imposes hardly any
metabolic burden on cells, and constitutes a more effective
strategy of synthetic biology.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online,
including [58].
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