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ABSTRACT
Pseudomonas aeruginosa, the main conditional pathogen causing nosocomial infection,
is a gram-negative bacterium with the largest genome among the known bacteria.
The main reasons why Pseudomonas aeruginosa is prone to drug-resistant strains
in clinic are: the drug-resistant genes in its genome and the drug resistance easily
induced by single antibiotic treatment. With the development of high-throughput
sequencing technology and bioinformatics, the functions of various small RNAs (sRNA)
inPseudomonas aeruginosa are being revealed.Different sRNAs regulate gene expression
by binding to protein or mRNA to play an important role in the complex regulatory
network. In this article, first, the importance and biological functions of different sRNAs
in Pseudomonas aeruginosa are explored, and then the evidence and possibilities that
sRNAs served as drug therapeutic targets are discussed, which may introduce new
directions to develop novel disease treatment strategies.

Subjects Microbiology, Molecular Biology
Keywords Pseudomonas aeruginosa, Small RNA, Post-transcriptional regulation, Drug targets,
Antimicrobial resistance

INTRODUCTION
In this review, we mainly focus on the biological functions and research progress of
Pseudomonas aeruginosa small RNAs. We hope that clarifying the function of sRNAs
will help to formulate new disease treatment strategies, and it may also lead to find new
antibiotics, or new targets of existing antibiotics.

Survey methodology
A large number of documents (including clinical trials and reviews) on PubMed through
the Internet were searched, which were then categorized and read meticulously. The key
words are: Pseudomonas aeruginosa, small RNA. The first aspect of the inclusion criteria
is that the article has complete structure and sufficient materials, and the other is that it
contains retrieval keywords.
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Background
Pseudomonas aeruginosa is a gram-negative conditional pathogen widely distributed in
nature. People with low immunity (such as post-operative people (Belusic-Gobic et al.,
2020; Nowikiewicz et al., 2020; Zhang et al., 2015) and HIV patients (Sonnleitner et al.,
2020)) are susceptible, resulting in blood flow infection, respiratory infection, etc. In
practice, there are not only single bacterial infections of Pseudomonas aeruginosa, but also
co-infection with other bacteria. Different kinds of bacteria promote each other’s survival
through nutritional cooperation to form chronic infection (Camus et al., 2020; Peng et
al., 2020). When the infection is caused by the coexistence of Pseudomonas aeruginosa
and Staphylococcus aureus, P. aeruginosa changes its own genotype and phenotype, which
reduces its antibacterial effect on Staphylococcus aureus (Limoli et al., 2017). The whole-
genome sequencing of P. aeruginosa further revealed its inherent resistance to antibiotics
and strong environmental adaptability (Erdmann et al., 2018; Stover et al., 2000). Another
study found a large number of gene mutations in the genome of P. aeruginosa in bacteria
isolated from patients with cystic fibrosis (CF). This bacteria’s adaptive strategy can
reduce the genome size and avoid the host immune response and the effect of antibiotics
(Gabrielaite et al., 2020).

Small regulation RNA (sRNA) is one of the important means for bacteria to adapt
to environmental changes and is involved in post-transcriptional regulation, such as
adaptation to stress, virulence, and biofilm formation (Jorgensen, Pettersen & Kallipolitis,
2020). Most sRNAs are between 70–140 nt in length, usually primary transcripts, and
sometimes may come from the 3′ terminal processing of longer mRNA precursors (Bossi
et al., 2020). sRNA interacts with different target RNAs or proteins to affect their activity
and function to regulate gene expression, which usually requires the participation of
RNA chaperones such as Hfq and ProQ (Dutta & Srivastava, 2018). The maturation
and degradation of sRNAs are related to the action of ribonuclease (Baek et al., 2019;
Saramago et al., 2014). In another research, using high-throughput cDNA sequencing
(RNA-seq), more than 500 new sRNAs were identified, significantly increasing the
number of sRNAs found in P. aeruginosa (Gomez-Lozano et al., 2012). The present study
only recognized the functions of some sRNAs, but little is known about the regulatory
networks of these sRNAs and the functions of other uninvestigated sRNAs. This review
will mainly shed light on the currently known sRNAs in P. aeruginosa with explanation
of their biological functions and the recent research progress, as well as the prospect of
selected sRNAs as direct or indirect targets for developing new drug therapies.

SRNA CLASSIFICATION IN BACTERIA
The sRNA can be divided into three classes according to their different functions. (1) The
sRNAs that are base pairing to mRNAs. sRNAs regulate mRNAs post-transcriptionally,
binding near ribosome binding sites (RBS) to inhibit its translation initiation or stimulate
mRNAs decay. Alternatively, sRNAs may stimulate translation initiation or prevent
mRNA degradation by base pairing to the 5′-UTR far upstream from the RBS, in which
sRNAs can be divided into cis encoded sRNAs and trans encoded sRNAs. Cis-encoded
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sRNAs are transcribed from the DNA strand and are complementary to target mRNAs.
Trans encoded sRNA is transcribed from a completely different genomic location from
the gene of its target mRNA. As sRNA is less complementary to the target mRNA, in most
cases, they require the assistance of chaperones to facilitate sRNA-mRNA stability inter-
actions. Limited complementarity allows trans encoded sRNAs to base-pair with multiple
targets (Dutta & Srivastava, 2018; Jorgensen, Pettersen & Kallipolitis, 2020). (2) Protein-
targeted sRNAs. sRNAs regulate the expression of many genes indirectly by sequestering
proteins, inhibiting these proteins regulatory functions (Dutta & Srivastava, 2018). (3)
sRNAs associated with CRISPRs (clustered regularly interspaced short palindromic
repeats). CRISPR-derive RNAs (crRNAs) are a short stretch of RNAs against foreign
nucleic acids, and their main role is to guide the nuclease Cas to bind exogenous nucleic
acids, thereby exerting the function of CRISPR-Cas system to clear exogenous nucleic
acids (Behler & Hess, 2020). CRISPR-Cas systems exist in many prokaryotes, for example,
in Listeria, the non-coding RNA RliB is an atypical member of the CRISPR family, which
can regulate phage interactions with host strains (Sesto et al., 2014; Tian et al., 2021).

BIOLOGICAL FUNCTIONS OF SRNAS IN PSEUDOMONAS
AERUGINOSA
Carbon, nitrogen, and iron metabolism
P. aeruginosa is an opportunistic pathogen with strong environmental adaptation (Jurado-
Martín, Sainz-Mejías & McClean, 2021), which developed a complex metabolic network
during a long period of evolution (Dolan et al., 2020; Rossi et al., 2021). Two specialized
two-component regulatory systems (TCS), CbrA/CbrB and NtrB/NtrC of P. aeruginosa,
are important parts of the sensing and response to nutrients in the environment by
discerning the same or interrelated signal types (Nishijyo, Haas & Itoh, 2001). The CbrA/B
system is involved in carbon source utilization and carbon catabolic repression (CCR)
through activation of the sRNA CrcZ in P. aeruginosa (Valentini et al., 2014). The NtrB/C
two-component system is an important regulator of nitrogen assimilation and cluster
motility in P. aeruginosa. Under nitrogen deficiency, which NtrB/C acts synergistically
with RpoN to induce sRNA NrsZ production (Wenner et al., 2014). A study showed
that prrF encoded sRNA is required to maintain iron homeostasis during infection
by P. aeruginosa (Reinhart et al., 2017), while iron regulatory pathways are altered in
P. aeruginosa under static growth conditions (Brewer et al., 2020). Moreover, the sRNA
PA2952.1 and PrrH also regulate iron metabolism (Coleman et al., 2021).

Biofilm formation
The biofilm of P. aeruginosa consists of bacteria, extracellular DNA (eDNA) (Seviour et
al., 2021), proteins, rhamnolipids (a biosurfactant with antibacterial activity involved
in surface motility and biofilm formation) (Abdel-Mawgoud, Lépine & Déziel, 2010; Ali
et al., 2021) and extracellular polysaccharides (PSL, PEL, alginate) (Moradali, Ghods &
Rehm, 2017). In the growth state of biofilm, P. aeruginosa can resist the action of multiple
adverse environments, significantly improving the ability of bacteria to resist antibiotics
(Thi, Wibowo & Rehm, 2020). The sRNA ErsA promotes biofilm development through
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Figure 1 Regulation mechanisms of various small RNAs in Pseudomonas aeruginosa on biofilm. The
irregular light green figure in the middle of this picture shows the biofilm of Pseudomonas aeruginosa. ¬
BswR requires GacA to upregulate rsmZ. ­ BswR may act by counteracting the repressor MvaT in upreg-
ulation of rsmZ. ® AmrZ binds to the algD promoter (Xu et al., 2016 and Xu et al., 2016). ¯ AmrZ mod-
ulates Pseudomonas aeruginosa biofilm by directly repressing transcription of the psl operon (Jones et al.,
2013). ° Crcz participates in biofilm formation by competing Hfq with other sRNAs.

Full-size DOI: 10.7717/peerj.13738/fig-1

AmrZ (alginate and motility regulator Z) post-transcriptional regulation (Falcone et
al., 2018). As a global transcription regulator, AmrZ participates in the regulation of
biofilm and virulence of P. aeruginosa (Xu et al., 2016). In P. aeruginosa biofilms the sRNA
SrbA is detected to be highly upregulated (Taylor et al., 2017). Similarly, many sRNAs
are involved in the regulation of biofilm formation, including RsmZ, RsmY, RsmW,
RsmV, PhrS, ReaL, PrrH, NrsZ, PhrD, and Pa2952.1 (Fig. 1). Their specific regulation
mechanisms are shown in section 3.

Quorum sensing
Quorum sensing (QS) is an intercellular signal communication system based on small
signal molecules. P. aeruginosa controls virulence and biofilm formation through quorum
sensing system (O’Loughlin et al., 2013) to regulate the transformation between bacterial
planktonic state and biofilm state. QS is regulated hierarchically, which consists of
interconnected las, rhl, pqs, and iqs systems (Malgaonkar & Nair, 2019). LasR and RhlR
control the key virulence factors (O’Loughlin et al., 2013).The las system is at the top of
QS hierarchical network. The complex of LasR (QS related regulator) combined with
signal molecule 3-oxo-C12HSL can regulate the other three systems which are RhlR,
PqsR and IqsR (QS related regulator). These three systems regulate other pathways when
combined with corresponding signal molecules (C4HSL, PQS and IQS) (Lee & Zhang,
2015; Passos da Silva et al. 2017; Soukarieh et al., 2018). It is worth noting that sRNAs also
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Figure 2 Small RNAs involved in quorum sensing regulation. ¬ CrcZ participates in the regulation of
antR by competing with PrrF1 / 2 for Hfq.

Full-size DOI: 10.7717/peerj.13738/fig-2

play an important role in QS regulation system (Fig. 2). The sRNA ReaL function is to
connect the las and pqs systems (Carloni et al., 2017). The rhl system is positively regulated
by sRNA PhrD and sRNA RhlS, while negatively regulated by sRNA p27 (Chen et al., 2019;
Malgaonkar & Nair, 2019; Thomason et al., 2019), and also RhlI (QS related regulator)
negatively regulates the level of PrrH (Lu et al., 2019). sRNA PrrF1/2 regulates PQS
synthesis by inhibiting antR (Djapgne et al., 2018). RsmZ/Y participates in the regulation
of QS by antagonizing RsmA protein. RsmA is a regulatory protein that negatively
regulates the production of extracellular product pyocyanin (a blue–green pigment that
can interfere with host cell redox reactions (Lau et al., 2004)) as well as quorum sensing
signaling molecules C4HSL and 3-oxo-C12HSL, and also RsmA positively regulates
swarming (a complex mode of motion that causes bacteria to form tendrils on semisolid
surfaces (Caiazza, Shanks & O’Toole, 2005)) and rhamnolipid synthesis (Heurlier et al.,
2004; Pessi et al., 2001).The sRNA PhrS acts as an activator of PqsR synthesis, which is
stimulated the oxygen response regulator Anr (a global anaerobic response regulator)
(Sonnleitner et al., 2011).

Drug resistance
P. aeruginosa can become drug-resistant strains by genetic mutations and horizontal
transmission of resistance genes within themselves (Botelho, Grosso & Peixe, 2019). For
example, outer membrane porin oprDmutations and overexpression of the native β-
lactamase ampC are responsible for carbapenem resistance, and overexpression of the
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efflux pumpsmexX andmexA is associated with resistance to aminoglycosides and
carbapenems, respectively (Aghazadeh et al., 2014; Feng et al., 2021). Current study
found that at least six sRNAs are involved in the regulation of drug resistance in P.
aeruginosa, and there are differences in the regulatory mechanisms of different sRNAs.
These mechanisms are as follows. The sRNA AS1974 is a major regulator to control
the expression of multiple resistance pathways, including membrane transporters and
biofilm-associated antibiotic resistance genes. The sRNA AS1974 can transform drug-
resistant strains into antibiotic sensitive ones (Law et al., 2019). TpiA (triose phosphate
isomerase) influences aminoglycoside antibiotic resistance via sRNA CrcZ (Xia et al.,
2020a). In another study, when overexpressing sRNA PA0805 1 and sRNA 2952.1, the
expression ofmexGHI-opmD, a drug efflux system, was up-regulated and as a result, the
bacterial resistance to aminoglycoside antibiotics increased (Coleman et al., 2021; Coleman
et al., 2020). ErsA and sRNA Sr0161 increase bacterial resistance to carbapenems by
inhibiting the translation of oprD (Zhang et al., 2017). Bacterial resistance to polymyxins
increases following base complementary pairing of sRNA Sr006 with pagL (an enzyme
responsible for deacylation of lipid A) mRNA (Zhang et al., 2017).

Virulence factors
P. aeruginosa has different virulence factors in acute infection and chronic infection.
There are several virulence factors for acute infection: flagella, type IV pili, lipopolysac-
charide, exotoxin A, ectoenzyme S, type III section system (T3SS), and so on (Ben
Haj Khalifa et al., 2011). The T3SS is a bacterial secretory channel capable of injecting
different effectors into host cells to influence host immune mechanisms and provide a
favorable environment for bacterial survival (Horna & Ruiz, 2021; Lombardi et al., 2019).
Expression of T3SS is associated with several proteins, including ExsA and Vfr, which
are two DNA binding proteins (Urbanowski, Lykken & Yahr, 2005). Vfr promotes T3SS
expression by activating the PexsA promoter (Marsden et al., 2016). The sRNA 179 is an
Hfq dependent repressor of T3SS gene expression while it also inhibits ExsA and Vfr
synthesis (Janssen et al., 2020). Experimental studies have found that overexpression of
the sRNA PA2952.1 leads to impaired P. aeruginosamotility (downregulation of pilus and
flagella gene expression), decreased cytotoxicity detected in PrrH deleted mutants, and
increased P. aeruginosa siderophore production (Coleman et al., 2021). ReaL bases pairing
the sequence of SD sequence of rpoSmRNA, making it silent without translation process.
RpoS (σ S) is involved in quorum sensing and the regulation of several virulence genes
(Thi Bach Nguyen et al., 2018). Whereas loss of ReaL impaired the virulence phenotype
of P. aeruginosa, overexpression of ReaL resulted in a hypervirulent phenotype (Carloni
et al., 2017). With the condition of anaerobic growth and 37 ◦C, production of sRNA
PesA (present only in P. aeruginosa PA14 strain) was induced, which strengthens bacterial
virulence while promoting pyocyanin S3 synthesis (Ferrara et al., 2017).

As there are a lot of investigations focused on sRNAs, we have found that the biological
functions of most sRNAs are not single, moreover, some sRNAs appear to function as
global regulators in post-transcriptional regulatory networks. For instance, by over-
expressing sRNA PA0805.1 in P. aeruginosa wild-type (WT) PAO1, many phenotypes
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Table 1 summary of the biological functions of eleven sRNAs.

sRNA Transcript
length

Gene location Whether Hfq
dependent

Target Function

RsmZ 116nt PAO1_4,057,543-4,057,658 Not describe RsmA/F Associated with biofilm formation, motility,
and expression of T3SS.

RsmY 124nt PAO1_586,867-586,990 Yes RsmA/F Associated with motility, and the expression
of T3SS.

RsmW 224nt PAO1_5,117,971-5,118,195 Not describe RsmA/F Associated with biofilm formation.
RsmV 192nt PAO1_1011621-1011812 Not describe RsmA/F Sequestration of RsmA/F from target mR-

NAs; activates translation of the T6SS com-
ponent tssA1; represses the expression of the
T3SS gene.

PrrF1/2 151/148nt PAO1_5,283,960-
5,284,110/PAO1_5,284,172-
5,284,319

Yes antRmRNA Expression of the sRNA PrrF1/2 is regu-
lated by Fur, which is associated with iron
homeostasis, heme balance, biofilm forma-
tion, expression of virulence genes, twitch-
ing motility, and synthesis of PQS.

PrrH 325nt PAO1_5283995-5284319 Yes nirL Involved in the regulation of heme, quorum
sensing and bacterial virulence.

PhrS 213nt PAO1_3,705,309-3,705,521 Yes pqsR Regulated by ANR, PhrS stimulates the
translation of pqsR and promotes the syn-
thesis of PQS and PYO, which are involved
in biofilm formation.

NrsZ 226nt PAO1_5775397-5775623 Not describe rhlA Regulated by the cooperation between Ntr-
B/C and RpoN; involved in the regulation of
swarming motility.

RgsA 197nt PAO1_3,318,663-3,318,859 Yes rpoSmRNA; fis
mRNA; acpP mRNA

Regulated by GacA and RpoS; involved in
oxidative stress response, affecting bacterial
virulence and motility.

ReaL 100nt PAO1_3958000-3958200/
PA14_1599900-1600100

Yes pqsC ; rpoSmRNA Negatively regulated by lasR; promotes the
synthesis of PQS; correlates with bacterial
virulence expression.

ErsA 130nt PAO1_6183500-6183700/
PA14_6456400-6456600

Yes algC mRNA; oprD
mRNA; amrZ mRNA

Regulated in response to envelope stress; af-
fects biofilm formation; involved in regulat-
ing the expression of bacterial AlgC enzyme,
drug resistance and motility.

(including motility, cytotoxicity, and drug resistance) were found to be altered, making
it probable that sRNA PA0805.1 is a global regulator (Coleman et al., 2020). Although the
depth and breadth of P. aeruginosa sRNAs research are currently increasing, knowledge
of the specific regulatory mechanisms of various sRNAs is lacking. Understanding the
current state of sRNA research is a prerequisite for further elucidation of the complex
post-transcriptional regulatory mechanisms. Next, the characteristics and functions of
various sRNAs will be described in detail (Table 1).
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PROPERTIES AND FUNCTIONS OF DIFFERENT SRNAS
sRNAs acting on RsmA/F proteins
In P. aeruginosa, Rsm (repressor of stationary-phase metabolites, Rsm) protein family has
been proved to play an important role in post-transcriptional regulation. Rsm protein
family are involved significantly role in the bacterial response to environmental changes
by binding to target mRNA to effectively inhibit or promote protein translation (Potts
et al., 2017). There are four different sRNAs that can bind to RsmA / F and then isolate
RSMA / F from target mRNAs (Janssen et al., 2018a).

sRNA RsmZ and sRNA RsmY
RsmZ sRNA is encoded by a prrB related gene which exists in the form of 127 nucleotide
RNA in cells, and has an affinity for RsmA protein (Heeb, Blumer & Haas, 2002). In
vitro, it is found that the integrated host factor (IHF) protein had a high affinity with
the rsmZ promoter region, suggesting that DNA bending was involved in regulating
rsmZ expression. The expression of rsmZ requires GacA protein which is a global
activator. GacA is closely related to the Pseudomonas quorum sensing system and biofilm
formation (Reimmann et al., 1997). The expression of rsmZ also needs promoter with
highly conserved UAS which is a conserved palindrome upstream activation sequence
TGTAAG. . .CTTACA (Humair, Wackwitz & Haas, 2010; Kay et al., 2006).

RsmY gene is located between dnr gene of P. aeruginosa PAO1 and open reading frame
of PA0528. The transcription of rsmY and rsmZ is positively regulated by RsmA while
negatively regulated by RsmY and RsmZ. However, when rsmY and rsmZ genes coexist,
the transcription of RsmY or RsmZ is inhibited (Kay et al., 2006). The rsmY transcription
is activated by the GacS/GacA two-component system. The secondary structure of RsmY
is similar to RsmZ (Fig. 3). The transcript of rsmY is about 120 nt., which has the highest
content in the stable phase and can interact with the translation regulator RsmA (Valverde
et al., 2003).

RsmA has two preferential binding sites on RsmY and RsmZ, while RsmF has one
preferential binding site on RsmY and two preferential binding sites on RsmZ. RsmF has
higher binding conditions both in vivo and in vitro (Janssen et al., 2018b).

GacS/GacA two-component system positively controls the expression of the quorum-
sensing system and extracellular products through two small regulatory RNAs RsmY
and RsmZ, which affect biofilm formation (Kay et al., 2006). Environmental changes can
upregulate the expression of RsmY and RsmZ to increase bacterial population density and
population defense (Zhao et al., 2014).

RsmY and RsmZ interact with other sRNAs during regulation, for example, expression
of sRNA 179 stimulate transcription of RsmY, and both RsmY and RsmZ are required
for sRNA 179 to regulate T3SS gene expression: sRNA 179 indirectly affects translation of
ExsA by modulating RsmY levels, thereby affecting RsmA utilization (Janssen et al., 2020).
The sRNA RsmY and RsmZ are in a complex regulatory network. In another study, SuhB
(a regulator of multiple virulence genes (Li et al., 2013)) negatively regulates motility and
biofilm formation through GacA-RsmY/Z-RsmA cascade. Mutations in GacA or two
sRNAs RsmY and RsmZ, or overproduction of RsmA protein, basically improved the
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Figure 3 RsmY has a secondary structure similar to RsmZ. (A) Predicted P. aeruginosa RsmZ secondary
structure determined by Mfold modeling. (B) SHAPE-MaP structure for P. aeruginosa RsmZ. (C)
Predicted Mfold structure for P. aeruginosa RsmY. (D) SHAPE-MaP structure for P. aeruginosa RsmY
(Janssen et al., 2018a; Janssen et al., 2018b). Copyright c© 2018 American Society for Microbiology.

Full-size DOI: 10.7717/peerj.13738/fig-3

motility defect of suhBmutant (Li et al., 2017). Micro-aerobic environment significantly
inhibited the expression of sRNA RsmY and RsmZ, which was mediated by NarL, an
anaerobic response regulator regulated by Anr (O’Callaghan et al., 2011). RsmZ is also
affected by transcription regulators. For instance, BswR (bacterial swarming regulator)
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can counteract the repressive activity of MvaT (H-NS-like DNA-binding protein), as
well as control the transcription of RsmZ. In addition, BswR can regulate the biogenesis
of bacterial flagella, and play an important role in regulating the movement and the
formation of biofilm in P. aeruginosa (Wang et al., 2014).

sRNA RsmW
RsmW is a RsmY/RsmZ type sRNA derived from PA4570 3′- UTR. The RNA-seq show
higher levels of RsmW and greater stability of RsmW compared to PA4570, but it is not
certain whether the RsmW sRNA is an independent transcriptional event. The secondary
structure of RsmW is highly similar to RsmZ and RsmY, and RsmW contains seven GGA
motifs (a special sequence consisting of three consecutive ribonucleotides on RNA), three
of which are exposed in a single-stranded outer stem-loop, suggesting that it is involved
in the regulation of RsmA and RsmA can regulate PA4570 and RsmW transcript levels.
The affinity of RsmW for RsmA (Kd= 11.5± 1.5 nm) is higher than that of RsmY for
RsmA (Kd= 55± 7 nm) (Sonnleitner et al., 2006). RsmW levels increased with increasing
temperature, and also its expression was up-regulated during biofilm growth. Compared
with wild type, RsmW expression was enhanced in the logarithmic growth phase and
late stationary phase in gacA or the rhlR transposon mutant. In mutants which both
RsmY and RsmZ are deleted, RsmW can compensate for the loss of RsmY and RsmZ and
promote biofilm formation (Miller et al., 2016).

sRNA RsmV
RsmV, a transcript of 192 nt, is highly conserved in the genome of P. aeruginosa with four
predicted RsmA/RsmF consensus binding sites-four CANGGAYG (GGA2, GGA3, GGA5,
GGA6) sequences in a stem-loop structure. Each CANGGAYG sequence contributes
to RsmV activity. RsmV can sequester RsmA and RsmF from target mRNAs in vivo to
activate translation of tssA1, which is a component of the type VI secretion system (T6SS,
can inject effector proteins into eukaryotic cells (Allsopp et al., 2017)). Followed by tssA
1 activation, T3SS gene expression was repressed. All of sRNAs RsmV, RsmW, RsmY,
and RsmZ have the ability to sequester RsmA and RsmF. Still, sRNAs may play different
roles in the sequestration of RsmA/RsmF depending on their expression timing (Janssen
et al., 2018a), which may be related to the mechanism that fine-tunes the Rsm system in
response to changes in the external environment.

sRNA PrrF1 and sRNA PrrF2
PrrF1 and PrrF2 sRNAs, functional homologs of RyhB sRNAs in E. coli, are part of the
regulatory network of iron metabolism in P. aeruginosa, which affect the expression of
at least 50 genes encoding iron-containing proteins (Reinhart et al., 2015). The tandemly
encoded sRNA PrrF1 and sRNA PrrF2 are more than 95% similar to each other, while
a functional Fur box precedes each sRNA. Fur is a transcriptional repressor to regulate
iron uptake by regulating the expression of sRNA PrrF1 and sRNA PrrF2, which was
induced under conditions of iron deficiency. PrrF1 and PrrF2 have overlapping effects on
regulating genes, including iron storage, antioxidant stress, and intermediate metabolism
(Wilderman et al., 2004).
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By constructing prrf deficient mutant strains, the researchers found that iron home-
ostasis, heme balance, biofilm formation, and virulence gene expression were affected,
among which the most significant change is the decrease of bacterial virulence (Reinhart
et al., 2015). During acute lung infection, sRNA PrrF is necessary to maintain iron
homeostasis and virulence during the growth of P. aeruginosa (Reinhart et al., 2017).
PhuS is mainly a heme-binding protein. In addition to playing a role in extracellular heme
metabolism, PhuS can also act as a transcriptional regulator to regulate the levels of PrrF
and PrrH in response to heme changes. This dual function of PhuS helps to integrate the
utilization of extracellular heme into the PrrF / PrrH sRNAs regulatory network, which
is very important for the adaptability and virulence of P. aeruginosa (Wilson, Mourino &
Wilks, 2021).

PrrF1/2 sRNAs are also involved in the regulation of quorum sensing. PrrF represses
the gene encoding the anthranilate degrading enzyme (i.e., antABC), a precursor of the
Pseudomonas quinolone signal (PQS). PrrF RNA inhibits the degradation of anthranilic
acid in an iron-deficient environment, allowing biosynthesis of PQS (Oglesby et al., 2008).
PrrF1/2 sRNAs promote the production of AQS (2-akyl-4 (1H) - quinolone metabolites)
by repressing the translation of antR, which encodes transcriptional activators of an-
thranilic acid degradation genes. AQS mediates a range of biological activities, including
quorum sensing and inter bacterial interactions. PrrF sRNA interacts with the antR
mRNA 5′-UTR (Djapgne et al., 2018) with Hfq stabilizing the structure of PrrF sRNAs and
stimulates base pairing between the sRNA PrrF and the antRmRNA (Sonnleitner, Prindl
& Blasi, 2017).

In a novel study, PrrF sRNAs were shown to be involved in regulating the twitching
motility, during iron limited-conditions, which is a motion pattern using type IV pili
moving on moist surfaces (Mattick, 2002; Nelson et al., 2019). The iron regulatory
pathway of P. aeruginosa is altered in a static growth state. The HSI-II T6SS site is a
novel PrrF responsive system, in which PrrF regulates T6SS gene expression under static
conditions by promoting AQ production (Brewer et al., 2020). These studies confirm that
PrrF1 and PrrF2 are essential in the physiology and pathogenesis of P. aeruginosa.

sRNA PrrH
The third full-length 325 nt transcripts, PrrH, encoded by the prrF locus, whose tran-
scription starts at the 5 ’end of prrF1 and proceeds through the prrF1 terminator and
the prrF1-prrF2 intergenic sequence (95 nt) while terminates at the 3′ end of the prrF2
gene. Expression of this transcript is repressed by heme and iron, with the most significant
change in the stationary phase. The outer membrane heme receptors of PhuR and HasR
play important roles in PrrH involved heme regulation. The nirL is a gene related to heme
biosynthesis. The activation of nirL by iron and heme depends on prrF site, however,
the regulation of nirL by heme is not due to the interaction between nirLmRNA and
PrrF sRNAs, but PrrH’s regulating gene expression through its unique sequence from
prrF1-prrF2 intervening region (Oglesby-Sherrouse & Vasil, 2010). PrrH was also shown
to play a regulatory role in the quorum-sensing system. RhlI in the rhl system represses
PrrH expression at the transcriptional level. PrrH directly inhibits LasI and PhzC / D,
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which is a part of a novel RhlI/R-PrrH-LasI/PhzC/PhzD signaling cascade that may be
relevant to P. aeruginosa pathogenicity (Lu et al., 2019). PrrH affects pyocyanin and
elastase production, which is the main component of the exocrine protein of P. aeruginosa
and an important virulence factor for the pathogen to infect the host (Li et al., 2019).
PrrH is also involved in rhamnolipid production, biofilm formation, swarming and
motility in swimming, which is a motion pattern that utilizes flagella to swim in liquid
(Yeung, Parayno & Hancock, 2012). All these functions indicate the importance of PrrH in
bacterial virulence formation (Coleman et al., 2021; Lu et al., 2019).

sRNA PhrS
The phrS gene has an open reading frame (ORF) capable of encoding a 37 aa polypeptide,
but whether the polypeptide has a recognizable physiological function remains to be
elucidated (Sonnleitner et al., 2011). The sRNA PhrS, when overexpressed, was shown to
be involved in nuclear transcriptional regulation. Thus PhrS appears to be a bifunctional
sRNA that can act both as a nuclear transcriptional regulator and an mRNA (Sonnleitner
et al., 2008). Synthesis of PhrS is highly up-regulated by the oxygen response regulator
Anr, which is activated under hypoxia. PhrS is the first sRNA to provide a regulatory
link between oxygen availability and quorum sensing, which may affect P. aeruginosa
biofilm growth under hypoxia. The sRNA PhrS is involved in the regulation of quorum
sensing. It is an activator of PqsR synthesis, while PqsR is one of the key regulators of
quorum sensing in P. aeruginosa. A highly conserved region of 12 nucleotides located at
the downstream of the internal open reading frame of phrS gene (169 to 182 nucleotides
within the downstream of PhrS transcription initiation) is called the creg element of
PhrS, which is necessary for uof (upstream open reading frame)—pqsR regulation. In this
mechanism, PhrS promotes PQS and pyocyanin synthesis by stimulating pqsR translation
(Sonnleitner et al., 2011). Moreover, PhrS is also an essential part of P. aeruginosa biofilm
(Fengqin et al., 2017).

CRISPR-Cas is a prokaryotic adaptive immune system that protects phages and other
parasites (Hoyland-Kroghsbo et al., 2017). The anti-termination effect mediated by PhrS
promotes the transcription of CRISPR site to produce crRNA and makes CRISPR-Cas
form acquired immunity to phage invasion. The regulation of the CRISPR system also
requires the participation of PhrS creg motif (Lin et al., 2019).

sRNA NrsZ
NrsZ is encoded in the ntrC-PA5126 spacer region of PAO1, which is processed into two
short transcripts of approximately 40 nt and 140 nt in response to nitrogen limitation.
Because the expression of this sRNA is dependent on nitrogen source, it was named NrsZ
(nitrogen regulated sRNA), which is produced as transcripts with at least 226 nt. NrsZ
is induced under nitrogen limiting conditions by the NtrB/C two-component system in
cooperation with RpoN. The transcriptional activity of the RpoN promoter was enhanced
in a limited nitrogen source environment. NrsZ can regulate the swarming motility of
P. aeruginosa. The first 60 nt of NrsZ containing SLI is a functional unit that regulates the
swarming motility. NrsZ with conserved motif ACAGGCAG activates the expression of
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rhlA at the post-transcriptional level, which is an essential gene for rhamnolipid synthesis
(Wenner et al., 2014).

sRNA RgsA
RgsA is a 120 nt sRNA controlled by GacA (Gonzalez et al., 2008). By constructing the
rgsA deficient mutant of P. aeruginosa, it was found that the peroxide resistance of the
bacteria diminished in both the planktonic and biofilm states, and the growth rate of
P. aeruginosa was reduced, underscoring the important role of rgsA in the defense of P.
aeruginosa against oxidative stress (Hou et al., 2021). Expression of RgsA requires the
participation of RpoS (Gonzalez et al., 2008). RpoS activates the transcription of RgsA
at each growth stage of bacteria. RgsA reduces the rpoSmRNA and RpoS protein levels
at the post-transcriptional level for bacteria in the exponential growth stage, and this
inhibition depends on Hfq (Lu et al., 2018). The mRNA encoding the global transcription
regulators of Fis and acyl carrier protein AcpP are two direct regulatory targets of RgsA
in P. aeruginosa. RgsA downregulates Fis and AcpP synthesis by base pairing with mRNA,
a regulatory process requiring the participation of the highly conserved 71–77 region of
RgsA and this regulation also needs the interaction site (141 to 175) at the downstream
of the region. RNA chaperone Hfq is also required for this regulation. RgsA also affects
motility and pyocyanin synthesis, suggesting an important role for RgsA in relevant
processes involved in regulating virulence (Lu et al., 2016). Linking Fis to RpoS through
RgsA has helped to reveal the complex interplay between sRNAs and transcriptional
regulators. A study found that RgsA was down-regulated nearly four-fold in biofilms of
mixed-species (S. aureus and P. aeruginosa) (Miller et al., 2017).

sRNA ReaL
ReaL is a transcript about 100 nt, and its level is affected by the temperature and available
oxygen in the host. In the quorum sensing system, the sRNA ReaL is negatively regulated
by the las regulator lasR (Carloni et al., 2017). Though, ReaL positively regulates the pqsC
gene post-transcriptionally, thereby promoting the synthesis of PQS, and stimulating the
connection between the las and pqs systems. ReaL also has a non-negligible function in P.
aeruginosa pathogenic mechanisms: loss of ReaL leads to attenuated bacterial virulence,
whereas ReaL overexpression results in a hypervirulent phenotype. ReaL affects pyocyanin
synthesis, biofilm formation, and swarming motility, while these processes are all affected
by PQS (Carloni et al., 2017).

YbeY is a highly conserved bacterial ribonuclease, and ReaL is the target of YbeY, which
reduces sRNA ReaL levels. Increased levels of sRNA ReaL were found by constructing a
YbeY deletion mutant (Xia et al., 2020b). In this study, overexpressed ReaL base pairs
(Hfq dependent) with the SD sequence of rpoSmRNA to directly inhibit the translation
of rpoS (Thi Bach Nguyen et al., 2018), thereby reducing the expression of oxidative stress-
responsive genes (Xia et al., 2020b).

sRNA ErsA
ErsA consists of approximately 130 nt, which is upregulated by the changes of temper-
ature (transition from ambient to host body temperature), and the changes in oxygen
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status (aerobic to anaerobic). ErsA is also transcriptionally regulated by the envelope
stress response, which is controlled by σ 22 activity, while σ 22 activity affects P. aeruginosa
pathogenicity (Ferrara et al., 2015). ErsA acts as a trans encoded sRNA that is currently
known to bind to three mRNAs (Falcone et al., 2018; Ferrara et al., 2015; Zhang et al.,
2017). One is through post-transcriptional negative regulation (Hfq dependent) of the
algC gene encoding the virulence-associated enzyme AlgC, affecting exopolysaccharide
production and biofilm formation (Ferrara et al., 2015). Like ErsA, activation of algC
expression is dependent on σ 22 (Xu et al., 2021), and thus ErsA and σ 22 finely co-regulate
AlgC enzyme expression in an incoherent feed-forward loop (Ferrara et al., 2015). Second,
the base complementary pairing of the sRNA ErsA to the 5′-UTR of OprD mRNA leads
to increased meropenem resistance in P. aeruginosa, in which OprD is responsible for
carbapenem uptake (Zhang et al., 2017). Third, it binds to and positively regulates
amrZ mRNA at the post-transcriptional level, to promote biofilm development, and
to regulate bacterial swarming motility and twitching motility (Falcone et al., 2018).
ErsA mediated regulation has been implicated in the pathogenicity of P. aeruginosa
during the progression of acute infections. The regulation mechanism contributes to
the stimulation of the host’s infected epithelial cells to initiate inflammatory responses.
During CF chronic infection, adaptive mutations occur, which lead to downregulation
of ErsA, enabling chronic colonization of the human lung by P. aeruginosa, possibly due
to the action of selective pressure. As an important regulatory element in the interaction
between host and pathogen, ErsA may contribute to the pathological adaptability of
P. aeruginosa in the process of CF chronic infection in some cases (Ferrara et al., 2020).
ErsA was upregulated approximately six-fold in biofilms of mixed species (S. aureus and
P. aeruginosa) (Miller et al., 2017).

other sRNAs (Table 2)

THE POSSIBILITY OF SRNAS AS DRUG TARGETS
Small RNAs are inseparable from bacterial resistance or sensitivity to antibiotics by
participating in the regulation of bacterial metabolism. sRNAs can be seen as a target of
direct or indirect drug action, modulating bacterial susceptibility to antibiotics. Some
sRNAs have been found to be closely related to the effectiveness of antibiotics. TpiA is
a key enzyme affecting P. aeruginosa virulence and antibiotic resistance. In one of the
studies of Yushan Xia et al. in 2020, it was found that TpiA is affecting P. aeruginosa
virulence and aminoglycoside antibiotic resistance through sRNA CrcZ (Xia et al.,
2020a). Using tobramycin to treat infections caused by Pseudomonas aeruginosa are prone
to adaptive phenomena, and formation of biofilms. Increased expression of PrrF was
detected, demonstrating that PrrF is implicated in an adaptive mechanism by which
tobramycin promotes biofilm formation (Tahrioui et al., 2019). The involvement of
sRNA PA0805.1 in the regulation of antibiotic fitness in P. aeruginosa was confirmed by
observing the sensitivity of a mutant strain lacking PA0805.1 versus the wild-type strain
to tobramycin under swarming conditions (Coleman et al., 2020). The sRNA Sr0161
and sRNA ErsA, interacting with oprDmRNA, lead to increased bacterial resistance to
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Table 2 Brief description of the biological functions of the other twelve different sRNAs.

sRNA Transcript
length

Gene location Whether Hfq
dependent

Target function

AS1974 127nt PA185388(R3)_471298-
471425

Yes Not describe Master regulator regulating multiple drug
resistance pathways, including membrane
transporters and biofilm associated drug re-
sistance genes, the expression of which is
regulated by gene 5′UTR methylation sites;
it was able to transform multi drug resis-
tant clinical strains into drug highly suscep-
tible strains when overexpressed (Law et al.,
2019).

CrcZ 407nt PAO1_5,308,587-
5,308,993

Yes Crc,Hfq RpoN and CbrA/CbrB are required for crcZ
expression. The CbrA-CbrB-CrcZ-Crc sys-
tem enables bacteria to adapt to different
carbon sources (Sonnleitner, Abdou & Haas,
2009). CrcZ binding to Hfq can sequester
Hfq and affect multiple Hfq involved physi-
ological activities: ¬ abolishes Hfq mediated
translational repression of amiE mRNA
(Sonnleitner & Blasi, 2014); ­ indirectly af-
fects biofilm formation by competing for
Hfq (Pusic et al., 2016); ® interferes with
PrrF1-2/Hfq mediated regulation of the
antR (Sonnleitner, Prindl & Blasi, 2017);
¯ correlation with bacterial susceptibility
to antibiotics (Pusic et al., 2018; Xia et al.,
2020a; Xia et al., 2020b).

P27 192nt PAO1_4781786-
4781978

Yes rhlI mRNA Fine tuning the activity of the rhl QS system
(Chen et al., 2019).

PA0805.1 276nt PAO1_883,307–
883,582

Not describe Not describe Associated with P. aeruginosamotility, ad-
hesion, cytotoxicity and tobramycin resis-
tance (Coleman et al., 2020; Gill et al., 2018).

PA2952.1 117nt PA14_3,312,577–
3,312,693

Not describe Not describe PA2952. 1 affects P. aeruginosa virulence,
motility, and antibiotic resistance, with links
to several proteins and genes (Coleman et
al., 2021; Gill et al., 2018).

PaiI 126nt PA14_13970-13990 Yes Not describe Induced in an anaerobic environment in the
presence of nitrate, and transcription of PaiI
is dependent on the two-component system
NarX/L; PaiI has an important role in adap-
tive anaerobic denitrification (Tata et al.,
2017).

PhrD 73nt PAO1_785,498-
785,570

Yes RhlRmRNA Overexpression of PhrD increases the level
of RhlR transcript, rhamnolipid and py-
ocyanin production; PhrD has a sequence
specific promoting effect on RhlR tran-
scripts without the involvement of any
Pseudomonas specific proteins (Malgaonkar
& Nair, 2019).

(continued on next page)
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Table 2 (continued)

sRNA Transcript
length

Gene location Whether Hfq
dependent

Target function

RhlS 70nt PAO1_3889700-
3899900

Yes fpvAmRNA Complementary pairing with fpvAmRNA
base to regulate its translation; when enter-
ing the stable phase, RhlS accumulates and
produces normal levels of C4-HSL by stim-
ulating RhlI mRNA translation (Thomason
et al., 2019).

Sr006 123nt PAO1_182,570-
182,693

Yes pagLmRNA Positively regulates the expression of PagL,
reduces its pro-inflammatory properties
and leads to polymyxin resistance (Zhang et
al., 2017).

Sr0161 247nt PAO1_184,211–
184,458

Yes oprDmRNA Base pairing with 5 ’UTR of OprD
results in increased bacterial resistance to
meropenem. Inhibits T3SS after interacting
with exsAmRNA (Zhang et al., 2017).

SrbA 239nt PA14_2,977,373–
2,977,611

Not describe With a large number
of different mRNA
targets

SrbA plays an important role in biofilm for-
mation and pathogenicity of P. aeruginosa
(Gill et al., 2018; Taylor et al., 2017).

sRNA52320 Not describe Not describe Not describe Host mRNAs sRNA52320 is rich in OMV (outer mem-
brane vesicle), which can inhibit the secre-
tion of IL-8 and KC cytokines induced by
LPS and OMV, and reduce the infiltration
of neutrophils in mouse lung. It partici-
pates in pathogen-host interaction and re-
duces host immune response (Koeppen et
al., 2016).

meropenem (Zhang et al., 2017). Pseudomonas aeruginosamagnesium transporter inhibits
ExsA mediated T3SS gene transcription via the RsmA/RsmY/RsmZ signaling pathway
(Chakravarty et al., 2017). The sRNA Sr006 is associated with polymyxin resistance
(Zhang et al., 2017). When using azithromycin to treat infection, azithromycin exerts
a bacteriostatic effect by indirectly inhibiting the transcription of rsmY and rsmZ by
decreasing the expression of positive regulators of rsmY and rsmZ genes (Perez-Martinez
& Haas, 2011). Ajoene, a sulfur rich molecule in garlic, exerts its QS inhibitory effect by
regulating sRNA expression of rsmY and rsmZ in P. aeruginosa (Jakobsen et al., 2017). In
conclusion, sRNAs exist in a variety of drug targets related investigations, therefore, some
sRNAs are the promising candidates to become new antibiotic targets.

CONCLUSIONS
The sRNA is an indispensable part of the regulatory network of P. aeruginosa. It controls
the expression of bacterial genes by regulating protein and target mRNA. The sRNA
is transcribed under the stimulation of different environmental signals which usually
does not need translate, so its response speed is faster than most proteins and mRNAs.
The role of sRNA in post-transcriptional regulation has been identified, indicating their
importance to the normal physiology and pathogenicity of P. aeruginosa. Current studies
have revealed that sRNAs can regulate carbon / nitrogen / iron metabolism, biofilm
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formation, quorum sensing, drug resistance formation, virulence factor expression, and
oxidative stress response of P. aeruginosa at the post-transcriptional level. To play their
corresponding functions, most sRNAs need to form RNA-protein complexes with RNA
chaperone Hfq. The newly discovered RNA chaperone ProQ increases the complexity
of RNA-protein complexes regulating the metabolic networks (Gerovac et al., 2021).
With the wide application of high-throughput sequencing technology, more and more
sRNAs have been detected, but the further and more specific functions remain to be
clarified. Bacterial sRNA is not only crucial to itself but also has an important impact on
the host. They can be transferred to host cells through different mechanisms, affecting cell
immune regulation, metabolism, and apoptosis, resulting in different consequences, such
as sRNA transmitted through OMV (Diallo & Provost, 2020). The inherent and rapidly
acquired resistance of P. aeruginosa to antibiotics is a challenging problem in clinical
treatment. Due to the emergence of multidrug-resistant bacteria, new methods such as
antibiotic-independent phage therapy and the use of antisense oligonucleotide peptide
nucleic acid (PNA) to regulate gene expression have gradually appeared in people’s vision
(Chevallereau et al., 2016; Perera, Carufe & Glazer, 2021). To find how sRNA plays an
important role in the regulatory network or the pathogen-host interaction, clarifying the
function of sRNA will be conducive to developing advance disease treatment strategies
and promoting the search for new antibiotics and their action targets.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by the National Natural Science Foundation of China (No.
32170119, 31870135) The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National Natural Science Foundation of China: 32170119, 31870135.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Pei Liu conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the article, and
approved the final draft.
• Changwu Yue performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
• Lihua Liu performed the experiments, analyzed the data, authored or reviewed drafts of
the article, and approved the final draft.
• Can Gao performed the experiments, analyzed the data, authored or reviewed drafts of
the article, and approved the final draft.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 17/28

https://peerj.com
http://dx.doi.org/10.7717/peerj.13738


• Yuhong Lyu performed the experiments, analyzed the data, authored or reviewed drafts
of the article, and approved the final draft.
• Shanshan Deng performed the experiments, analyzed the data, authored or reviewed
drafts of the article, and approved the final draft.
• Hongying Tian performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.
• Xu Jia performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

There is no raw data or code in this literature review.

REFERENCES
Abdel-Mawgoud AM, Lépine F, Déziel E. 2010. Rhamnolipids: diversity of structures,

microbial origins and roles. Applied Microbiology and Biotechnology 86:1323–1336
DOI 10.1007/s00253-010-2498-2.

AghazadehM, Hojabri Z, Mahdian R, Nahaei MR, Rahmati M, Hojabri T, Pirzadeh
T, Pajand O. 2014. Role of efflux pumps: MexAB-OprM and MexXY(-OprA),
AmpC cephalosporinase and OprD porin in non-metallo-β-lactamase producing
Pseudomonas aeruginosa isolated from cystic fibrosis and burn patients. Infection,
Genetics and Evolution 24:187–192 DOI 10.1016/j.meegid.2014.03.018.

Ali NM, Chatta S, Liaqat I, Mazhar SA, Mazhar B, Zahid S. 2021. Pseudomonas
aeruginosa associated pulmonary infections and in vitro amplification virulent
rhamnolipid (rhlR) gene. Brazilian Journal of Biology 82:e228009
DOI 10.1590/1519-6984.228009.

Allsopp LP,Wood TE, Howard SA, Maggiorelli F, Nolan LM,Wettstadt S, Filloux
A. 2017. RsmA and AmrZ orchestrate the assembly of all three type VI secretion
systems in Pseudomonas aeruginosa. Proceedings of the National Academy of Sciences
of the United States of America 114:7707–7712 DOI 10.1073/pnas.1700286114.

Baek YM, Jang KJ, Lee H, Yoon S, Baek A, Lee K, KimDE. 2019. The bacterial endori-
bonuclease RNase E can cleave RNA in the absence of the RNA chaperone Hfq.
Journal of Biological Chemistry 294:16465–16478 DOI 10.1074/jbc.RA119.010105.

Behler J, HessWR. 2020. Approaches to study CRISPR RNA biogenesis and the key
players involved.Methods 172:12–26 DOI 10.1016/j.ymeth.2019.07.015.

Belusic-Gobic M, Zubovic A, Predrijevac A, Harmicar D, Cerovic R, Udovic Gobic S,
Zubovic L. 2020.Microbiology of wound infection after oral cancer surgery. Journal
of Cranio-Maxillofacial Surgery 48:700–705 DOI 10.1016/j.jcms.2020.05.011.

Ben Haj Khalifa A, Moissenet D, Vu Thien H, Khedher M. 2011. Virulence factors in
Pseudomonas aeruginosa: mechanisms and modes of regulation. Annales de Biologie
Clinique 69:393–403 DOI 10.1684/abc.2011.0589.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 18/28

https://peerj.com
http://dx.doi.org/10.1007/s00253-010-2498-2
http://dx.doi.org/10.1016/j.meegid.2014.03.018
http://dx.doi.org/10.1590/1519-6984.228009
http://dx.doi.org/10.1073/pnas.1700286114
http://dx.doi.org/10.1074/jbc.RA119.010105
http://dx.doi.org/10.1016/j.ymeth.2019.07.015
http://dx.doi.org/10.1016/j.jcms.2020.05.011
http://dx.doi.org/10.1684/abc.2011.0589
http://dx.doi.org/10.7717/peerj.13738


Bossi L, Figueroa-Bossi N, Bouloc P, Boudvillain M. 2020. Regulatory interplay between
small RNAs and transcription termination factor Rho. Biochimica et Biophysica
Acta—Gene Regulatory Mechanisms 1863:194546
DOI 10.1016/j.bbagrm.2020.194546.

Botelho J, Grosso F, Peixe L. 2019. Antibiotic resistance in Pseudomonas aeruginosa—
Mechanisms, epidemiology and evolution. Drug Resistance Updates 44:100640
DOI 10.1016/j.drup.2019.07.002.

Brewer LK, HuangW, Hackert BJ, KaneMA, Oglesby AG. 2020. Static growth pro-
motes PrrF and 2-Alkyl-4(1H)-quinolone regulation of type VI secretion protein
expression in pseudomonas aeruginosa. Journal of Bacteriology 202(24):e00416-20
DOI 10.1128/jb.00416-20.

Caiazza NC, Shanks RM, O’Toole GA. 2005. Rhamnolipids modulate swarming motility
patterns of Pseudomonas aeruginosa. Journal of Bacteriology 187:7351–7361
DOI 10.1128/jb.187.21.7351-7361.2005.

Camus L, Briaud P, Bastien S, Elsen S, Doleans-Jordheim A, Vandenesch F, Moreau
K. 2020. Trophic cooperation promotes bacterial survival of Staphylococ-
cus aureus and Pseudomonas aeruginosa. The ISME Journal 14:3093–3105
DOI 10.1038/s41396-020-00741-9.

Carloni S, Macchi R, Sattin S, Ferrara S, Bertoni G. 2017. The small RNA ReaL: a novel
regulatory element embedded in the Pseudomonas aeruginosa quorum sensing
networks. Environmental Microbiology 19:4220–4237
DOI 10.1111/1462-2920.13886.

Chakravarty S, Melton CN, Bailin A, Yahr TL, Anderson GG. 2017. Pseudomonas
aeruginosa magnesium transporter MgtE inhibits type III secretion system gene ex-
pression by stimulating rsmYZ transcription. Journal of Bacteriology 199(23):e00268-
17 DOI 10.1128/jb.00268-17.

Chen R,Wei X, Li Z, Weng Y, Xia Y, RenW,Wang X, Jin Y, Bai F, Cheng Z, Jin S,
WuW. 2019. Identification of a small RNA that directly controls the translation
of the quorum sensing signal synthase gene rhlI in Pseudomonas aeruginosa.
Environmental Microbiology 21:2933–2947 DOI 10.1111/1462-2920.14686.

Chevallereau A, Blasdel BG, De Smet J, Monot M, ZimmermannM, KogadeevaM,
Sauer U, Jorth P,Whiteley M, Debarbieux L, Lavigne R. 2016. Next-Generation-
omics approaches reveal a massive alteration of host RNA metabolism during
bacteriophage infection of pseudomonas aeruginosa. PLOS Genetics 12:e1006134
DOI 10.1371/journal.pgen.1006134.

Coleman SR, Bains M, SmithML, Spicer V, Lao Y, Taylor PK, Mookherjee N, Hancock
REW. 2021. The Small RNAs PA2952.1 and PrrH as regulators of virulence, motility,
and iron metabolism in pseudomonas aeruginosa. Applied and Environmental
Microbiology 87(3):e02182-20 DOI 10.1128/aem.02182-20.

Coleman SR, SmithML, Spicer V, Lao Y, Mookherjee N, Hancock REW. 2020.
Overexpression of the small RNA PA0805.1 in pseudomonas aeruginosa mod-
ulates the expression of a large set of genes and proteins, resulting in altered

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 19/28

https://peerj.com
http://dx.doi.org/10.1016/j.bbagrm.2020.194546
http://dx.doi.org/10.1016/j.drup.2019.07.002
http://dx.doi.org/10.1128/jb.00416-20
http://dx.doi.org/10.1128/jb.187.21.7351-7361.2005
http://dx.doi.org/10.1038/s41396-020-00741-9
http://dx.doi.org/10.1111/1462-2920.13886
http://dx.doi.org/10.1128/jb.00268-17
http://dx.doi.org/10.1111/1462-2920.14686
http://dx.doi.org/10.1371/journal.pgen.1006134
http://dx.doi.org/10.1128/aem.02182-20
http://dx.doi.org/10.7717/peerj.13738


motility, cytotoxicity, and tobramycin resistance.mSystems 5(3):e00204-20
DOI 10.1128/mSystems.00204-20.

Diallo I, Provost P. 2020. RNA-sequencing analyses of small bacterial RNAs and their
emergence as virulence factors in host-pathogen interactions. International Journal of
Molecular Sciences 21(5):1627 DOI 10.3390/ijms21051627.

Djapgne L, Panja S, Brewer LK, Gans JH, KaneMA,Woodson SA, Oglesby-Sherrouse
AG. 2018. The pseudomonas aeruginosa PrrF1 and PrrF2 small regulatory RNAs
promote 2-Alkyl-4-quinolone production through redundant regulation of the antR
mRNA. Journal of Bacteriology 200(10):e00704-17 DOI 10.1128/jb.00704-17.

Dolan SK, Kohlstedt M, Trigg S, Vallejo Ramirez P, Kaminski CF,Wittmann C,
WelchM. 2020. Contextual flexibility in pseudomonas aeruginosa central carbon
metabolism during growth in single carbon sources.mBio 11(2):e02684-19
DOI 10.1128/mBio.02684-19.

Dutta T, Srivastava S. 2018. Small RNA-mediated regulation in bacteria: a growing
palette of diverse mechanisms. Gene 656:60–72 DOI 10.1016/j.gene.2018.02.068.

Erdmann J, Preusse M, Khaledi A, Pich A, Haussler S. 2018. Environment-driven
changes of mRNA and protein levels in Pseudomonas aeruginosa. Environmental
Microbiology 20:3952–3963 DOI 10.1111/1462-2920.14419.

FalconeM, Ferrara S, Rossi E, Johansen HK, Molin S, Bertoni G. 2018. The small RNA
ErsA of pseudomonas aeruginosa contributes to biofilm development and motility
through post-transcriptional modulation of AmrZ. Frontiers in Microbiology 9:238
DOI 10.3389/fmicb.2018.00238.

FengW, Huang Q,Wang Y, Yuan Q, Li X, Xia P, Sun F. 2021. Changes in the resis-
tance and epidemiological characteristics of Pseudomonas aeruginosa during a
ten-year period. Journal of Microbiology, Immunology and Infection 54:261–266
DOI 10.1016/j.jmii.2019.08.017.

Fengqin X, Songyin H, HongpingM, Qiaojun Z, Jing S, Chunxia Z, Hongyu L. 2017.
Function of small RNA phrs on modulating biofilm formation in Pseudomonas
aeruginosa. China J Noscomiol 27:2169–2172.

Ferrara S, Carloni S, Fulco R, FalconeM,Macchi R, Bertoni G. 2015. Post-transcriptional
regulation of the virulence-associated enzyme AlgC by the σ (22)-dependent small
RNA ErsA of Pseudomonas aeruginosa. Environmental Microbiology 17:199–214
DOI 10.1111/1462-2920.12590.

Ferrara S, FalconeM,Macchi R, Bragonzi A, Girelli D, Cariani L, Cigana C, Bertoni
G. 2017. The PAPI-1 pathogenicity island-encoded small RNA PesA influences
Pseudomonas aeruginosa virulence and modulates pyocin S3 production. PLOS
ONE 12:e0180386 DOI 10.1371/journal.pone.0180386.

Ferrara S, Rossi A, Ranucci S, De Fino I, Bragonzi A, Cigana C, Bertoni G. 2020. The
small RNA ErsA plays a role in the regulatory network of pseudomonas aeruginosa
pathogenicity in airway infections.mSphere 5:e00909-20
DOI 10.1128/mSphere.00909-20.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 20/28

https://peerj.com
http://dx.doi.org/10.1128/mSystems.00204-20
http://dx.doi.org/10.3390/ijms21051627
http://dx.doi.org/10.1128/jb.00704-17
http://dx.doi.org/10.1128/mBio.02684-19
http://dx.doi.org/10.1016/j.gene.2018.02.068
http://dx.doi.org/10.1111/1462-2920.14419
http://dx.doi.org/10.3389/fmicb.2018.00238
http://dx.doi.org/10.1016/j.jmii.2019.08.017
http://dx.doi.org/10.1111/1462-2920.12590
http://dx.doi.org/10.1371/journal.pone.0180386
http://dx.doi.org/10.1128/mSphere.00909-20
http://dx.doi.org/10.7717/peerj.13738


Gabrielaite M, Johansen HK, Molin S, Nielsen FC, Marvig RL. 2020. Gene loss and
acquisition in lineages of pseudomonas aeruginosa evolving in cystic fibrosis patient
airways.mBio 11(5):e02359-20 DOI 10.1128/mBio.02359-20.

Gerovac M,Wicke L, Chihara K, Schneider C, Lavigne R, Vogel J. 2021. A grad-
seq view of RNA and protein complexes in pseudomonas aeruginosa under
standard and bacteriophage predation conditions.mBio 12(1):e03454-20
DOI 10.1128/mBio.03454-20.

Gill EE, Chan LS,Winsor GL, Dobson N, Lo R, Ho Sui SJ, Dhillon BK, Taylor PK,
Shrestha R, Spencer C, Hancock REW, Unrau PJ, Brinkman FSL. 2018.High-
throughput detection of RNA processing in bacteria. BMC Genomics 19:223
DOI 10.1186/s12864-018-4538-8.

Gomez-LozanoM,Marvig RL, Molin S, Long KS. 2012. Genome-wide identification
of novel small RNAs in Pseudomonas aeruginosa. Environmental Microbiology
14:2006–2016 DOI 10.1111/j.1462-2920.2012.02759.x.

Gonzalez N, Heeb S, Valverde C, Kay E, Reimmann C, Junier T, Haas D. 2008. Genome-
wide search reveals a novel GacA-regulated small RNA in Pseudomonas species.
BMC Genomics 9:167 DOI 10.1186/1471-2164-9-167.

Heeb S, Blumer C, Haas D. 2002. Regulatory RNA as mediator in GacA/RsmA-
dependent global control of exoproduct formation in Pseudomonas fluorescens
CHA0. Journal of Bacteriology 184:1046–1056
DOI 10.1128/jb.184.4.1046-1056.2002.

Heurlier K,Williams F, Heeb S, Dormond C, Pessi G, Singer D, CámaraM,
Williams P, Haas D. 2004. Positive control of swarming, rhamnolipid syn-
thesis, and lipase production by the posttranscriptional RsmA/RsmZ system
in Pseudomonas aeruginosa PAO1. Journal of Bacteriology 186:2936–2945
DOI 10.1128/jb.186.10.2936-2945.2004.

Horna G, Ruiz J. 2021. Type 3 secretion system of Pseudomonas aeruginosa.Microbiolog-
ical Research 246:126719 DOI 10.1016/j.micres.2021.126719.

Hou S, Zhang J, Ma X, Hong Q, Fang L, Zheng G, Huang J, Gao Y, Xu Q, Zhuang X,
Song X. 2021. Role of rgsA in oxidative stress resistance in pseudomonas aeruginosa.
Current Microbiology 78:3133–3141 DOI 10.1007/s00284-021-02580-z.

Hoyland-Kroghsbo NM, Paczkowski J, Mukherjee S, Broniewski J, Westra E, Bondy-
Denomy J, Bassler BL. 2017. Quorum sensing controls the Pseudomonas aeruginosa
CRISPR-Cas adaptive immune system. Proceedings of the National Academy of
Sciences of the United States of America 114:131–135
DOI 10.1073/pnas.1617415113.

Humair B,Wackwitz B, Haas D. 2010. GacA-controlled activation of promoters
for small RNA genes in Pseudomonas fluorescens. Applied and Environmental
Microbiology 76:1497–1506 DOI 10.1128/AEM.02014-09.

Jakobsen TH,Warming AN, Vejborg RM,Moscoso JA, Stegger M, Lorenzen
F, Rybtke M, Andersen JB, Petersen R, Andersen PS, Nielsen TE, Tolker-
Nielsen T, Filloux A, Ingmer H, GivskovM. 2017. A broad range quorum

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 21/28

https://peerj.com
http://dx.doi.org/10.1128/mBio.02359-20
http://dx.doi.org/10.1128/mBio.03454-20
http://dx.doi.org/10.1186/s12864-018-4538-8
http://dx.doi.org/10.1111/j.1462-2920.2012.02759.x
http://dx.doi.org/10.1186/1471-2164-9-167
http://dx.doi.org/10.1128/jb.184.4.1046-1056.2002
http://dx.doi.org/10.1128/jb.186.10.2936-2945.2004
http://dx.doi.org/10.1016/j.micres.2021.126719
http://dx.doi.org/10.1007/s00284-021-02580-z
http://dx.doi.org/10.1073/pnas.1617415113
http://dx.doi.org/10.1128/AEM.02014-09
http://dx.doi.org/10.7717/peerj.13738


sensing inhibitor working through sRNA inhibition. Scientific Reports 7:9857
DOI 10.1038/s41598-017-09886-8.

Janssen KH, Corley JM, Djapgne L, Cribbs JT, Voelker D, Slusher Z, Nordell R,
Regulski EE, Kazmierczak BI, McMackin EW, Yahr TL. 2020.Hfq and sRNA 179
inhibit expression of the pseudomonas aeruginosa cAMP-Vfr and type III secretion
regulons.mBio 11(3):e00363-20 DOI 10.1128/mBio.00363-20.

Janssen KH, Diaz MR, Gode CJ, WolfgangMC, Yahr TL. 2018a. RsmV, a small
noncoding regulatory RNA in pseudomonas aeruginosa that sequesters RsmA
and RsmF from target mRNAs. Journal of Bacteriology 200(16):e00277-18
DOI 10.1128/JB.00277-18.

Janssen KH, Diaz MR, GoldenM, Graham JW, SandersW,WolfgangMC, Yahr TL.
2018b. Functional analyses of the RsmY and RsmZ small noncoding regulatory
RNAs in pseudomonas aeruginosa. Journal of Bacteriology 200(11):e00736-17
DOI 10.1128/jb.00736-17.

Jones CJ, Ryder CR, Mann EE,Wozniak DJ. 2013. AmrZ modulates Pseudomonas
aeruginosa biofilm architecture by directly repressing transcription of the psl operon.
Journal of Bacteriology 195:1637-1644 DOI 10.1128/jb.02190-12.

JorgensenMG, Pettersen JS, Kallipolitis BH. 2020. sRNA-mediated control in bacteria:
an increasing diversity of regulatory mechanisms. Biochimica et Biophysica Acta—
Gene Regulatory Mechanisms 1863:194504 DOI 10.1016/j.bbagrm.2020.194504.

Jurado-Martín I, Sainz-Mejías M, McClean S. 2021. Pseudomonas aeruginosa: an
audacious pathogen with an adaptable arsenal of virulence factors. International
Journal of Molecular Sciences 22(6):3128 DOI 10.3390/ijms22063128.

Kay E, Humair B, Denervaud V, Riedel K, Spahr S, Eberl L, Valverde C, Haas D.
2006. Two GacA-dependent small RNAs modulate the quorum-sensing re-
sponse in Pseudomonas aeruginosa. Journal of Bacteriology 188:6026–6033
DOI 10.1128/JB.00409-06.

Koeppen K, Hampton TH, JarekM, Scharfe M, Gerber SA, Mielcarz DW, Demers EG,
Dolben EL, Hammond JH, Hogan DA, Stanton BA. 2016. A novel mechanism of
host-pathogen interaction through sRNA in bacterial outer membrane vesicles.
PLOS Pathog 12:e1005672 DOI 10.1371/journal.ppat.1005672.

Lau GW, Hassett DJ, Ran H, Kong F. 2004. The role of pyocyanin in Pseudomonas
aeruginosa infection. Trends in Molecular Medicine 10:599–606
DOI 10.1016/j.molmed.2004.10.002.

Law COK, Huang C, Pan Q, Lee J, Hao Q, Chan TF, Lo NWS, Ang IL, Koon A, IpM,
Chan E, Lau TCK. 2019. A Small RNA transforms the multidrug resistance of
pseudomonas aeruginosa to drug susceptibility.Molecular Therapy—Nucleic Acids
16:218–228 DOI 10.1016/j.omtn.2019.02.011.

Lee J, Zhang L. 2015. The hierarchy quorum sensing network in Pseudomonas aerugi-
nosa. Protein Cell 6:26–41 DOI 10.1007/s13238-014-0100-x.

Li J, RamezanpourM, Fong SA, Cooksley C, Murphy J, Suzuki M, Psaltis AJ, Wormald
PJ, Vreugde S. 2019. Pseudomonas aeruginosa exoprotein-induced barrier dis-
ruption correlates with elastase activity and marks chronic rhinosinusitis severity.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 22/28

https://peerj.com
http://dx.doi.org/10.1038/s41598-017-09886-8
http://dx.doi.org/10.1128/mBio.00363-20
http://dx.doi.org/10.1128/JB.00277-18
http://dx.doi.org/10.1128/jb.00736-17
http://dx.doi.org/10.1128/jb.02190-12
http://dx.doi.org/10.1016/j.bbagrm.2020.194504
http://dx.doi.org/10.3390/ijms22063128
http://dx.doi.org/10.1128/JB.00409-06
http://dx.doi.org/10.1371/journal.ppat.1005672
http://dx.doi.org/10.1016/j.molmed.2004.10.002
http://dx.doi.org/10.1016/j.omtn.2019.02.011
http://dx.doi.org/10.1007/s13238-014-0100-x
http://dx.doi.org/10.7717/peerj.13738


Frontiers in Cellular and Infection Microbiology 9:38
DOI 10.3389/fcimb.2019.00038.

Li K, Xu C, Jin Y, Sun Z, Liu C, Shi J, Chen G, Chen R, Jin S, WuW. 2013. SuhB is a
regulator of multiple virulence genes and essential for pathogenesis of Pseudomonas
aeruginosa.mBio 4:e00419-00413 DOI 10.1128/mBio.00419-13.

Li K, Yang G, Debru AB, Li P, Zong L, Li P, Xu T,WuW, Jin S, Bao Q. 2017. SuhB
regulates the motile-sessile switch in pseudomonas aeruginosa through the
Gac/Rsm pathway and c-di-GMP signaling. Frontiers in Microbiology 8:1045
DOI 10.3389/fmicb.2017.01045.

Limoli DH,Whitfield GB, Kitao T, Ivey ML, Davis Jr MR, Grahl N, Hogan DA, Rahme
LG, Howell PL, O’Toole GA, Goldberg JB. 2017. Pseudomonas aeruginosa alginate
overproduction promotes coexistence with staphylococcus aureus in a model of
cystic fibrosis respiratory infection.mBio 8(2):e00186-17
DOI 10.1128/mBio.00186-17.

Lin P, Pu Q,WuQ, Zhou C,Wang B, Schettler J, Wang Z, Qin S, Gao P, Li R, Li G,
Cheng Z, Lan L, Jiang J, WuM. 2019.High-throughput screen reveals sRNAs
regulating crRNA biogenesis by targeting CRISPR leader to repress Rho termination.
Nature Communications 10:3728 DOI 10.1038/s41467-019-11695-8.

Lombardi C, Tolchard J, Bouillot S, Signor L, Gebus C, Liebl D, Fenel D, Teulon JM,
Brock J, Habenstein B, Pellequer JL, Faudry E, Loquet A, Attrée I, Dessen A,
Job V. 2019. Structural and functional characterization of the type three secretion
system (T3SS) needle of pseudomonas aeruginosa. Frontiers in Microbiology 10:573
DOI 10.3389/fmicb.2019.00573.

Lu Y, Li H, Pu J, Xiao Q, Zhao C, Cai Y, Liu Y,Wang L, Li Y, Huang B, Zeng J, Chen
C. 2019. Identification of a novel RhlI/R-PrrH-LasI/Phzc/PhzD signalling cascade
and its implication in P. aeruginosa virulence. Emerging Microbes & Infections
8:1658–1667 DOI 10.1080/22221751.2019.1687262.

Lu P,Wang Y, Hu Y, Chen S. 2018. RgsA, an RpoS-dependent sRNA, negatively
regulates rpoS expression in Pseudomonas aeruginosa.Microbiology 164:716–724
DOI 10.1099/mic.0.000632.

Lu P,Wang Y, Zhang Y, Hu Y, Thompson KM, Chen S. 2016. RpoS-dependent sRNA
RgsA regulates Fis and AcpP in Pseudomonas aeruginosa.Molecular Microbiology
102:244–259 DOI 10.1111/mmi.13458.

Malgaonkar A, Nair M. 2019. Quorum sensing in Pseudomonas aeruginosa me-
diated by RhlR is regulated by a small RNA PhrD. Scientific Reports 9:432
DOI 10.1038/s41598-018-36488-9.

Marsden AE, Intile PJ, Schulmeyer KH, Simmons-Patterson ER, Urbanowski ML,
WolfgangMC, Yahr TL. 2016. Vfr directly activates exsA transcription to regulate
expression of the pseudomonas aeruginosa type III secretion system. Journal of
Bacteriology 198:1442–1450 DOI 10.1128/JB.00049-16.

Mattick JS. 2002. Type IV pili and twitching motility. Annual Review of Microbiology
56:289–314 DOI 10.1146/annurev.micro.56.012302.160938.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 23/28

https://peerj.com
http://dx.doi.org/10.3389/fcimb.2019.00038
http://dx.doi.org/10.1128/mBio.00419-13
http://dx.doi.org/10.3389/fmicb.2017.01045
http://dx.doi.org/10.1128/mBio.00186-17
http://dx.doi.org/10.1038/s41467-019-11695-8
http://dx.doi.org/10.3389/fmicb.2019.00573
http://dx.doi.org/10.1080/22221751.2019.1687262
http://dx.doi.org/10.1099/mic.0.000632
http://dx.doi.org/10.1111/mmi.13458
http://dx.doi.org/10.1038/s41598-018-36488-9
http://dx.doi.org/10.1128/JB.00049-16
http://dx.doi.org/10.1146/annurev.micro.56.012302.160938
http://dx.doi.org/10.7717/peerj.13738


Miller CL, RomeroM, Karna SL, Chen T, Heeb S, Leung KP. 2016. RsmW. Pseudomonas
aeruginosa small non-coding RsmA-binding RNA upregulated in biofilm versus
planktonic growth conditions. BMC Microbiology 16:155
DOI 10.1186/s12866-016-0771-y.

Miller CL, Van Laar TA, Chen T, Karna SLR, Chen P, You T, Leung KP. 2017. Global
transcriptome responses including small RNAs during mixed-species interactions
with methicillin-resistant Staphylococcus aureus and Pseudomonas aeruginosa.
Microbiologyopen 6(3):e00427 DOI 10.1002/mbo3.427.

Moradali MF, Ghods S, Rehm BH. 2017. Pseudomonas aeruginosa lifestyle: a paradigm
for adaptation, survival, and persistence. Frontiers in Cellular and Infection Microbiol-
ogy 7:39 DOI 10.3389/fcimb.2017.00039.

Nelson CE, HuangW, Brewer LK, Nguyen AT, KaneMA,Wilks A, Oglesby-Sherrouse
AG. 2019. Proteomic analysis of the pseudomonas aeruginosa iron starvation
response reveals PrrF small regulatory rna-dependent iron regulation of twitching
motility, amino acid metabolism, and zinc homeostasis proteins. Journal of Bacteriol-
ogy 201(12):e00754-18 DOI 10.1128/jb.00754-18.

Nishijyo T, Haas D, Itoh Y. 2001. The CbrA-CbrB two-component regulatory system
controls the utilization of multiple carbon and nitrogen sources in Pseudomonas
aeruginosa.Molecular Microbiology 40:917–931
DOI 10.1046/j.1365-2958.2001.02435.x.

Nowikiewicz T, Szymankiewicz M, Zegarska B, BiedkaM, Nakonowska B, Nowikiewicz
M, ZegarskiW. 2020. Clinical outcomes of hyperbaric oxygen therapy in treatment
of postoperative chronic Pseudomonas aeruginosa wound infection following
implant reconstruction of the breast. Advances in Dermatology and Allergology
37:1009–1011 DOI 10.5114/ada.2019.88652.

O’Callaghan J, Reen FJ, Adams C, O’Gara F. 2011. Low oxygen induces the type III
secretion system in Pseudomonas aeruginosa via modulation of the small RNAs
rsmZ and rsmY.Microbiology 157:3417–3428 DOI 10.1099/mic.0.052050-0.

Oglesby AG, Farrow 3rd JM, Lee JH, Tomaras AP, Greenberg EP, Pesci EC, Vasil
ML. 2008. The influence of iron on Pseudomonas aeruginosa physiology: a reg-
ulatory link between iron and quorum sensing. Journal of Biological Chemistry
283:15558–15567 DOI 10.1074/jbc.M707840200.

Oglesby-Sherrouse AG, Vasil ML. 2010. Characterization of a heme-regulated non-
coding RNA encoded by the prrF locus of Pseudomonas aeruginosa. PLOS ONE
5:e9930 DOI 10.1371/journal.pone.0009930.

O’Loughlin CT, Miller LC, Siryaporn A, Drescher K, SemmelhackMF, Bassler BL.
2013. A quorum-sensing inhibitor blocks Pseudomonas aeruginosa virulence and
biofilm formation. Proceedings of the National Academy of Sciences of the United
States of America 110:17981–17986 DOI 10.1073/pnas.1316981110.

Passos da Silva D, Schofield MC, ParsekMR, Tseng BS. 2017. An update on the
sociomicrobiology of quorum sensing in gram-negative biofilm development.
Pathogens 6(4):51 DOI 10.3390/pathogens6040051.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 24/28

https://peerj.com
http://dx.doi.org/10.1186/s12866-016-0771-y
http://dx.doi.org/10.1002/mbo3.427
http://dx.doi.org/10.3389/fcimb.2017.00039
http://dx.doi.org/10.1128/jb.00754-18
http://dx.doi.org/10.1046/j.1365-2958.2001.02435.x
http://dx.doi.org/10.5114/ada.2019.88652
http://dx.doi.org/10.1099/mic.0.052050-0
http://dx.doi.org/10.1074/jbc.M707840200
http://dx.doi.org/10.1371/journal.pone.0009930
http://dx.doi.org/10.1073/pnas.1316981110
http://dx.doi.org/10.3390/pathogens6040051
http://dx.doi.org/10.7717/peerj.13738


Peng Q, Chen L, Zhou S, Li H, Long J, Yao F, Zhuang Y, Zhang Z, Huang Y, Duan
K. 2020. Co-existence of Citrobacter freundii exacerbated Pseudomonas aerugi-
nosa infection in vivo. International Journal of Medical Microbiology 310:151379
DOI 10.1016/j.ijmm.2019.151379.

Perera JDR, Carufe KEW, Glazer PM. 2021. Peptide nucleic acids and their role in gene
regulation and editing. Biopolymers 112:e23460 DOI 10.1002/bip.23460.

Perez-Martinez I, Haas D. 2011. Azithromycin inhibits expression of the GacA-
dependent small RNAs RsmY and RsmZ in Pseudomonas aeruginosa. Antimicrob
Agents Chemother 55:3399–3405 DOI 10.1128/AAC.01801-10.

Pessi G,Williams F, Hindle Z, Heurlier K, HoldenMT, CámaraM, Haas D,Williams
P. 2001. The global posttranscriptional regulator RsmA modulates production of
virulence determinants and N-acylhomoserine lactones in Pseudomonas aeruginosa.
Journal of Bacteriology 183:6676–6683 DOI 10.1128/jb.183.22.6676-6683.2001.

Potts AH, Vakulskas CA, Pannuri A, Yakhnin H, Babitzke P, Romeo T. 2017. Global
role of the bacterial post-transcriptional regulator CsrA revealed by integrated
transcriptomics. Nature Communications 8:1596 DOI 10.1038/s41467-017-01613-1.

Pusic P, Sonnleitner E, Krennmayr B, Heitzinger DA,Wolfinger MT, Resch A, Blasi
U. 2018.Harnessing metabolic regulation to increase Hfq-dependent antibiotic
susceptibility in pseudomonas aeruginosa. Frontiers in Microbiology 9:2709
DOI 10.3389/fmicb.2018.02709.

Pusic P, Tata M,Wolfinger MT, Sonnleitner E, Haussler S, Blasi U. 2016. Cross-
regulation by CrcZ RNA controls anoxic biofilm formation in Pseudomonas
aeruginosa. Scientific Reports 6:39621 DOI 10.1038/srep39621.

Reimmann C, Beyeler M, Latifi A, Winteler H, FoglinoM, Lazdunski A, Haas D. 1997.
The global activator GacA of Pseudomonas aeruginosa PAO positively controls the
production of the autoinducer N-butyryl-homoserine lactone and the formation
of the virulence factors pyocyanin, cyanide, and lipase.Molecular Microbiology
24:309–319 DOI 10.1046/j.1365-2958.1997.3291701.x.

Reinhart AA, Nguyen AT, Brewer LK, Bevere J, Jones JW, KaneMA, Damron FH,
Barbier M, Oglesby-Sherrouse AG. 2017. The pseudomonas aeruginosa PrrF small
RNAs regulate iron homeostasis during acute murine lung infection. Infection and
Immunity 85(5):e00764-16 DOI 10.1128/IAI.00764-16.

Reinhart AA, Powell DA, Nguyen AT, O’Neill M, Djapgne L,Wilks A, Ernst RK,
Oglesby-Sherrouse AG. 2015. The prrF-encoded small regulatory RNAs are required
for iron homeostasis and virulence of Pseudomonas aeruginosa. Infection and
Immunity 83:863–875 DOI 10.1128/IAI.02707-14.

Rossi E, La Rosa R, Bartell JA, Marvig RL, Haagensen JAJ, Sommer LM,Molin
S, Johansen HK. 2021. Pseudomonas aeruginosa adaptation and evolution
in patients with cystic fibrosis. Nature Reviews Microbiology 19:331–342
DOI 10.1038/s41579-020-00477-5.

SaramagoM, Bárria C, Dos Santos RF, Silva IJ, Pobre V, Domingues S, Andrade JM,
Viegas SC, Arraiano CM. 2014. The role of RNases in the regulation of small RNAs.
Current Opinion in Microbiology 18:105–115 DOI 10.1016/j.mib.2014.02.009.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 25/28

https://peerj.com
http://dx.doi.org/10.1016/j.ijmm.2019.151379
http://dx.doi.org/10.1002/bip.23460
http://dx.doi.org/10.1128/AAC.01801-10
http://dx.doi.org/10.1128/jb.183.22.6676-6683.2001
http://dx.doi.org/10.1038/s41467-017-01613-1
http://dx.doi.org/10.3389/fmicb.2018.02709
http://dx.doi.org/10.1038/srep39621
http://dx.doi.org/10.1046/j.1365-2958.1997.3291701.x
http://dx.doi.org/10.1128/IAI.00764-16
http://dx.doi.org/10.1128/IAI.02707-14
http://dx.doi.org/10.1038/s41579-020-00477-5
http://dx.doi.org/10.1016/j.mib.2014.02.009
http://dx.doi.org/10.7717/peerj.13738


Sesto N, TouchonM, Andrade JM, Kondo J, Rocha EP, Arraiano CM, Archambaud
C,Westhof É, Romby P, Cossart P. 2014. A PNPase dependent CRISPR System in
Listeria. PLOS Genetics 10:e1004065 DOI 10.1371/journal.pgen.1004065.

Seviour T,Winnerdy FR,Wong LL, Shi X, Mugunthan S, Foo YH, Castaing R, Adav
SS, Subramoni S, Kohli GS, Shewan HM, Stokes JR, Rice SA, Phan AT, Kjelle-
berg S. 2021. The biofilm matrix scaffold of Pseudomonas aeruginosa contains
G-quadruplex extracellular DNA structures. NPJ Biofilms Microbiomes 7:27
DOI 10.1038/s41522-021-00197-5.

Sonnleitner E, Abdou L, Haas D. 2009. Small RNA as global regulator of car-
bon catabolite repression in Pseudomonas aeruginosa. Proceedings of the Na-
tional Academy of Sciences of the United States of America 106:21866–21871
DOI 10.1073/pnas.pnas.0910308106.

Sonnleitner E, Blasi U. 2014. Regulation of Hfq by the RNA CrcZ in Pseudomonas
aeruginosa carbon catabolite repression. PLOS Genetics 10:e1004440
DOI 10.1371/journal.pgen.1004440.

Sonnleitner E, Gonzalez N, Sorger-Domenigg T, Heeb S, Richter AS, Backofen R,
Williams P, Huttenhofer A, Haas D, Blasi U. 2011. The small RNA PhrS stimulates
synthesis of the Pseudomonas aeruginosa quinolone signal.Molecular Microbiology
80:868–885 DOI 10.1111/j.1365-2958.2011.07620.x.

Sonnleitner E, Prindl K, Blasi U. 2017. The Pseudomonas aeruginosa CrcZ RNA
interferes with Hfq-mediated riboregulation. PLOS ONE 12:e0180887
DOI 10.1371/journal.pone.0180887.

Sonnleitner E, Pusic P, Wolfinger MT, Blasi U. 2020. Distinctive regulation of car-
bapenem susceptibility in pseudomonas aeruginosa by Hfq. Frontiers in Microbiology
11:1001 DOI 10.3389/fmicb.2020.01001.

Sonnleitner E, Schuster M, Sorger-Domenigg T, Greenberg EP, Bläsi U. 2006.
Hfq-dependent alterations of the transcriptome profile and effects on quorum
sensing in Pseudomonas aeruginosa.Molecular Microbiology 59:1542–1558
DOI 10.1111/j.1365-2958.2006.05032.x.

Sonnleitner E, Sorger-Domenigg T, Madej MJ, Findeiss S, Hackermuller J, Huttenhofer
A, Stadler PF, Blasi U, Moll I. 2008. Detection of small RNAs in Pseudomonas
aeruginosa by RNomics and structure-based bioinformatic tools.Microbiology
154:3175–3187 DOI 10.1099/mic.0.2008/019703-0.

Soukarieh F,Williams P, Stocks MJ, CámaraM. 2018. Pseudomonas aerug-
inosa quorum sensing systems as drug discovery targets: current position
and future perspectives. Journal of Medicinal Chemistry 61:10385–10402
DOI 10.1021/acs.jmedchem.8b00540.

Stover CK, PhamXQ, Erwin AL, Mizoguchi SD,Warrener P, HickeyMJ, Brinkman
FS, HufnagleWO, Kowalik DJ, LagrouM, Garber RL, Goltry L, Tolentino
E,Westbrock-Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR, Kas A,
Larbig K, Lim R, Smith K, Spencer D,Wong GK,Wu Z, Paulsen IT, Reizer J,
Saier MH, Hancock RE, Lory S, OlsonMV. 2000. Complete genome sequence of

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 26/28

https://peerj.com
http://dx.doi.org/10.1371/journal.pgen.1004065
http://dx.doi.org/10.1038/s41522-021-00197-5
http://dx.doi.org/10.1073/pnas.pnas.0910308106
http://dx.doi.org/10.1371/journal.pgen.1004440
http://dx.doi.org/10.1111/j.1365-2958.2011.07620.x
http://dx.doi.org/10.1371/journal.pone.0180887
http://dx.doi.org/10.3389/fmicb.2020.01001
http://dx.doi.org/10.1111/j.1365-2958.2006.05032.x
http://dx.doi.org/10.1099/mic.0.2008/019703-0
http://dx.doi.org/10.1021/acs.jmedchem.8b00540
http://dx.doi.org/10.7717/peerj.13738


Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature 406:959–964
DOI 10.1038/35023079.

Tahrioui A, Duchesne R, Bouffartigues E, Rodrigues S, Maillot O, Tortuel D, Hardouin
J, Taupin L, GroleauMC, Dufour A, Deziel E, Brenner-Weiss G, Feuilloley M,
Orange N, Lesouhaitier O, Cornelis P, Chevalier S. 2019. Extracellular DNA
release, quorum sensing, and PrrF1/F2 small RNAs are key players in pseudomonas
aeruginosa tobramycin-enhanced biofilm formation. NPJ Biofilms Microbiomes 5:15
DOI 10.1038/s41522-019-0088-3.

Tata M, Amman F, Pawar V,Wolfinger MT,Weiss S, Haussler S, Blasi U. 2017. The
anaerobically induced sRNA PaiI affects denitrification in pseudomonas aeruginosa
PA14. Frontiers in Microbiology 8:2312 DOI 10.3389/fmicb.2017.02312.

Taylor PK, Van Kessel ATM, Colavita A, Hancock REW,Mah TF. 2017. A novel
small RNA is important for biofilm formation and pathogenicity in Pseudomonas
aeruginosa. PLOS ONE 12:e0182582 DOI 10.1371/journal.pone.0182582.

Thi MTT,Wibowo D, Rehm BHA. 2020. Pseudomonas aeruginosa Biofilms. Interna-
tional Journal of Molecular Sciences 21(22):8671 DOI 10.3390/ijms21228671.

Thi Bach Nguyen H, Romero AD, Amman F, Sorger-Domenigg T, Tata M, Sonnleitner
E, Blasi U. 2018. Negative control of RpoS synthesis by the sRNA real in pseu-
domonas aeruginosa. Frontiers in Microbiology 9:2488
DOI 10.3389/fmicb.2018.02488.

ThomasonMK, VoichekM, Dar D, Addis V, Fitzgerald D, Gottesman S, Sorek R,
Greenberg EP. 2019. A rhlI 5′ UTR-derived sRNA regulates RhlR-dependent
quorum sensing in pseudomonas aeruginosa.mBio 10(5):e02253-19
DOI 10.1128/mBio.02253-19.

Tian Y,Wu L, ZhuM, Yang Z, Pilar G, Bao H, Zhou Y,Wang R, Zhang H. 2021. Non-
coding RNA regulates phage sensitivity in Listeria monocytogenes. PLOS ONE
16:e0260768 DOI 10.1371/journal.pone.0260768.

Urbanowski ML, Lykken GL, Yahr TL. 2005. A secreted regulatory protein couples
transcription to the secretory activity of the pseudomonas aeruginosa type III
secretion system. Proceedings of the National Academy of Sciences of the United States
of America 102:9930–9935 DOI 10.1073/pnas.0504405102.

Valentini M, Garcia-Maurino SM, Perez-Martinez I, Santero E, Canosa I, Lapouge
K. 2014.Hierarchical management of carbon sources is regulated similarly by the
CbrA/B systems in Pseudomonas aeruginosa and Pseudomonas putida.Microbiology
160:2243–2252 DOI 10.1099/mic.0.078873-0.

Valverde C, Heeb S, Keel C, Haas D. 2003. RsmY, a small regulatory RNA, is re-
quired in concert with RsmZ for GacA-dependent expression of biocontrol traits
in Pseudomonas fluorescens CHA0.Molecular Microbiology 50:1361–1379
DOI 10.1046/j.1365-2958.2003.03774.x.

Wang C, Ye F, Kumar V, Gao YG, Zhang LH. 2014. BswR controls bacterial motility
and biofilm formation in Pseudomonas aeruginosa through modulation of the small
RNA rsmZ. Nucleic Acids Research 42:4563–4576 DOI 10.1093/nar/gku106.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 27/28

https://peerj.com
http://dx.doi.org/10.1038/35023079
http://dx.doi.org/10.1038/s41522-019-0088-3
http://dx.doi.org/10.3389/fmicb.2017.02312
http://dx.doi.org/10.1371/journal.pone.0182582
http://dx.doi.org/10.3390/ijms21228671
http://dx.doi.org/10.3389/fmicb.2018.02488
http://dx.doi.org/10.1128/mBio.02253-19
http://dx.doi.org/10.1371/journal.pone.0260768
http://dx.doi.org/10.1073/pnas.0504405102
http://dx.doi.org/10.1099/mic.0.078873-0
http://dx.doi.org/10.1046/j.1365-2958.2003.03774.x
http://dx.doi.org/10.1093/nar/gku106
http://dx.doi.org/10.7717/peerj.13738


Wenner N, Maes A, Cotado-SampayoM, Lapouge K. 2014. NrsZ: a novel, pro-
cessed, nitrogen-dependent, small non-coding RNA that regulates pseu-
domonas aeruginosa PAO1 virulence. Environmental Microbiology 16:1053–1068
DOI 10.1111/1462-2920.12272.

Wilderman PJ, Sowa NA, FitzGerald DJ, FitzGerald PC, Gottesman S, Ochsner
UA, Vasil ML. 2004. Identification of tandem duplicate regulatory small RNAs
in Pseudomonas aeruginosa involved in iron homeostasis. Proceedings of the
National Academy of Sciences of the United States of America 101:9792–9797
DOI 10.1073/pnas.0403423101.

Wilson T, Mourino S, Wilks A. 2021. The heme-binding protein PhuS transcriptionally
regulates the Pseudomonas aeruginosa tandem sRNA prrF1, F2 locus. Journal of
Biological Chemistry 296:100275 DOI 10.1016/j.jbc.2021.100275.

Xia Y,Wang D, Pan X, Xia B,Weng Y, Long Y, Ren H, Zhou J, Jin Y, Bai F, Cheng Z, Jin
S, WuW. 2020a. TpiA is a key metabolic enzyme that affects virulence and resistance
to aminoglycoside antibiotics through CrcZ in pseudomonas aeruginosa.mBio
11(1) DOI 10.1128/mBio.02079-19.

Xia Y,Weng Y, Xu C,Wang D, Pan X, Tian Z, Xia B, Li H, Chen R, Liu C, Jin Y, Bai F,
Cheng Z, Kuipers OP,WuW. 2020b. Endoribonuclease YbeY is essential for RNA
processing and virulence in pseudomonas aeruginosa.mBio 11:.

Xu B, Ju Y, Soukup RJ, Ramsey DM, Fishel R, Wysocki VH,Wozniak DJ. 2016a. The
Pseudomonas aeruginosa AmrZ C-terminal domain mediates tetramerization and
is required for its activator and repressor functions. Environmental Microbiology
Reports 8:85–90 DOI 10.1111/1758-2229.12354.

Xu B, Soukup RJ, Jones CJ, Fishel R, Wozniak DJ. 2016b. Pseudomonas aeruginosa
AmrZ binds to four sites in the algD promoter, inducing DNA-AmrZ complex
formation and transcriptional activation. Journal of Bacteriology 198:2673-2681
DOI 10.1128/jb.00259-16.

Xu A, ZhangM, DuW,Wang D, Ma LZ. 2021. A molecular mechanism for how
sigma factor AlgT and transcriptional regulator AmrZ inhibit twitching motil-
ity in Pseudomonas aeruginosa. Environmental Microbiology 23:572–587
DOI 10.1111/1462-2920.14985.

Yeung AT, Parayno A, Hancock RE. 2012.Mucin promotes rapid surface motility in
Pseudomonas aeruginosa.mBio 3 DOI 10.1128/mBio.00073-12.

Zhang YF, Han K, Chandler CE, Tjaden B, Ernst RK, Lory S. 2017. Probing the sRNA
regulatory landscape of P. aeruginosa: post-transcriptional control of determinants
of pathogenicity and antibiotic susceptibility.Molecular Microbiology 106:919–937
DOI 10.1111/mmi.13857.

Zhang JF, Zhu HY, Sun YW, LiuW, Huo YM, Liu DJ, Li J, Hua R. 2015. Pseudomonas
aeruginosa Infection after pancreatoduodenectomy: risk factors and clinic impacts.
Surgical Infections 16:769–774 DOI 10.1089/sur.2015.041.

Zhao K, Li Y, Yue B,WuM. 2014. Genes as early responders regulate quorum-sensing
and control bacterial cooperation in Pseudomonas aeruginosa. PLOS ONE
9:e101887 DOI 10.1371/journal.pone.0101887.

Liu et al. (2022), PeerJ, DOI 10.7717/peerj.13738 28/28

https://peerj.com
http://dx.doi.org/10.1111/1462-2920.12272
http://dx.doi.org/10.1073/pnas.0403423101
http://dx.doi.org/10.1016/j.jbc.2021.100275
http://dx.doi.org/10.1128/mBio.02079-19
http://dx.doi.org/10.1111/1758-2229.12354
http://dx.doi.org/10.1128/jb.00259-16
http://dx.doi.org/10.1111/1462-2920.14985
http://dx.doi.org/10.1128/mBio.00073-12
http://dx.doi.org/10.1111/mmi.13857
http://dx.doi.org/10.1089/sur.2015.041
http://dx.doi.org/10.1371/journal.pone.0101887
http://dx.doi.org/10.7717/peerj.13738

