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A novel plasmid-encoded transposon-derived small RNA reveals
the mechanism of sRNA-regulated bacterial persistence
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ABSTRACT Small regulatory RNAs (sRNAs) in bacteria are crucial for controlling various
cellular functions and provide immediate response to the environmental stresses.
Antibiotic persistence is a phenomenon that a small subpopulation of bacteria survives
under the exposure of a lethal concentration of antibiotics, potentially leading to
the development of drug resistance in bacteria. Here, we reported a novel transposon-
derived sRNA called stnpA, which can modulate fosfomycin persistence of the bacteria.
The stnpA sRNA located in the transposon with its own promoter is highly conserved
among the prevalent multidrug resistance (MDR) plasmids in various pathogenic
bacteria and expressed in response to the fosfomycin stress. It can directly bind
to the ABC transporter, YadG, whereas this protein—-RNA interaction modulated the
export of fosfomycin and led to the enhancement of bacterial persistence. According
to our knowledge, stnpA is the first identified transposon-derived sRNA, which control-
led antibiotic persistence of bacteria, and our work demonstrated that nonresistance
genes on MDR plasmids such as plasmid-encoded sRNA can provide additional survival
advantages to the bacterial host against the antibiotics. In addition, the stnpA sRNA can
be potentially utilized as the druggable target for the development of novel therapeutic
strategies to overcome bacterial persistence.

IMPORTANCE This study unveils a groundbreaking discovery in the realm of bacte-
rial antibiotic persistence, highlighting the pivotal role of a newly identified small
RNA (sRNA) called stnpA, which is a multidrug resistance plasmid-encoded transpo-
son-derived sRNA that interacts directly with ABC transporter YadG to modulate the
efflux of fosfomycin. Our findings elucidate a novel mechanism of small RNA-regulated
fosfomycin persistence in bacteria that provides the potential pathway for the emer-
gence of drug resistance in bacteria upon antibiotic treatment. Importantly, this study
provides the first example of linking sSRNA regulation to antibiotic persistence, presenting
stnpA sRNA as a potential therapeutic target. This study underscores the critical role of
noncoding RNAs in bacterial adaptation and offers valuable insights for developing new
strategies to combat antibiotic persistence.

KEYWORDS plasmid-encoded sRNA, fosfomycin persistence, fosfomycin transporter
YadG, sRNA-transporter interaction

lasmids are the self-replicating extrachromosomal elements that frequently carry

and spread genes to provide bacteria with specific traits like resistance, virulence,
the capacity to metabolize uncommon substances, and survival in harsh environments
(1, 2). Conjugative plasmids, in particular, play a crucial role in the development of
pathogenic bacteria as they can be transferred horizontally between and within species
(3-5). As vectors of horizontal gene transfer, these plasmids significantly contribute to
bacterial adaptation by providing fitness benefits to their hosts (6, 7), and therefore,
it was considered one of the major pathways to the emergence of multidrug-resistant
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bacteria (8, 9). In addition to the dissemination of resistant genes by plasmids, the
development of drug-resistant bacteria is also attributed to the controlled recombi-
nation activity of transposons (Tn) (10). Among the various transposon families, Tn2,
which belongs to the Tn3-family transposon, is the most common variant in antibiotic-
resistant plasmids (11, 12). Autonomous members of the Tn3 family contain a core
transposition module that consists of the transposase gene (tnpA) and inverted repeats
(IRs) at the ends of the transposon (13, 14). Full-length Tn3-family tnpA genes are
unusually long (around 3,000 bp) compared to other transposase genes. Intriguingly,
truncated forms of TnpA protein missing their DD(E/D) catalytic domain, which lost the
transposition activity, were commonly found on the conjugative plasmids in various
Enterobacteriaceae such as Escherichia coli, Klebsiella pneumoniae, Citrobacter freundii,
and Enterobacter cloacae (15-17). Truncated transposons were recently found to have a
significant impact on host gene expression by introducing novel regulatory sequences,
polyadenylation signals, and additional transcription factor binding sites, as well as in
post-transcriptional regulation through RNA editing and translation control (18, 19).
Several small RNAs (sRNAs) derived from transposon regions were reported to play
regulatory roles in different biological processes (20-23). In bacteria, SRNAs are typically
short, noncoding molecules located within the genomes or mobile and accessory
elements and regulate the expression of target genes by pairing with RNAs or forming
complexes with proteins, usually influencing the stability and translation of mRNAs
or modifying the activity of proteins (24-26). They are often expressed under specific
conditions or environmental stresses (27) and provide immediate responses of physio-
logical functions such as stress responses, motility, biofilm formation, and metabolic
processes to the host (28, 29). In various gram-positive bacteria, SRNAs also control
genes related to quorum sensing and virulence factors, underscoring their significance in
pathogenesis (30, 31).

Apart from the dissemination of resistant genes and regulation of sRNAs, growing
concerns regarding the escalating rates of antibiotic treatment failure and advancements
in single-cell analyses have sparked a wave of investigations into antibiotic persistence,
a phenomenon that refers to the noninherited tolerance of a subset of bacteria to
high levels of antibiotics (32). The size and composition of the persister subpopulation
within bacterial communities are predominantly regulated by stress signaling pathways,
including the general stress response and SOS response. Consequently, conditions
that promote the activation of these signaling pathways, such as bacterial biofilms,
hostile host environments, and exposure to sublethal antibiotic concentrations, trigger
the formation of persisters (33). However, the comprehensive understanding of the
molecular mechanisms governing persister formation, survival, and resuscitation, which
led to bacterial persistence, remains unclear. Accumulation of antibiotics represents a
key aspect of bacterial tolerance. In gram-negative bacteria, two factors play a cru-
cial role in determining the intracellular level of antibiotic accumulation: membrane
permeability and efflux activity (34, 35). Fosfomycin is commonly prescribed for treating
acute urinary tract infections, and this antibiotic penetrates the bacterial cytoplasm
and hinders peptidoglycan biosynthesis by targeting the MurA enzyme. Initial work
showed that fosfomycin could be transported into cells by two main transport systems:
the l-alpha-glycerophosphate and the hexose-6-phosphate transporter systems (GlpT
and UhpT, respectively) (36). Recent studies also indicated that outer membrane porins
OmpF, OprP, and OprO can facilitate the permeation of fosfomycin across the membrane
in gram-negative bacteria (37). Currently, it is known that bacteria possess five major
superfamilies of membrane transporters, including the ATP-binding cassette superfam-
ily (ABC), major facilitator superfamily (MFS), small multidrug resistance family (SMR),
resistance—nodulation—cell division superfamily (RND), and multi-antimicrobial extrusion
protein family (MATE) (35). Among them, the ABC superfamily was considered the
predominant transporters across all life domains, playing vital roles in various biological
processes by transporting a wide range of substances like antibiotics, lipids, and proteins
across cell membranes in an ATP-dependent manner (38-40). YadG is the ATP-binding
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protein of a putative ABC transporter, which belongs to the type Il transporter with the
predicted functions of antibiotic export and virulence (41). It has been found to expel
antibiotics and disinfectants from the cell to the external environment (42, 43).

In this study, we identified and characterized a plasmid-encoded sRNA (stnpA) that
modulated fosfomycin persistence of bacteria. This SRNA was derived from the 3' end of
the transposase of the Tn3-family transposon encoded on the prevalent multidrug-resist-
ant plasmid pNDM-HN380 and was expressed in response to fosfomycin treatment.
Moreover, the stnpA sRNA bound directly to the YadG protein and modulated the
accumulation of the fosfomycin in the cells, leading to bacterial persistence against
fosfomycin. To our knowledge, the role of sSRNAs in bacterial persistence has rarely been
reported, and this work is the first to demonstrate the MDR plasmid-encoded sRNA that
regulated antibiotic persistence to provide additional survival advantages to the bacteria
against antibiotics.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions

A list of all bacterial strains, plasmids, and primers used can be found in Tables S1 and
S2. Escherichia coli (E. coli) strain DH5a was employed for routine cloning and plasmid
propagation. E. coli BL21(DE3) was utilized for recombinant protein expression. E. coli
J53 was chosen to explore the functions and mechanisms of action of stnpA, and
uropathogenic Escherichia coli (UPEC) CFT073 was used to further evaluate the impact
of stnpA on virulence and pathogenesis in pathogenic E. coli. Mutant strains and mutant
pNDM-HN380 were generated through A red recombineering and were validated using
colony PCR and Sanger sequencing. Briefly, deletions were achieved by substituting the
target sequence with a kanamycin cassette using the A red recombinase system, followed
by the removal of the kanamycin resistance marker through Flp/FRT excision. Plasmids
were constructed by amplifying the target sequences from the genomic DNA of J53
and pNDM-HN380 as templates, and the amplified sequences were then inserted into
the desired vectors using either the ClonExpress Il One Step Cloning Kit (Vazyme) or by
digestion with specified restriction enzymes, followed by ligation using T4 DNA ligase
(New England Biolabs).

The strains employed in this study were grown in lysogeny broth (LB) medium or on
LB agar plates at 37°C under aerobic conditions, unless specified otherwise. Antibiotics
and inducers were added to the liquid and solid media as needed.

RNA extraction

RNAs used for northern blot and rapid amplification of cDNA ends (RACE) were extracted
by TRIzol (Invitrogen). Briefly, 50 mL of bacterial cells from the culture with an ODggq of
0.6-0.8 was harvested and then resuspended in 1 mL of TRIzol. The resuspended cells
were then incubated at 60°C for 10 minutes, after which the samples were centrifuged,
and the supernatant was collected. Subsequently, the supernatant was mixed vigorously
with 200 mL of chloroform and allowed to precipitate for 5 minutes. The mixture was
then centrifuged at maximum speed for 15 minutes at 4°C, and around 400 pL of the
upper aqueous layer was transferred into a fresh microcentrifuge tube, mixed with 1T mL
of isopropanol, and placed at —80°C overnight. The RNA precipitate was collected by
centrifugation at maximum speed for 15 minutes at 4°C. The pellet was then washed
twice with 500 pL of ice-cold 70% ethanol, air-dried, and dissolved in 80 pL of nuclease-
free water. To remove any contaminating DNA, TURBO DNase was added to the RNA
sample and incubated for 75 minutes at 37°C. The DNase was subsequently removed by
repeating the TRIzol-chloroform extraction process. Finally, the total RNA concentrations
were determined by NanoDrop One/Onc® UV-Vis spectrophotometry.

For RNA level analysis, including electrophoretic mobility shift assay, RNA pull-down
assay, and reverse transcription quantitative polymerase chain reaction, total RNA was
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isolated using the Qiagen RNeasy Mini kit, with an on-column DNase digestion using
the RNase-free DNase Set (Qiagen), performed according to the manufacturer’s protocol.
The integrity of the total RNA was assessed through agarose gel electrophoresis, and
quantification was performed using a NanoDrop One/Onc® UV-Vis spectrophotometry.

Northern blot

For the northern blot assay, total RNA (60 pg) was denatured at 70°C for 10 minutes in
Gel Loading Buffer Il (Ambion) and loaded onto 6% urea-denaturing polyacrylamide gels.
RNAs were then transferred to the Hybond-XL membrane (Amersham) and cross-linked
under a UV light at 120 mJ/ cm? for 2 minutes. An in vitro-transcribed RNA probe
targeting stnpA was radioactively labeled with [y-*?P]-ATP using T4 polynucleotide kinase
(New England Biolabs, NEB) and subsequently purified using a Centri-Spin column-20
(Princeton Separations). Then, the membranes were hybridized with probes at 42°C
overnight after prehybridization with UltraHyb buffer (Ambion), followed by washing
twice with 20 mL of 0.2 sodium-sodium citrate (SSC) and 0.1% SDS for 10 minutes. The
membranes were then exposed to a phosphor screen overnight and imaged using a
Phosphorimager (Typhoon TRIO, Amersham Biosciences).

Rapid ampilification of cDNA ends (RACE)

5' and 3' RACE experiments were conducted utilizing the FirstChoice RLM-RACE Kit
(Invitrogen) following the manufacturer’s instruction.

For 5' RACE, 10 pg of total RNA extracted by TRIzol was first treated with tobacco
alkaline phosphatase (TAP) for 1 hour at 37°C. Subsequently, the TAP-treated RNA was
ligated to the 5' RACE adapter by using T4 RNA ligase for 1 hour at 37°C. Following this,
2 pL of the ligated RNA served as a template for cDNA synthesis with M-MLV reverse
transcriptase and random hexamer primer, incubating for 1 hour at 42°C. The cDNA was
then subjected to nested PCR, with the first round using the 5' RACE gene-specific outer
primer (5' RACE outer-R) and the 5' RACE Outer Primer (5' RACE outer-F). For the second
round, the 5' RACE gene-specific inner primer (5' RACE inner-R) and the 5' RACE Inner
Primer (5' RACE inner-F) were used. The primer sequences are provided in Table S2. The
resulting PCR products were cloned into the pGEM-T Easy vector (Promega) and then
sequenced.

For 3' RACE, 4 ug of total RNA extracted by TRIzol was first added of a poly(A) tail to
the 3' termini of RNA transcript by using E.coli poly(A) polymerase (NEB). After transcrip-
tion—polyadenylation was carried out, these RNAs were reverse-transcribed to cDNA with
a 3' RACE adapter and M-MLV Reverse Transcriptase at 42°C for 1 hour. Following this,
the resulting RT reaction was used as the template for nested PCR. The first round of
PCR was conducted using the 3' RACE gene-specific outer primer (3' RACE outer-F) and
3' RACE Outer Primer (3' RACE outer-R. The products from this first-round PCR were
then used as the template for the second-round PCR, which was conducted using the 3'
RACE gene-specific inner primer (3' RACE inner-F) and the 3' RACE Inner Primer (3' RACE
inner-R). Finally, the PCR fragments were cloned into the pGEM-T Easy vector (Promega)
and then sequenced.

Protein purification

Proteins with an N-terminal His 6-tag were expressed by inserting the corresponding
DNA fragments into the pET28a plasmid, which was then transformed into the BL21
(DE3) chemically competent cells. The bacteria were cultured in LB media at 37°C until
reaching an ODgqq of approximately 0.6, followed by induction with a final concentration
of 1T mM isopropyl-B-D-thiogalactopyranoside (IPTG). After induction, the cells were
allowed to grow for 18 hours at 16°C and then harvested through centrifugation. The cell
pellets were then resuspended in lysis buffer (20 mM Tris, 150 mM NaCl, 0.5% (vol/vol)
Triton X-100, pH 7.5), supplemented with lysozyme at a final concentration of 100 uL/
mL and lysed by sonication. The resulting lysate was subjected to centrifugation for 20
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minutes at 14,000 rpm at 4°C. The supernatant was loaded onto a Ni-NTA column and
incubated at 4°C for 1 hour with rotation. Subsequently, the beads were washed twice
with wash buffer | (20 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.5) and then twice
with wash buffer Il (20 mM Tris, 500 mM NaCl, 20 mM imidazole, pH 7.5). The bound
protein was eluted using an elution buffer (20 mM Tris, 150 mM NaCl, 250 mM imidazole,
pH 5.0). The eluted protein solutions were buffer-exchanged and concentrated into
storage buffer (10 mM Tris buffer, 150 mM NaCl, pH 7.5) using an Amicon ultra-centrifu-
gal filter (3 kDa). The purity of proteins was analyzed by SDS-PAGE, and the concentration
was determined using the Bradford assay method.

Western blot

The purified protein samples were resolved on a 10% denaturing sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and subsequently
transferred to a polyvinylidene difluoride (PVDF) membrane via electroblotting. After
the transfer, the membrane was blocked in 3% bovine serum albumin (BSA) in TBST
(Tris-buffered saline containing 0.1% Tween-20) for 1 hour at room temperature,
followed by overnight incubation in 3% BSA in TBST at 4°C with anti-His tag primary
antibody (sc-8036, SantaCruz) at 1:1,000 dilution. The incubated membrane was washed
three times with TBST before incubation with the HRP-linked secondary anti-mouse
IgG antibody (7076S, Cell Signaling Technology) at 1:1,000 dilution in TBST with 3%
BSA at room temperature for 1 hour. After washing, the membrane was incubated in
a chemiluminescence substrate (Bio-Rad) for 5 minutes, and images were captured by
ChemiDoc (Bio-Rad).

Persistence assay

Overnight bacterial cultures were diluted 1:100 in fresh LB containing appropriate
antibiotics and incubated at 37°C with shaking for around 3 hours to the exponential
growth phase. For these protein overexpression strains, cultures in the exponential
growth phase were split, with one half induced with IPTG (1 mM, 2 hours) and the other
half left uninduced as a control. The bacteria were then exposed to fosfomycin at a final
concentration of 100 pg/mL at 37°C. Colony-forming unit (CFU) counts were determined
by serial dilution and plating on LB agar supplemented with appropriate antibiotics. The
percentage of cell viability was calculated by dividing the number of CFU/mL in the
culture after exposure to the antibiotic by the number of CFU/mL in the culture before
antibiotic addition.

RNA pull-down assay

Templates of sense and antisense stnpA RNAs with a T7 promoter were obtained by
PCR amplification from the pNDM-HN380 plasmid using the primers, including stnpA-in
vitro-F, stnpA-in vitro-R, antisense stnpA-in vitro-F, and antisense stnpA-in vitro-R. PCR
products were purified by the use of the GFX PCR DNA and Gel Band purification kit
(GE Healthcare). Purified DNA was transcribed in vitro by using the MEGAshortscript T7
Kit (Ambion) incorporating Bio-11-UTP (Ambion) at a final concentration of 0.1 mM.
Transcripts were purified by gel purification. The quality of the in vitro-transcribed
RNAs was verified on 6% TBE-Urea gel by Gel Red staining, and the concentration was
quantitated by a NanoDrop One/Onc® UV-Vis. Purified biotinylated RNAs (3 pmol) were
incubated with 50 pL of equilibrated streptavidin magnetic beads in 950 pL of binding
buffer (100 mM KCl, 5 mM MgCl,, 20 mM Tris-HCI pH 7.4, 0.5% NP40) for 1 hour at 4°C
with rotation. After incubation, the beads were washed with binding buffer and then
resuspended in 50 pL of binding buffer.

Bacterial lysates were prepared by sonicating the cells in a binding buffer supplemen-
ted with protease inhibitors. The lysate was centrifuged at 14,000 rpm for 20 minutes
at 4°C; filtered through 0.22-um filter paper; then added to the above-prepared beads-
biotinylated RNA complex supplemented with 1 x protease inhibitor, 2 uL of RNasin
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Ribonuclease Inhibitor, 30 pL of yeast tRNA (25 mg/mL), and binding buffer in a final
volume of 1 mL; and incubated for 2 hours at 4°C with intermittent pipetting up and
down every 10 minutes. Then, beads were washed four times with washing buffer
(100 mM NacCl, 2 mM EDTA pH 8.0, 20 mM Tris-HCI pH 8.0, 1% Triton X-100). The
bound proteins were eluted by boiling the beads in 50 pyL of 50 mM Tris buffer (pH
8.0) containing 8M urea for 10 minutes and subjected to silver staining or identified by
mass spectrometry.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

An amount of 1 ug of RNA was transcribed onto cDNA utilizing a PrimeScript First-Strand
cDNA Synthesis Kit (Takara). The amplified ¢cDNA was diluted 10 times in nuclease-
free water. Real-time PCR analysis was conducted using the SYBR Green PCR master
mix (Applied Biosystems) on a QuantStudio 5 Real-Time PCR system (Thermo Fisher
Scientific). A minimum of three biological replicates were analyzed in technical triplicate
in each experiment, with the gapA gene serving as the reference gene for relative
quantification. Relative changes in gene expression were determined by the 272
method.

Promoter study

The region 290 bp upstream of the stnpA transcription start site was amplified using
primers PstnpA-F and PstnpA-R and cloned into the promoterless bioluminescence
reporter plasmid pQH5 to construct pQH5-stnpA. Subsequently, point mutations were
introduced into the predicted —10 and —35 core promoter elements of the stnpA
promoter using PCR-directed mutagenesis with primers SMu-1-R to SMu-6-R. The
plasmids were transformed into CFT073 for bioluminescence measurement. Overnight
cultures were diluted 100-fold in fresh LB broth containing chloramphenicol at 37°C with
shaking for around 3 hours until an ODggq of 0.6 was reached. Cellular bioluminescence
and absorbance at 600 nm (ODggg) were measured using a microplate reader (BioTek,
Synergy H1). Promoter activity was presented in bioluminescence readings normalized to
ODg00-

Bacterial three-hybrid (B3H) assay

B3H assay was conducted to detect the RNA-protein interactions in vivo. The reporter
strain E. coli strain HP16 (Kan®) contains a lacZ reporter gene, whose expression depends
on the specific RNA—protein interaction being studied, allowing the B3H assay to serve as
a reporter system. This reporter strain was transformed with three plasmids: one (p35u4,
Cam®) constitutive expressing a fusion protein comprising the DNA-binding protein ACI
and the RNA-binding coat protein from bacteriophage MS2, which acts as an RNA-DNA
adapter in the B3H system; another (pBRa-yadG, Amp®) expressing the protein of interest
(YadG) linked to the N-terminal domain of the E. coli RNAP a subunit under the control
of IPTG; and a third one (pCH1-stnpA, Str”) expressing a hybrid RNA containing an
MS2 hairpin upstream of the sRNA of interest (stnpA) under the control of arabinose,
with antisense stnpA construct (pCH1-antisense stnpA) as the negative control. For each
transformation, three individual colonies were selected and inoculated into 1 mL of LB
broth containing ampicillin (100 pg/ mL), chloramphenicol (34 pg/ mL), streptomycin
(100 pg/ mL), kanamycin (50 pug/ mL), and 0.2% arabinose. The cultures were incubated
at 37°C with shaking at 220 rpm for overnight. The overnight cultures were diluted 1:100
into 4 mL of the LB medium as described above, along with an additional 50 uM of IPTG,
and allowed to grow until reaching the mid-log phase (ODggq of approximately 0.6).

For the liquid-based assay, -gal activity was measured using the (-Gal assay kit
(Thermo Fisher) according to the manufacturer’s instruction. Briefly, 1 mL of the mid-log
cells was washed once with 1 x PBS and subsequently resuspended in 100 pL of 1 x
lysis buffer. The lysis process was done by repeatedly freezing the samples on dry ice
and thawing at 37°C twice. Following centrifugation at maximum speed for 5 minutes,
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10 pL of the supernatant was transferred to a fresh microcentrifuge tube and mixed with
20 pL of distilled, deionized water. Then, 70 uL of ONPG and 200 pL of 1 x Cleavage
Buffer with 3-mercaptoethanol were added to the mixture, followed by incubation at
37°C for 30 minutes. Once the sample developed a faint yellow color, the reaction was
terminated by adding 500 uL of stop buffer. Subsequently, 150 pL of the reaction mixture
from each sample was transferred to a 96-well plate for measurement of OD4yq using
a microplate reader (BioTek, Synergy H1). 3-gal activity was calculated according to the
following formula: Miller units = (1000 X ODy,0)/(T X V X ODg), Where T = time of
reaction (minutes); V = volume of culture used in assay (mL); ODggg = cell density before
lysis.

For the plate-based assay, 5 pL of the mid-log cells at 1:1,000, 1:10,000, and 1:100,000
dilution was plated on an LB agar plate supplemented with X-gal (40 ug/mL) and TPEG
(200 uM) along with IPTG, arabinose, and antibiotics as mentioned above and incubated
at 37°C overnight, respectively. After this incubation period, plates were kept at 4°C
for 1-2 days for color development before being photographed. The assessment of
B-gal activity was based on the relative color intensity of bacterial patches on the X-gal
indicator plate, where a deeper blue color indicated higher -gal activity and thus a more
robust RNA-protein interaction.

Electrophoretic mobility shift assay (EMSA)

stnpA was in vitro transcribed from PCR-amplified DNA utilizing a MEGAshortscript T7
Kit (ambion), while the DNA template was amplified from pNDM-HN380 plasmid using
the primers stnpA-in vitro-F and stnpA with SP6-in vitro-R. These primers were designed
such that the amplicons had the T7 promoter sequence at the 5' end and the reverse
complementary sequence of the SP6 promoter at the 3' end. The transcribed RNA was
gel-purified, and the concentration was determined by NanoDrop One/Onc® UV-Vis.
About 40 pmol of the in vitro-transcribed stnpA was denatured at 90°C for 3 minutes
and followed by annealed with 80 pmol of 5' fluorescein (FAM)-labeled SP6 DNA primer
(SP6-FAM, Invitrogen) at 25°C for 15 minutes.

For EMSA assays, varying concentrations of purified recombinant protein YadG were,
respectively, incubated with 3 pmol FAM-labeled stnpA in binding buffer (100 mM
KCl, 5 mM MgCl,, 20 mM Tris-HCl pH 7.4, 0.5% NP40) supplemented with tRNA (final
concentration at T mg/mL) and BSA (final concentration at 1 mg/mL) as well as an RNase
inhibitor at a final volume of 40 uL for 30 minutes at room temperature. Following
the incubation period, 3 uL of 80% glycerol was introduced into the mixture, and the
samples were immediately loaded on a 6% nondenaturing polyacrylamide gel. The
image was analyzed using a Typhoon 8600 imager (GE Healthcare). The fraction of
bound RNA was measured by densitometry using ImageJ and plotted using nonlinear
regression based on one-site specific binding in GraphPad Prism 9.0.2.

Intracellular fosfomycin accumulation quantification

The assay to determine fosfomycin accumulation in bacterial cells was performed as
described in the previous publication (44), with some modifications. Briefly, 1 mL of
overnight cultures were inoculated into 100 mL of fresh LB containing appropriate
antibiotics and cultivated until reaching the mid-log phase in a 37°C shaking incubator.
About 20 mL of bacterial cultures was pelleted by centrifugation and resuspended
in 1T mL of the LB medium. Afterward, fosfomycin was then added to the bacterial
suspension to a final concentration of 2 mg/mL. Following incubation at 37°C for 30
minutes, extracellular fosfomycin was removed by three washes with PBS. Cells were
then resuspended in 1 mL of ultrapure water, and 10 uL of the suspension from each
sample was taken to perform serial dilution plating for CFU determination.

To release the intracellular fosfomycin, cells were lysed by sonication. The cell debris
was then removed via centrifugation followed by filtration through a 0.22-um filter.
Further deproteinization was achieved using an Amicon Ultra centrifugal filter (3 k). The
quantification of fosfomycin levels in the supernatant was conducted through liquid
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chromatography-tandem mass spectrometry (LC-MS/MS), employing an Agilent 1290
UHPLC system connected to an Agilent 6460 Triple-Quadrupole Mass Spectrometer
(Santa Clara, CA). Chromatographic separation was achieved with an Acquity UPLC BEH
HILIC column (2.1 x 75 mm, 1.7 um) (Waters Corporation, Milford, USA) with a guard
column, Acquity UPLC BEH HILIC VanGuard Pre-Column (2.1 X 5 mm, 1.7 um) (Waters
Corporation, Milford, USA) at 40°C with a run time of 8 minutes. The mobile phase
consisted of 2 mMM ammonium acetate (pH 4.8) (A) and acetonitrile (B) at a flow rate
of 0.3 mL/min in the gradient mode. The interface was an electrospray ionization (ESI)
source, and the negative ion mode was applied. Multiple reaction monitoring (MRM)
at m/z 137/79 (quantifier) and m/z 137/63.2 (qualifier) was employed for fosfomycin
detection. Quantitation of fosfomycin concentration was accomplished based on the
established calibration curve and the peak area of the analyte, while intracellular
accumulation was calculated using the formula: A=(C x V))/CFUs, where C represents
the final fosfomycin concentration (ug/ mL), V is the final volume of 1T mL, CFUs is the
number of colony-forming units, and A is accumulation in ug/10° CFUs.

RESULTS

Identification and characterization of the ESBL plasmid-encoded small RNA,
stnpA

In our previous RNA-seq analysis of bacteria carrying different drug resistance plas-
mids, we have identified numerous small RNA (sRNAs) encoded on the prevalent ESBL
plasmids (45, 46). Among them, intriguingly, we identified a novel and widely spread
sRNA called stnpA located on the remnant gene of transposase tnpA upstream to
the 1S3000 transposase (Fig. 1A). To validate the presence of this putative sRNA, the
expression level was measured by the quantitative polymerase chain reaction (qPCR)
using specific primers of stnpA. The null tnpA pNDM-HN380 plasmid (AtnpA) was used as
the control. As shown in Fig. 1B, the expression of the stnpA sRNA in both E. coli strains
J53 and CFT073 carrying pPNDM-HN380AtnpA plasmids was abolished compared with the
wild-type plasmids.

To identify the transcriptional start site (TSS) and transcription termination site (TTS)
of stnpA sRNA, 5' and 3' RACE analyses were performed. The results indicated that the
size of stnpA is 342 nt (Fig. 1C and D). To further confirm both the existence and size of
stnpA, we performed northern blot analysis using a radioactively labeled probe targeting
stnpA. As demonstrated in Fig. 1E, a distinct band of approximately 350 nucleotides
(nts) was detected in the J53/pNDM-HN380, but not in J53/pNDM-HN380AtnpA strains.
These findings collectively corroborated the expression of stnpA with the length of 342
nucleotides, which encoded within the tnpA region of the pNDM-HN380 plasmid. The
predicted secondary structure of stnpA, obtained using MFold (47), is shown in Fig. 1F.

Through sequence analysis and experimental validation, we identified a potential
o’°-dependent promoter upstream of the stnpA gene, which is 5-TATATT-3’ (-=10) and
5-CAAAAC-3" (-35). Moreover, various mutations (SMu-1 to SMu-6) at different positions
within the promoter region were introduced to assess their effects to the promoter
activity using a bioluminescent reporter system. Notably, SMu-2 and SMu-4 mutants
which correspond to single-nucleotide mutation on the —10 and —35 motifs, respec-
tively, showed significant reduction in bioluminescence signals, indicating the regulatory
control of this promoter to the expression of stnpA gene (Fig. 1G).

stnpA is a small RNA commonly found in prevalent multidrug-resistant
plasmids

Identification of the transcription cassette of stnpA in the pNDM-HN380 plasmid
indicated that this sRNA is transcribed in the middle of the partial Tn2 tnpA gene,
the truncated gene that cannot be expressed in the cell. Moreover, the BLAST analysis
against nucleotide collection databases (48) indicated that the stnpA gene is highly
conserved among other multidrug-resistant (MDR) plasmids (Fig. 2A). Moreover, as
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FIG 1 Identification of a Tn2-tnpA-derived sRNA (stnpA). (A) IGV tracks for stnpA from RNA-seq data in J53/pNDM-HN380. The upper panel indicates the
location of genes on pPNDM-HN380, with arrows denoting the direction of transcription. The bottom panel shows reads mapping to the forward (F) and reverse
(R) strands separately. (B) Verification of stnpA expression in J53 and CFT073 strains containing pNDM-HN380 compared with its AtnpA mutant by qPCR, N =
3. Bars represent the mean of three biological repeats, and error bars indicate standard deviation (SD) from the mean. ***P < 0.001; ****P < 0.0001 (two-tailed
paired t test). (C) 5' RACE reveals the transcriptional start site (TSS) of stnpA. The left panel shows the nest-PCR products of 5' RACE. Lane M, 50 bp DNA Ladder;
lane 1, first-round PCR product; lane 2, second-round PCR product. The right panel shows the sequencing result of the second-round PCR product, where the 5'
RACE

(Continued on next page)
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Fig 1 (Continued)

adapter is shaded in yellow. The position of the TSS is indicated by a black arrow. (D) Transcription termination site (TTS) mapping of stnpA by 3' RACE. Left panel:

Nested-PCR products of 3" RACE. Lane M, 50 bp DNA Ladder; lane 1, first-round PCR product; lane 2, second-round PCR product. The most abundant isoform
is indicated by a black triangle. The presence of additional bands may be due to the existence of alternative polyadenylation sites. Right panel: sequencing
alignment of the most abundant isoform, where the 3" RACE adapter is shaded in yellow and the position of the TSS is indicated by a black arrow. (E) Northern
blot analysis of stnpA. Lane 1: In vitro transcribed 342 nt RNA; lane 2: RNA from J53/pNDM-HN380AtnpA cells; lane 3: RNA from J53/pNDMHN380 cells. 55 rRNA
was used as a loading control. (F) Secondary structure of stnpA was predicted by the web tool Mfold. -AG value indicates the stability of the secondary structure.
(G) Promoter analysis of stnpA. The promoter activity was assessed using a bioluminescent reporter system in which the stnpA promoter region was fused
with the promoterless luxCDABE operon on a low-copy-number plasmid (pQH5). Mutations (SMu-1 to SMu-6) were introduced to analyze the —10/-35 promoter
elements. The promoterless lux vector pQH5 served as a negative control (NC). The —10 and —35 elements of the stnpA promoter are indicated.

shown in Fig. 2B, the stnpA gene is mainly harbored on the prevalent MDR plasmids
including IncF (42.78%) and IncX (20.38%) groups, which are often found in pathogenic
strains and related to the dissemination of antimicrobial resistance and virulence genes
(49, 50). Indeed, Inc plasmids have a narrow spectrum of hosts, which are predominantly
Enterobacteriaceae, and confer fitness benefits to their host (51-53). To analyze the
conservation of stnpA, a phylogenetic tree was constructed, and the result showed that
stnpA is conserved among diverse conjugative plasmids in a variety of pathogens such as
Providencia stuartii, Pseudomonas aeruginosa, and Shigella dysenteriae (Fig. 2C).

Fosfomycin stress-induced expression of stnpA sRNA

Previous studies have indicated that sub-inhibitory concentrations (sub-MICs) of
antibiotics reflect the conditions that bacteria encounter in the natural environment,
which can induce changes in the gene expression to drive the evolution of antibiotic
resistance and tolerance (54-56). To investigate whether sub-MICs of antibiotics affect
the expression level of stnpA, the E. coli CFTO73 strain carrying pNDM-HN380 plas-
mid (CFT073/pNDM-HN380) was first grown to the log phase and treated with suble-
thal concentrations (1/4 MIC) of various antibiotics including ciprofloxacin, ampicillin,
tetracycline, fosfomycin, rifampin, gentamicin, cefotaxime, and erythromycin for 30
minutes. The expression level of stnpA in each sample was then determined by qPCR.
As shown in Fig. 3A, only the sublethal concentration of ciprofloxacin and fosfomy-
cin enhanced the expression of stnpA. On the other hand, intriguingly, treatment of
tetracycline alleviated the amount of stnpA transcripts. In addition, decreasing concen-
trations of fosfomycin (1/4, 1/16, 1/64, and 1/128 MICs were equivalent to 4, 1, 0.25, and
0.125 pg/mlL, respectively) showed that the stnpA expression was sensitive to as low as
1/128 MIC (Fig. 3B). These results suggested that the gene expression of MDR plasmid in
the bacteria was antibiotic-specific (57, 58). Moreover, significant upregulation of stnpA
in response to a wide range of sub-MICs of fosfomycin suggested the potential function
of stnpA to protect the bacteria against fosfomycin treatment.

To investigate the role of stnpA in response to fosfomycin stress, the bacteria carrying
the wild-type plasmid of pPNDM-HN380 and null mutant of stnpA (pNDM-HN380AstnpA)
were employed. The minimum inhibitory concentration (MIC) was measured and
compared among different strains to investigate the effect of stnpA on the fosfomycin
resistance of the bacteria. As shown in the upper panel of Fig. 3C, the expression of
stnpA did not change the MIC of fosfomycin. The role of stnpA in fosfomycin persis-
tence was investigated through time-kill assays. Analysis of the time-kill curves revealed
that J53/pNDM-HN380 (carrying stnpA) had a similar MDKgg (minimum duration of
killing 90% of the initial population) to its control strain J53/pNDM-HN380AstnpA when
exposed to a high concentration of fosfomycin (100 ug/mL). Despite the similarity in the
time required to kill a large fraction of the bacterial population, the subpopulation of
persister cells carrying stnpA (J53/pNDM-HN380) survived better under the fosfomycin
treatment compared to the control strain J53/pNDM-HN380AstnpA (Fig. 3C, bottom
panel), highlighting the significant role of stnpA in fosfomycin persistence of bacteria.
To further validate the relationship between stnpA and fosfomycin persistence, we
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FIG 2 stnpA is a conjugative plasmid-carried sRNA derived from the tnpA gene of the Tn2 transposon present in various pathogenic bacteria. (A) Sequence

alignment of stnpA in partial of the conjugative plasmids that share 100% sequence identity. The vertical bars represent the residues of the DDE catalytic motif.

The transcription start site of stnpA is located downstream of the second D residue. (B) Pie chart shows the proportion of incompatibility groups of plasmids

carrying stnpA.

(C) stnpA is conserved among pathogenic bacteria. The phylogenetic tree of stnpA with representative microbes was generated based on

ClustalW2 multiple sequence alignment. Phylogenetic analysis was performed using the neighbor-joining method and Kimura-2-parameter with 1,000 bootstrap
replicates in MEGA X.

compared the bacteria overexpressing stnpA (J53/pDD1-stnpA) with the empty vector
control (J53/pDD1) and found that the presence of stnpA did not affect the MIC but
dramatically enhanced the number of persisters under the fosfomycin treatment (Fig.
3D). In other words, the presence of the MDR plasmid does not only disseminate the
resistant genes but also provides additional survival advantages to the bacterial host
against the antibiotics via the promotion of fosfomycin-tolerant persisters, as exemplified
here.

Interaction between stnpA sRNA and the putative ABC transporter YadG

It is known that small RNAs exert many of their biological functions by directly inter-
acting with the proteins (24, 59, 60). In order to investigate the mechanism of stnpA
in regulating fosfomycin persistence, we performed RNA pull-down assay, followed by
mass spectrometric analysis. The biotinylated stnpA RNA immobilized on streptavidin
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FIG3 stnpAisinvolved in response to fosfomycin stress. (A) Effect of sub-MIC antibiotics on the expression of stnpA. Log-phase CFT073/pNDM-HN380 cells were
treated with and without 1/4 MIC of different antibiotics (ciprofloxacin, ampicillin, tetracycline, fosfomycin, rifampin, gentamicin, cefotaxime, and erythromycin)
for 30 minutes. The expression level of stnpA was determined by qPCR. All measurements were conducted in biological replicates. Data are presented as mean
+ SD. Statistical significance of differences between treatment and control (no treatment) groups was assessed by the two-tailed paired t test (**P < 0.01).
(B) Quantification of the relative stnpA expression levels in log-phase CFT073/pNDM-HN380 cells after treatment with sub-MICs (1/4, 1/16, 1/64, and 1/128
MIC) of fosfomycin by qPCR analysis. Meanwhile, the relative viability of CFT073/pNDM-HN380 cells upon exposure to sub-MICs of fosfomycin was determined
by using the colony plate counting method. All data represent mean + SD of three independent experiments. **P < 0.01; *P < 0.05 (two-tailed paired t test).
(Q) Influence of endogenously expressed stnpA on bacterial survival under fosfomycin stress. Upper panel: representative diagram of MIC determination for
J53/pNDM-HN380 and J53/pNDM-HN380AstnpA against fosfomycin. The final fosfomycin concentration ranges from 0 to 50 pg/mL. The wells of a 96-well plate
were loaded with 100 pL of diluted exponentially growing cultures (ODggo of 0.005), along with a series of twofold dilutions of fosfomycin. The plate was
incubated at 37°C for 18 hours. All tests were conducted in triplicate. The MIC value was defined as the lowest fosfomycin concentration that inhibits bacterial
growth. Bottom panel: time-kill curve of J53/pNDM-HN380 and pNDM-HN380AstnpA in the presence of fosfomycin. Bacterial cells in the log phase were treated
with 100 pg/mL of fosfomycin at 37°C and sampled over time. Survivors were quantified by depositing serial tenfold dilutions onto LB agar plates supplemented
with 100 pg/mL ampicillin, followed by overnight incubation at 37°C. The fraction of survivors was determined by the ratio of the number of surviving bacteria
after fosfomycin treatment to the number of viable bacteria before treatment. (D) Influence of overexpressed stnpA on bacterial survival under fosfomycin stress.
Upper panel: representative diagram of MIC determination for J53/pDD1 and J53/pDD1-stnpA against fosfomycin. Bottom panel: time-kill curve of J53/pDD1 and
J53/pDD1-stnpA in the presence of fosfomycin (100 pg/mL).

beads was used to pull down the associated proteins and analyzed on SDS-PAGE
using silver staining (Fig. 4A). An equal amount of the biotinylated antisense stnpA
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FIG 4 stnpA binds directly with YadG. (A) In vitro RNA pull-down assay. CFT073 cell lysates were incubated with biotinylated RNA oligos shown in the bottom
panel. The RNA-protein complexes captured by streptavidin beads were subjected to silver staining after separation on SDS-PAGE gel. The bottom panel shows
the immobilization of biotinylated sense and antisense stnpA on equal volumes of streptavidin beads. About 1 L of the beads-biotinylated RNA complex was
(Continued on next page)
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Fig 4 (Continued)

mixed with 4 L of nuclease-free water and 5 L of Gel Loading Buffer Il (Thermo Fisher) and subjected to an incubation at 65°C for 5 minutes, and subsequently
loaded onto an 8% urea-PAGE gel for electrophoresis. No RNA control: streptavidin beads without binding RNAs incubated with binding buffer. (B) Western
blot to determine the specific interaction of stnpA with YadG protein. Biotin-labeled stnpA and antisense stnpA (negative control) were used for in vitro RNA
pull-down reactions with purified His-tagged recombinant YadG. Streptavidin beads only (no RNA) served as another negative control. The input represents
5% of the purified recombinant YadG used for in vitro RNA pull-down reactions. Western blot was performed using an anti-His tag antibody. The immobilized
biotinylated RNAs used for Western blot were analysed using an 8% urea—-PAGE gel (bottom panel). (C) EMSA of FAM-labeled stnpA (3 pmol) in the presence
of increasing concentrations of YadG protein, as indicated. Bands corresponding to unbound stnpA and the stnpA-YadG complex are denoted in the left panel.
Quantitative analysis of three repeats of the EMSA is shown in the right panel. The fraction of bound stnpA was plotted against the YadG concentration in
nM to calculate the equilibrium dissociation constant, Kd. Data are presented as mean + SD. (D) Qualitative plate-based B3H assay detects the interaction
between YadG and stnpA. Positive control: reporter strain HP16 expressing ChiX and Hfg; antisense stnpA +YadG: HP16-expressing antisense stnpA and YadG
served as the negative control. Blue indicates RNA-protein interaction, and white indicates no interaction. A darker blue color represents a stronger RNA-protein
interaction. (E) Quantitative liquid-based B3H assay detects the interaction between YadG and stnpA. Data are presented as means + SD of three replicates.
Asterisks indicate significant differences between sample pairs specified by brackets: *P < 0.05 (two-tailed Student’s t-test).

RNA (same size but reverse and complementary) was used as controls. As shown in
Fig. 4A, the biotinylated stnpA RNA can pull down several specific proteins compared
with the controls (beads and antisense stnpA). The bands were cut from the gel,
purified, and subjected for mass spectrometric analysis (Table S3). Among the top
candidates of interacting proteins, identified based on their relative peptide coverage
from mass spectrometry, a putative ABC transporter ATP-binding protein, YadG, was
selected for further studies due to its relatively high sequence coverage. To confirm
the RNA-protein interaction between stnpA and YadG, the biotinylated stnpA RNA was
used to perform the RNA immunoprecipitation in bacteria carrying His-YadG protein
(Fig. S1) and detected with anti-His antibody in Western blot analysis. The biotinylated
antisense stnpA was used as the control. As shown in Fig. 4B, only stnpA RNA can pull
down YadG. To further characterize the interaction, electrophoretic mobility shift assays
(EMSA) was performed, and the dissociation constant was determined (Fig. 4C). These
results indicated that the stnpA RNA recognized the YadG protein with high affinity and
specificity.

In addition to the in vitro study of stnpA-YadG interaction, we also performed the
bacterial three-hybrid (B3H) assay to detect their interaction inside the cells. The B3H
assay is the in vivo system that reports RNA—protein interactions inside the living E. coli
cells through the transcription of a reporter gene (61), and the intensity of the color (blue
here) represents the strength of the RNA-protein interaction. As shown in Fig. 4D, stnpA
RNA interacted with YadG protein in the cells, while no binding was observed in the
control (antisense stnpA RNA and YadG protein). The E. coli strain expressing ChiX and
Hfq was used as the positive control. Indeed, a quantitative liquid-based B3H assay was
also performed, as shown in Fig. 4E, and a significantly higher level of B-gal activity was
detected in the cells expressing YadG and stnpA compared with the control. Notewor-
thily, the qualitative detection on the plates appears to offer better sensitivity than liquid
B-gal assays (61). Overall, both the in vitro and in vivo binding experiments demonstrated
that stnpA RNA interacted with YadG protein with high affinity and specificity.

stnpA sRNA enhanced fosfomycin persistence in a YadG-dependent manner

To investigate if YadG is essential for the function of stnpA in controlling fosfomycin
persistence, the null mutant of yadG in E. coli J53 (J53AyadG) was generated to study the
persister formation under fosfomycin treatment. As shown in Fig. 5A, the cells overex-
pressing stnpA RNA dramatically enhanced the fosfomycin persistence in wild-type
(WT) bacteria and increased the cellular survival from the antibiotic treatment (more
than a 13-fold increase). On the contrary, the enhancement of the persistence totally
disappeared in the null mutant of yadG overexpressing stnpA RNA. To investigate the
functional significance of stnpA RNA on the plasmid and its interaction with YadG,
the fosfomycin persistence was measured and compared between the bacteria (WT vs
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FIG 5 stnpA increases fosfomycin persistence in a YadG-dependent manner. (A) Analysis of fosfomycin persistence of strains overexpressing stnpA in the
presence and absence of YadG. Persistence assay was conducted in J53/pDD1 (WT +pDD1), J53/pDD1-stnpA (WT +pDD1-stnpA), J53AyadG/pDD1 (AyadG
+ pDD1), and J53AyadG/pDD1-stnpA (AyadG + pDD1-stnpA). Data represented as means + SD of three replicates. (B) Analysis of fosfomycin persistence of
strains expressing endogenous stnpA in the presence and absence of YadG. Persistence assay was conducted in J53/pNDM-HN380 (WT +pNDM-HN380), J53/
pNDM-HN380AstnpA (WT +pNDM-HN380AstnpA), J53AyadG/pNDM-HN380 (AyadG + pNDM-HN380), and J53AyadG/pNDM-HN380AstnpA (AyadG + pNDM-
HN380A stnpA). Asterisks indicate significant differences between sample pairs specified by brackets: ns P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001 (two-tailed Student’s t-test).
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AyadG) carrying the pNDM-HN380 plasmid with and without stnpA RNA (pNDM-HN380
vs pNDM-HN380AstnpA). As shown in Fig. 5B, the fosfomycin persistence was signifi-
cantly alleviated in the wild-type bacteria carrying pNDM-HN380AstnpA, whereas no
effect was observed in the null mutant of yadG. Together, these findings demonstrated
the regulation of stnpA RNA in fosfomycin persistence in the YadG-dependent manner.

Accumulation of fosfomycin regulated by stnpA RNA in the YadG-dependent
manner

We have shown that stnpA RNA enhanced the fosfomycin persistence of bacteria
in a YadG-dependent manner. To explore the functional role of YadG on fosfomy-
cin susceptibility, MIC measurements were conducted in various experimental strains
including J53, J53AyadG, and J53/pACYCT2-yadG (induced and uninduced) strains. As
shown in Fig. 6A, the presence of YadG in the parental strain (J53) showed twofold
increase in the MIC compared with the null strain of YadG (J53AyadG). Interestingly,
overexpression of YadG induced by IPTG in the J53/pACYCT2-yadG strain exhibited more
enhancement of MIC to fosfomycin (Fig. 6B). These results suggest that YadG plays a role
in the fosfomycin resistance of bacteria. It has been demonstrated that the control of
antibiotic accumulation by membrane transporters is one of the hallmarks of bacterial
antibiotic resistance and tolerance (35, 62). Since YadG is a hypothetical ATP-binding
protein of an ABC transporter with predicted functions in antibiotic export (63, 64), we
performed the antibiotic accumulation assay to determine the function of YadG in the
export of fosfomycin. As shown in Fig. 6C and D, overexpression of YadG reduced the
amount of fosfomycin in the cells and hence enhanced the cell viability, indicating the
function of YadG in facilitating the transport of fosfomycin across the cell membrane.

Given that stnpA-controlled fosfomycin persistence is YadG-dependent and YadG is
involved in the export of fosfomycin, we hypothesize that stnpA RNA regulates the
accumulation of fosfomycin in the cells via the interaction of the YadG protein, leading
to the persistence phenotype of the bacteria. As shown in Fig. 6E, overexpression of
stnpA RNA reduced the accumulation of cellular fosfomycin compared with the controls.
On the other hand, no significant difference was detected in the null mutant of YadG.
Together with other results, the function of stnpA in the MDR plasmids was to control
the fosfomycin persistence in a YadG-dependent manner by regulating the fosfomycin
accumulation.

stnpA is a possible regulator of YadG activity

To investigate the regulatory role of stnpA in YadG expression, we compared both the
transcription and protein expression levels of yadG in J53/pNDM-HN380 (with endoge-
nous stnpA) versus J53/pNDM-HN380AstnpA (knockout of stnpA) and in J53/pDD1-stnpA
(overexpressing stnpA) versus J53/pDD1 (empty vector control). As shown in Fig. 7A
and C, the results of gPCR showed no significant differences in the transcription level
of yadG in the presence and absence of stnpA. Noteworthily, the expression of stnpA in
J53/pNDM-HN380 is similar to that of hcaT, a housekeeping gene often used for qPCR.
Moreover, the same result was also observed in the YadG protein expression level, as
indicated by Western blot analysis (Fig. 7B and D). These collective findings suggest
that stnpA does not modulate the expression of YadG at either the transcriptional
or translational level. Therefore, an alternative potential mechanism to enhance the
function of YadG is the RNA-protein interaction between stnpA and YadG. To better
understand the mechanism of YadG and stnpA binding, we employed AlphaFold 3
(65) to predict their structural interaction, as illustrated in Fig. 7E, and intriguingly, we
observed two batches of extensive RNA-protein interaction between YadG and stnpA.
The first one is the nucleotides 249-250 and 283-287 of stnpA with residues K12, Y14,
P15, G16, V55, and N56 of YadG, whereas the other is the nucleotides 99-106 of stnpA
with the residues 1169, R173, P238, L283, $284, and R286 of YadG. These interactions
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PACYCT2-yadG (IPTG-induced) and J53/pACYCT2-yadG (IPTG-uninduced). All tests were conducted in triplicate. The MIC value was expressed as the lowest
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Fig 6 (Continued)

fosfomycin concentration that inhibits bacterial growth. (C) Influence of YadG on intracellular accumulation of fosfomycin. Exponentially growing cultures of
J53/pACYCT2-yadG cells were split into two groups: one was supplemented with 1 mM IPTG to induce the overexpression of YadG, while the other group
remained uninduced as a control. After 2 hours of growth at 37°C, fosfomycin was added to the bacterial cultures to a final concentration of 2 mg/mL, followed
by a 30-minute incubation at 37°C. Intracellular fosfomycin accumulation was quantified by LC-MS/MS. (D) Effect of YadG on fosfomycin persistence. Induced and
uninduced J53/pACYCT2-yadG cells were treated with 100 pg/mL of fosfomycin for 2 hours. Cell viability was determined by counting the number of CFUs on LB
agar plates using a serial dilution method. Percent cell viability represents the ratio of the subpopulation of persister cells after 2 hours of fosfomycin treatment
over the total number of CFUs prior to fosfomycin addition, which is employed to evaluate the fosfomycin persistence of strains. (E) Quantification of fosfomycin
accumulation in strains overexpressing stnpA in the presence and absence of YadG. Accumulation among these strains is given as the amount of fosfomycin (ug)
in 10° cells. WT +pDD1: J53/pDD1, WT +pDD1-stnpA: J53/pDD1-stnpA, AyadG + pDD1: J53AyadG/pDD1, and AyadG + pDD1-stnpA: J53AyadG/pDD1-stnpA. Data
plotted are the mean of three independent tests. Statistically significant differences are indicated with asterisks (ns, not significant, *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001).

suggest that the binding of stnpA may potentially induce the conformational change of
YadG, which in turn enhances their activity to reduce the accumulation of fosfomycin.

DISCUSSION

Transposons are segments of DNA that can shuffle to different positions in the genome
of the cell, which are attributed to the changes of the genomic functions and play
significant roles in the evolution of many genomes. However, little is known about
the transposon-derived sRNAs and their functional roles in bacteria. Moreover, trans-
poson-derived sRNAs are often found in the genome of bacteria but not on mobile
elements such as plasmids. Recently, the newly found transposon-derived sRNAs were
identified as the regulators of certain specific genes in various organisms, playing roles in
bacterial adaptation against the challenges from the environments (18). In this study, we
identified and characterized a novel small RNA (sRNA) called stnpA RNA, which locates
within the gene of the Tn3 family transposon and is widely distributed on numerous
prevalent drug-resistant plasmids in pathogenic bacteria. Moreover, this sRNA can
interact with the putative ABC transporter ATP-binding protein YadG with high specificity
and affinity and regulate the fosfomycin persistence of bacteria by reducing the effective
concentration of fosfomycin in the cells. We believe that the combinatorial effect of the
high mobility of the plasmids and effective transmission of transposons attribute to the
rapid dissemination of the transposon-derived sSRNA across a wide variety of species and
provide fitness and survival advantages to the bacterial hosts. Noteworthy, our study also
provided the first evidence of the function of the YadG protein as the ABC transporter
membrane protein to facilitate the efflux of fosfomycin.

Antibiotic resistance and persistence were reported to be responsible for more than
700,000 global deaths yearly (66). Distinct from the resistant bacteria, the persistent
ones remain viable but do not expand in the presence of antibiotics. Because of their
ability to survive high antibiotic concentrations, which renders their eradication nearly
impossible, and once the antibiotics are removed, the persisters resume growth (33),
the presence of persister cells is a major cause of recalcitrance and relapse of persistent
bacterial infections. Worse still, persisters are also shown to serve as reservoirs from
which resistant mutants can emerge, which can eventually lead to complete antibiotic
treatment failure (67, 68). Over the past decade, many environmental factors have been
discovered to increase persister levels in bacteria, such as antibiotic exposure, nutrient
limitation, and oxidative stress (33, 69, 70). Analysis of the transcriptome from samples
enriched in persisters showed that numerous stress response genes were upregulated
(71). Our study demonstrated, for the first time, that the stress of fosfomycin to the
bacteria enhanced the expression of the plasmid-encoded sRNA, which interacted
directly with YadG protein to expel the fosfomycin from the cell to reduce the intracellu-
lar effective concentration, leading to greater fosfomycin persistence and for bacterial
survival.
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conducted to assess YadG protein levels in J53/pNDM-HN380 in comparison to J53/pNDMHN380AstnpA. Left panel: representative Western blot showing the

expression of YadG, with GAPDH serving as a loading control. Right panel: the relative intensity of YadG, which is defined as the intensity of the YadG protein

normalized to GAPDH. (C) RT-qPCR analysis of yadG transcript levels in J53/pDD1-stnpA (overexpressing stnpA) and its control strain J53/pDD1. (D) Western blot

analysis examined the expression of YadG protein in J53/pDD1-stnpA and J53/pDD1. Results represent means + standard SD for three independent experiments.

Statistical difference was determined at ****P < 0.0001. (E) AlphaFold 3 model of stnpA-YadG interaction. stnpA is colored pink; YadG is colored green.

The identification of stnpA and its functional role in fosfomycin persistence opens a
new avenue for antimicrobial therapy. Targeting stnpA or stnpA-regulated processes
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holds promise for developing novel therapeutic strategies to disrupt persister cell
formation and enhances the effectiveness of existing antibiotics to combat antibiotic
resistance more effectively. Future studies of stnpA-YadG interaction could further
investigate the mechanism of the fosfomycin transport and stnpA-mediated tolerance
across different bacterial species. Such insights will be crucial for advancing our
understanding of bacterial adaptation to antibiotic stress and for developing targeted
interventions to combat persistent infections.

ACKNOWLEDGMENTS

We would like to thank Michael Wai Lun Chiang for providing expertise and reagents
for TEM, Antony Ho Fai Chau for assisting with the LC-MS/MS for protein identification,
Biomedical Technology Support Center for assisting with the LC-MS/MS for accumulation
assay, and Kun Zhang and Haizhou Zhao for the technical advice on EMSA.

Author contributions: T.C.K.L. conceived and supervised the work. S.L. performed the
experiments, analyzed the data, and wrote the manuscript. O.L. performed northern
Blot. H.P. provided technical support in B3H assay and EMSA. Q.N. conducted the TEM
experiments. C.H. conducted the RNA-seq analysis.

Research Grants Council, University Grants Committee (CityU 11101518 and
11102122). Health and Medical Research Fund (20190932 and 22211142), Food and
Health Bureau, Hong Kong. Tung Biomedical Sciences Centre, City University of Hong
Kong, Hong Kong.

AUTHOR AFFILIATIONS

'Department of Biomedical Sciences, College of Biomedicine, City University of Hong
Kong, Hong Kong, China

*Tung Biomedical Sciences Centre, City University of Hong Kong, Hong Kong, China
*Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic
University, Hong Kong, China

AUTHOR ORCIDs

Shu-Ling Lin @ http://orcid.org/0000-0002-3589-6391
Qi-Chang Nie @ http://orcid.org/0000-0002-4176-8062
Terrence Chi-Kong Lau 2 http://orcid.org/0000-0002-7505-7306

FUNDING

Funder Grant(s) Author(s)

Research Grants Council, University CityU 11101518,CityU Terrence Chi-Kong Lau
Grants Committee (ISR EBNE) 11102122

Health and Medical Research Fund 20190932,22211142 Shu-Ling Lin

(HMRF)

Qi-Chang Nie

Carmen Oi-Kwan Law
Hoa-Quynh Pham
Ho-Fai Chau

Terrence Chi-Kong Lau

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Material (mBio03814-24-s0001.docx). Supplemental tables and figure.

April 2025 Volume 16 Issue 4

mBio

10.1128/mbi0.03814-24 20

Downloaded from https://journals.asm.org/journal/mbio on 22 February 2026 by 158.132.161.180.


http://orcid.org/0000-0002-3589-6391
http://orcid.org/0000-0002-4176-8062
http://orcid.org/0000-0002-7505-7306
https://doi.org/10.1128/mbio.03814-24
https://doi.org/10.1128/mbio.03814-24

Research Article

Graphical Abstract (mBio03814-24-s0002.tif). Visual abstract.

REFERENCES

1.

20.

21.

April 2025 Volume 16

Beceiro A, Tomas M, Bou G. 2013. Antimicrobial resistance and virulence:
a successful or deleterious association in the bacterial world? Clin
Microbiol Rev 26:185-230. https://doi.org/10.1128/CMR.00059-12
Johnson TJ, Nolan LK. 2009. Pathogenomics of the virulence plasmids of
Escherichia coli. Microbiol Mol Biol Rev 73:750-774. https://doi.org/10.11
28/MMBR.00015-09

Juhas M, van der Meer JR, Gaillard M, Harding RM, Hood DW, Crook DW.
2009. Genomic islands: tools of bacterial horizontal gene transfer and
evolution. FEMS Microbiol Rev 33:376-393. https://doi.org/10.1111/j.157
4-6976.2008.00136.x

Nogueira T, Rankin DJ, Touchon M, Taddei F, Brown SP, Rocha EPC. 2009.
Horizontal gene transfer of the secretome drives the evolution of
bacterial cooperation and virulence. Curr Biol 19:1683-1691. https://doi.
org/10.1016/j.cub.2009.08.056

Ochman H, Lawrence JG, Groisman EA. 2000. Lateral gene transfer and
the nature of bacterial innovation. Nature 405:299-304. https://doi.org/1
0.1038/35012500

Harrison E, Brockhurst MA. 2012. Plasmid-mediated horizontal gene
transfer is a coevolutionary process. Trends Microbiol 20:262-267. https:/
/doi.org/10.1016/j.tim.2012.04.003

Norman A, Hansen LH, Sgrensen SJ. 2009. Conjugative plasmids: vessels
of the communal gene pool. Philos Trans R Soc Lond B Biol Sci 364:2275-
2289. https://doi.org/10.1098/rstb.2009.0037

Grohmann E, Muth G, Espinosa M. 2003. Conjugative plasmid transfer in
gram-positive bacteria. Microbiol Mol Biol Rev 67:277-301, https://doi.or
9/10.1128/MMBR.67.2.277-301.2003

Bennett PM. 2008. Plasmid encoded antibiotic resistance: acquisition
and transfer of antibiotic resistance genes in bacteria. Br J Pharmacol
153:5347-5357. https://doi.org/10.1038/sj.bjp.0707607

Lima-Mendez G, Oliveira Alvarenga D, Ross K, Hallet B, Van Melderen L,
Varani AM, Chandler M. 2020. Toxin-antitoxin gene pairs found in Tn3
family transposons appear to be an integral part of the transposition
module. MBio 11:e00452-20. https://doi.org/10.1128/mBi0.00452-20
Bailey JK, Pinyon JL, Anantham S, Hall RM. 2011. Distribution of the
blatgm gene and blatgy-containing transposons in  commensal
Escherichia coli. J Antimicrob Chemother 66:745-751. https://doi.org/10.
1093/jac/dkq529

Partridge SR. 2015. What's in a name? ISSwi1 corresponds to transposons
related to Tn2 and Tn3. MBio 6:e01344-15. https://doi.org/10.1128/mBio.
01344-15

Nicolas E, Lambin M, Dandoy D, Galloy C, Nguyen N, Oger CA, Hallet B.
2015. The Tn3 - family of replicative transposons, p 693-726. In Mobile
DNA . ASM Press, Washington, DC.

Szuplewska M, Czarnecki J, Bartosik D. 2014. Autonomous and non-
autonomous Tn3-family transposons and their role in the evolution of
mobile genetic elements. Mob Genet Elements 4:1-4. https://doi.org/10.
1080/2159256X.2014.998537

Gueguen E, Rousseau P, Duval-Valentin G, Chandler M. 2006. Truncated
forms of IS911 transposase downregulate transposition. Mol Microbiol
62:1102-1116. https://doi.org/10.1111/j.1365-2958.2006.05424.x

Harmer CJ, Hall RM. 2019. An analysis of the 1S6/1S26 family of insertion
sequences: is it a single family? Microb Genom 5:e000291. https://doi.or
9/10.1099/mgen.0.000291

Siguier P, Gourbeyre E, Chandler M. 2014. Bacterial insertion sequences:
their genomic impact and diversity. FEMS Microbiol Rev 38:865-891. htt
ps://doi.org/10.1111/1574-6976.12067

Ellis MJ, Trussler RS, Charles O, Haniford DB. 2017. A transposon-derived
small RNA regulates gene expression in Salmonella Typhimurium.
Nucleic Acids Res 45:5470-5486. https://doi.org/10.1093/nar/gkx094
Rebollo R, Romanish MT, Mager DL. 2012. Transposable elements: an
abundant and natural source of regulatory sequences for host genes.
Annu Rev Genet 46:21-42. https://doi.org/10.1146/annurev-genet-1107
11-155621

Ellis MJ, Carfrae LA, Macnair CR, Trussler RS, Brown ED, Haniford DB.
2018. Silent but deadly: 1S200 promotes pathogenicity in Salmonella
Typhimurium. RNA Biol 15:176-181. https://doi.org/10.1080/15476286.2
017.1403001

Zhang H, Tao Z, Hong H, Chen Z, Wu C, Li X, Xiao J, Wang S. 2016.
Transposon-derived small RNA is responsible for modified function of

Issue 4

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

mBio

WRKY45 locus. Nat Plants 2:16016. https://doi.org/10.1038/nplants.2016.
16

Ellis MJ, Trussler RS, Haniford DB. 2015. A cis-encoded sRNA, Hfg and
mRNA secondary structure act independently to suppress 15200
transposition. Nucleic Acids Res 43:6511-6527. https://doi.org/10.1093/
nar/gkv584

Mértens B, Manoharadas S, Hasenshrl D, Manica A, Blasi U. 2013.
Antisense regulation by transposon-derived RNAs in the hyperthermo-
philic archaeon Sulfolobus solfataricus. EMBO Rep 14:527-533. https://do
i.org/10.1038/embor.2013.47

Storz G, Vogel J, Wassarman KM. 2011. Regulation by small RNAs in
bacteria: expanding frontiers. Mol Cell 43:880-891. https://doi.org/10.10
16/j.molcel.2011.08.022

Gottesman S, Storz G. 2011. Bacterial small RNA regulators: versatile
roles and rapidly evolving variations. Cold Spring Harb Perspect Biol
3:a003798. https://doi.org/10.1101/cshperspect.a003798

Waters LS, Storz G. 2009. Regulatory RNAs in bacteria. Cell 136:615-628.
https://doi.org/10.1016/j.cell.2009.01.043

Liu W, Rochat T, Toffano-Nioche C, Le Lam TN, Bouloc P, Morvan C. 2018.
Assessment of bona fide sRNAs in Staphylococcus aureus. Front Microbiol
9:228. https://doi.org/10.3389/fmicb.2018.00228

Holmqvist E, Wagner EGH. 2017. Impact of bacterial SRNAs in stress
responses. Biochem Soc Trans 45:1203-1212. https://doi.org/10.1042/BS
T20160363

Bak G, Lee J, Suk S, Kim D, Young Lee J, Kim K-S, Choi B-S, Lee Y. 2015.
Identification of novel sSRNAs involved in biofilm formation, motility, and
fimbriae formation in Escherichia coli. Sci Rep 5:15287. https://doi.org/10.
1038/srep15287

Bejerano-Sagie M, Xavier KB. 2007. The role of small RNAs in quorum
sensing. Curr Opin Microbiol 10:189-198. https://doi.org/10.1016/j.mib.2
007.03.009

Bardill JP, Hammer BK. 2012. Non-coding sRNAs regulate virulence in the
bacterial pathogen Vibrio cholerae. RNA Biol 9:392-401. https://doi.org/1
0.4161/rna.19975

Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B, Andersson DI,
Brynildsen MP, Bumann D, Camilli A, Collins JJ, Dehio C, Fortune S, Ghigo
J-M, Hardt W-D, Harms A, Heinemann M, Hung DT, Jenal U, Levin BR,
Michiels J, Storz G, Tan M-W, Tenson T, Van Melderen L, Zinkernagel A.
2019. Definitions and guidelines for research on antibiotic persistence.
Nat Rev Microbiol 17:441-448. https://doi.org/10.1038/541579-019-0196
-3

Harms A, Maisonneuve E, Gerdes K. 2016. Mechanisms of bacterial
persistence during stress and antibiotic exposure. Science 354:aaf4268.
https://doi.org/10.1126/science.aaf4268

Vergalli J, Atzori A, Pajovic J, Dumont E, Malloci G, Masi M, Vargiu AV,
Winterhalter M, Réfrégiers M, Ruggerone P, Pagés J-M. 2020. The
challenge of intracellular antibiotic accumulation, a function of
fluoroquinolone influx versus bacterial efflux. Commun Biol 3:198. https:
//doi.org/10.1038/542003-020-0929-x

Wan 'Y, Wang M, Chan EWC, Chen S. 2021. Membrane transporters of the
major facilitator superfamily are essential for long-term maintenance of
phenotypic tolerance to multiple antibiotics in E. coli. Microbiol Spectr
9:20184621. https://doi.org/10.1128/Spectrum.01846-21

Falagas ME, Vouloumanou EK, Samonis G, Vardakas KZ. 2016. Fosfomy-
cin. Clin Microbiol Rev 29:321-347. https://doi.org/10.1128/CMR.00068-
15

Bianchi M, Winterhalter M, Harbig TA, Horompoli D, Ghai |, Nieselt K,
Brotz-Oesterhelt H, Mayer C, Borisova-Mayer M. 2024. Fosfomycin
uptake in Escherichia coli is mediated by the outer-membrane porins
OmpF, OmpC, and LamB. ACS Infect Dis 10:127-137. https://doi.org/10.1
021/acsinfecdis.3c00367

Lewis VG, Ween MP, McDevitt CA. 2012. The role of ATP-binding cassette
transporters in bacterial pathogenicity. Protoplasma 249:919-942. https:
//doi.org/10.1007/s00709-011-0360-8

Jones PM, O'Mara ML, George AM. 2009. ABC transporters: a riddle
wrapped in a mystery inside an enigma. Trends Biochem Sci 34:520-531.
https://doi.org/10.1016/j.tibs.2009.06.004

10.1128/mbi0.03814-24 21

Downloaded from https://journals.asm.org/journal/mbio on 22 February 2026 by 158.132.161.180.


https://doi.org/10.1128/CMR.00059-12
https://doi.org/10.1128/MMBR.00015-09
https://doi.org/10.1111/j.1574-6976.2008.00136.x
https://doi.org/10.1016/j.cub.2009.08.056
https://doi.org/10.1038/35012500
https://doi.org/10.1016/j.tim.2012.04.003
https://doi.org/10.1098/rstb.2009.0037
https://doi.org/10.1128/MMBR.67.2.277-301.2003
https://doi.org/10.1038/sj.bjp.0707607
https://doi.org/10.1128/mBio.00452-20
https://doi.org/10.1093/jac/dkq529
https://doi.org/10.1128/mBio.01344-15
https://doi.org/10.1080/2159256X.2014.998537
https://doi.org/10.1111/j.1365-2958.2006.05424.x
https://doi.org/10.1099/mgen.0.000291
https://doi.org/10.1111/1574-6976.12067
https://doi.org/10.1093/nar/gkx094
https://doi.org/10.1146/annurev-genet-110711-155621
https://doi.org/10.1080/15476286.2017.1403001
https://doi.org/10.1038/nplants.2016.16
https://doi.org/10.1093/nar/gkv584
https://doi.org/10.1038/embor.2013.47
https://doi.org/10.1016/j.molcel.2011.08.022
https://doi.org/10.1101/cshperspect.a003798
https://doi.org/10.1016/j.cell.2009.01.043
https://doi.org/10.3389/fmicb.2018.00228
https://doi.org/10.1042/BST20160363
https://doi.org/10.1038/srep15287
https://doi.org/10.1016/j.mib.2007.03.009
https://doi.org/10.4161/rna.19975
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.1126/science.aaf4268
https://doi.org/10.1038/s42003-020-0929-x
https://doi.org/10.1128/Spectrum.01846-21
https://doi.org/10.1128/CMR.00068-15
https://doi.org/10.1021/acsinfecdis.3c00367
https://doi.org/10.1007/s00709-011-0360-8
https://doi.org/10.1016/j.tibs.2009.06.004
https://doi.org/10.1128/mbio.03814-24

Research Article

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

April 2025 Volume 16

Hollenstein K, Dawson RJP, Locher KP. 2007. Structure and mechanism
of ABC transporter proteins. Curr Opin Struct Biol 17:412-418. https://do
i.org/10.1016/j.5bi.2007.07.003

Radzieta M, Sadeghpour-Heravi F, Peters TJ, Hu H, Vickery K, Jeffries T,
Dickson HG, Schwarzer S, Jensen SO, Malone M. 2021. A multiomics
approach to identify host-microbe alterations associated with infection
severity in diabetic foot infections: a pilot study. NPJ Biofilms Micro-
biomes 7:29. https://doi.org/10.1038/541522-021-00202-x

Jin M, Lu J, Chen Z, Nguyen SH, Mao L, Li J, Yuan Z, Guo J. 2018.
Antidepressant fluoxetine induces multiple antibiotics resistance in
Escherichia coli via ROS-mediated mutagenesis. Environ Int 120:421-430.
https://doi.org/10.1016/j.envint.2018.07.046

Li H, Li X, Chen T, Yang Z, Shi D, Yin J, Yang D, Zhou S, Li J, Jin M. 2023.
Antidepressant exposure as a source of disinfectant resistance in
waterborne bacteria. J Hazard Mater 452:131371. https://doi.org/10.101
6/j.jhazmat.2023.131371

Geddes EJ, Li Z, Hergenrother PJ. 2021. An LC-MS/MS assay and
complementary web-based tool to quantify and predict compound
accumulation in E. coli. Nat Protoc 16:4833-4854. https://doi.org/10.1038
/s41596-021-00598-y

Huang C, Liu L-Z, Kong H-K, Law COK, Hoa PQ, Ho P-L, Lau TCK. 2020. A
novel incompatibility group X3 plasmid carrying blaypm-1 encodes a
small RNA that regulates host fucose metabolism and biofilm formation.
RNA Biol 17:1767-1776. https://doi.org/10.1080/15476286.2020.178004
0

Jiang X, Liu X, Law COK, Wang Y, Lo WU, Weng X, Chan TF, Ho PL, Lau
TCK. 2017. The CTX-M-14 plasmid pHKO1 encodes novel small RNAs and
influences host growth and motility. FEMS Microbiol Ecol 93:fix090. https
://doi.org/10.1093/femsec/fix090

Zuker M. 2003. Mfold web server for nucleic acid folding and hybridiza-
tion prediction. Nucleic Acids Res 31:3406-3415. https://doi.org/10.1093
/nar/gkg595

McGinnis S, Madden TL. 2004. BLAST: at the core of a powerful and
diverse set of sequence analysis tools. Nucleic Acids Res 32:W20-W25. ht
tps://doi.org/10.1093/nar/gkh435

Rozwandowicz M, Brouwer MSM, Fischer J, Wagenaar JA, Gonzalez-Zorn
B, Guerra B, Mevius DJ, Hordijk J. 2018. Plasmids carrying antimicrobial
resistance genes in Enterobacteriaceae. J Antimicrob Chemother
73:1121-1137. https://doi.org/10.1093/jac/dkx488

Pitout JD, Chen L. 2023. The significance of epidemic plasmids in the
success of multidrug-resistant drug pandemic extraintestinal patho-
genic Escherichia coli. Infect Dis Ther 12:1029-1041. https://doi.org/10.10
07/s40121-023-00791-4

Guo X, Chen R, Wang Q, Li C, Ge H, Qiao J, Li Y. 2022. Global prevalence,
characteristics, and future prospects of IncX3 plasmids: a review. Front
Microbiol 13:979558. https://doi.org/10.3389/fmicb.2022.979558
Liakopoulos A, van der Goot J, Bossers A, Betts J, Brouwer MSM, Kant A,
Smith H, Ceccarelli D, Mevius D. 2018. Genomic and functional
characterisation of IncX3 plasmids encoding blaspy-12 in Escherichia coli
from human and animal origin. Sci Rep 8:7674. https://doi.org/10.1038/s
41598-018-26073-5

Liu B, Shui L, Zhou K, Jiang Y, Li X, Guan J, Li Q, Zhuo C. 2020. Impact of
plasmid-encoded H-NS-like protein on blayppm-1-bearing IncX3 plasmid
in Escherichia coli. J Infect Dis 221:5229-5236. https://doi.org/10.1093/inf
dis/jiz567

Babosan A, Fruchard L, Krin E, Carvalho A, Mazel D, Baharoglu Z. 2022.
Nonessential tRNA and rRNA modifications impact the bacterial
response to sub-MIC antibiotic stress. Microlife 3:ugac019. https://doi.or
g/10.1093/femsml/ugac019

Narimisa N, Amraei F, Kalani BS, Mohammadzadeh R, Jazi FM. 2020.
Effects of sub-inhibitory concentrations of antibiotics and oxidative

Issue 4

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

mBio

stress on the expression of type Il toxin-antitoxin system genes in
Klebsiella pneumoniae. J Glob Antimicrob Resist 21:51-56. https://doi.org
/10.1016/j.,jgar.2019.09.005

Andersson DI, Hughes D. 2014. Microbiological effects of sublethal levels
of antibiotics. Nat Rev Microbiol 12:465-478. https://doi.org/10.1038/nr
micro3270

Huang C, Pham H-Q, Zhu L, Wang R, Law O-K, Lin S-L, Nie Q-C, Zhang L,
Wang X, Lau T-K. 2023. Comparative analysis of transcriptome and
proteome revealed the common metabolic pathways induced by
prevalent ESBL plasmids in Escherichia coli. Int J Mol Sci 24:140009. https:/
/doi.org/10.3390/ijms241814009

Yu Z, Goodall ECA, Henderson IR, Guo J. 2023. Plasmids can shift
bacterial morphological response against antibiotic stress. Adv Sci
(Weinh) 10:2203260. https://doi.org/10.1002/advs.202203260
Ramanathan M, Porter DF, Khavari PA. 2019. Methods to study RNA-
protein interactions. Nat Methods 16:225-234. https://doi.org/10.1038/s
41592-019-0330-1

Pichon C, Felden B. 2007. Proteins that interact with bacterial small RNA
regulators. FEMS Microbiol Rev 31:614-625. https://doi.org/10.1111/j.15
74-6976.2007.00079.x

Stockert OM, Gravel CM, Berry KE. 2022. A bacterial three-hybrid assay
for forward and reverse genetic analysis of RNA-protein interactions. Nat
Protoc 17:941-961. https://doi.org/10.1038/541596-021-00657-4

Kapoor G, Saigal S, Elongavan A. 2017. Action and resistance mecha-
nisms of antibiotics: a guide for clinicians. J Anaesthesiol Clin Pharmacol
33:300-305. https://doi.org/10.4103/joacp.JOACP_349_15

Aswal M, Garg A, Singhal N, Kumar M. 2020. Comparative in-silico
proteomic analysis discerns potential granuloma proteins of Yersinia
pseudotuberculosis. Sci Rep 10:3036. https://doi.org/10.1038/541598-020
-59924-1

Holt KE, Parkhill J, Mazzoni CJ, Roumagnac P, Weill F-X, Goodhead |,
Rance R, Baker S, Maskell DJ, Wain J, Dolecek C, Achtman M, Dougan G.
2008. High-throughput sequencing provides insights into genome
variation and evolution in Salmonella Typhi. Nat Genet 40:987-993. http
s://doi.org/10.1038/ng.195

Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, Ronneberger
O, Willmore L, Ballard AJ, Bambrick J, et al. 2024. Accurate structure
prediction of biomolecular interactions with AlphaFold 3. Nature
630:493-500. https://doi.org/10.1038/541586-024-07487-w
Mathé-Hubert H, Amia R, Martin M, Gaffé J, Schneider D. 2022. Evolution
of bacterial persistence to antibiotics during a 50,000-generation
experiment in an antibiotic-free environment. Antibiotics (Basel) 11:451.
https://doi.org/10.3390/antibiotics11040451

Cohen NR, Lobritz MA, Collins JJ. 2013. Microbial persistence and the
road to drug resistance. Cell Host Microbe 13:632-642. https://doi.org/1
0.1016/j.chom.2013.05.009

Kochanowski K, Morinishi L, Altschuler SJ, Wu LF. 2018. Drug persistence
- from antibiotics to cancer therapies. Curr Opin Syst Biol 10:1-8. https://
doi.org/10.1016/j.coisb.2018.03.003

Huemer M, Mairpady Shambat S, Brugger SD, Zinkernagel AS. 2020.
Antibiotic resistance and persistence-implications for human health and
treatment perspectives. EMBO Rep 21:€51034. https://doi.org/10.15252/
embr.202051034

Cabral DJ, Wurster JI, Belenky P. 2018. Antibiotic persistence as a
metabolic adaptation: stress, metabolism, the host, and new directions.
Pharmaceuticals (Basel) 11:14. https://doi.org/10.3390/ph11010014
Michiels JE, Van den Bergh B, Verstraeten N, Michiels J. 2016. Molecular
mechanisms and clinical implications of bacterial persistence. Drug
Resist Updat 29:76-89. https://doi.org/10.1016/j.drup.2016.10.002

10.1128/mbi0.03814-24 22

Downloaded from https://journals.asm.org/journal/mbio on 22 February 2026 by 158.132.161.180.


https://doi.org/10.1016/j.sbi.2007.07.003
https://doi.org/10.1038/s41522-021-00202-x
https://doi.org/10.1016/j.envint.2018.07.046
https://doi.org/10.1016/j.jhazmat.2023.131371
https://doi.org/10.1038/s41596-021-00598-y
https://doi.org/10.1080/15476286.2020.1780040
https://doi.org/10.1093/femsec/fix090
https://doi.org/10.1093/nar/gkg595
https://doi.org/10.1093/nar/gkh435
https://doi.org/10.1093/jac/dkx488
https://doi.org/10.1007/s40121-023-00791-4
https://doi.org/10.3389/fmicb.2022.979558
https://doi.org/10.1038/s41598-018-26073-5
https://doi.org/10.1093/infdis/jiz567
https://doi.org/10.1093/femsml/uqac019
https://doi.org/10.1016/j.jgar.2019.09.005
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.3390/ijms241814009
https://doi.org/10.1002/advs.202203260
https://doi.org/10.1038/s41592-019-0330-1
https://doi.org/10.1111/j.1574-6976.2007.00079.x
https://doi.org/10.1038/s41596-021-00657-4
https://doi.org/10.4103/joacp.JOACP_349_15
https://doi.org/10.1038/s41598-020-59924-1
https://doi.org/10.1038/ng.195
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.3390/antibiotics11040451
https://doi.org/10.1016/j.chom.2013.05.009
https://doi.org/10.1016/j.coisb.2018.03.003
https://doi.org/10.15252/embr.202051034
https://doi.org/10.3390/ph11010014
https://doi.org/10.1016/j.drup.2016.10.002
https://doi.org/10.1128/mbio.03814-24

	A novel plasmid-encoded transposon-derived small RNA reveals the mechanism of sRNA-regulated bacterial persistence
	MATERIALS AND METHODS
	Bacterial strains, plasmids, and growth conditions
	RNA extraction
	Northern blot
	Rapid amplification of cDNA ends (RACE)
	Protein purification
	Western blot
	Persistence assay
	RNA pull-down assay
	Reverse transcription–quantitative polymerase chain reaction (RT-qPCR)
	Promoter study
	Bacterial three-hybrid (B3H) assay
	Electrophoretic mobility shift assay (EMSA)
	Intracellular fosfomycin accumulation quantification

	RESULTS
	Identification and characterization of the ESBL plasmid-encoded small RNA, stnpA
	stnpA is a small RNA commonly found in prevalent multidrug-resistant plasmids
	Fosfomycin stress-induced expression of stnpA sRNA
	Interaction between stnpA sRNA and the putative ABC transporter YadG
	stnpA sRNA enhanced fosfomycin persistence in a YadG-dependent manner
	Accumulation of fosfomycin regulated by stnpA RNA in the YadG-dependent manner
	stnpA is a possible regulator of YadG activity

	DISCUSSION


