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Abstract: Understanding the gene regulatory networks that control antimicrobial resistance (AMR) 
and antimicrobial tolerance is crucial for developing new therapies and extending the shelf life of 
currently available antimicrobial arsenal. In a wide spectrum of bacteria, Regulatory small RNA have 
the ability to influence transcription, translation, mRNA stability, and DNA maintenance or silencing 
through a variety of mechanisms, including mRNA leaders that affect cis expression, small RNAs 
that bind to proteins or base pair with target RNAs, The development of novel therapeutics to treat 
antimicrobial -resistant bacteria, particularly to multidrug resistant pathogens, is urgently needed. 
Bacterial genetic regulatory networks control a variety of processes, including functions required for 
antibiotic uptake, modifications to the cell envelope that protect against antimicrobials), drug efflux 
pumps that expel antibiotics, metabolic enzymes that confer resistance, and the production of 
biofilms that protect against antibiotics. Uncovering the roles of sRNAs in virulence and host 
immunity will provide fundamental knowledge that can be used to develop next-generation 
antibiotics that use sRNAs as original targets. 
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1. Introduction 
The global resistance levels of bacterial isolates have grown relentlessly in the last decades 

regardless of their source, i.e., clinical settings, in-patients, community, food-related or 
environmental niches. This led to the increase in the overall morbidity and mortality due to 
multidrug-resistant bacteria infections [1]. An estimated 4.95 million deaths worldwide in 2019 were 
associated with bacterial antimicrobial resistance (AMR), of which 12.7 million deaths have been 
directly attributed by AMR. Multidrug resistance organsms (MDRO) that include Enterococcus 
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, 
and Enterobacter species acronymed as ESKAPE pathogens associated AMR deaths were responsible 
for 929,000 deaths attributable to AMR [2]. This magnitude of death toll indicates that over 10 million 
deaths are expected by 2050[3] 

In clinical practice, antibiotics primarily target bacterial nucleic acids, proteins, and 
peptidoglycan synthesis. Designing fundamentally new antibacterial drugs with novel modes of 
action and new targets, on the other hand, remains a potential option. Several novel inhibitors, such 
as non fluoroquinolone bacterial topoisomerase inhibitors (NBTI) cell division (FtsZ) inhibitors, 
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peptide deformylase inhibitors, fatty acid synthesis (FabI) inhibitors, energy metabolism agents, and 
bacterial membrane active chemicals, have been produced [4]. Forexample, the first novel inhibitor, 
NBTI bind to catalytic center of DNA gyrase/ topoisomerase adjacent to fluoroquinolone binding site, 
retain potency against fluoroquinolone resistant bacteria by stabilizing DNA cleavage complex [5]. 

The recent implication of regulatory sRNAs in antibiotic response and resistance in several 
bacterial pathogens suggests that they should be considered innovative drug targets [6].  Antibiotic 
overuse has resulted in a situation where multidrug-resistant bacteria have become a serious threat 
to human health around the world. A better knowledge of the principles of pathogens utilizes to 
adapt to, respond to, and resist antibiotics would open the way for the development of new 
medicines. Antibiotics are therapeutically relevant stressors that trigger defensive responses in 
bacterial pathogens [6,7]. 

The coordination of gene expression requires RNA-based interactions between noncoding RNAs 
and proteins, RNAs, and/or DNA. Antimicrobial, therapeutic, and synthetic biology applications are 
increasingly focusing on regulatory interactions. There are hundreds of noncoding regulatory RNAs 
in bacteria, with trans-encoded sRNAs being the most numerous. Short, imperfect base-pairing 
interactions are used by sRNAs to bind to their mRNA targets [7].  

Most of the previously described sRNAs have been studied in Enterobacterales, such as Escherichia 
coli or Salmonella spp. However, by using means of differential RNA sequencing, sRNAs have been 
identified essentially in all bacterial and archaeal species including alphaproteobacteria, such as 
photosynthetic Rhodobacter species, plant-symbiotic rhizobia, and the mammalian pathogen Brucella 
abortus [8].  

Small regulatory RNAs are the most common RNA regulators in bacteria, and most frequently 
bind to one of the major RNA-binding proteins, Hfq or ProQ. Hfq- and ProQ-associated sRNAs 
usually affect translation initiation and transcript stability by base-pairing with trans-encoded target 
mRNAs. Given that sRNAs frequently target multiple transcripts and that regulation can involve 
target repression or activation, it's becoming increasingly clear that sRNAs can compete with 
transcription factors in terms of regulatory scope and function [9]. In general, sRNAs have been 
classified into two types: trans-acting sRNAs that directly pair with mRNAs and Csr/Rsm-type 
sRNAs that sequester post-transcriptional regulatory proteins from target mRNAs [10].  

sRNA's biological mechanism has been investigated thoroughly. These sRNAs are crucial for 
maintaining microbial cell homeostasis and controlling bacterial gene expression in response to 
external stress. The sRNA molecule either actively destroys the encoded proteins or halts their 
transcription by complementing binding to the C-terminus of RNase or a promoter region of a 
transcription factor [11]. 

The "ESKAPE" pathogensare posing serious public consequences globally in the health facilities 
due to development of resistance to development and spread of resistant to most of the available 
antimicrobials. The development of novel antibacterial agents is essential to keep up with the 
constantly evolving resistance in bacteria. sRNAs influence antibiotic resistance by pairing with 
target mRNAs expressing drug efflux pumps, antibiotic transporters, or enzymes involved in drug 
catabolism [6]. So this review highlights the gene regulation mechanisms underlying sRNA-mediated 
control of multidrug resistant pathogens and recent advances in sRNA-based therapy.   

2. Overview of Small Non-Coding RNA in Bacteria  
Small non-coding RNAs (sRNA) are short-sized ranging from 50–500 nucleotide transcripts that 

regulate post-transcriptionally gene expression [12]. These sRNAs are synthesized under specific 
environmental conditions and play a major role in the regulation of various cellular processes [13]. 
sRNAs can be encoded in the opposite strand of the target mRNA (known as antisense or cis sRNA), 
or encoded in trans to the target mRNA. The trans acting sRNA, or simply sRNAs, are RNA 
regulators frequently found in bacteria that interact by imperfect base pairing with its target mRNA 
[1].  
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2.1. Types and Structures of sRNA 

Because of their relative abundance in the bacterial cell, the first RNAs were found by chance as 
intriguing noncoding transcripts in biochemical or functional genetic screening. Numerous first 
sRNAs to be functionally identified were found on transposons, phages, and plasmids, where they 
were demonstrated to regulate transposition, maintenance, or replication [14]. The abundant OmpR-
dependent sRNA MicF was identified as the first chromosomally encoded sRNA that represses 
translation of an mRNA (encoding the OmpF porin), making it a prototype for environmental 
posttranscriptional regulation by sRNAs. The first sRNA shown to directly affect virulence, RNAIII 
of S. aureus was then revealed to regulate multiple virulence factor-encoding transcripts [14]. 

Some of the small RNAs are fragments of mRNAs, whereas others are from intergenic regions 
of the genome. Exogenous dsRNAs can also induce the production of small RNAs [15]. Recent studies 
have identified a large number of small regulatory RNAs in Escherichia coli and other bacteria [16]. 

2.2. RNA Chaperones 

In prokaryotes, Complementary base pairing between sRNAs and target RNAs assisted by RNA 
chaperones like Hfq and ProQ, in many occasions, to regulate the cognate gene expression is prevalent 
in sRNA mechanisms[17]. Hfq was originally identified in E. coli as a host factor required for the 
efficient replication of the RNA bacteriophage Qβ, Hfq is now understood to function as an RNA 
chaperone within bacterial cells [18]. Hfq has been characterized as a member of the conserved RNA-
binding Lsm (like-Sm)/Sm-like protein family found in eukaryotes, bacteria, and archaea. In recent 
years, Hfq has gotten a lot of interest as it was discovered to serve a key role in sRNA-mediated gene 
regulation. It is necessary for successful sRNA stabilization and annealing to their mRNA targets 
[19,20].  Hfq can also protect sRNAs from degradation by ribonucleases [21]. ProQ is another second 
known Gram-negative RNA chaperone protein that is crucial in modulating RNA-RNA interactions, 
like Hfq. However, ProQ is a monomeric protein with a predilection for structured RNAs, in contrast 
to hexametric Hfq [22]. 

Several of the base pairing sRNAs found in Gram-positive bacteria, such S. aureus, do not 
require Hfq to operate, even when the organism does contain Hfq, in contrast to gram-negative 
bacteria [23]. The absence of Hfq in a number Gram-positive bacteria, such as Staphylococcus aureus, 
Enterococcus faecium, Streptococcus pneumoniae, and Streptococcus pyogenes of is due to low GC 
content (<50%). Remarkably, proteobacteria with a high GC content (≥50%) include Salmonella 
enterica and E. coli, two species where Hfq plays a significant role. Therefore, it was postulated that 
Hfq's function is most crucial for organisms with high GC content and that its role in sRNA-mediated 
regulation is related to the GC content of the genome [24]. 

2.3.6. S RNA 

Regulatory ncRNAs are involved in a variety of regulatory mechanisms, including gene 
expression and modulation of outer membrane surface proteins (Omp) [25].  Some ncRNAs, like the 
6S RNA that forms a complex with RNA polymerase, may bind to proteins to control their functions 
(RNAP). During the stationary phase, 6S RNA binds to the RNA polymerase (RNAP)-s70 complex 
and regulates transcription by changing RNAP's promoter specificity [26]. The abundant 6S RNA is 
conserved in Gram-negative and Gram-positive bacteria and its double-stranded RNA hairpin 
structure mimics DNA in an open promoter complex, allowing it to bind at the active site of σ70-
RNA polymerase. In the stationary phase, 6S RNA accumulates to high levels, sequestering σ70-
RNAP and favoring transcription by the RpoS-containing RNA polymerase. Upon transition from 
the stationary phase to the exponential phase, 6S RNA is released from the inhibited RNAP complex, 
resulting in the synthesis of a short transcript of 14 nt (pRNA), in which 6S RNA works as a template 
that requires a high NTP concentration. The formation of the pRNA–6S RNA complex induces a 
structural change that causes 6S to be released, which is subsequently removed by degradation [27].  
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2.4. Orthogonality of sRNA 

The specificity of sRNA interactions with their target mRNAs is referred to as orthogonality in 
the context of bacterial sRNAs. This implies that sRNA should not interact with other mRNAs in the 
cell, but only with its specific target mRNA. For bacteria to precisely regulate gene expression, 
orthogonal sRNA-mRNA interactions are essential [28].    

Several factors contribute to the orthogonality of bacterial sRNA-mRNA interactions: 
Seed sequence: The seed sequence is a short stretch of nucleotides (typically 6-8 bases) at the 5' 

end of the sRNA that is responsible for recognizing and binding to the target mRNA. The seed 
sequence should be unique to the target mRNA and not match other mRNAs in the cell [29]. 

Target site accessibility: The target site on the mRNA, which is typically located in the ribosome 
binding site (RBS) or the coding region, should be accessible for sRNA binding. This means that the 
target site should not be folded into a secondary structure that prevents sRNA interaction [30]. 

Complementary base pairing: The sRNA and its target mRNA should have complementary base 
pairing at the seed sequence and other regions of interaction to form a stable duplex [31]. 

Hfq chaperone: The Hfq chaperone protein plays a critical role in facilitating and stabilizing sRNA-
mRNA interactions. Hfq binds to both the sRNA and the target mRNA, bringing them into close 
proximity and promoting their interaction [31]. 

Competing RNA molecules: The presence of competing RNA molecules, such as other sRNAs 
or mRNAs, can interfere with sRNA-mRNA interactions and reduce the orthogonality of sRNA 
regulation [32]. 

The orthogonality of bacterial sRNA-mRNA interactions is essential for maintaining the precise 
control of gene expression and ensuring proper cellular function. Disruptions in sRNA orthogonality 
can lead to misregulation of gene expression and contribute to bacterial pathogenesis [33]. The 
challenges of maintaining the orthogonality of sRNAs in bacteria are significant, but with careful 
engineering and design strategies, many of these issues can be effectively addressed. By leveraging 
bacterial mechanisms and synthetic biology tools, researchers can develop reliable, orthogonal sRNA 
systems that function independently, opening up new avenues for synthetic gene regulation and 
metabolic engineering (34). Summary of challenges in maintaining orthogonality of sRNAs in 
bacteria as illustrated in Table 1. 

Table 1. summary of challenges in maintaining orthogonally of sRNAs in bacteria. 

challenges of maintaining 
the orthogonally of sRNAs 

Mechanism  Bacterial strategy  

Competing Interactions 

sRNAs can bind to multiple target mRNAs, 
potentially leading to unintended regulation of 
native genes. This can disrupt essential cellular 
processes and affect overall cell function. 

To mitigate this, synthetic biologists can design sRNAs with unique 
binding sites that do not match any native mRNA sequences. Bacteria 
like E. coli have been engineered with orthogonal sRNA systems that 
utilize modified or synthetic RNA components to ensure specificity. 

Cellular Context and 
Concentration 

The effectiveness of sRNA can vary based on 
their concentration and the presence of other 
competing RNAs within the cell, leading to 
unpredictable outcomes. 
 

Bacteria can be engineered to express sRNAs at controlled levels, 
using tightly regulated promoters to ensure that they remain at 
optimal concentrations. Synthetic systems can also incorporate 
feedback mechanisms to modulate sRNA levels in response to cellular 
conditions. 

Degradation and Stability 

sRNAs are subject to degradation by RNases, 
which can limit their availability and 
functionality. This instability can lead to 
fluctuations in their activity, compromising 
orthogonality. 

To enhance stability, synthetic sRNAs can be engineered with 
modified nucleotides or specific secondary structures that resist 
degradation. Additionally, incorporating sequences that prevent rapid 
degradation can prolong sRNA half-lives. 

Context-Dependent 
Regulation 

The regulatory effects of sRNAs can depend on 
the specific cellular context, including the 
presence of ribosomal binding sites and other 
regulatory elements, which may lead to 
unwanted interactions. 

Engineers can use context-specific regulatory elements, such as 
synthetic riboswitches, that only activate under certain conditions. 
This ensures that sRNAs only exert their effects in predefined 
scenarios, maintaining orthogonality. 

Evolutionary Pressure and 
Adaptation: 

Bacterial populations can rapidly evolve, leading 
to mutations that may allow for cross-reactivity 
between engineered sRNAs and native targets. 

To counter this, researchers can use directed evolution techniques to 
screen for and select for sRNAs that maintain their function without 
interacting with native targets. Incorporating redundancy into the 
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design, such as multiple orthogonal sRNAs targeting the same 
mRNA, can also enhance robustness. 

3. Regulatory Mechanisms of sRNAs in Bacteria 

Small RNAs regulate mRNAs via direct binding interactions between the sRNA and the target. 
Typically, sRNA binds to the 5′ end of the mRNA and prevents ribosomes from binding [35]. 
Regulatory RNAs have the ablity to   influence transcription, translation, mRNA stability, and DNA 
maintenance or silencing. They achieve these promising outcomes through a variety of mechanisms, 
including mRNA leaders that affect cis expression, small RNAs that bind to proteins or base pair with 
target RNAs [36,37].  

3.1. Anti-Sense or Cis-Encoded sRNA 

The cis-encoded ncRNAs are found in both Gram-positive and Gram-negative bacteria. They are 
encoded at the same locus as their target mRNA, but in the anti-sense of duplex, making them fully 
complementary during the interaction. The mechanism of the post-transcriptional response of gene 
regulation involves a high degree of sequence complementarity, which was thought to indicate that 
interaction of the Hfq protein would be unnecessary. These ncRNAs function by complementing the 
mRNA ribosome-binding site, thereby inhibiting translation [37]. 

3.2. Trans-Encoded sRNA 

Trans-encoded sRNA molecules exist on the chromosome in a different location than their 
targets and thus have only limited complementarity with them. Trans-acting sRNAs sequester the 
ribosome-binding site (RBS) of a target mRNA by base-pairing to the Shine–Dalgarno (SD) sequence 
or the start codon, and may also interact with the mRNAs' coding sequence. Most of the previously 
identified trans- sRNAs are tightly coupled with the activity of RNases, which are enzymes involved 
in RNA turnover via RNA cleavage, to exploit their regulatory functions [37]. 

4. Role of sRNA in Regulation of Antimicrobial Resistant Bacteria  

The development of novel therapeutics to treat drug-resistant bacteria, particularly those caused 
by ESKAPE pathogens, is urgently needed [38]. Recent evidence suggests that bacterial sRNAs play 
important roles in stress responses and the development of antibiotic resistance. Several sRNAs play 
roles in regulatory circuits that control antibiotic resistance. Evidence suggests that trans-encoded 
sRNAs play an important role in regulatory circuits that control antibiotic resistance. These networks 
control a variety of processes, including functions required for antibiotic uptake, modifications to the 
cell envelope that protect against antimicrobials), drug efflux pumps that expel antibiotics, metabolic 
enzymes that confer resistance, and the production of biofilms that protect against antibiotics [39]. 

Growing evidence suggests that cis-acting non-coding RNAs also play an important role in 
regulating the expression of many resistance genes, particularly those that protect against the effects 
of translation-inhibiting antibiotics. These ncRNAs reside in the regulated gene's 5' UTR and detect 
the presence of antibiotics by recruiting translating ribosomes to short upstream open reading frames 
(uORFs) embedded in the ncRNA. In the presence of translation-inhibiting antibiotics, ribosomes stall 
over the uORF, causing the regulator's RNA structure to change and the expression of the resistance 
gene to switch to 'ON.' Based on the length and composition of the respective uORF, the specificity 
of these ribo regulators is tuned to sense-specific classes of antibiotics [40]. 

4.1. Methicillin-Resistant Staphylococcus aureus  

Staphylococcus aureus is a major bacterial human pathogen responsible for a wide range of clinical 
symptoms. Infections are common in both community and hospital settings, and treatment is difficult 
to manage due to the emergence of multi-drug resistant strains such as MRSA (Methicillin-Resistant 
Staphylococcus aureus [41].  
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Because of the rapid spread of MRSA clones in healthcare settings, patients' treatment options 
have been limited to a few last-line antibiotic classes. Severe MRSA infections are treated with 
glycopeptide antimicrobials, which inhibit peptidoglycan cell-wall synthesis.  

Transcriptional factor SpoVG is a master regulator of capsule production, virulence, and cell-
wall metabolism, as well as a requirement for methicillin and glycopeptide resistance. SpoVG 
regulates the lytSR operon as well as the glycine glycosyltransferase femAB, which create 
pentaglycine crosslinks between peptidoglycan strands. SpoVG also hurts the murein hydrolase lytN. 
The highly conserved sRNA SprX base pairs with the spoVG mRNA translation initiation site, 
preventing ribosome loading. SpoVG is negatively regulated by sRNA SprX, which appears to be 
expressed throughout the early, mid, and late exponential phases but is reduced in stationary growth 
has been shown to increase sensitivity to glycopeptides, most likely through SpoVG-dependent cell-
wall metabolism perturbations and SpoVG-independent mechanisms[42]. 

According to Eyraud et al., S. aureus sRNA SprX (small pathogenicity island RNA X) shapes 
bacterial resistance to glycopeptide antibiotics and regulates SpoVG expression. In fact, SprX inhibits 
SpoVG expression by interacting directly with a C-rich loop of SprX and the spoVG ribosomal binding 
site of yabJ-spoVG mRNA. This complex prevents ribosomal loading onto spoVG and specifically 
inhibits translation of the second downstream gene within the yabJ-spoVG operon without affecting 
mRNA stability [43].  

4.2. Multidrug-Resistant Pseudomonas aeruginosa  

Pseudomonas aeruginosa is one of the most threatening multidrug-resistant pathogens in humans. 
P. aeruginosa possesses a significant number of transcriptional regulators (approximately 10% of its 
genes) and hundreds of sRNAs interspersed throughout its genome, allowing it to adapt and survive 
in the host while resisting antimicrobial agents.Understanding genetic regulatory mechanisms is 
therefore critical for combating pathogenesis. The major porins OprD and OpdP are involved in the 
uptake of carbapenem antibiotics by P. aeruginosa. In clinical multidrug-resistant isolates, oprD 
deletion increases carbapenem resistance. Both Sr0161 and ErsA suppress oprD expression to 
increase bacterial resistance to carbapenems by inhibiting the translation of oprD, whereas Crc 
suppresses oprdP expression [42].  

Sr006 was discovered to be a positive posttranscriptional regulator of the pagL gene, which 
encodes the lipid A 3-O deacetylase, using a GRILseq approach. The acetylated form of lipid A has 
previously been shown to be pro-inflammatory, causing severe pulmonary damage in cystic fibrosis 
(CF) patients with chronic infection. Sr006 interacts with the 5'UTR of pagL mRNA in an Hfq-
independent manner, increasing PagL levels and enhancing lipid A deacetylation of the LPS. As a 
result, polymyxin B susceptibility is increased [44].  

Overexpression of the previously unknown sRNA PA0805.1 in P. aeruginosa strain PAO1 
resulted in decreased motility, increased adherence, cytotoxicity, and tobramycin resistance. Under 
swarming conditions, however, a PA0805.1 deletion mutant was more susceptible to tobramycin [45].  

Among the numerous novels small RNAs that can be downregulated in Pseudomonas 
aeruginosa MDR clinical isolates, AS1974 was described as the master regulator to moderate the 
expression of several drug resistance pathways, including membrane transporters and biofilm-
associated antibiotic-resistant genes, and its expression is regulated by methylation sites located at 
the gene's 5′ UTR [46]. 

4.3. Extended-Spectrum β-Lactamase (ESBL)-Producing Enterobacterales 

One function of the RNA-binding protein Hfq in Enterobacterales is to facilitate the interaction of 
sRNA with their cognate mRNA targets [47]. Gram-negative bacteria, such as E. coli and Salmonella, 
have an asymmetric outer membrane (OM) that is separated from the inner membrane by a 
periplasmic space containing peptidoglycan. The composition and assembly of OM components such 
as OMPs, lipoproteins, and LPSs are tightly controlled. This includes sRNA-mediated control 
mechanisms and cell envelope stress-responsive pathways that detect and respond to any 
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dysfunction in the assembly or an imbalance in different cell envelope components [48]. Although E. 
coli sRNAs have varied functions, their mechanisms of action can be grouped into three broad 
categories: 1) RNAs that act via direct RNA–RNA basepairing (OxyS, MicF, DicF and DsrA); 2) RNAs 
that act via RNA–protein interactions (4.5S, CsrB, OxyS and DsrA); 3) and RNAs that have intrinsic 
activities (tmRNA and RNase P RNA). Some of these RNAs (OxyS and DsrA) appear to act by more 
than one mechanism on different targets [49]. 

MicF, GcvB, and RyhB are sRNAs that modulate antibiotic resistance in E. coli. MicF specifically 
regulates ompF expression by pairing with ompF mRNA, causing translation inhibition and mRNA 
degradation and, as a result, decreasing antibiotic permeability. Overexpression of MicF in E. coli 
increases cephalosporin, norfloxacin, and minocycline MICs, whereas depletion of this sRNA 
reverses those phenotypes, of except minocycline [6,39].  

The regulatory role of CsgD as the master regulator of biofilm formation in E. coli is critical for 
identifying the entire set of CsgD-regulated target genes and operons on the E. coli genome. RybB is 
a major RpoE-dependent sRNA that is known to downregulate to inhibit CsgD biosynthesis and thus 
the formation of biofilm [50]. RpoE (encoded by the rpoE gene), a specialized sigma factor (σ E), which 
is the founding member of the extracytoplasmic function sigma factor family, regulates periplasmic 
proteins necessary for protein folding or degradation and the machinery necessary for moving 
proteins through the inner membrane and inserting them in the outer membrane (51) 

Klebsiella pneumoniae infections are heavily influenced by the capsular polysaccharide (CPS) and 
iron acquisition systems. Ferric uptake repressor (Fur) in bacteria can play a dual role in iron 
acquisition and CPS biosynthesis. Fur regulates transcription by binding to the promoter region of 
the small non-coding RNA RyhB, which modulates cellular functions and virulence. Fur deletion 
increased ryhB transcription [51].  

4.4. Carbapenem-Resistant Acinetobacter baumannii  

Treatment options for carbapenem-resistant A. baumannii are limited, and the increased 
expression of chromosomal efflux pumps is a major concern [52]. The action of efflux pumps (EPs), 
which extrude antibacterial agents from the cell before they can bind their target, is a primary 
mechanism governing antimicrobial resistance in A. baumannii. A novel example of EP regulation in 
this organism is via sRNA AbsR25, which has been described as a species-specific, negative regulator 
implicated in fosfomycin efflux pump regulation (AbaF) and, as a result, antibiotic resistance; 
however, whether this regulation is direct or indirect remains unknown [42]. Beyond sRNAs like 
AbsR25, other regulatory factors, such as transcription factors like AceR, also play a crucial role in 
mediating antibiotic resistance in A. baumannii  AceR is a new TF of the LysR family, as being in 
charge of controlling the aceI chlorhexidine EP, which is a member of the EP family proteobacterial 
antimicrobial compound efflux (PACE). AceR directly binds chlorohexidine in the form of an active 
dimer in A. baumannii, which then binds to the intergenic region between aceR and aceI to induce the 
production of the AceI EP [53]. 

 AbsR25 expression is highest during the exponential phase and decreases in fosfomycin-
resistant mutants, which correlates with increased abaF mRNA. Both abaF disruption and 
overexpression suggest that it contributes to fosfomycin resistance. Despite being indirect, these 
findings indicate that AbsR25 most likely negatively regulates fosfomycin resistance.  It most likely 
works by suppressing the production of genes associated with resistance mechanisms, which 
decreases the bacteria's resistance to fosfomycin's actions. This could entail inactivating enzymes that 
contribute to resistance or modifying efflux pumps. [54].  

4.5. Vancomycin resistance Enterococcus faecium and E. faecalis 

The main mechanism of glycopeptide resistance (e.g., vancomycin) in Enterococci involves a 
change in the peptidoglycan synthesis pathway, specifically the substitution of D-Alanine-D-Alanine 
(D-Ala-D-Ala) for D-Alanine-D-Lactate (D-Ala-D-Lac) or D-Alanine-D-Serine (D-Ala-D-Serine) (D-
Ala-DSer). Variable expressions of glycopeptide resistance can result from such changes. For 
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example, when compared to the normal cell wall precursors D-Ala-D-Ala, the altered D-Ala-D-Lac 
and D-Ala-D-Ser have lower binding affinity for glycopeptide drugs. The ability to cause such 
changes is linked to several genes found on mobile genetic elements and/or chromosomally encoded 
regions of various Enterococcus species [55]. 

Although no well-characterized sRNAs have been implicated in glycopeptide resistance in E. 
faecium, E. faecium Aus0004, a clade A1 strain, has 61 sRNA candidates in its genome, although only 
a small number of them are engaged in glycopeptide resistance. Daptomycin treatment dramatically 
reduced the expression of one sRNA (sRNA_0160). Furthermore, in mutants resistant to daptomycin, 
sRNA_0160 was likewise markedly suppressed [56].  

5. High-Throughput Technologies for Identification of sRNA  

The development of high-throughput RNA-sequencing (RNA-seq) techniques has hastened the 
discovery of sRNA. It has fundamentally altered the understanding of bacterial virulence and 
pathogenicity, with sRNAs emerging as an important, distinct class of virulence factors in both gram-
positive and gram-negative bacteria [57]. Several high-throughput techniques have enabled the 
identification of sRNAs in bacteria, but experimental detection remains difficult and grossly 
incomplete for the vast majority of species. As a result, computational tools for predicting bacterial 
sRNAs are required. Barman et al proposed a computational method for identifying sRNAs in bacteria 
using a support vector machine (SVM) classifier, which was validated with E. coli sRNA and 
Salmonella Typhi model [58]. 

A computational method based on transcriptional signals to identify intergenic sRNA 
transcriptional units (TUs) in fully sequenced bacterial genomes. The sRNAscanner tool identifies 
intergenic sRNA TUs using sliding window-based genome scans and position weight matrices 
derived from experimentally defined E. coli K-12 MG1655 sRNA promoter and rho-independent 
terminator signals [59]. 

The GLobal Automatic Small RNA Search go (GLASSgo) algorithm is used to find sRNA 
homologs in large genomic databases starting with a single sequence. GLASSgo combines iterative 
BLAST with pairwise identity filtering and a graph-based clustering method based on RNA 
secondary structure information [60]. 

6. Therapeutic Strategies of sRNA 

6.1. Stability of sRNA  

An important determinant of sRNA molecules' therapeutic efficiency is their stability. Non-
coding RNA molecules, or sRNAs, are crucial for controlling the expression of certain genes. 
MicroRNAs (miRNAs) and small interfering RNAs (siRNAs) are the two primary categories into 
which they can be classified. siRNAs are exogenously inserted RNAs that precisely target 
complimentary mRNAs for degradation, whereas miRNAs are endogenous RNAs that usually target 
coding mRNAs for degradation or translational suppression [61] . Several strategies can be used to 
improve the stability of sRNAs include: Chemical modifications to sRNA bases, such as methylation 
and pseudouridylation, can increase sRNA stability by protecting them from degradation by RNases 
(56), encapsulating sRNAs in liposomes or nanoparticles can protect them from degradation and 
improve their delivery to target cells [62], designing sRNAs with specific structural features, such as 
stem-loop structures, can increase their stability [63]. 

6.2. sRNA Delivery to Target Cell  

mRNA vaccines have tremendous potential for SARS-CoV2 vaccines to fight against  COVID 
19. It was a promising new approach to vaccine development that could provide more effective, safe, 
and durable protection against SARS-CoV2 and other viral infections [64]. The delivery of sRNAs to 
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fight AMR is still in its early stages of development, but the potential benefits of this approach are 
significant. There are several different methods for delivering sRNAs to bacteria, including: 

Naked sRNA delivery: This method involves the direct injection of naked sRNAs into bacteria. 
However, naked sRNAs are intrinsically susceptible to the cleavage and degradation by a variety of 
circulating ribonucleases (RNases) and hydrolases, and thus rapidly eliminated through renal 
clearance [65].  

Liposomal delivery: Liposomes are spherical vesicles composed of phospholipids that can 
encapsulate sRNAs and protect them from degradation. Liposomal delivery can enhance sRNA 
stability and facilitate cellular uptake, improving therapeutic effectiveness [66], 

Polymer-based nanoparticles: Polymer-based nanoparticles, such as poly (lactic-co-glycolic acid) 
(PLGA) nanoparticles, can also encapsulate sRNAs and provide sustained release. This approach 
offers better control over sRNA release kinetics and can improve therapeutic outcomes [67].  

Conjugation with targeting ligands: Attaching targeting ligands, such as antibodies or peptides, to 
sRNAs can direct them to specific bacteria, enhancing their specificity and therapeutic efficacy [68].  

Outer membrane vesicles (OMVs): OMVs are naturally occurring vesicles derived from the outer 
membrane of bacteria. They can be engineered to encapsulate and deliver sRNAs to target bacteria 
[69]. 

Phagemid vector delivery: Small regulatory asRNAs often contain an Hfq-binding sequence that 
down regulates the expression of a specific gene to produce a novel antimicrobial tool using a small 
(140 nucleotide) RNA with 24-nucleotide antisense (as) region from phagemid vector in E. coli. 
Knockdown effects of rpoS encoding RNA polymerase sigma factor were observed. asRNAs targeting 
several essential E. coli genes produced significant growth defects, especially when targeted to acpP 
and ribosomal protein-coding genes rplN, rplL, and rpsM. Growth inhibited phenotypes were 
facilitated in hfq- conditions. Phage lysates were prepared from cells harboring phagemids as a lethal-
agent delivery tool. Targeting the rpsM gene by phagemid-derived M13 phage infection of E. coli 
containing a carbapenem-producing F-plasmid and multidrug-resistant Klebsiella pneumoniae 
containing an F-plasmid resulted in the death of over 99.99% of infected bacteria [70,71].  

Fusions of antisense-RNA and cell-penetrating peptides: Cell-penetrating peptides (CPPs), a class of 
short peptides with a unique ability to pierce cell membranes, are one of the many delivery 
technologies that hold tremendous promise for the intracellular administration of a variety of 
physiologically active payloads [72].  

The fusion of antisense-RNA (asRNA) and cell-penetrating peptides (CPPs) has emerged as a 
promising strategy for the development of novel antimicrobials against pathogenic bacteria. asRNA 
molecules can specifically target and silence essential bacterial genes, while CPPs facilitate the 
cellular uptake of asRNA, enabling its intracellular delivery and silencing of target genes[73].One 
common strategy involves conjugating the asRNA molecule to a CPP sequence. This conjugation 
facilitates the cellular uptake of asRNA by exploiting the CPP's ability to penetrate cell membranes. 
Another approach involves co-formulation of asRNA and CPPs in a delivery system, such as 
nanoparticles or liposomes. This approach can protect the asRNA from degradation and enhance its 
stability in biological fluids [74]. Studies have demonstrated the effectiveness of asRNA-CPP 
conjugates and co-formulations against various pathogenic bacteria, including S. aureus, E. coli, and 
P. aeruginosa. These studies have shown that asRNA-CPP combinations can effectively inhibit 
bacterial growth and virulence [75]. The summary of strategies of sRNA delivery to cell [Figure 1]. 
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Figure 1. Schematic representation Strategies of sRNA delivery to bacterial host-pathogen interaction. 

7. Advantage and Disadvantage of sRNAs Drug  

Whether or not sRNAs would be a competitive drug in terms of the cost of antibiotics is difficult 
to say at this stage. The cost of sRNA-based drugs will likely depend on a number of factors, including 
the cost of production, the complexity of the delivery method, and the length of treatment [76]. 

In general, sRNA-based drugs are likely to be more expensive than traditional antibiotics. This 
is because sRNAs are more complex molecules to produce and deliver than traditional antibiotics. 
Additionally, sRNA-based drugs may need to be administered for a longer duration than traditional 
antibiotics, which would increase the overall cost of treatment. However, the cost of sRNA-based 
drugs may be justified by their potential benefits. sRNA-based drugs have several advantages over 
traditional antibiotics, including: high specificity, versatility, durability and can be combined with 
other therapeutic modalities, such as chemotherapy or immunotherapy, to enhance treatment 
outcomes [77,78].However in terms of accessibility, sRNAs are likely to be initially limited to 
developed countries. This is because the cost of sRNA-based drugs is likely to be highest in these 
countries. Additionally, the infrastructure for developing and testing sRNA-based drugs is more 
advanced in developed countries [79]. 

8. Conclusion and Future Perspective 

The use of small RNAs represents an untapped source of potential molecules for antibacterial 
design. Our understanding of gene regulation has been transformed by the recent discovery of 
sRNAs as a general class of powerful regulators. In response to stress or when cells are exposed to 
antibiotics, sRNAs are involved in a variety of cellular processes. Uncovering the roles of sRNAs in 
virulence and host immunity will provide fundamental knowledge that can be used to develop next-
generation antibiotics that use sRNAs as original targets. However, many questions about RNA 
biology remain unanswered, but we are confident that sRNA-based therapeutic treatment of 
infectious diseases will become useful tools future shortly. To develop safe, effective, and affordable 
sRNA therapeutics for a wide range of bacterial infections, developing effective novel delivery 
methods, improving sRNA stability, and understanding the mechanisms of resistance, sRNA-based 
therapies have the potential to revolutionize the treatment of AMR. 
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