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Bacterial small RNAs (sRNAs) play a pivotal role in
post-transcriptional regulation of gene expression and
participate in many physiological circuits. An ∼80-
nt-long RyjB was earlier identified as a novel sRNA,
which appeared to be accumulated in all phases of
growth in Escherichia coli. We have taken a compre-
hensive approach in the current study to understand
the regulation of ryjB expression under normal and
pH stress conditions. RpoS was not necessary for ryjB
expression neither at normal condition nor under acid
stress. Hfq also emerged to be unnecessary for RyjB
accumulation. Interestingly, RyjB was detected as a
novel acid stress induced sRNA. A DNA binding protein
PhoP, a component of PhoP/Q regulon, was found to
regulate ryjB expression at low pH, as the elimination of
phoP allele in the chromosome exhibited a basal level of
RyjB expression under acid stress. Ectopic expression
of PhoP in �phoP cells restored the overabundance
of RyjB in the cell. Overexpression of RyjB increased
the abundance of sgcA transcripts, with which RyjB
shares a 4-nt overlap. The current study increases our
knowledge substantially regarding the regulation of
ryjB expression in E. coli cell.

Keywords: acid stress; Hfq; small RNAs; sRNA-mediated
gene regulation.

Introduction

A wide range of physiological circuits in bacteria is regu-
lated by small RNAs (sRNAs) (1–5). These sRNA regula-
tors are primarily induced in response to changing environ-
mental cues (5–12) and play a key role in modulating gene
expressions essentially at the post-transcriptional level.
Numerous physiological processes like stress response,
virulence and quorum sensing (2–5) have been reported
to be regulated by sRNAs. sRNAs with a lower degree of
complementarity to their target RNAs require a chaperon
action by Hfq. Function of some sRNAs in Escherichia coli
have been discovered, but many of them have been reported
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with unidentified role in the cell. RyjB in E. coli is one such
sRNA; the expression of which was never systematically
investigated.

Although RyjB in E. coli was not detected in the
Hfq-immunoprecipitate, a lower abundance of RyjB was
reported in hfq-mutant strain. Initially, it was validated as
an ∼130-nt-long sRNA (12), subsequent sequence inspec-
tion of RyjB and 5′ and 3′ RACE analysis demonstrated
that RyjB is an ∼80-nt-long sRNA, which is located in
the intergenic region of sgcA and sgcQ genes in reverse
polarities (13). A 4-nt overlap exists between ryjB and
a putative phosphotransferase system transporter protein
encoding gene sgcA (14). Hence, RyjB was speculated to
act as a cis-acting antisense RNA. A σ 70 promoter was
predicted to be within the sgcA gene for RyjB expression;
however, it was never experimentally validated (14). RyjB
was detected in all the growth phases of the cell, but its
relative abundance was never quantitatively estimated
at different phases of growth. RyjB has interestingly
been reported as an inducible sRNA under high Mg2+

concentration and thus, how RyjB expression is related
to PhoP/PhoQ, a two-component regulatory system
controlling Mg2+ homeostasis in E. coli, is a long-standing
question to the researchers (14).

Aside from the aforementioned features of RyjB, regula-
tion of its expressions and physiological role are unknown
until now. In the current study, we have taken a systematic
approach to investigate the underlying regulation of RyjB
expression in E. coli. We have found that the accumulation
of RyjB did not alter significantly in a 24-h growth cycle.
Neither RpoS nor Hfq affects its expression dramatically
in any phases of cell growth. Interestingly, RyjB was found
to be an acid stress inducible sRNA, but its expression
in alkaline condition remains unaltered. RyjB induction
under acid stress conditions appeared to be regulated by
PhoP as the elimination of the chromosomal copy of phoP
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gene resulted in a constant low level RyjB expression.
Ectopic expression of PhoP in �phoP strain was found to
increase RyjB abundance confirming its regulatory role in
ryjB expression in E. coli cells. Overexpression of RyjB
increased the intracellular accumulation of sgcA suggesting
its role as an antisense RNA.

Materials and Methods

Materials

Genomic DNA isolation kit was purchased from Promega
Co. (USA). Total RNA isolation kits were procured from
KPC Life Sc. (India) and Qiagen (Germany). SYBR
green master mix and cDNA synthesis kit (iScript™)
were purchased from Bio-Rad (USA). Growth media
was obtained from Hi-Media (India). MEGAshortscript™
transcription kit was purchased from Ambion (USA).
GeneElute™ PCR clean-up kit was procured from Sigma
Chemical Co. (USA). DNaseI was procured from Fermen-
tas, USA. Oligonucleotide primers were synthesized by
Integrated DNA Technologies, Inc. (USA). Anti-FLAG
M2 mAbs and homopiperazine-1,4-bis(2-ethanesulfonic
acid) (Homopipes) were purchased from Sigma chemical
Co. (USA). Anti-mouse IgG HRP conjugate was from
Santa Cruz Biotechnology (USA). ECL solution was
procured from PerkinElmer (USA). All other chemicals
were molecular biology grade reagents.

Bacterial strain construction and growth condition

Wild type E. coli K-12 strain MG1655 was obtained
from laboratory stock. Deletion of rpoS, hfq, phoP genes
were introduced into MG1655 strain through phage P1vir-
mediated transduction (15). N-terminus of chromosomal
copy of phoP gene was fused with a 2 × FLAG sequence
by recombineering using primers F1 and F2 (see oligonu-
cleotide sequences in Supplemental Table T2), and the
resulting gene fusion was confirmed by DNA sequencing.
Cells were grown overnight in 5 ml of LB medium with
appropriate antibiotic when needed at 37◦C under shaking
at 180 rpm. Primary cultures were diluted 1:100 into fresh
LB medium. Portions were removed at different time
points and instantly mixed with ice-cold stop solution
(95% ethanol, 5% phenol). Antibiotics, when present, were
at the following concentrations: kanamycin, 25 μg/ml;
ampicillin, 100 μg/ml.

For pH stress, cells were grown up to mid-exponential
phase (OD600 = 0.4) and then the pH of the medium was
adjusted either to 5.0 by buffering the medium with 10 mM
HOMOPIPES or sodium acetate (pH 5.0) or to 9.0 by 50-
mM Tris–HCl (pH 9.0). Sodium phosphate buffer (pH 7.0)
was used to maintain the cells at neutral pH. Cells were
withdrawn at regular intervals after they were exposed to
stress followed by total RNA/protein extraction from each
sample.

RNA extraction and real-time PCR

Wild type and mutant E. coli cells were grown overnight
in LB media with relevant antibiotics as required. Pri-
mary cultures were diluted 1:100 in fresh LB broth and
were grown continuously at 37◦C in an orbital shaker at
180 rpm. Equal volumes of culture were taken away at
different time points. Cells were pelleted down and total

RNA was extracted from each of those cell pellets using
RNeasy kit (Qiagen). Each RNA sample was treated with
DNaseI (Fermentas, USA) to eliminate DNA contamina-
tion. UV spectrophotometry (Jasco V-730) was used to
quantitate RNA concentration. Complementary DNA was
synthesized from 1 μg of total RNA utilizing iScript™
cDNA synthesis kit (Bio-Rad) with random hexamer (Bio-
Rad C1000, USA) as a primer. Synthesized cDNA was
diluted 100-fold by nuclease-free water and 1 μL of that
diluted cDNA was employed in qPCR reaction in a 96-
well microtiter PCR plate using SYBR green master mix
(Bio-Rad) in CFX96 Touch™ Real-Time PCR Detection
System (Bio-Rad). A typical Real-time PCR reaction mix
contained 20 ng of cDNA, 1 μM of each sRNA primer
(Supplementary Table T2), 10 μl of SYBR Green Master
Mix and 8-μl nuclease-free water in 20-μl reaction volume.
Each sample was tested in triplicate. The 5S rRNA gene
was taken as an internal reference as it has been widely used
as a control to examine the sRNA expression (16). Relative
gene expression was calculated using 2-��Ct method. All
experiments were performed according to the manufac-
turer’s instructions.

In vitro transcription

Escherichia coli RyjB RNA was synthesized from DNA
templates of ryjB genes by in vitro transcription reactions
using the MEGAshortscript™ transcription kit (Ambion).
Genomic DNA was utilized to synthesize the template for
transcription reaction by PCR with the forward primer
containing the T7 RNA polymerase promoter sequence.
PCR products were purified using the GeneElute™ PCR
clean-up kit (Sigma). Transcribed RyjB RNA was purified
by phenol:chloroform:isoamylalcohol (25:24:1) extraction
followed by ethanol precipitation.

Northern blotting

Fifteen micrograms of total RNA samples, extracted at
the indicated time point after the cells were exposed
to pH 5.0, were mixed with gel loading buffer and
resolved on a 2% denaturing agarose gel in 1X MOPS (4-
morpholinepropanesulfonic acid) buffer. Deionized water
was used to wash the gel and RNA was transferred on nylon
membrane (GE Healthcare) by downward capillary transfer
for 15 h at room temperature. RNA transferred on the
membrane was UV cross-linked (Herolab, Germany) to it.
A DNA oligonucleotide probe labelled with Cy5 at 5′-end
was utilized to detect RyjB RNA. The probe was allowed
to anneal to the cross-linked RNAs on the membrane by
incubating overnight for hybridization (Thermo Fisher
Scientific, USA) at 58◦C in ExpressHyb hybridization
solution (Clontech). Membrane was then washed thrice
with pre-warmed SSC buffer and the bands were visualized
by high-resolution gel imaging for fluorescence system
(G:Box Chemi-XX9, SYNGENE). Bands were quantitated
by ImageJ.

Western blotting

Fresh LB medium was used to dilute 24-h grown wild
type MG1655 cells (1:100). Cells were grown afterwards
constantly until the mid-exponential phase (OD600 = 0.4)
was reached. The pH of the growth medium was then
adjusted to 5.0. Cells were removed at indicated time points
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after acidifications. Cell pellets were gently resuspended
in 250 μl of lysis buffer (25-mM Tris pH 7.4, 150-mM
KCl, 1-mM MgCl2 and 1-mM DTT). A total of 250 μl
of glass beads (0.1 mm) was added to the mixture and
it was then vortexed for 30 s followed by 15 s cooling
on ice. This step was repeated for 5 min. Mixture was
then treated with an additional 250-μl lysis buffer and
centrifuged at 15000 rpm for 10 min at 4◦C to separate
beads and insoluble materials (16). Protein concentration in
the cell-free extract was estimated through Bradford assay
(Bio-rad). Protein samples (15 μg) were resolved in a 10%
SDS-PAGE and were transferred onto PVDF membranes,
which were then treated with 3% nonfat milk, and probed
with anti-FLAG M2 mAbs (1:1000 dilution). PhoP was
detected with HRP-conjugated anti-mouse IgG antibody
and visualized with ECL solutions as described (17).

Cloning and overexpression of RyjB and PhoP

Genomic DNA from wild type MG1655 cells was isolated
using genomic DNA extraction Kit (Promega Co.) and
used as a template for the amplification of ryjB and phoP
gene (primers are in Supplementary Table T1) in a PCR
reaction utilizing KOD hot start DNA polymerase (Invitro-
gen). The template DNA was eliminated by DpnI digestion
and the amplicon was purified by gel extraction. Both the
PCR product and the vector pUC19 were digested with
HindIII and BamHI at 37◦C for 2 h. Digested products were
purified by phenol: chloroform: isoamyl alcohol (25:24:1)
extraction. T4 DNA ligase was used to ligate the digested
PCR product in plasmid within HindIII and BamHI sites.
The resulting recombinant plasmid was chemically trans-
formed into E. coli DH5α cells, which were then grown
overnight on LB agar plates (Amp+) containing 100 μg/ml
X-gal, and 1-mM IPTG. White colonies thus observed were
grown in (Amp+) LB broth and recombinant plasmids
(pRyjB or pPhoP) were isolated using QIAprep Spin Kit
(Qiagen). Cloning of ryjB and phoP in pUC19 was con-
firmed by DNA sequencing.

Recombinant plasmid (pRyjB and pPhoP), isolated
from DH5α cells, was transformed into E. coli cells. Cells
were then grown in LB media until mid-exponential phase
(OD600 = 0.4). IPTG (1 mM) was added to that culture and
allowed to grow further for an hour. Cells were then col-
lected through centrifugation at 5000 rpm at 4◦C and total
RNA was isolated from that sample for further analysis.

Statistical analysis

Experimental data, collected from three different experi-
ments, were presented as mean ± standard deviation (SD).
One-way analysis of variance was applied to analyse the
differences between multiple groups. Statistically, a signif-
icant difference was considered as P < 0.05.

Results

Regulation of RyjB expression

RyjB was initially found to be transcribed from a gene
flanked between sgcA and sgcQ genes (Fig. 1A) (12). RyjB
expression was reported to be higher in the exponential
phase than the stationary phase of E. coli cells (13). How-
ever, a systematic approach has never been taken to analyse
how RyjB expression fluctuates over a period of continuous

Figure 1. Accumulation of RyjB at different growth phases of E. coli
cells. A. Schematic illustration of genomic location and orientation of
ryjB gene. B. Relative expression of ryjB gene was analysed through
RT-qPCR analysis in a 24-h growth cycle. RyjB quantity at each point
was normalized by comparison to RT-qPCR of 5S rRNA. Each point in
the graph represents the relative amount of RyjB when compared with
1.5-h sample. Data at each point were presented as the average ± SD
from three separate experiments. Inset, growth curve of MG1655 cells.
Each point on the curve represents the point of sample withdrawal.

growth of E. coli cells. Herein, we have taken a comprehen-
sive approach to examine RyjB expression in a 24-h growth
cycle of E. coli. Wild type E. coli MG1655 cells grown for
24-h were diluted (1:100) in a fresh LB medium and were
continuously grown at 37◦C under shaking conditions.
Cells were withdrawn at a regular time span and total RNA
was isolated from the cells collected at each time point.
One microgram of the total RNA was employed in a cDNA
synthesis reaction. RyjB expression was analysed by RT-
qPCR utilizing the cDNA appearing at each time point.

Figure 1B shows ryjB expression in a 24-h growth cycle
(growth curve was shown in the inset of Fig. 1B) of E.
coli. Although RyjB has been found to be present in all
phases of growth, but its abundance was more prevalent
in the exponential phase. RyjB transcript was found to be
depleted by ∼40% in the mid-stationary phase compared
with the late exponential phase of E. coli growth. Moreover,
a detailed investigation of RyjB status in the exponen-
tial phase revealed that the RyjB population increased by
∼30% from early to late exponential phase and culminated
prior to the entry to the stationary phase. Although it
was predicted that RyjB expression is controlled by the
presence of Eσ 70 promoter (12, 13), the reason of increment
in the population from an early to late exponential phase is
still unknown.

To ascertain that the stationary phase specific σ -factor,
RpoS, does not play any role in RyjB expression in wild
type cells, we tested the growth-phase dependent expres-
sion of ryjB in wild type and �rpoS cells (Fig. 1B). Profile
of ryjB expression in both the cells emerged to be unaltered,
which confirmed that RpoS was not necessary for RyjB
synthesis under normal physiological conditions.
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Figure 2. Role of Hfq in RyjB expression. A. Structure of RyjB predicted by Mfold web server. The sequence above the bold line in the structure is
complementary to the 5′-end of sgcA mRNA. B. Comparison of the accumulation of RyjB in wild type and Δhfq cells in a 24-h growth cycle analysed by
RT-qPCR analysis. 5S rRNA was taken as internal control. Relative amount of RyjB was presented at each point compared to the RyjB accumulation at
1.5 h, which was set as 1. Data were presented as mean ± S.D. from three independent experiments.

Role of Hfq

RyjB was found to be less abundant in �hfq cells; how-
ever, it was not detected in the Hfq-immunoprecipitate by
northern analysis (12,13). Thus, a detailed investigation
on the role of Hfq, if any, on RyjB stability is required
to understand its functional mechanism. Hfq plays a cen-
tral role to protect sRNA from cellular ribonucleases and
also promotes base pairing between sRNA and its target.
Binding of sRNA to the Hfq is mediated through a stable
interaction of 3′-poly(U) rich region of sRNA to the proxi-
mal face of Hfq (18). Thus, the presence of a poly(U) rich
region in the sRNA structure is essential for its binding
to Hfq. RyjB structure was determined by Mfold web
server (19) and the predicted structure of lowest energy
was utilized for its structural analysis. Two adjacent stem-
loops of different length were present in its structure. A 5-nt
3′-single stranded region in the RyjB structure was devoid
of any ‘U’ residue (Fig. 2A). Hence, it was presumed that
RyjB lacks the ability to bind Hfq.

To test our hypothesis that RyjB is an Hfq-independent
sRNA, we compared ryjB accumulation in wild type and
�hfq cells in a 24-h growth cycle. Overnight grown cells
were diluted (1:100) in fresh LB medium and were con-
stantly grown at 37◦C. Cells were removed at the indi-
cated times. Total RNA was isolated from each sample
and was subjected to RT-qPCR study. Figure 2B shows
the relative amount of RyjB accumulated in wild type and
�hfq cells over a period of 24 h. RyjB abundance in the
exponential phase of both wild type and �hfq cells are
identical, indicating that Hfq does not play any role for
RyjB accumulation in the exponential phase. However,
RyjB build-up in the stationary phase is ∼20% less in �hfq
cells than that in wild type cells. These data are also in line
with the observation of Kawano et al. (13) and establishes
that Hfq generally is not necessary for RyjB expression;
however, why it is decreased in the stationary phase in
hfq-mutant compared with wild type cells still has to be
elucidated.

RyjB is an acid stress inducible sRNA

RpoS independent expression of RyjB and its lower abun-
dance in the stationary phase instigated us to examine

whether RyjB is a stress sensitive sRNA or not. Since
the stationary phase of growth is a condition of multiple
stresses, and E. coli cells also exposed to low pH tran-
siently during its passage through the human stomach, we
desired to investigate the effect of acid stress on RyjB
expression. A 15-h grown E. coli MG1655 culture was
diluted (1:100) in a fresh LB medium and was allowed
to grow until mid-exponential phase (OD600 = 0.4). The
growth medium was acidified to bring down pH to 5.0.
Cells were withdrawn at indicated time points after acidifi-
cation and total RNA was isolated from each sample. RyjB
accumulation in each RNA sample was determined by
RT-qPCR. Figure 3A shows RyjB expression profile upon
pH stress as a function of time. A dramatic result, which
was not anticipated earlier, revealed that RyjB population
increased with time and nearly 2.5-fold upregulation was
observed after 45 min of the acid stress. An identical
experiment carried out at pH 7.0 and 9.0 revealed an unal-
tered expression of RyjB at neutral and alkaline conditions
(Fig. 3A).

To further confirm the induction of RyjB at low pH,
northern blot analysis (Fig. 3B) was performed with
the RNA samples extracted at the indicated time points
from the cells after they were exposed to pH 5.0. RyjB
transcribed in vitro was also utilized in the northern
blot as a standard. Quantitation of the bands in the
northern blot revealed that RyjB expression was induced
by ∼2.9-fold after 40 min exposure of the cells to pH 5.0.
Continued acid stress on the cells upto 60 min resulted
in about 4-fold higher accumulation of RyjB. 5S rRNA
expression was unaltered under acid stress and thus
was taken as loading control. These data corroborate
well with the result obtained in the above-mentioned
RT-qPCR analysis. Although RyjB is upregulated at
low pH, the reason why RyjB was elevated under that
condition is yet to be known. An independent experi-
ment conducted with the aforementioned experimental
condition using �rpoS cells exhibited an identical RyjB
profile as in wild type cells under acid stress (Fig. 3C).
These data clearly indicated that global stress regulator
RpoS is not necessary for RyjB induction under acid
stress.
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Figure 3. Amount of RyjB in WT and ΔrpoS cells under pH stress. A. Wild type cells were grown up to mid-exponential phase (OD600–0.4) at 37◦C
and pH of the medium was adjusted to either 5.0 (adjusted by 50-mM HOMOPIPES) or 9.0 (adjusted by 50 mM Tris–HCl). Samples were removed at
the indicated time and total RNA was isolated for RT-qPCR analysis. 5S rRNA gene was taken as internal control. RyjB accumulation at 0 min was set as
1. B. 15 μg of total RNAs isolated from the samples withdrawn at indicated time after acid stress (pH adjusted by 50-mM sodium acetate) were analysed
by northern blot. RyjB transcribed in vitro was run in the last lane (Std) as size standard. The number under each lane represents the relative amount of
RyjB when compared with 0-min sample, which was set as 1. 5S rRNA gene was taken as loading control. C. Accumulation of RyjB in ΔrpoS cells
under acid stress analysed by RT-qPCR. 5S rRNA gene was used as internal control.

PhoP upregulates RyjB under acid stress

The question how RyjB was upregulated under acid
stress drew immense attention for investigation. PhoP, an
integrant of two component regulatory system PhoPQ,
has previously been reported to control a large number
of genes involved in major cellular functions such as
Mg2+-homeostasis, cell envelope composition, bacterial
virulence and acid resistance (20–22). To test the effect
of acid stress on PhoP accumulation, mid-exponential
phase cells (OD600 = 0.4) were exposed to pH 5.0 and
were persistently grown at 37◦C. Cells were removed
at indicated time and total RNA was isolated. Status of
phoP mRNA at the low pH condition was analysed by RT-
qPCR method. Figure 4A represents the relative amount
of phoP mRNA as a function of time after acid stress and
revealed that phoP was induced by 12.3-fold after 1 h of
acid stress. Examination of PhoP protein under the same
condition through western blot analysis demonstrated that
PhoP protein level is elevated by approximately 11-fold
after 1 h of acid stress (Fig. 4B). These data confirmed that
PhoP is an acid stress inducible protein, which is induced as
much as 11-fold under the above-mentioned experimental
condition. These data are also in line with the previous
reports of low pH induction of PhoP in both Salmonella sp.
(23) and E. coli (24).

Acid stress induction of PhoP apprised us to examine
whether PhoP plays any role for RyjB elevation at low pH.
Cells grown overnight were diluted in fresh LB medium
(1:100). Cells were then continuously grown until the mid-
exponential phase (OD600 = 0.4) and the growth medium
was adjusted with pH 5.0. Equal volumes were removed
from the growth medium in the post acidification phase and
total RNA was isolated from each of the samples. RyjB
expression was investigated by RT-qPCR. Comparison of
RyjB accumulation in wild type and �phoP cells under
acid stress (Fig. 4C) revealed that even though RyjB is
induced by about 2.5-fold under acid stress, the elimi-
nation of phoP allele from the chromosome of E. coli
cells resulted in a constant basal-level expression of RyjB.
These data clearly indicates that PhoP directly regulates

RyjB expression under acid stress and hence, RyjB appears
to be a PhoP-dependent acid stress inducible sRNA in
E. coli cells.

Ectopic expression of PhoP in �phoP cells restores RyjB
induction

It is evident from the above experiment that PhoP is
required for RyjB induction under acid stress. Basal level
expression of ryjB in �phoP cells at low pH encouraged
us to look over whether the deficiency in ryjB induction
in �phoP strain can be complemented by the ectopic
expression of PhoP. To demonstrate that, phoP gene was
cloned in the pUC19 vector under the control of Lac-
promoter (Plac) and the resulting recombinant plasmid
(pPhoP) was chemically transformed into �phoP cells.
Cells were then grown for 15 h and diluted in fresh LB
medium (1:100). Cells grown up to mid-exponential phase
(OD600 = 0.4) were treated with 1-mM IPTG and grown
for an additional hour. Total RNA was isolated from the
cells and used in RT-qPCR analysis. Wild type and �phoP
cells harbouring empty plasmid were also treated in an
identical manner. Figure 5A shows the accumulation of
phoP transcript in wild type and �phoP strains. It is
evident from Fig. 5A that phoP transcript was absent in
�phoP cells containing empty plasmid but was induced
about 7.5-fold when expressed from Plac compared to its
accumulation in wild type cells.

To investigate the effect of ectopically expressed phoP
on ryjB expression, exponentially growing �phoP cells
(OD600 = 0.4) harbouring recombinant pPhoP plasmid
were treated with 1 mM IPTG for an hour. Cells were
then harvested and total RNA was isolated from the
cells. RT-qPCR analysis was performed to measure RyjB
accumulation in the sample. Wild type and �phoP cells
containing empty plasmid were also processed in an
identical method. Figure 5B shows a 2.4-fold induction
of RyjB in ectopically expressed PhoP in �phoP cells.
These data indicate a direct role of PhoP in ryjB regulation
in E. coli.
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Figure 4. RyjB expression is regulated by PhoP. A. Amount of phoP mRNA upon acid stress (pH adjusted by 50-mM HOMOPIPES) was estimated by
RT-qPCR analysis. 5S rRNA gene was taken as internal control for the normalization of the amount of phoP mRNA at each time point. Accumulation of
phoP mRNA at 0 min was set as 1 and relative amount of phoP at other time point was calculated. B. PhoP accumulation after acid stress (pH adjusted
by 50 mM sodium acetate) in wild type cells was measured by western blotting. The number under each lane represents the relative amount of PhoP
protein when compared with 0-min sample, which was set as 1. Ribosomal protein S1 was taken as loading control. C. Acid stress was given to
mid-exponential phase (OD600 = 0.4) wild type and ΔphoP cells. Total RNA was isolated from the cells at indicated times after acid stress and was
utilized for RT-qPCR analysis. Expression of 5S rRNA gene was utilized as internal control.

Figure 5. Ectopic expression of PhoP upregulates ryjB expression. A. RT-qPCR analysis was performed to estimate the amount of phoP mRNA in
wild type (WT) and �phoP cells harbouring empty vector or pPhoP recombinant plasmid. 5S rRNA gene was taken as internal control for the
normalization of the amount of phoP mRNA at each time point. Accumulation of phoP mRNA in WT cells was set as 1 and relative amount of phoP at
other time point was calculated. B. RyjB abundance was quantified through RT-qPCR analysis in WT and �phoP cells harbouring either empty vector or
pPhoP recombinant plasmid. 5S rRNA gene was taken as reference gene for the normalization of the amount of RyjB at each time point. Accumulation
of RyjB in WT cells was set as 1 and relative amount of RyjB at other time point was calculated.

Overexpression of RyjB induces sgcA expression

RyjB is synthesized from a strand complementary to one
from which sgcA is transcribed. Presence of 4-nt com-
plementary region between ryjB and sgcA transcripts per-
suaded us to investigate the effect of elevated plenitude of
RyjB on sgcA transcript. Since ryjB and sgcA genes are
located in opposite directions, deletion of ryjB will eventu-
ally eliminate the regulatory region of sgcA gene and vice
versa. Thus, RyjB was decided to be overexpressed in wild
type cells to examine the effect of its overabundance on
sgcA expression. To examine that fact, wild type MG1655
cells harbouring recombinant pRyjB plasmid were grown
until mid-exponential phase (OD600 = 0.4). IPTG (1 mM)
was added to the growth medium and cells were further
grown for an hour. Cells were pelleted down and total RNA
was isolated from them. RT-qPCR analysis was performed
to estimate the accumulation of ryjB and sgcA transcripts.
Cells with empty plasmid were also treated in an identical
manner. Figure 6A shows that the overexpression of the
ryjB gene resulted in approximately 7-fold higher accu-
mulation of intracellular RyjB. Cells overexpressing RyjB

was found to concomitantly increase sgcA expression by
at least about 4-fold (Fig. 6B), which indicates the direct
interaction of RyjB with sgcA transcript.

Since overexpressed RyjB enhances intracellular accu-
mulation of sgcA and RyjB is induced under acid stress, we
wanted to examine whether sgcA is also induced under acid
stress. To test that hypothesis, cells were grown till mid-
exponential phase (OD600 = 0.4) and pH of the medium
was reduced to 5.0 using 10-mM homopipes buffer as
described in the ‘Materials and Methods’ section. Cells
exposed to low pH were collected after 45 min and total
RNA was isolated, which was then used to measure sgcA
transcript by RT-qPCR analysis. Figure 6C shows the sgcA
expression was induced by about 3-fold under acid stress.
This fact indicates that higher accumulation of sgcA under
acid stress is possibly driven by higher accumulation of
RyjB at low pH.

Discussion

We have taken a comprehensive approach in the current
study to investigate the regulation of expression of a novel
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Figure 6. Effect of RyjB overexpression on sgcA accumulation in the cell. Cells with empty vector or pRyjB growing at mid-exponential phase
(OD600 = 0.4) were treated with 1-mM IPTG for an hour. Cells were harvested and total RNA was isolated from each sample. Accumulation of RyjB (A)
or sgcA (B) was measured by RT-qPCR analysis. 5S rRNA gene was taken as internal control for the normalization of the amount of ryjB or sgcA
transcript at each point. Accumulation of RyjB or sgcA in the cells with empty vector was set as 1 and relative amount of RyjB or sgcA in the cells with
pRyjB was calculated. C. RT-qPCR analysis was performed to measure the accumulation of sgcA mRNA under acid stress as described earlier.
Expression of 5S rRNA gene was utilized as internal control.

sRNA RyjB. Stationary phase sigma factor Eσ S was shown
to be unnecessary for RyjB transcription under both normal
and acid stress conditions. RyjB accumulation in �hfq cells
is identical to that in wild type cells, except in the stationary
phase, where the RyjB population is ∼30% less in �hfq
cells than in wild type cells. Thus, it was believed that Hfq
was not necessary for the post-transcriptional abundance of
RyjB at least in the exponential phase. Interestingly, RyjB
was found to be an acid stress inducible sRNA; however,
alkaline pH did not show any effect on RyjB expression. A
comprehensive investigation of RyjB induction under acid
stress revealed that the higher abundance of PhoP upreg-
ulates RyjB expression at low pH. RyjB overexpression
resulted in higher sgcA accumulation in the cells indicating
its role as a cis-acting sRNA.

Enteric bacteria like E. coli naturally colonize in
mammalian digestive tract and their passage to intestine is
achieved by their transmission through stomach (pH 1.5–
3.0). Escherichia coli utilizes diverse metabolic and
proton consuming mechanisms to survive at external
pHs, which are way beyond the cytoplasmic pH range
(25, 26). Numerous sRNAs participate in pH adaptation
mechanisms and promote cell survival at extreme external
pHs (27). RyjB induction at low pH indicated its possible
involvement in pH homeostasis in the cell. Clearly, more
investigation is required to settle this issue. sRNAs were
reported to improve cell survival under acid stress. GcvB
has been demonstrated to improve the survival of E.
coli cells at low pH by stimulating the acid resistance
system through upregulating the levels of RpoS (28).
An Eσ S-dependent antisense RNA GadY protects as
well as stabilizes gadX transcript under acid stress
condition, which in turn increases the acid tolerance of
E. coli (29).

Low abundance of RyjB in the stationary phase led us
to perceive that this sRNA might be sensitive to stress
as the stationary phase provides a condition of multi-
ple stresses originating from nutrient deprivation, accumu-
lation of secondary metabolites, alteration in pH of the
medium, increased population density, etc. Measurement
of pH at different growth phases of E. coli cells revealed
that pH of the medium gradually drops to acidic range from
early exponential to early stationary phase and increases

afterwards to alkaline range (Siddiqui and Dutta, unpub-
lished observation). These data also corroborate previously
published reports (30). Thus, it was anticipated that lower-
ing of pH in the exponential phase might be the reason for
higher abundance of RyjB in that phase than the stationary
phase of growth.

The pleiotropic two-component regulatory system
PhoP-PhoQ, although acts as a response regulator of
low Mg2+ adaptation (16, 31), has also been conferred
to be involved in acid resistance regulatory network
(20). PhoP/Q was found to control the expression of
numerous sRNAs like MgrR, SokX and IsrC in either Mg2+

dependent or independent manner (14, 32). RyjB appeared
to be another PhoP-regulated sRNA, which is induced in
response to acid stress. RyjB was also identified as the
sRNA, which is induced under high Mg2+ concentration
(14). Since PhoP is activated by PhoQ-phosphorylation
at low level of extracellular Mg2+ (33); therefore, PhoP
seemed to be unnecessary for RyjB induction under high
Mg2+ level. However, it has been explicated that the
PhoP/PhoQ system controls acid resistance genes in E.
coli and a class of such genes including dps, gadA, hdeA
and hdeB has been delineated to be highly induced at low
pH under the control of PhoP (20). Thus, PhoP-mediated
induction of RyjB under acid stress is a new addition to
that list.

Cells contain diverse mechanisms of sRNA induction
under acid stress. Majority of acid inducible sRNAs have
been demonstrated to activate global stress responsive
transcription factor RpoS for the acquisition of acid
stress tolerance in E. coli (34). It has been shown that
overexpression of Hfq interacting sRNAs like RprA,
DsrA and ArcZ, which are translational activators of
RpoS, increased the acid-tolerance of E. coli cells (35).
Wherefore, it was suggested that the enhanced RpoS
level through the action of the aforementioned sRNAs
possibly produce an effectual response to acid stress
(34). GcvB was also found to rescue E. coli cells from
acid stress vulnerability by upregulating rpoS expression
(28). RpoS-independent activation of a sRNA RyeA was
demonstrated (36, 37). PhoP-mediated activation RyjB is
a new regulatory pathway of sRNA induction under acid
stress.
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Although RyjB is a conserved sRNA in E. coli and
Salmonella, quite a few differences in its properties
have been observed in both the enterobacteria. Growth-
dependent expression of RyjB in Salmonella (38) is
somewhat identical to its expression pattern in E. coli;
nonetheless, the role of Hfq in RyjB abundance differs
moderately in both microorganisms. Hfq in Salmonella
has been implicated to be nonessential for RyjB stability
(39), but RyjB appeared to be significantly unstable in
the stationary phase of Δhfq E. coli cells. The distinctive
attribute of RyjB, which lacks in Salmonella, is its
induction under acid stress. PhoP is essential for its
acid induction as the elimination of phoP allele from
E. coli chromosome precluded its elevation at low pH.
Even though PhoPQ has been reported to regulate RyjB
expression in Salmonella (40), but RyjB was never
perceived to be acid stress inducible sRNA in Salmonella
(39). Difference in RyjB profile in E. coli and Salmonella
under acid stress might stem from the differences in natural
habitats of bacteria. Unlike Salmonella, which is primarily
pathogenic, E. coli, a commonly nonpathogenic bacterium,
colonizes in human intestine and frequently experiences
low pH exposure of the stomach. This difference in habitats
might have evolved E. coli RyjB to be an acid induced
sRNA. A comprehensive work will elucidate the reason
for the aforementioned differences.

Although the regulation of ryjB expression is now
known (current study), but the key role of this sRNA has
yet to be discerned. A 4-nt overlap of ryjB gene with sgcA
evinces its probable function as an antisense RNA. In the
current study, it has been shown that the overexpression
of RyjB at normal condition increases sgcA accumulation.
Expression of sgcA was also found to be induced under acid
stress, which was believed to be attributed by RyjB. How-
ever, additional work has to be performed to establish that
RyjB directly interacts with sgcA transcript and regulates
its abundance. Moreover, small length of the overlapping
region and the presence of mostly AU sequence in the
overlapping nucleotides of ryjB and sgcA genes call for
a systematic study to demonstrate the antisense action
of RyjB on sgcA expression. Low pH induction of RyjB
points to its role in pH homeostasis in E. coli. Like other
acid stress inducible sRNAs, e.g. RprA, DsrA and ArcZ,
whether it acts as the activator of global stress responsive
transcription factor RpoS or it directly interacts to protein
involved in glutamic/arginine dependent acid resistance
systems (41) has to be investigated. A recent finding
identified the intergenic region of gene encoding isocitrate
dehydrogenase kinase/phosphatase (aceK) as a target for
RyjB through RIL-seq analysis (42). This suggests that
RyjB might be involved in regulating gene in multiple
regulatory network. A rigorous study is required to settle
this issue.

RyjB expression under different conditions and its reg-
ulation known thus far have potentially established itself as
an acid stress inducible sRNA, which is regulated by PhoP
at the transcriptional level. However, the complete tran-
scriptional regulation of RyjB at low pH is still unknown.
Whether any other transcription factor participates in its
induction mechanism has yet to be unveiled. Results pre-
sented in this study add substantially to our knowledge and
will help to identify its mechanism of action under acid
stress condition.
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