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ABSTRACT

Pseudomonas aeruginosa is a model for the study of quorum sensing, protein secretion, and
biofilm formation. Consequently, it has become one of the most intensely reviewed pathogens,
with many excellent articles in the current literature focusing on these aspects of the organism’s
biology. Here, though, we aim to take a slightly different approach and consider some less well
appreciated (but nonetheless important) factors that affect P. aeruginosa virulence. We start by
reminding the reader of the global importance of P. aeruginosa infection and that the “virulome”
is very niche-specific. Overlooked but obvious questions such as “what prevents secreted protein
products from being digested by co-secreted proteases?” are discussed, and we suggest how the
nutritional preference(s) of the organism might dictate its environmental reservoirs. Recent
studies identifying host genes associated with genetic predisposition towards P. aeruginosa
infection (and even infection by specific P. ageruginosa strains) and the role(s) of intracellular
P. aeruginosa are introduced. We also discuss the fact that virulence is a high-risk strategy and
touch on how expression of the two main classes of virulence factors is regulated. A particular
focus is on recent findings highlighting how nutritional status and metabolism are as important as
quorum sensing in terms of their impact on virulence, and how co-habiting microbial species at
the infection site impact on P. aeruginosa virulence (and vice versa). It is our view that investiga-
tion of these issues is likely to dominate many aspects of research into this WHO-designated
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priority pathogen over the next decade.

The pathogen in context

In 2019, the GRAM study [1] reported that of the
7.7 million deaths caused by bacterial infection world-
wide, over half (54%) were attributable to just five species;
Staphylococcus aureus (1.1 million deaths), Escherichia
coli (950,000 deaths), Streptococcus pneumoniae (829,000
deaths), Klebsiella pneumoniae (790,000 deaths), and
Pseudomonas aeruginosa (559,000 deaths). Of these, and
because of its notorious (and ever-growing) recalcitrance
to therapeutic intervention, P. aeruginosa is particularly
dreaded among the clinical community. Indeed, around
7% of all healthcare-associated infections are linked to the
organism, with incidence particularly high in intensive
care units (up to 23%).

A Gram-negative gammaproteobacterium, in 2024,
P. aeruginosa was designated by the World Health
Organization (WHO) as a priority pathogen (“down-
graded” slightly from its designation as a critical prior-
ity pathogen in the 2017 assessment) [2,3]. The reasons

for this somewhat dubious accolade are its ubiquity in
the built environment, its ability to infect most tissue
types, its extensive repertoire of intrinsic and acquired
antibiotic resistance mechanisms, and its remarkable
arsenal of virulence factors. The current commentary
focuses on the latter, with a particular emphasis on the
flexibility of its pathogenic toolkit and the different
strategies that the organism uses to deploy this. We
also want to touch wupon certain aspects of
P. aeruginosa pathogenicity that are not normally cov-
ered in most reviews on the topic, but which are
increasingly being recognized as critical in many infec-
tions (summarized in Figure 1).

P. aeruginosa and the built environment

While often thought of as being an archetypal pathogen, it
is not; P. aeruginosa is very much an opportunist rather
than a “professional killer” [4,5]. Indeed, its reputation as
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Figure 1. Summary of the key topic areas discussed in this review. The figure contrasts the activities of Class | secreted virulence
factors such as proteases, phospholipases, toxins, and secondary metabolites (e.g. phenazines and siderophores) with Class Il factors
delivered through the Type Il and Type VI injectisomes. The distinct pathways regulating expression of Class | and Class Il virulence
factors through quorum sensing and two-component signalling systems, respectively, is indicated. The figure also highlights the
importance of post-translational modification of secreted Class | factors (to prevent autodigestion by co-secreted proteases) as well
as the intracellular and biofilm-associated lifestyles of P. aeruginosa. Although biofilm-associated cells are traditionally considered to
be less virulent that their planktonic counterparts, they are not avirulent, and are now known to secrete a distinct spectrum of
virulence factors. The integral, but under-explored, link between virulence and metabolism is indicated, as is emerging evidence
suggesting that genetic factors predispose the host towards P. aeruginosa infection.

a pathogen probably has as much to do with its fondness
for colonizing anthropic niches as it does with its innate
pathogenicity. P. aeruginosa is significantly more common
in human-associated environments than in environments
that experience little or no human contact. For example, it
is more abundant in compost than in uncontaminated soil,
and in drains and sewers than in pristine rivers [6]. An
alarming consequence of this affinity for the built environ-
ment is the prevalence of P. aeruginosa in healthcare set-
tings (notably, in hospital drains [7]). Whether these drains
serve as reservoirs for nosocomial infection is not yet
known [8].

It is not yet known why P. aeruginosa has such
a proclivity for the urban environment, although reser-
voirs of the organism frequently have a common uni-
fying feature: they involve stagnant warm water that
has been in contact with the human body (e.g. shower
drains, washroom U-tubes, hot tubs, etc.). One expla-
nation for this may lie in the organism’s strong dietary

preference for fatty acids [9-13]. Given that humans
are covered in skin-moisturizing fatty acid derivatives
(collectively known as sebum), and given that most of
us helpfully solubilize these oils on a daily basis (ironi-
cally, with the help of a bar of solidified sodium stea-
rate), it should come as no surprise that P. aeruginosa
feels very much at home in the bathroom plumbing.

Infection scenarios

It used to be thought that P. aeruginosa-associated
infections are rare in non-human mammals, although
reports of otitis media in dogs, wound infections in
cattle, and mastitis in sheep, etc. are widespread [14-
17], so this may simply be a reporting/testing artefact
or a reflection of its relative rarity outside of the urban
environment. In humans, P. aeruginosa is generally not
much of a threat to healthy, immune-competent sub-
jects. However, given the opportunity, e.g. a breach in



the skin barrier, P. aeruginosa will invade and colonize
almost any tissue. Lower respiratory tract infections are
common, especially in people with genetic or lifestyle-
associated predispositions. These include people with
mutations in the CFTR leading to cystic fibrosis (CF),
or pollution/smoke-induced lung damage leading to
COPD. P. aeruginosa is also strongly associated with
infections in the eye, diabetic ulcers, and post-operative
wounds. Although these infection sites/types have been
known about for decades, depressingly, trends have
barely changed since the early 1980s [18].

In the UK, P. aeruginosa causes around 10% of all
catheter-associated UTIs, 10% of all ventilator-
associated pneumonias, and 5% of all surgical site
infections [8]. The immune dysfunction that often
accompanies diabetic hyperglycaemia also pre-
disposes this cadre of patients to ulcerous infections,
many of which involve P. aeruginosa [19-21]. The
numbers for all of these infection types have risen
considerably in lower-middle income (LMIC) nations.
The reasons for this are not yet clear; inadequate
hygiene, poor antimicrobial stewardship, and inade-
quate appreciation of infection control outside of the
clinic are possible drivers [22-24].

Over past decades, due to better implementation of
infection control measures, P. aeruginosa was becoming
less common in burn units. However, this welcome
trend has now been reversed and between 2008 and
2018, P. aeruginosa was responsible for 57% of all
wound infections in burn units [8,25]. Interestingly,
the apparent predilection of P. aeruginosa for burn
wounds is probably due to two factors. First, the che-
mical composition of burn wound exudates actively
disfavours the growth of other common opportunists,
so P. aeruginosa “wins out” by default [26]. Second,
burn wound exudates (and infected human plasma
[27]) are known to stimulate quorum sensing, and
consequently, also the production of certain virulence
factors such as proteases, pyocyanin, and sidero-
phores [26].

Genetic predispositions towards P. aeruginosa
infection

These need not be limited to the most obvious defects
such as loss-of-function mutations in CFTR, although
CFTR mutations remain the most significant genetic
drivers of airway susceptibility to P. aeruginosa infec-
tion that we know about. Studies in mice [28], as well
as genome-wide association studies (GWAS) in
humans have revealed that a welter of additional
genes with diverse functions (including an amino acid
transporter (SLC6A14), a Na*/H" antiporter (SLC9A3),
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and a mannose-binding lectin (MBL2), among others)
can modify CFTR-dependent susceptibility to
P. aeruginosa [29,30].

Interestingly, these host-associated factors influence
not only susceptibility to the species per se; they also
influence susceptibility to specific genetic variants (such
as mucoid strains) of the species, the time to first air-
way infection by P. aeruginosa, and the age of onset of
chronic infection [31]. Presumably, the same or similar
genetic modifiers may also affect susceptibility in the
non-CF population too, although we are not aware of
any comparable GWAS studies carried out on, e.g. the
COPD population. Given the prevalence of COPD
(projected to be 600 million cases worldwide by 2025
[32]), this would be worthwhile, especially if prophy-
laxis can be put in place to minimize the considerable
on-costs to already stretched healthcare systems of
treating full-blown P. aeruginosa airway infections.

One size does not fit all: secreted P. aeruginosa
virulence factors display substantial strain-to-
strain variation

Although we are currently going through a re-appraisal
of what defines a pathogen [4,33,34], virulence is
a somewhat easier term to define since it describes the
relative capacity of the microbe to colonize the host,
cause damage to the host, or evade the host immune
response. Between-strain differences in virulence are
common. This is nicely illustrated by PAO1 and
UCBPP-PA14 (more commonly referred to as PA14);
the two most widely used laboratory strains of
P. aeruginosa, which are, respectively, moderately and
hyper-virulent [35]. The greater virulence of PAl4 is
due, in part, to a mutation in ladS, which results in
increased Type III Secretion System activity and conse-
quently, increased cytotoxicity towards the host [36].
Inter-strain variation is also widely observed between
clinical P. aeruginosa isolates, often a result of differ-
ences in accessory genome content [37,38]. Most viru-
lence factors are secreted products, and it turns out that
whereas the intracellular proteome of P. aeruginosa
isolates is highly similar across different clades (isolates
obtained from different sources), the secretome is often
strain-specific [39]. This variation in virulence factor
secretion may reflect niche specialization on the part of
the organism, and raises the question of whether any
such strains should be considered “wild type” [40].
Similar niche-specific adaptations were observed when
carbon fluxes (especially in the glyoxylate shunt and
TCA cycle) were analysed across different strains [41],
and the most recent evidence suggests that some
P. aeruginosa clades become so specialized that
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transmission between different patients with CF
becomes constrained [42]. It is also worth noting at
this juncture that a common feature among many late
stage CF-adapted isolates is that they become attenu-
ated in the production of virulence factors [43].

Two main types of virulence factor

P. aeruginosa is not an inherently “malevolent”
organism; it secretes virulence factors for just three
main reasons, (i) to generate nutrients for growth
through digestion of host tissue, (ii) to protect this
nutritional windfall from opportunistic freeloaders
in the neighbourhood, and (iii) to protect itself
from immune cell clearance or predation. The viru-
lence factors themselves fall into two broad
categories;

e Class I. Tissue-degrading enzymes and toxins that
are secreted directly into the surrounding milieu,
such as the proteases (e.g. LasA, LasB, AprA,
PrpL), phospholipases (PlcB), toxins (ToxA), and
small molecules (phenazines, cyanide, rhamnoli-
pids etc.) [44]. The expression of most Class
I virulence factors is under the control of the
quorum sensing system(s) of P. aeruginosa.

o Class II. Tissue-degrading factors that are directly
delivered into target cells through specialized
injectisomes (the Type III Secretion (T3S) and
Type VI Secretion (T6S) systems) [45]. Current
evidence suggests that the expression of Class II
factors is primarily controlled by inputs from two-
component signalling systems that converge at
GacS.

Although collectively Class I virulence factors can
wreak immense damage on the host, their impact
pales compared with the Class II virulence effectors.
The latter are the “nuclear weapons” in the
P. aeruginosa arsenal and, molecule-for-molecule, are
far more destructive than any of the Class I factors. In
this regard, most “professional” pathogens (if such
entities exist — for convenience here, we retain the
term) such as Yersinia pestis invariably deploy injecti-
somes as their primary weapon of choice [46,47].

The synthesis and secretion of Class I factors are
primarily (but not entirely) regulated by a cell density
sensing mechanism known as quorum sensing (QS,
reviewed extensively elsewhere [48]), whereas synthesis
of the Class II determinants is mostly — but not
entirely - QS-independent. Instead, the synthesis of
Class II factors is primarily regulated by two-
component signalling systems, such as the RetS/LadS/

GacS/PA1611 pathway [49-51]. Note the caveats here
though; most regulatory systems are inter-linked, and
while these statements are broadly correct, it is also true
to say that there are circumstances when (for example)
the T3S system displays a degree of regulation by
QS [52].

Virulence as a high-risk strategy

It is worth recalling at this point that the production
and secretion of Class I virulence factors are resource
intensive for the organism. Moreover, it is no coin-
cidence that these factors are secreted just when the
organism is running out of nutrients, upon entry into
the stationary phase. [It has been known for many
years now that adding QS signals early in the growth
curve does not advance virulence factor production.]
This is because the production of secreted virulence
factors is simply a means-to-an-end for securing addi-
tional nutrients; it is a nutrient limitation response
strategy. This notion is further reinforced by the
recent finding that virulence factor elaboration is
strongly influenced by the stress alarmone, (p)
ppGpp, which accumulates when cells run short of
nutrient [53]. However, the strategy is not risk-free.
Once Class I virulence factors have been secreted, the
organism has very little control over their destiny; if
they hit a target tissue and degrade this to yield
nutrients, then bingo, the producing cells see
a payoff. Equally, the virulence factors may diffuse
harmlessly away and not benefit the producing cells
at all. In this respect, the elaboration of Class I factors
represents a distinct metabolic gamble - but one that
clearly works, since it has obviously been selected
during the course of evolution.

Cheats exploit Class | factors

As with all “public goods,” secreted Class I virulence
factors can be exploited by co-habiting organisms in
the infection niche, creating fertile ground for the
appearance of non-producing “cheats” [54]. This is
all the more of a problem in P. aeruginosa, since
mutants defective in QS lose the ability to produce
most Class I factors. Such mutants can sup off the
resources generated by the investments of their QS*
counterpartners while making no such investments
themselves. This gives QS™ mutants in such mixed
populations a distinct growth advantage. Not surpris-
ingly, QS™ mutants (e.g., defective in the lasR “master
regulator” of QS) are common among CF isolates
and have been postulated to arise as a consequence
of the relative growth advantage associated with



cheating. Mitigating, common sense dictates that it
would be detrimental for such cheats to sweep
through the population since, as they do so, this
impacts both the QS™ and QS variants, leading to
the so-called “tragedy of the commons” [55].

It seems that the theoretical growth advantage of
cheats may be held in check by “policing” mechan-
isms [56-58]. Here, and through the simple expedi-
ent of ensuring that QS also regulates critical
intracellular resources (so-called “private goods”
such as nucleoside hydrolase, Nuh) or toxins that
differentially “punish” cheats (such as cyanide), the
fitness advantage of cheats is constrained. We also
note that environmental conditions also impact on
the stability of cheating populations themselves [59].
Interestingly, and somewhat counter-intuitively,
when cheats with different traits co-habit, the overall
population can become stabilized. For example,
populations containing mixtures of ApvdS mutants
(defective in siderophore production) and AlasR
mutants are more stable than mixtures containing
the wild type and either mutant alone [60]. Given
that P. aeruginosa populations at many chronic infec-
tion sites are clonally derived but heterogenous, this
raises the question of whether such intra-species
diversity is selected precisely because it serves to
maintain wider population stability.

Class Il factor-dependent immunosuppression
is a cheatable trait

The outcome of Class II virulence factor activity
(lysis of host cells and nutrient release) is not the
same as the outcome of Class I activity; the cell lysis
elicited by Class II factors sets the stage for subse-
quent activity of Class I factors (which digest the
released macromolecules, thereby generating the
necessary biosynthetic building blocks that are actu-
ally utilized by the pathogen). Nevertheless, and
although their fundamental mode of action is entirely
different, Class II virulence factors (such as the T3S
system) are also a target for cheating. On the surface,
this might be rationalized by the argument that
nearby T3S~ cells can utilize the remains of host
cells lysed by T3S" cells, thereby benefitting from
the inadvertent largesse of the latter. However, it
turns out that although “cheats” defective in the
T3S system are common in healthy hosts, they fail
to thrive in immune-deficient hosts, suggesting that
T3S system-mediated immunosuppression is the
most likely “public good” exploited by such cheats
[61,62].
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The challenges of life in a self-produced
“proteolytic soup”

P. aeruginosa faces a major self-inflicted chemical chal-
lenge; many Class I factors are potent proteases, such as
elastase (LasB), staphylolytic protease (LasA), alkaline
protease (AprA), protease IV (PIV), small protease
(PASP), and aminopeptidase (PaAP) (recently reviewed
by [63]). The accumulation of these proteases in the
cultural milieu presents the organism with a problem;
how to avoid autodigestion.

One likely solution to this problem is that secreted
Class I factors (and, probably, also surface-exposed
outer membrane proteins too) are post-translationally
modified en-route out of the cell, such that they
become resistant to autodigestion (reviewed in
[64,65]). Evidence for such modifications used to be
clear when 2D gel-based proteomic analyses were in
vogue; most Class I enzymes on these gels manifest as
“charge trains” (i.e. as spots with different PI values but
similar molecular masses) indicative of post-
translational modification [66-68]. The intracellular
P. aeruginosa proteome shows very little evidence of
such charge trains [68]. Detailed analyses of key charge
trains reveal that the proteins in the spots are modified
by methylation and acetylation, and that these modifi-
cations map to the surface of the proteins.
Furthermore, the degree of modification increases as
each charge train is traversed [69]. Presumably, these
modifications may act to protect the secreted proteins
from digestion by other proteases in the secretome.

Top-down nutrient sensing controls Class
I virulence factor production in P. aeruginosa

Although a bewildering array of different inputs have
been shown to impinge on the production of Class
I virulence factors by P. aeruginosa (reviewed in [70]),
regulation remains very “top down,” with just two
hierarchical pathways - global nutrient sensing and
quorum sensing — apparently playing a key role. In
P. aeruginosa, the expression of the QS “master regula-
tors,” lasR and rhiR, is subservient to nutrient sensing
[53]. This makes good economic sense; after all, why
secrete metabolically costly virulence factors if the cul-
ture is still awash with nutrients? In the light of these
findings, it is not surprising that the accumulation of
QS signals in the culture was recently shown to be
strongly dependent on both the growth rate and the
population cell density [71].

Whereas cell numbers are titrated by the QS system
(an inter-cellular signalling mechanism), nutritional
status is titrated through the intra-cellular alarmone,
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(p)rpGpp. (P)ppGpp is made of two intracellular pro-
teins; ribosome-associated RelA (which senses the pre-
sence of uncharged tRNAs entering the A-site of the
ribosome), and SpoT (which senses limitations of phos-
phorus, nitrogen, sulfur, and iron in the cell) [72]. (P)
ppGpp is thought to primarily act by binding and
reprogramming RNA polymerase directly, although in
E. coli, the molecule has been recently shown to inter-
face more directly with metabolism [73].

The pathway linking (p)ppGpp to QS and virulence
has not yet been elucidated, although mutations in
a transcriptional regulator (mexT) are known to enable
the (p)ppGpp-dependence of virulence factor produc-
tion to be bypassed and QS to be restored [53].
Mutations in mexT also enable virulence to be restored
in lasR mutants, indicating that it likely sits down-
stream of both (p)ppGpp and QS [74-78].
Interestingly, in another Gram-negative secretor, the
enteric phytopathogen Pectobacterium atrosepticum,
exoenzyme production is also dependent on both QS
and (p)ppGpp. However, here the pathways are not
hierarchical, but rather form a coincidence circuit
which converges at RsmA [79]. It seems that although
both of these “QS-regulated secretors” are responsive to
the same demands (nutrient limitation and population
cell density) they are “wired up” in very different ways.

Class Il virulence factor production is regulated
by specific extracellular cues

Whereas Class I virulence factors are controlled by
nutrient availability and QS, Class II factors appear to
be primarily (but again, not exclusively) regulated by
lifestyle choices. These, in turn, are controlled by sig-
nalling through the RetS/LadS/GacS/PA1611 cascade
[80]. Moreover, Class II injectisomes (the T3S and
T6S systems) are normally reciprocally regulated, such
that T3S is “off” in biofilms, whereas T6S is “on,” and
vice versa in planktonic cultures [81,82]. Again, this
type of “black-and-white” relationship needs to be con-
sidered with caution since there are exceptions to this
rule [83] and examples of mutations that lead to dysre-
gulated co-expression of both secretion systems (e.g.,
[84]). GacS, RetS, LadS, and PA1611 are all membrane-
associated “hybrid” sensor histidine kinases. At the
heart of the pathway lies GacS. When activated, GacS
phosphorylates GacA, which, in turn, stimulates the
expression of two small RNAs, rsmZ and rsmY. These
RNAs bind and sequester the small protein RsmA
(which, in spite of its size, is a global regulator of
gene expression), thereby promoting the expression of
biofilm-associated genes, including the T6S sys-
tem [82].

The discussion above begs the question of what
activates GacS? It turns out that although GacS may
sense extracellular ligands directly (though the evidence
for this is sparse), its activity appears to be primarily
regulated either through transphosphorylation from
LadS, or via the formation of inactive heterodimers
with RetS [80,85]. LadS and RetS both contain periplas-
mic DISMED-2 domains and are thought to sense Ca*"
and airway mucin-derived glycans, respectively [86,87],
although quite how specific those cues are is not yet
clear. To complicate things further, PA1611 is known
to form heterodimers with RetS, potentially antagoniz-
ing the activity of the latter (and concomitantly, reacti-
vating signalling through GacS) [88,89]. However, and
to emphasize the point made earlier again, there is
considerable regulatory crosstalk between the Gac sig-
nalling pathways and the pathways regulating Class
I virulence factor production. For example, rsmY and
rsmZ are known to impinge on the production of
N-acylhomoserine lactone QS signals (and vice versa)
[90], and the cAMP-responsive transcription factor Vfr,
regulates both T3S (Class II) and QS (Class I) [91-93].

Production of Class Il virulence factors is
fine-tuned by cyclic-di-GMP signalling

In addition to the signalling pathways just described,
Class II factor production is also regulated by a network
of proteins that interact with/synthesize/degrade
a second messenger called cyclic di-GMP (c-di-GMP,
bis-(3'-5")-cyclic dimeric guanosine monophosphate).
As noted by Hall and Lee, who applied a “molecular”
version of Koch’s principles to define virulence, the fact
that (i) c-di-GMP is made during infection, (ii) that
c-di-GMP receptor proteins are required for infection,
and (iii) that the processes regulated by c-di-GMP are
required for infection, all strongly indicates that this
signalling molecule plays a key role in pathogen-
esis [94].

C-di-GMP is made of diguanylate cyclases, which
are characterized by the presence of a GGDEF amino
acid motif, and the molecule is broken down by specific
phosphodiesterases containing the amino acid motif
EAL or HD-GYP [94]. Once synthesized, c-di-GMP
binds to a variety of targets in the cell, including pri-
marily transcription factors, such as Alg44, FleQ, PelD,
and HapZ, and also RNA riboswitches, thereby altering
their activity. The P. aeruginosa PAO1 genome encodes
no fewer than 17 proteins containing GGDEF domains,
5 proteins containing EAL domains, and 16 proteins
containing both GGDEF and EAL domains [94]. Most
of these are “output domains” located in signalling
complexes that titrate a wide range of environmental



inputs - usually via membrane-associated sensor histi-
dine kinases. Generally, c-di-GMP is thought to act at
a level lower down the regulatory hierarchy than the
RetS/LadS/GacS/PA1611 pathway, but is nonetheless
absolutely essential for the expression of many biofilm-
associated virulence factors (see below).

Metabolism has its say

So far, we have not discussed whether Class II virulence
factor (injectisome) production is affected by nutrient
limitation. It is, but via a very different mechanism
compared with the Class I virulence factors. Whereas
(p)ppGpp levels — whose level is determined by the
availability of several key nutrients, such as amino
acids - modulate the synthesis of Class I virulence
factors [53,95,96], it turns out that Class II factors
(injectisomes) are regulated by central metabolites or
metabolic fluxes. Mechanistically, we do not know why
this is, but it is clear that certain “metabolic nodes”
impinge strongly on e.g., T3S. For example, when the
glyoxylate shunt enzyme, isocitrate lyase (ICL, encoded
by aceA) is inactivated by mutation or inhibition, T3S is
severely diminished [83,97].

Interestingly, Nature appears to have recognized the
glyoxylate shunt as a metabolic weak point long ago;
activated  pro-inflammatory macrophages secrete
copious quantities of an ICL inhibitor, itaconate,
synthesized by the product of the LPS-inducible gene
IRG1 [98,99]. These observations reinforce the notion
that the glyoxylate shunt enzymes [100,101] may be
a good target for anti-microbial intervention, since
their inhibition should simultaneously diminish meta-
bolic fitness at the infection site, and also virulence
(T3S) [102,103]. However, P. aeruginosa has apparently
co-evolved to utilize macrophage-derived itaconate as
a carbon source (and concomitantly, promote biofilm
formation) [104]. Moreover, itaconate turns out to be
a potent immune-modulatory molecule in its own
right, and much remains to be understood about its
mode-of-action [105]. That metabolism should impinge
on virulence is hardly surprising, given that it is a direct
titrator of nutrient availability in the cell.

Intracellular Pseudomonas aeruginosa

Although traditionally thought of as being an archety-
pal extracellular pathogen, a less well-appreciated side
of P. aeruginosa is that it also has the capacity to reside
inside host cells, including lung epithelial cells, corneal
cells, and urinary tract cells in vitro. Indeed, in an
airway epithelial cell infection model, P. aeruginosa
was shown to survive and replicate intracellularly for
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up to 5days [106]. Importantly, intracellular
P. aeruginosa has recently been identified in the ciliated
airway epithelial cells of lung explants from CF
patients, suggesting that an intracellular bacterial popu-
lation is relevant during human infection [107].
Intracellular bacteria are protected from both antibiotic
treatment and clearance by extracellular immune fac-
tors, including complement, antibodies, and phagocy-
tosis. These bacteria may therefore serve as a reservoir
of antibiotic-recalcitrant bacteria, potentially leading to
recurrent and chronic infections. However, it should be
noted that intracellular P. aeruginosa manifests
a somewhat patchy distribution in patient lung sam-
ples. For example, they were detected in only three out
of seven lung samples from end-stage CF patients, and
even then, were associated with only 0.01-0.5% of
epithelial cells in the samples [107,108]. Mitigating,
lung explants from end-stage CF lung disease are prob-
ably not representative of P. aeruginosa infections in
most CF patients.

The intracellular lifestyle of P. aeruginosa involves
two steps: internalization and intracellular survival.
Internalization depends on the interaction between var-
ious bacterial adhesins and receptors on the host cell
surface followed by “hijacking” of host cell internaliza-
tion machinery [109]. The presence of host cell factors
could influence which cell types support P. aeruginosa
internalization. Class II (T3S) virulence factors have
been shown to be cytotoxic and to block bacterial
internalization; given that many P. aeruginosa isolates
are T3S™, this is difficult to reconcile with an intracel-
lular bacterial lifestyle. However, the expression of the
T3S system is heterogenous and it has been suggested
that T3S~ bacteria are more likely to be internalized
[109]. Within the cell P. aeruginosa can reside either in
membrane-bound vacuoles or in the cytoplasm. To
survive in vacuoles, bacteria must avoid lysosomal acid-
ification and killing, whereas cytoplasmic bacteria must
avoid cell-autonomous immune factors, including bac-
terial autophagy and host cell death [110]. The ability of
P. aeruginosa to survive these challenges suggests it has
adapted to intracellular survival. T3S system virulence
factors have been implicated in reducing vacuole acid-
ification, promoting vacuolar escape, inhibiting autop-
hagy and in preventing host cell death [111]. However,
the exact mechanisms mediating these actions remain
to be understood.

There is also variability in the ability of different
P. aeruginosa strains to survive intracellularly. This
may be partially explained by the balance between
T3S factors that promote cell lysis and those that enable
intracellular survival. The situation is further compli-
cated by the finding that different P. aeruginosa clinical
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isolates can exhibit comparable internalization rates
in vitro yet display significant differences in intracellu-
lar survival and host cell cytotoxicity [106]. This varia-
bility has been postulated to give rise to host-adapted
intracellular P. aeruginosa strains that promote chronic
infections.

Biofilms: virulent or not?

Over the last few years, it has become axiomatic that
planktonic cultures of P. aeruginosa express high levels
of virulence factors and are associated with acute infec-
tion, whereas biofilms of the organism manifest much
lower virulence and are associated with chronic infec-
tion. Excitingly, recent evidence suggests that under
some conditions, the switch between these phenotypes
is regulated by a small RNA, designated sicX [112].
However, and as noted elsewhere, distinctions are
rarely as black-and-white as this. We now know that,
like their planktonic counterparts, the cells in
P. aeruginosa biofilms are secretion-competent and
release copious quantities of protein into the surround-
ing extracellular milieu [67,113,114]. In order to escape
the biofilm, these secreted proteins must pass through
the polysaccharide matrix; a “bioglue” that encapsulates
the cells to hold the assemblage together. Although
these polysaccharides are not “traditional” virulence
factors in their own right, they are often classified as
virulence factors due to their ability to protect the cells
from immune surveillance and clearance. The matrix
also acts to protect embedded cells from antimicrobial
agents, and the failure of these drugs to penetrate the
biofilm, combined with the modified metabolic activity
of cells within the biofilm, leads to antibiotic minimum
inhibitory concentrations up to 10,000 times higher
than associated with planktonic cells [115]. This
makes eradication of biofilm-associated infections par-
ticularly challenging.

The influence of other microbes on
P. aeruginosa virulence

As with biofilms, it is becoming axiomatic (although
not strictly true in all circumstances) to consider
chronic infection scenarios as being polymicrobial
[116]. This, in turn, raises the question of how - if at
all — the presence of other microbes influences the
virulence of P. aeruginosa. This is a difficult question
to address for several reasons. First, there have been
significant challenges associated with stably co-
culturing P. aeruginosa with other microbes, although
progress has been made [117-121] and it is clear that
the presence of other species profoundly affects

phenotypes such as antimicrobial resistance [122] and
virulence [123]. Second, disentangling the effects of co-
habiting microbiota on the host (e.g., host immune
response) from the effects on individual species com-
prising the microbiota can be challenging. Finally,
although several media have been developed for such
studies (e.g., burn wound medium [26], chronic wound
medium [124], and artificial sputum medium [125]),
most of these have been optimized for P. aeruginosa
alone, rather than for P. geruginosa and potential co-
habitants. Moreover, even minor alterations in the
medium composition can have a large (and usually,
unintended) impact on virulence [125]. Awareness of
this is important, since human-derived sputum has
a large impact on QS, and therefore, potentially also
virulence [126].

The complications above aside, it is now clear that
P. aeruginosa senses and responds to signals and cues
released by co-habiting species. For example,
Staphylococcus aureus-derived GIcNAc enhances the
PQS-dependent production of elastase and pyocyanin
by P. aeruginosa [123]. Similarly, it is known that
Candida albicans, a common airway co-habitant,
releases a compound (farnesol) that can “jam” PQS-
dependent QS in P. aeruginosa [127] (although to com-
plicate things, farnesol impinges on host metabolism
too [128], and can also stimulate PQS production in
P. aeruginosa lasR mutants [129]). Of course, there is
a two-way direction of travel here, and P. aeruginosa-
derived compounds can also impact on the virulence of
nearby microbial species; the appearance of small col-
ony variants of S. aureus is stimulated by the alkylqui-
nolone HQNO [130], and alkylquinolone derivatives
have recently been shown to have an impact on viru-
lence phenotypes of several ESKAPE pathogens [131].

Concluding comments and vistas for future
study

Our goal in this review was not to simply go over material
that has been recently reviewed in detail by others, e.g.,
individual classes of virulence factor [132-134]. Instead,
our aim has been to highlight poorly-developed (largely
due to experimental intractability) areas of understanding
that are likely to see substantial progression in the near
future. One such area is the increasing realization that the
global P. aeruginosa “pan-virulome” is likely to be huge
[135], and around 12% of the identified mobilome is
thought to be associated with virulence. This figure is
likely an underestimate, since many more virulence fac-
tors remain to be discovered; a substantial portion of the
secretome is still comprised of “hypothetical” (uncharac-
terized) proteins. That so many virulence factors are



housed on horizontally-acquired islands begs the question
of how, if at all, their expression is coordinated with that
of virulence factors in the core genome. There is evidence
to suggest that such “imported” virulence factors can
come under the control of endogenous regulatory net-
works, such as QS in some other organisms [136], but to
our knowledge, no similar experiments have been done
for P. aeruginosa. Nonetheless, prediction of P. aeruginosa
virulence profiles based on machine learning and geno-
mic data is becoming a reality (e.g., [137]). Although this
will be of great use at a clinical level, as always, the
problem with ML- and Al-based approaches is that they
provide an answer without explaining how the answer
was derived: they are less informative in terms of basic
biological insight.

Another area likely to see development is our under-
standing of “unconventional” molecules as mediators of
virulence. For example, little is known about how, if at
all, transmissible RNA (delivered directly into host cells
or adjacent bacterial cells, for example) plays a role in
P. aeruginosa virulence. Transmissible RNA has been
recognized as a potential virulence determinant in
other biological systems [138]. The biofilm-associated
“matrixome” also looks set to yield many new insights,
especially if the matrix does indeed prove (as seems
likely) to be a distinct extracellular compartment.
Perhaps most exciting though are the insights to be
gained in looking at how other species influence
P. aeruginosa virulence (and vice versa), since this is
an experimental door that has only recently opened,
allowing access to a good deal of novel biology.
A similar knowledge gap relates to the extent to
which the host plays any role in infection outcomes.
For example, it is possible that some strain-dependent
differences in “virulence” may actually reflect the host
response rather than any intrinsic trait(s) of the infect-
ing organism. In this scenario, “highly virulent” isolates
may trigger the host immune system in a way that is
different from less-virulent strains. Finally, and with
a knowledge gap in our evolutionary understanding of
infection, we note that although T3S is a cheatable trait,
less is known about cheats affecting T6S - we would
predict that these cheats do arise, although little is
currently known about this.

In a related vein, we also note that the population of
any given species, even in a multi-species chronic infec-
tion, is itself usually heterogenous. Thus, in a given CF
sputum sample, we may find [clonally derived] auxo-
trophs, QS mutants, strains displaying AMR, small
colony variants, altered protease and/or siderophore
production, hypermutability, and so on [139,140].
Assuming a similar intra-species heterogeneity for
each of the other co-habiting species in the niche (and
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this supposition has yet to be verified), the number of
contributing factors that might influence P. aeruginosa
trajectories in an infection scenario increases
exponentially.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

Work in the MW laboratory is supported by grants from the
Leverhulme Trust, the MRC, and the UK Cystic Fibrosis
Trust. Work in the CG laboratory is funded by an Academy
of Medical Sciences springboard grant and the Isaac Newton
Trust (Cambridge). JEVS and ICS are supported by student-
ships from the BBSRC. RRN is the recipient of the Benn
W. Levy Vice Chancellor Award (SBS DTP). EL is the reci-
pient of the Harding Distinguished Scholarship award. LM is
the recipient of a Herchel Smith Post-Doctoral Fellowship.
ASAA is the recipient of the Queens’ College Alexander
Crummell studentship (SBS-DTP).

Author contributions

All authors collectively decided on the content and main aims
of the manuscript. MW and CG prepared sections of the
draft. All authors commented on the draft. JS edited the draft.

Author contributions statement

JEVS, IA, RRN, P-MH, EL, LM, QX, FH, ICS, CEMD, AW,
CG, ASAA, and MW all contributed to the planning and
content of this review, and assisting in the scripting of different
sections. MW assembled and edited the draft review. JEVS
proofread the draft and assembled the reference list. All authors
read, edited, and approved the final version of the manuscript.

Data availability statement

There are no data associated with this review article.

ORCID

Martin Welch @ http://orcid.org/0000-0003-3646-1733

References

[1] Murray CJL, Ikuta KS, Sharara F, et al. Global burden
of bacterial antimicrobial resistance in 2019:
a systematic analysis. Lancet. 20225399
(10325):629-655. doi: 10.1016/S0140-6736(21)02724-0

[2] World Health Organisation. WHO publishes list of
bacteria for which new antibiotics are urgently needed.
2017 [cited Jan 22]. Available from: https://www.who.
int/news/item/27-02-2017-who-publishes-list-of-


https://doi.org/10.1016/S0140-6736(21)02724-0
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed

10 J. SWAIN ET AL.

bacteria-for-which-new-antibiotics-are-urgently-
needed

[3] World Health Organisation. WHO updates list of drug-
resistant bacteria most threatening to human health.
2024 [cited Jan 22]. Available from: https://www.who.
int/news/item/17-05-2024-who-updates-list-of-drug-
resistant-bacteria-most-threatening-to-human-health

[4] Barron M. Pathogenesis is not a trait—it’s an outcome.

American Society for Microbiology; 2024 [cited Jan

22]. Available from: https://asm.org/articles/2024/

june/pathogenesis-not-a-trait-its-an-outcome

Martinez JL. Short-sighted evolution of bacterial

opportunistic pathogens with an environmental

origin. Front Microbiol. 2014;5:239. doi: 10.3389/

fmicb.2014.00239

[6] Crone S, Vives-Florez M, Kvich L, et al. The environ-
mental occurrence of Pseudomonas aeruginosa.
APMIS. 2020;128(3):220-231. doi: 10.1111/apm.13010

[7] Sukhum KV, Newcomer EP, Cass C, et al. Antibiotic-

resistant organisms establish reservoirs in new hospital

built environments and are related to patient blood

infection isolates. Commun Med. 2022;2(1):62. doi:

10.1038/s43856-022-00124-5

Reynolds D, Kollef M. The epidemiology and patho-

genesis and treatment of Pseudomonas aeruginosa

infections: an update. Drugs. 2021;81(18):2117-2131.

doi: 10.1007/s40265-021-01635-6

[9] Brinkman FSL, Winsor GL, Done RE, et al. The
Pseudomonas aeruginosa whole genome sequence:
a 20th anniversary celebration. In: Poole RK DJ Kelly,
editors. Advances in microbial physiology. Vol. 79.
Academic Press; 2021. p. 25-88. doi: 10.1016/bs.
ampbs.2021.07.001

[10] Dolan SK, Kohlstedt M, Trigg S, et al. Contextual
flexibility in Pseudomonas aeruginosa central carbon
metabolism during growth in single carbon sources.
MBio. 2020;11(2):e02684-02619. doi: 10.1128/mbio.
02684-19

[11] Dolan SK, Welch M. The glyoxylate shunt, 60 years on.
Annu Rev Microbiol. 2018;72(1):309-330. doi: 10.1146/
annurev-micro-090817-062257

[12] Turner KH, Everett ], Trivedi U, et al. Requirements
for Pseudomonas aeruginosa acute burn and chronic
surgical wound infection. PLOS Genet. 2014;10(7):
€1004518. doi: 10.1371/journal.pgen.1004518

[13] Wang M, Medarametla P, Kronenberger T, et al.
Pseudomonas aeruginosa acyl-CoA dehydrogenases
and structure-guided inversion of their substrate
specificity. Nat Commun. 2025;16(1):2334. doi: 10.
1038/s41467-025-57532-7

[14] Morales-Espinosa R, Delgado G, Espinosa-Camacho F,
et al. Pseudomonas aeruginosa strains isolated from
animal with high virulence genes content and highly
sensitive to antimicrobials. ] Glob Antimicrob Resist.
2024;37:75-80. doi: 10.1016/j.jgar.2024.02.023

[15] Pye C. Pseudomonas Otitis Externa in Dogs. Can Vet J.
2018;59(11):1231-1234. Available from: https://pmc.
ncbi.nlm.nih.gov/articles/PMC6190182/pdf/cvj_11_
1231.pdf

[16] Secker B, Shaw S, Atterbury R]. Pseudomonas spp. In
canine otitis externa. Microorganisms. 2023;11
(11):2650. doi: 10.3390/microorganisms11112650

[5

[}

[8

—_

[17] Wright EA, Di Lorenzo V, Trappetti C, et al
Divergence of a strain of Pseudomonas aeruginosa dur-
ing an outbreak of ovine mastitis. Vet Microbiol.
2015;175(1):105-113. doi: 10.1016/j.vetmic.2014.11.011

[18] Bodey GP, Bolivar R, Fainstein V, et al. Infections
caused by Pseudomonas aeruginosa. Rev Infect Dis.
1983;5(2):279-313. doi: 10.1093/clinids/5.2.279

[19] Bansal E, Garg A, Bhatia S, et al. Spectrum of microbial
Flora in diabetic foot ulcers. Ind J Pathol Microbiol.
2008;51(2):204-208. doi: 10.4103/0377-4929.41685

[20] Garousi M, MonazamiTabar S, Mirazi H, et al.
Epidemiology of Pseudomonas aeruginosa in diabetic
foot infections: a global systematic review and
meta-analysis. Germs. 2023;13(4):362-372. doi: 10.
18683/germs.2023.1406

[21] Goldufsky J, Wood §SJ, Jayaraman V, et al
Pseudomonas aeruginosa uses T3SS to inhibit diabetic
wound healing. Wound Repair Regener. 2015;23
(4):557-564. doi: 10.1111/wrr.12310

[22] Allegranzi B, Nejad SB, Combescure C, et al. Burden of
endemic health-care-associated infection in developing
countries: systematic review and meta-analysis. Lancet.
2011;377(9761):228-241. doi: 10.1016/S0140-6736(10)
61458-4

[23] Cholley P, Ka R, Guyeux C, et al. Population structure
of clinical Pseudomonas aeruginosa from west and
Central African countries. PLOS ONE. 2014;9(9):
€107008. doi: 10.1371/journal.pone.0107008

[24] Irum S, Naz K, Ullah N, et al. Antimicrobial resistance
and genomic characterization of six new sequence
types in multidrug-resistant Pseudomonas aeruginosa
clinical isolates from Pakistan. Antibiotics. 2021;10
(11):1386. doi: 10.3390/antibiotics10111386

[25] Gomersall J, Mortimer K, Hassan D, et al. Ten-year
analysis of bacterial colonisation and outcomes of
major burn patients with a focus on Pseudomonas
aeruginosa. Microorganisms. 2024;12(1):42. doi: 10.
3390/microorganisms12010042

[26] Gonzalez MR, Fleuchot B, Lauciello L, et al. Effect of
human burn wound exudate on Pseudomonas aerugi-
nosa virulence. mSphere. 2016;1(2):e00111-00115. doi:
10.1128/msphere.00111-15

[27] Kruczek C, Kottapalli KR, Dissanaike S, et al. Major
transcriptome changes accompany the growth of
Pseudomonas aeruginosa in blood from patients with
severe thermal injuries. PLOS ONE. 2016;11(3):
€0149229. doi: 10.1371/journal.pone.0149229

[28] De Simone M, Spagnuolo L, Loré NI, et al. Mapping
genetic determinants of host susceptibility to
Pseudomonas aeruginosa lung infection in mice. BMC
Genomics. 2016;17(1):351. doi: 10.1186/s12864-016-
2676-4

[29] Lin B, Gong J, Keenan K, et al. Genome-wide associa-
tion study of susceptibility to Pseudomonas aeruginosa
infection in cystic fibrosis. Eur Respir J. 2024;64
(5):2400062. doi: 10.1183/13993003.00062-2024

[30] Loré NI, Cigana C, Sipione B, et al. The impact of host
genetic background in the Pseudomonas aeruginosa
respiratory infections. Mamm Genome. 2018;29
(7):550-557. doi: 10.1007/s00335-018-9753-8

[31] Emond M]J, Louie T, Emerson J, et al. Exome sequen-
cing of extreme phenotypes identifies DCTN4 as


https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-new-antibiotics-are-urgently-needed
https://www.who.int/news/item/17-05-2024-who-updates-list-of-drug-resistant-bacteria-most-threatening-to-human-health
https://www.who.int/news/item/17-05-2024-who-updates-list-of-drug-resistant-bacteria-most-threatening-to-human-health
https://www.who.int/news/item/17-05-2024-who-updates-list-of-drug-resistant-bacteria-most-threatening-to-human-health
https://asm.org/articles/2024/june/pathogenesis-not-a-trait-its-an-outcome
https://asm.org/articles/2024/june/pathogenesis-not-a-trait-its-an-outcome
https://doi.org/10.3389/fmicb.2014.00239
https://doi.org/10.3389/fmicb.2014.00239
https://doi.org/10.1111/apm.13010
https://doi.org/10.1038/s43856-022-00124-5
https://doi.org/10.1038/s43856-022-00124-5
https://doi.org/10.1007/s40265-021-01635-6
https://doi.org/10.1016/bs.ampbs.2021.07.001
https://doi.org/10.1016/bs.ampbs.2021.07.001
https://doi.org/10.1128/mbio.02684-19
https://doi.org/10.1128/mbio.02684-19
https://doi.org/10.1146/annurev-micro-090817-062257
https://doi.org/10.1146/annurev-micro-090817-062257
https://doi.org/10.1371/journal.pgen.1004518
https://doi.org/10.1038/s41467-025-57532-z
https://doi.org/10.1038/s41467-025-57532-z
https://doi.org/10.1016/j.jgar.2024.02.023
https://pmc.ncbi.nlm.nih.gov/articles/PMC6190182/pdf/cvj_11_1231.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC6190182/pdf/cvj_11_1231.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC6190182/pdf/cvj_11_1231.pdf
https://doi.org/10.3390/microorganisms11112650
https://doi.org/10.1016/j.vetmic.2014.11.011
https://doi.org/10.1093/clinids/5.2.279
https://doi.org/10.4103/0377-4929.41685
https://doi.org/10.18683/germs.2023.1406
https://doi.org/10.18683/germs.2023.1406
https://doi.org/10.1111/wrr.12310
https://doi.org/10.1016/S0140-6736(10)61458-4
https://doi.org/10.1016/S0140-6736(10)61458-4
https://doi.org/10.1371/journal.pone.0107008
https://doi.org/10.3390/antibiotics10111386
https://doi.org/10.3390/microorganisms12010042
https://doi.org/10.3390/microorganisms12010042
https://doi.org/10.1128/msphere.00111-15
https://doi.org/10.1128/msphere.00111-15
https://doi.org/10.1371/journal.pone.0149229
https://doi.org/10.1186/s12864-016-2676-4
https://doi.org/10.1186/s12864-016-2676-4
https://doi.org/10.1183/13993003.00062-2024
https://doi.org/10.1007/s00335-018-9753-8

a modifier of chronic Pseudomonas aeruginosa infec-
tion in cystic fibrosis. Nat Genet. 2012;44(8):886-889.
doi: 10.1038/ng.2344

[32] Boers E, Barrett M, Su JG, et al. Global burden of
chronic obstructive pulmonary disease through 2050.
JAMA Network Open. 2023;6(12):2346598. doi: 10.
1001/jamanetworkopen.2023.46598

[33] Casadevall A, Pirofski L-A. Microbiology: ditch the
term pathogen. Nature. 2014;516(7530):165-166. doi:
10.1038/516165a

[34] Pirofski L-A, Casadevall A. Q&A: what is a pathogen?
A question that begs the point. BMC Biol. 2012;10(1):6.
doi: 10.1186/1741-7007-10-6

[35] Grace A, Sahu R, Owen DR, et al. Pseudomonas
aeruginosa reference strains PAO1 and PAl4:
a genomic, phenotypic, and therapeutic review.
Front Microbiol. 2022;13:1023523. doi: 10.3389/
fmicb.2022.1023523

[36] Mikkelsen H, McMullan R, Filloux A, et al. The
Pseudomonas aeruginosa reference strain PA14 displays
increased virulence due to a mutation in ladS. PLOS
ONE. 2011;6(12):€29113. doi: 10.1371/journal.pone.
0029113

[37] Allen JP, Ozer EA, Minasov G, et al. A comparative

genomics approach identifies contact-dependent

growth inhibition as a virulence determinant. Proc

Natl Acad Sci. 2020;117(12):6811-6821. doi: 10.1073/

pnas.1919198117

Battle SE, Meyer F, Rello J, et al. Hybrid pathogenicity

island PAGI-5 contributes to the highly virulent phe-

notype of a Pseudomonas aeruginosa isolate in

mammals. ] Bacteriol. 2008;190(21):7130-7140. doi:

10.1128/jb.00785-08

[39] Wehmhoner D, Hiussler S, Tummler B, et al. Inter-
and intraclonal diversity of the Pseudomonas aerugi-
nosa proteome manifests within the secretome.
J Bacteriol. 2003;185(19):5807-5814. doi: 10.1128/jb.
185.19.5807-5814.2003

[40] Askenasy I, Swain JEV, Ho P-M, et al. ‘Wild type’.
Microbiology. 2024;170(8). doi: 10.1099/mic.0.001495

[41] Lassek C, Berger A, Ziihlke D, et al. Proteome and
carbon flux analysis of Pseudomonas aeruginosa clinical
isolates from different infection sites. Proteomics.
2016;16(9):1381-1385. doi: 10.1002/pmic.201500228

[42] Weimann A, Dinan AM, Ruis C, et al. Evolution and
host-specific adaptation of Pseudomonas aeruginosa.
Science.  2024;385(6704):eadi0908. doi:  10.1126/
science.adi0908

[43] Lore NI, Cigana C, De Fino I, et al. Cystic
fibrosis-niche adaptation of Pseudomonas aeruginosa
reduces virulence in multiple infection hosts. PLOS
ONE. 2012;7(4):e35648. doi: 10.1371/journal.pone.
0035648

[44] Qin S, Xiao W, Zhou C, et al. Pseudomonas aeruginosa:
pathogenesis, virulence factors, antibiotic resistance,
interaction with host, technology advances and emer-
ging therapeutics. Signal Transduct Target Ther. 2022;7
(1):199. doi: 10.1038/s41392-022-01056-1

[45] Filloux A. Protein secretion systems in Pseudomonas
aeruginosa: an essay on diversity, evolution, and
function. Front Microbiol. 2011;2:155. doi: 10.3389/
fmicb.2011.00155

[38

[t}

VIRULENCE (&) 11

[46] Barbieri R, Signoli M, Chevé D, et al. Yersinia pestis:
the natural history of plague. Clin Microbiol Rev.
2020;34(1):e00044-00019. doi: 10.1128/cmr.00044-19

[47] Demeure CE, Dussurget O, Mas Fiol G, et al. Yersinia
pestis and plague: an updated view on evolution, viru-
lence determinants, immune subversion, vaccination,
and diagnostics. Genes Immun. 2019;20(5):357-370.
doi: 10.1038/s41435-019-0065-0

[48] Miranda SW, Asfahl KL, Dandekar AA, et al
Pseudomonas aeruginosa quorum sensing. In: In AF,
and J-L Ramos, editors. Pseudomonas aeruginosa: biol-
ogy, pathogenesis and control strategies. Springer
International Publishing; 2022. p. 95-115. doi: 10.
1007/978-3-031-08491-1_4

[49] Rodrigue A, Quentin Y, Lazdunski A, et al. Cell signal-
ling by oligosaccharides. Trends Microbiol. 2000;8
(11):498-504. doi: 10.1016/S0966-842X(00)01833-3

[50] Sultan M, Arya R, Kim KK. Roles of two-component
systems in Pseudomonas aeruginosa virulence.
Int ] Mol Sci. 2021;22(22):12152. doi: 10.3390/
ijms222212152

[51] Wang BX, Cady KC, Oyarce GC, et al. Two-
component signaling systems regulate diverse
virulence-associated traits in Pseudomonas aeruginosa.
Appl Environ Microbiol. 2021;87(11):e03089-03020.
doi: 10.1128/AEM.03089-20

[52] Bleves S, Soscia C, Nogueira-Orlandi P, et al. Quorum
sensing negatively controls type III secretion regulon
expression in  Pseudomonas aeruginosa PAOIL.
] Bacteriol. 2005;187(11):3898-3902. doi: 10.1128/jb.
187.11.3898-3902.2005

[53] Figueroa W, Cazares A, Ashworth EA, et al. Mutations
in mexT bypass the stringent response dependency of
virulence in Pseudomonas aeruginosa. Cell Rep.
2024;44(1):115079. doi: 10.1016/j.celrep.2024.115079

[54] Sandoz KM, Mitzimberg SM, Schuster M. Social cheat-
ing in Pseudomonas aeruginosa quorum sensing. Proc
Natl Acad Sci. 2007;104(40):15876-15881. doi: 10.
1073/pnas.0705653104

[55] Hardin G. The tragedy of the commons. Science.
1968;162(3859):1243-1248. doi: 10.1126/science.162.
3859.1243

[56] Castaneda-Tamez P, Ramirez-Peris J, Pérez-Velazquez
J, et al. Pyocyanin restricts social cheating in
Pseudomonas aeruginosa. Front Microbiol. 2018;9:9.
doi: 10.3389/fmicb.2018.01348

[57] Feng X, Kostylev M, Dandekar AA, et al. Dynamics of
cheater invasion in a cooperating population of
Pseudomonas aeruginosa. Sci Rep. 2019;9(1):10190.
doi: 10.1038/s41598-019-46651-5

[58] Wang M, Schaefer AL, Dandekar AA, et al. Quorum
sensing and policing of Pseudomonas aeruginosa social
cheaters. Proc Natl Acad Sci. 2015;112(7):2187-2191.
doi: 10.1073/pnas.1500704112

[59] Yan H, Wang M, Sun F, et al. A metabolic trade-off
modulates policing of social cheaters in populations of
Pseudomonas aeruginosa. Front Microbiol. 2018;9:9.
doi: 10.3389/fmicb.2018.00337

[60] Ozkaya O, Balbontin R, Gordo I, et al. Cheating on
cheaters stabilizes cooperation in Pseudomonas
aeruginosa. Curr Biol. 2018;28(13):2070-2080.€2076.
doi: 10.1016/j.cub.2018.04.093


https://doi.org/10.1038/ng.2344
https://doi.org/10.1001/jamanetworkopen.2023.46598
https://doi.org/10.1001/jamanetworkopen.2023.46598
https://doi.org/10.1038/516165a
https://doi.org/10.1038/516165a
https://doi.org/10.1186/1741-7007-10-6
https://doi.org/10.3389/fmicb.2022.1023523
https://doi.org/10.3389/fmicb.2022.1023523
https://doi.org/10.1371/journal.pone.0029113
https://doi.org/10.1371/journal.pone.0029113
https://doi.org/10.1073/pnas.1919198117
https://doi.org/10.1073/pnas.1919198117
https://doi.org/10.1128/jb.00785-08
https://doi.org/10.1128/jb.00785-08
https://doi.org/10.1128/jb.185.19.5807-5814.2003
https://doi.org/10.1128/jb.185.19.5807-5814.2003
https://doi.org/10.1099/mic.0.001495
https://doi.org/10.1002/pmic.201500228
https://doi.org/10.1126/science.adi0908
https://doi.org/10.1126/science.adi0908
https://doi.org/10.1371/journal.pone.0035648
https://doi.org/10.1371/journal.pone.0035648
https://doi.org/10.1038/s41392-022-01056-1
https://doi.org/10.3389/fmicb.2011.00155
https://doi.org/10.3389/fmicb.2011.00155
https://doi.org/10.1128/cmr.00044-19
https://doi.org/10.1038/s41435-019-0065-0
https://doi.org/10.1007/978-3-031-08491-1_4
https://doi.org/10.1007/978-3-031-08491-1_4
https://doi.org/10.1016/S0966-842X(00)01833-3
https://doi.org/10.3390/ijms222212152
https://doi.org/10.3390/ijms222212152
https://doi.org/10.1128/AEM.03089-20
https://doi.org/10.1128/jb.187.11.3898-3902.2005
https://doi.org/10.1128/jb.187.11.3898-3902.2005
https://doi.org/10.1016/j.celrep.2024.115079
https://doi.org/10.1073/pnas.0705653104
https://doi.org/10.1073/pnas.0705653104
https://doi.org/10.1126/science.162.3859.1243
https://doi.org/10.1126/science.162.3859.1243
https://doi.org/10.3389/fmicb.2018.01348
https://doi.org/10.1038/s41598-019-46651-5
https://doi.org/10.1073/pnas.1500704112
https://doi.org/10.3389/fmicb.2018.00337
https://doi.org/10.1016/j.cub.2018.04.093

12 (&) J. SWAIN ET AL.

(61]

[62

(63]

(64]

(65]

(6]

(67]

(68]

[69

—

(70]

(71]

(72]

(73]

(74]

Czechowska K, McKeithen-Mead S, Al Moussawi K,
et al. Cheating by Type 3 Secretion System-negative
Pseudomonas aeruginosa during pulmonary infection.
Proc Natl Acad Sci. 2014;111(21):7801-7806. doi: 10.
1073/pnas.1400782111

Rundell EA, McKeithen-Mead SA, Kazmierczak BI,
et al. Rampant cheating by pathogens? PLOS Pathog.

2016;12(9):e1005792. doi: 10.1371/journal.ppat.
1005792
Galdino ACM, Branquinha MH, Santos ALS.

Pseudomonas aeruginosa and its arsenal of proteases:
weapons to battle the host. In: Chakraborti S, and
N Dhalla, editors. Pathophysiological aspects of proteases.
Springer; 2017. doi: 10.1007/978-981-10-6141-7_16
Forrest S, Welch M. Arming the troops:
post-translational modification of extracellular bacter-
ial proteins. Sci Prog. 2020;103(4):0036850420964317.
doi: 10.1177/0036850420964317

Sauvage S, Hardouin J. Exoproteomics for better

understanding Pseudomonas aeruginosa virulence.
Toxins  (Basel). 2020;12(9):571. doi:  10.3390/
toxins12090571

Nouwens AS, Beatson SA, Whitchurch CB, et al

Proteome analysis of extracellular proteins regulated
by the las and rhl quorum sensing systems in
Pseudomonas  aeruginosa  PAOl.  Microbiology.
2003;149(5):1311-1322. doi: 10.1099/mic.0.25967-0
Passmore IJ, Nishikawa K, Lilley KS, et al. Mep72,
a metzincin protease that is preferentially secreted by
biofilms of Pseudomonas aeruginosa. ] Bacteriol.
2015;197(4):762-773. doi: 10.1128/jb.02404-14

Swatton JE, Davenport PW, Maunders EA, et al
Impact of azithromycin on the quorum
sensing-controlled  proteome of  Pseudomonas

aeruginosa. PLOS ONE. 2016;11(1):e0147698. doi: 10.
1371/journal.pone.0147698

Forrest SL. Post-translational modification of proteins
secreted by Pseudomonas aeruginosa and its role in
bacterial physiology [Doctoral dissertation, University
of Cambridge]. Apollo-University of Cambridge
Repository; 2021. doi: 10.17863/CAM.80224
Balasubramanian D, Schneper L, Kumari H, et al.
A dynamic and intricate regulatory network deter-
mines Pseudomonas aeruginosa virulence. Nucleic
Acids Res. 2013;41(1):1-20. doi: 10.1093/nar/gks1039
Dubern J-F, Halliday N, Camara M, et al. Growth rate
and nutrient limitation as key drivers of extracellular
quorum sensing signal molecule accumulation in
Pseudomonas aeruginosa. Microbiology. 2023;169(4).
doi: 10.1099/mic.0.001316

Potrykus K, Cashel M. (p)ppGpp: still magical? Annu
Rev Microbiol. 2008;62(1):35-51. doi: 10.1146/
annurev.micro.62.081307.162903

Petchiappan A, Gottesman S. How does the alarmone
ppGpp change bacterial cell metabolism? From
genome-wide approaches to structure to physiology.
Mol Cell. 2020;80(1):1-2. doi: 10.1016/j.molcel.2020.
09.019

Cai W, Liao H, Lu M, et al. New evolutionary insights
into RpoA: a novel quorum sensing reprograming fac-
tor in Pseudomonas aeruginosa. Mol Biol Evol. 2023;40
(10). doi: 10.1093/molbev/msad203

(75]

(76]

(771

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

Kostylev M, Kim DY, Smalley NE, et al. Evolution of
the  Pseudomonas  aeruginosa  quorum-sensing
hierarchy. Proc Natl Acad Sci. 2019;116

(14):7027-7032. doi: 10.1073/pnas.1819796116
Kostylev' M, Smalley NE, Chao Man H, et al
Relationship of the transcription factor MexT to
quorum sensing and virulence in Pseudomonas
aeruginosa. ] Bacteriol. 2023;205(12):e00226-00223.
doi: 10.1128/jb.00226-23

Liu Y, Ahator SD, Wang H, et al. Microevolution of the
mexT and lasR reinforces the bias of quorum sensing
system in laboratory strains of Pseudomonas aeruginosa
PAOL1. Front Microbiol. 2022;13:821895. doi: 10.3389/
fmicb.2022.821895

Oshri RD, Zrihen KS, Shner I, et al. Selection for
increased quorum-sensing cooperation in
Pseudomonas aeruginosa through the shut-down of
a drug resistance pump. Isme J. 2018;12
(10):2458-2469. doi: 10.1038/s41396-018-0205-y
Bowden SD, Eyres A, Chung JCS, et al. Virulence in
Pectobacterium  atrosepticum is  regulated by
a coincidence circuit involving quorum sensing and
the stress alarmone, (p)ppgpp. Mol Microbiol.
2013;90(3):457-471. doi: 10.1111/mmi.12369

Song H, Li Y, Wang Y. Two-component system GacS/
GacA, a global response regulator of bacterial physio-
logical behaviors. Eng Microbiol. 2023;3(1):100051.
doi: 10.1016/j.engmic.2022.100051

Goodman AL, Kulasekara B, Rietsch A, et al
A signaling network reciprocally regulates genes asso-
ciated with acute infection and chronic persistence in
Pseudomonas aeruginosa. Dev Cell. 2004;7(5):745-754.
doi: 10.1016/j.devcel.2004.08.020

Ventre I, Goodman AL, Vallet-Gely I, et al. Multiple
sensors control reciprocal expression of Pseudomonas
aeruginosa regulatory RNA and virulence genes. Proc
Natl Acad Sci. 2006;103(1):171-176. doi: 10.1073/pnas.
0507407103

Chung JCS, Rzhepishevska O, Ramstedt M, et al. Type
III Secretion System expression in oxygen-limited
Pseudomonas aeruginosa cultures is stimulated by iso-
citrate lyase activity. Open Biol. 2013;3(1):120131. doi:
10.1098/rsob.120131

Maunders EA, Triniman RC, Western J, et al. Global
reprogramming of virulence and antibiotic resistance
in Pseudomonas aeruginosa by a single nucleotide poly-
morphism in elongation factor, fusAl. J Biol Chem.
2020;295(48):16411-16426. doi: 10.1074/jbc.RA119.
012102

Chambonnier G, Roux L, Redelberger D, et al. The
hybrid histidine kinase LadS forms a multicomponent
signal transduction system with the GacS/GacA
two-component system in Pseudomonas aeruginosa.
PLOS Genet. 2016;12(5):e1006032. doi: 10.1371/jour
nal.pgen.1006032

Broder UN, Jaeger T, Jenal U. LadS is a
calcium-responsive kinase that induces acute-to-
chronic virulence switch in Pseudomonas aeruginosa.
Nat Microbiol. 2016;2(1):16184. doi: 10.1038/nmicro
biol.2016.184

Wang BX, Wheeler KM, Cady KC, et al. Mucin glycans
signal through the sensor kinase RetS to inhibit


https://doi.org/10.1073/pnas.1400782111
https://doi.org/10.1073/pnas.1400782111
https://doi.org/10.1371/journal.ppat.1005792
https://doi.org/10.1371/journal.ppat.1005792
https://doi.org/10.1007/978-981-10-6141-7_16
https://doi.org/10.1177/0036850420964317
https://doi.org/10.3390/toxins12090571
https://doi.org/10.3390/toxins12090571
https://doi.org/10.1099/mic.0.25967-0
https://doi.org/10.1128/jb.02404-14
https://doi.org/10.1371/journal.pone.0147698
https://doi.org/10.1371/journal.pone.0147698
https://doi.org/10.17863/CAM.80224
https://doi.org/10.1093/nar/gks1039
https://doi.org/10.1099/mic.0.001316
https://doi.org/10.1146/annurev.micro.62.081307.162903
https://doi.org/10.1146/annurev.micro.62.081307.162903
https://doi.org/10.1016/j.molcel.2020.09.019
https://doi.org/10.1016/j.molcel.2020.09.019
https://doi.org/10.1093/molbev/msad203
https://doi.org/10.1073/pnas.1819796116
https://doi.org/10.1128/jb.00226-23
https://doi.org/10.3389/fmicb.2022.821895
https://doi.org/10.3389/fmicb.2022.821895
https://doi.org/10.1038/s41396-018-0205-y
https://doi.org/10.1111/mmi.12369
https://doi.org/10.1016/j.engmic.2022.100051
https://doi.org/10.1016/j.devcel.2004.08.020
https://doi.org/10.1073/pnas.0507407103
https://doi.org/10.1073/pnas.0507407103
https://doi.org/10.1098/rsob.120131
https://doi.org/10.1098/rsob.120131
https://doi.org/10.1074/jbc.RA119.012102
https://doi.org/10.1074/jbc.RA119.012102
https://doi.org/10.1371/journal.pgen.1006032
https://doi.org/10.1371/journal.pgen.1006032
https://doi.org/10.1038/nmicrobiol.2016.184
https://doi.org/10.1038/nmicrobiol.2016.184

virulence-associated traits in Pseudomonas aeruginosa.

Curr Biol. 2021;31(1):90-102.e7. doi: 10.1016/j.cub.

2020.09.088

Bhagirath AY, Pydi SP, Li Y, et al. Characterization of

the direct interaction between hybrid sensor kinases

PA1611 and RetS that controls biofilm formation and

the type III secretion system in Pseudomonas

aeruginosa. ACS Infect Dis. 2017;3(2):162-175. doi:

10.1021/acsinfecdis.6b00153

[89] Kong W, Chen L, Zhao J, et al. Hybrid sensor kinase
PA1611 in Pseudomonas aeruginosa regulates transi-
tions between acute and chronic infection through
direct interaction with RetS. Mol Microbiol. 2013;88
(4):784-797. doi: 10.1111/mmi.12223

[90] Chen G, Fanouraki G, Rangarajan AA, et al
Combinatorial control of Pseudomonas aeruginosa bio-
film  development by  quorum-sensing  and
nutrient-sensing regulators. mSystems. 2024;9(9):
€00372-00324. doi: 10.1128/msystems.00372-24

[91] Albus AM, Pesci EC, Runyen-Janecky LJ, et al. Vfr
controls quorum sensing in Pseudomonas aeruginosa.
J Bacteriol. 1997;179(12):3928-3935. doi: 10.1128/jb.
179.12.3928-3935.1997

[92] Jin Y, Zhang M, Zhu F, et al. NrtR regulates the Type
III Secretion System through cAMP/Vfr pathway in
Pseudomonas aeruginosa. Front Microbiol. 2019;10:85.
doi: 10.3389/fmicb.2019.00085

[93] Williams McMackin EA, Djapgne L, Corley JM, et al.
Fitting pieces into the puzzle of Pseudomonas aerugi-
nosa Type III Secretion System gene expression.
J Bacteriol. 2019;201(13):17. doi: 10.1128/jb.00209-19

[94] Hall CL, Lee VT. Cyclic-di-GMP regulation of viru-
lence in bacterial pathogens. WIREs RNA. 2018;9(1):
el454. doi: 10.1002/wrna.1454

[95] Martins D, McKay G, Sampathkumar G, et al. Superoxide

dismutase activity confers (p)ppgpp-mediated antibiotic

tolerance to stationary-phase Pseudomonas aeruginosa.

Proc Natl Acad Sci. 2018;115(39):9797-9802. doi: 10.

1073/pnas.1804525115

Pletzer D, Blimkie TM, Wolfmeier H, et al. The strin-

gent stress response controls proteases and global reg-

ulators under optimal growth conditions in

Pseudomonas aeruginosa. mSystems. 2020;5(4):19. doi:

10.1128/msystems.00495-20

[97] Rietsch A, Mekalanos JJ. Metabolic regulation of Type
III Secretion gene expression in Pseudomonas
aeruginosa. Mol Microbiol. 2006;59(3):807-820. doi:
10.1111/j.1365-2958.2005.04990.x

[98] Michelucci A, Cordes T, Ghelfi J, et al. Immune-

responsive gene 1 protein links metabolism to immu-

nity by catalyzing itaconic acid production. Proc Natl

Acad Sci. 2013;110(19):7820-7825. doi: 10.1073/pnas.

1218599110

O’Neill LAJ, Artyomov MN. Itaconate: the poster child

of metabolic reprogramming in macrophage function.

Nat Rev Immunol. 2019;19(5):273-281. doi: 10.1038/

s41577-019-0128-5

Crousilles A, Dolan SK, Brear P, et al. Gluconeogenic

precursor availability regulates flux through the glyox-

ylate shunt in Pseudomonas aeruginosa. J Biol Chem.

2018;293(37):14260-14269. doi: 10.1074/jbc.RA118.

004514

(88

[t}

[96

[99

[100

—

VIRULENCE (&) 13

[101] McVey AC, Medarametla P, Chee X, et al. Structural
and functional characterization of malate synthase
G from opportunistic pathogen Pseudomonas
aeruginosa. Biochemistry. 2017;56(41):5539-5549. doi:
10.1021/acs.biochem.7b00852

[102] Fahnoe KC, Flanagan ME, Gibson G, et al. Non-
traditional antibacterial screening approaches for
the identification of novel inhibitors of the glyox-
ylate shunt in gram-negative pathogens. PLOS
ONE. 2012;7(12):e51732. doi: 10.1371/journal.pone.
0051732

[103] McVey AC, Bartlett S, Kajbaf M, et al. 2-aminopyridine
analogs inhibit both enzymes of the glyoxylate shunt in
Pseudomonas aeruginosa. Int ] Mol Sci. 2020;21
(7):2490. doi: 10.3390/ijms21072490

[104] Riquelme SA, Liimatta K, Wong Fok Lung T, et al.
Pseudomonas aeruginosa utilizes host-derived itaconate
to redirect its metabolism to promote biofilm
formation. Cell Metab. 2020;31(6):1091-1106.e6. doi:
10.1016/j.cmet.2020.04.017

[105] Runtsch MC, Angiari S, Hooftman A, et al. Itaconate
and itaconate derivatives target JAK1 to suppress alter-
native activation of macrophages. Cell Metab. 2022;34
(3):487-501.e8. doi: 10.1016/j.cmet.2022.02.002

[106] Malet JK, Hennemann LC, Hua EM-L, et al. A model
of intracellular persistence of Pseudomonas aeruginosa
in airway epithelial cells. Cell Microbiol. 2022;2022
(1):1-14. doi: 10.1155/2022/5431666

[107] Malet K, Faure E, Adam D, et al. Intracellular
Pseudomonas aeruginosa within the airway epithelium
of cystic fibrosis lung tissues. Am J Respir Crit Care
Med. 2024;209(12):1453-1462. doi: 10.1164/rccm.
202308-14510C

[108] Crabbé A. Intracellular Pseudomonas aeruginosa: an
overlooked reservoir in the lungs of people with cystic
fibrosist Am ] Respir Crit Care Med. 2024;209
(12):1421-1423. doi: 10.1164/rccm.202402-0388ED

[109] Resko ZJ, Suhi RF, Thota AV, et al. Evidence for
intracellular Pseudomonas aeruginosa. ] Bacteriol.
2024;206(5):e00109-00124. doi: 10.1128/jb.00109-24

[110] Randow F, MacMicking JD, James LC. Cellular
self-defense: how cell-autonomous immunity protects
against pathogens. Science. 2013;340(6133):701-706.
doi: 10.1126/science.1233028

[111] Kroken AR, Klein KA, Mitchell PS, et al. Intracellular
replication of Pseudomonas aeruginosa in epithelial
cells requires suppression of the caspase-4
inflammasome. mSphere.  2023;8(5):e00351-00323.
doi: 10.1128/msphere.00351-23

[112] Cao P, Fleming D, Moustafa DA, et al. A Pseudomonas
aeruginosa small RNA regulates chronic and acute
infection. Nature. 2023;618(7964):358-364. doi: 10.
1038/541586-023-06111-7

[113] Erdmann ], Thoming JG, Pohl S, et al. The core pro-
teome of biofilm-grown clinical Pseudomonas aerugi-
nosa isolates. Cells. 2019;8(10):1129. doi: 10.3390/
cells8101129

[114] Pulukkody AC, Yung YP, Donnarumma F, et al.
Spatially resolved analysis of Pseudomonas aeruginosa
biofilm proteomes measured by laser ablation sample
transfer. PLOS ONE. 2021;16(7):€0250911. doi: 10.
1371/journal.pone.0250911


https://doi.org/10.1016/j.cub.2020.09.088
https://doi.org/10.1016/j.cub.2020.09.088
https://doi.org/10.1021/acsinfecdis.6b00153
https://doi.org/10.1021/acsinfecdis.6b00153
https://doi.org/10.1111/mmi.12223
https://doi.org/10.1128/msystems.00372-24
https://doi.org/10.1128/jb.179.12.3928-3935.1997
https://doi.org/10.1128/jb.179.12.3928-3935.1997
https://doi.org/10.3389/fmicb.2019.00085
https://doi.org/10.1128/jb.00209-19
https://doi.org/10.1002/wrna.1454
https://doi.org/10.1073/pnas.1804525115
https://doi.org/10.1073/pnas.1804525115
https://doi.org/10.1128/msystems.00495-20
https://doi.org/10.1128/msystems.00495-20
https://doi.org/10.1111/j.1365-2958.2005.04990.x
https://doi.org/10.1111/j.1365-2958.2005.04990.x
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1038/s41577-019-0128-5
https://doi.org/10.1074/jbc.RA118.004514
https://doi.org/10.1074/jbc.RA118.004514
https://doi.org/10.1021/acs.biochem.7b00852
https://doi.org/10.1021/acs.biochem.7b00852
https://doi.org/10.1371/journal.pone.0051732
https://doi.org/10.1371/journal.pone.0051732
https://doi.org/10.3390/ijms21072490
https://doi.org/10.1016/j.cmet.2020.04.017
https://doi.org/10.1016/j.cmet.2020.04.017
https://doi.org/10.1016/j.cmet.2022.02.002
https://doi.org/10.1155/2022/5431666
https://doi.org/10.1164/rccm.202308-1451OC
https://doi.org/10.1164/rccm.202308-1451OC
https://doi.org/10.1164/rccm.202402-0388ED
https://doi.org/10.1128/jb.00109-24
https://doi.org/10.1126/science.1233028
https://doi.org/10.1128/msphere.00351-23
https://doi.org/10.1038/s41586-023-06111-7
https://doi.org/10.1038/s41586-023-06111-7
https://doi.org/10.3390/cells8101129
https://doi.org/10.3390/cells8101129
https://doi.org/10.1371/journal.pone.0250911
https://doi.org/10.1371/journal.pone.0250911

14 J. SWAIN ET AL.

[115] Tuon FF, Dantas LR, Suss PH, et al. Pathogenesis of the
Pseudomonas aeruginosa biofilm: a review. Pathogens.
2022;11(3):300. doi: 10.3390/pathogens11030300
Peters BM, Jabra-Rizk MA, O’May GA, et al
Polymicrobial interactions: impact on pathogenesis
and human disease. Clin Microbiol Rev. 2012;25
(1):193-213. doi: 10.1128/cmr.00013-11
Bényei EB, Nazeer RR, Askenasy I, et al. The past,
present and future of polymicrobial infection research:
modelling, eavesdropping, terraforming and other stor-
ies. In: Advances in microbial physiology. Vol. 85.
Academic Press; 2024. p. 259-323. doi: 10.1016/bs.
ampbs.2024.04.002
Harrison F, Diggle SP. An ex vivo lung model to study
bronchioles infected with Pseudomonas aeruginosa
biofilms. Microbiology. 2016;162(10):1755-1760. doi:
10.1099/mic.0.000352
Khalid A, Cookson AR, Whitworth DE, et al
A synthetic polymicrobial community biofilm model
demonstrates spatial partitioning, tolerance to antimi-
crobial treatment, reduced metabolism, and small col-
ony variants typical of chronic wound biofilms.
Pathogens. 2023;12(1):118. doi: 10.3390/pathogens
12010118
O’Brien TJ, Welch M. A continuous-flow model for
in vitro cultivation of mixed microbial populations asso-
ciated with cystic fibrosis airway infections. Front
Microbiol. 2019;10:2713. doi: 10.3389/fmicb.2019.02713
O’Toole George A, Crabbé A, Kimmerli R, et al
Model systems to study the chronic, polymicrobial
infections in cystic fibrosis: current approaches and
exploring future directions. MBio. 2021;12(5):8. doi:
10.1128/mbio.01763-21
O’Brien TJ, Figueroa W, Welch M. Decreased efficacy
of antimicrobial agents in a polymicrobial
environment. ISME J. 2022;16(7):1694-1704. doi: 10.
1038/s41396-022-01218-7
Korgaonkar A, Trivedi U, Rumbaugh KP, et al
Community surveillance enhances Pseudomonas aeru-
ginosa virulence during polymicrobial infection. Proc
Natl Acad Sci. 2013;110(3):1059-1064. doi: 10.1073/
pnas.1214550110
Pouget C, Dunyach-Remy C, Bernardi T, et al. A relevant
wound-like in vitro media to study bacterial cooperation
and biofilm in chronic wounds. Front Microbiol.
2022;13:705479. doi: 10.3389/fmicb.2022.705479
Neve RL, Carrillo BD, Phelan VV, et al. Impact of
artificial ~ sputum  medium  formulation on
Pseudomonas  aeruginosa  secondary  metabolite
production. J Bacteriol. 2021;203(21):18. doi: 10.1128/
jb.00250-21
[126] Duan K, Surette MG. Environmental regulation of
Pseudomonas  aeruginosa PAO1 Las and Rhl
quorum-sensing systems. ] Bacteriol. 2007;189
(13):4827-4836. doi: 10.1128/jb.00043-07
[127] Cugini C, Calfee MW, Farrow JM III, et al. Farnesol,
a common sesquiterpene, inhibits PQS production in
Pseudomonas aeruginosa. Mol Microbiol. 2007;65
(4):896-906. doi: 10.1111/j.1365-2958.2007.05840.x

(116

—_

(117

—

(118

[t}

(119

—

[120

—

(121

(122

—

[123

[}

(124

—

(125

—_

[128] Batliner M, Schumacher F, Wigger D, et al. The
Candida albicans quorum-sensing molecule farnesol
alters  sphingolipid = metabolism  in  human
monocyte-derived dendritic cells. MBio. 2024;15(8):
€00732-00724. doi: 10.1128/mbio.00732-24

[129] Cugini C, Morales DK, Hogan DA. Candida
albicans-produced farnesol stimulates Pseudomonas
quinolone signal production in LasR-defective
Pseudomonas  aeruginosa  strains.  Microbiology.
2010;156(10):3096-3107. doi: 10.1099/mic.0.037911-0

[130] Hoffman LR, Déziel E, D’Argenio DA, et al. Selection
for Staphylococcus aureus. Proc Natl Acad Sci. 2006;103
(52):19890-19895. doi: 10.1073/pnas.0606756104

[131] Rossetto V, Moore-Machacek AS, Woods DF, et al.
Structural modification of the Pseudomonas aeruginosa
alkylquinoline cell-cell communication signal, HHQ,
leads to benzofuranoquinolines with anti-virulence
behaviour in ESKAPE pathogens. Microbiology.
2023;169(3):001303. doi: 10.1099/mic.0.001303

[132] Jurado-Martin I, Sainz-Mejias M, McClean S.
Pseudomonas aeruginosa: an audacious pathogen with
an adaptable arsenal of virulence factors. Int ] Mol Sci.
2021;22(6):3128. doi: 10.3390/ijms22063128

[133] Liao C, Huang X, Wang Q, et al. Virulence Factors of
Pseudomonas aeruginosa and Antivirulence Strategies to
Combeat Its Drug Resistance. Front Cell Infect Microbiol.
2022;12:926758. doi: 10.3389/fcimb.2022.926758

[134] Veetilvalappil VV, Manuel A, Aranjani JM, et al.
Pathogenic arsenal of Pseudomonas aeruginosa: an
update on virulence factors. Future Microbiol.
2022;17(6):465-481. doi: 10.2217/fmb-2021-0158

[135] Freschi L, Vincent AT, Jeukens J, et al. The
Pseudomonas aeruginosa pan-genome provides new
insights on its population structure, horizontal gene
transfer, and pathogenicity. Genome Biol Evol.
2018;11(1):109-120. doi: 10.1093/gbe/evy259

[136] Coulthurst SJ, Williamson NR, Harris AKP, et al.
Metabolic and regulatory engineering of Serratia mar-
cescens: mimicking phage-mediated horizontal acquisi-
tion of antibiotic biosynthesis and quorum-sensing
capacities. Microbiology. 2006;152(7):1899-1911. doi:
10.1099/mic.0.28803-0

[137] Pincus NB, Ozer EA, Allen JP, et al. A genome-based
model to predict the virulence of Pseudomonas aerugi-
nosa isolates. MBio. 2020;11(4):19. doi: 10.1128/mbio.
01527-20

[138] Maori E, Garbian Y, Kunik V, et al. A transmissible
RNA pathway in honey bees. Cell Rep. 2019;27
(7):1949-1959.e1946. doi: 10.1016/j.celrep.2019.04.073

[139] Winstanley C, O’Brien S, Brockhurst MA.
Pseudomonas aeruginosa evolutionary adaptation and
diversification in cystic fibrosis chronic lung infections.
Trends Microbiol. 2016;24(5):327-337. doi: 10.1016/j.
tim.2016.01.008

[140] Workentine ML, Sibley CD, Glezerson B, et al.
Phenotypic heterogeneity of Pseudomonas aerugi-
nosa populations in a cystic fibrosis patient. PLOS
ONE. 2013;8(4):e60225. doi: 10.1371/journal.pone.
0060225


https://doi.org/10.3390/pathogens11030300
https://doi.org/10.1128/cmr.00013-11
https://doi.org/10.1016/bs.ampbs.2024.04.002
https://doi.org/10.1016/bs.ampbs.2024.04.002
https://doi.org/10.1099/mic.0.000352
https://doi.org/10.1099/mic.0.000352
https://doi.org/10.3390/pathogens12010118
https://doi.org/10.3390/pathogens12010118
https://doi.org/10.3389/fmicb.2019.02713
https://doi.org/10.1128/mbio.01763-21
https://doi.org/10.1128/mbio.01763-21
https://doi.org/10.1038/s41396-022-01218-7
https://doi.org/10.1038/s41396-022-01218-7
https://doi.org/10.1073/pnas.1214550110
https://doi.org/10.1073/pnas.1214550110
https://doi.org/10.3389/fmicb.2022.705479
https://doi.org/10.1128/jb.00250-21
https://doi.org/10.1128/jb.00250-21
https://doi.org/10.1128/jb.00043-07
https://doi.org/10.1111/j.1365-2958.2007.05840.x
https://doi.org/10.1128/mbio.00732-24
https://doi.org/10.1099/mic.0.037911-0
https://doi.org/10.1073/pnas.0606756104
https://doi.org/10.1099/mic.0.001303
https://doi.org/10.3390/ijms22063128
https://doi.org/10.3389/fcimb.2022.926758
https://doi.org/10.2217/fmb-2021-0158
https://doi.org/10.1093/gbe/evy259
https://doi.org/10.1099/mic.0.28803-0
https://doi.org/10.1099/mic.0.28803-0
https://doi.org/10.1128/mbio.01527-20
https://doi.org/10.1128/mbio.01527-20
https://doi.org/10.1016/j.celrep.2019.04.073
https://doi.org/10.1016/j.tim.2016.01.008
https://doi.org/10.1016/j.tim.2016.01.008
https://doi.org/10.1371/journal.pone.0060225
https://doi.org/10.1371/journal.pone.0060225

	Abstract
	The pathogen in context
	P.aeruginosa and the built environment
	Infection scenarios
	Genetic predispositions towards P.aeruginosa infection
	One size does not fit all: secreted P.aeruginosa virulence factors display substantial strain-to-strain variation
	Two main types of virulence factor
	Virulence as a high-risk strategy
	Cheats exploit Class Ifactors
	Class II factor-dependent immunosuppression is acheatable trait
	The challenges of life in aself-produced “proteolytic soup”
	Top-down nutrient sensing controls Class Ivirulence factor production in P.aeruginosa
	Class II virulence factor production is regulated by specific extracellular cues
	Production of Class II virulence factors is fine-tuned by cyclic-di-GMP signalling
	Metabolism has its say
	Intracellular Pseudomonas aeruginosa
	Biofilms: virulent or not?
	The influence of other microbes on P.aeruginosa virulence
	Concluding comments and vistas for future study
	Disclosure statement
	Funding
	Author contributions
	Author contributions statement
	Data availability statement
	References

