
FEMS Microbiology Ecology , 2023, 99 , 1–10 

DOI: 10.1093/femsec/fiad128 
Ad v ance access publication date: 12 October 2023 

Minire vie w 

To cheat or not to cheat: cheatable and non-cheatable 

virulence factors in Pseudomonas aeruginosa 

Katya Dafne Guadarrama-Orozco 1 , Caleb Perez-Gonzalez 1 , Kokila Kota 2 , Miguel Cocotl-Yañez 1 , Jesús Guillermo Jiménez-Cortés 1 , 
Miguel Díaz-Guerr er o 1 , Mariel Hernández-Garnica 1 , Julia Munson 

2 , Frederic Cadet 3 , Luis Esaú López-Jácome 4 , Ángel 

Yahir Estrada-Velasco 1 , Ana María Fernández-Presas 1 , Rodolfo Gar cía-Contrer as 1 ,* 

1 Departamento de Microbiología y Parasitología, Facultad de Medicina, Universidad Nacional Autónoma de México, 04360 Mexico City, Mexico. 
2 Ramapo College of New Jersey, Biology Department, Mahwah, NJ 07430, USA. 
3 PEACCEL, Artificial Intelligence Department, AI for Biologics, P aris, 75013, Fr ance 
4 Laboratorio de Microbiología Clínica, División de Infectología, Instituto Nacional de Rehabilitación Luis Guillermo Ibarra Ibarra, 14389 Mexico City, Mexico. 
∗Corresponding author. Departamento de Microbiología y Parasitología, Facultad de Medicina, Universidad Nacional Autonoma de Mexico, Circuito Escolar 411A, 
Copilco Universidad, Co y oacán, 04360 Mexico City, Mexico. E-mail: rgarc@bq.unam.mx 
Editor: [Marcus Horn] 

Abstract 

Important bacterial pathogens such as Pseudomonas aeruginosa produce several exoproducts such as siderophores, de gr adative en- 
zymes, biosurfactants, and exopolysaccharides that are used extracellularly, benefiting all members of the population, hence being 
public goods. Since the production of public goods is a cooper ative tr ait, it is in principle susce ptib le to cheating by individuals in the 
population who do not invest in their production, but use their benefits, hence increasing their fitness at the expense of the coop- 
erators’ fitness. Among the most studied virulence factors susce ptib le to cheating ar e sider ophor es and exopr oteases, with sev eral 
studies in vitro and some in animal infection models. In addition to these two well-known examples, cheating with other virulence 
factors such as exopol ysaccharides, biosurfactants, eDNA pr oduction, secr etion systems, and biofilm formation has also been studied. 
In this re vie w, we discuss the evidence of the susceptibility of each of those virulence factors to cheating, as well as the mechanisms 
that counteract this behavior and the possible consequences for bacterial virulence. 

Ke yw ords: biofilms; biosurfactants; exoprotease; pyocyanin; secretion systems; siderophores; social cheating 
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Introduction 

In principle, all cooper ativ e behaviors are susceptible to cheating,
and the production of public goods by microbes is no exception 

(Smith and Schuster 2019 ). Interestingly, many examples of public 
goods involving bacteria are virulence factors, increasing bacterial 
virulence and hence favoring infections, ne v ertheless, since they 
ar e social tr aits, they ar e in principle also susceptible to cheat- 
ing by non-producer individuals. For cheating to take place, the 
expression of the cheatable trait must be costly, in terms of the 
energy and resources required to produce it, and the benefit de- 
riv ed fr om the pr oduction of suc h a factor should not be restricted 

to the individuals who produce it but should have the potential of 
benefitting other members of the population. T hus , when cheat- 
ing occurs, the fitness of the c heater incr eases at the expense of 
the fitness of the cooper ator (García-Contr er as and Loarca 2021 ).
Cheaters are usually generated by mutations that decrease or pre- 
clude the production of a cooperative trait, usually in genes en- 
coding master regulators such as LasR that activate the expres- 
sion of se v er al quorum sensing (QS) controlled virulence factors 
suc h as exopr oteases , phenazines , rhamnolipids , etc., or genes en- 
coding sigma factors such as PvdS that control the expression of 
the genes involved in the biosynthesis of p y over dine, the main 

sider ophor e in Pseudomonas aeruginosa (Sandoz et al. 2007 , Wilder 
et al. 2011 , Dandekar et al. 2012 , Granato and Kümmerli 2017 ,
Loarca et al. 2019 , Tostado-Islas et al. 2021 ). Ho w e v er, another way 
to cheat at least temporarily without necessarily being a mutant 
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ould be by the transitory lack of expression of the cooperative
rait; ho w ever, that strategy has been less explored so far. It is well
stablished that during c hr onic infections often lasR and pvdS mu-
ants are found, hence suggesting a cheating behavior in vivo , al-
hough other explanations for their selection have been proposed 

De Vos et al. 2001 , Hoffman et al. 2009 , Meijerink et al. 2010 , Jir-
cny et al. 2014 , Hennemannid et al. 2021 ). 

Regardless of the detrimental effects of cheating for bacterial 
opulations, non-cooper ativ e individuals for some traits may co-
perate in other wa ys , either in situations of regular growth or un-
er stressful conditions; moreover, since sometimes the produc- 
ion of extracellular metabolites exceeds the optimal (their cost 
n terms of energy would exceed the benefit of their utilization),
 positive effect of the cheaters would be to decrease the overall
r oduction of suc h metabolites, hence decr easing the r esources
sed in their synthesis and export, leaving more energy available
or metabolic processes linked to growth and biomass production.
or eov er, as c heating decr eases, the ov er all pr oduction of viru-

ence factors that are sometimes immunogenic is thought to con-
ribute to a transition from acute to chronic infections and it has
een demonstrated that several social traits including QS, biofilm,
nd sider ophor e pr oduction decr ease in c hr onic P. aeruginosa in-
ections as a function of time (García-Contr er as and Loarca 2021 ).

Hence , in principle , the consequences of virulence factor cheat-
ng for pathogenic bacteria could be complex, since they may
ecr ease the ov er all virulence of infections, by decreasing the
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mount of virulence factors produced and the fitness of the pro-
ucers, increasing the fitness of the cheaters that may be less
armful to the host. On the other hand, cheating may contribute
o the attenuation of imm une r esponses by decreasing the expres-
ion of immunogenic factors and hence may contribute to the cre-
tion of c hr onic infections. 

irulence factors 

xoproteases and siderophores 

seudomonas aeruginosa is an opportunistic pathogenic bacterium,
 esponsible for ar ound 10% of nosocomial infections worldwide,
hic h v ery fr equentl y pr esents r esistance to m ultiple antibiotics
nd is ther efor e v ery difficult to eradicate (Poole 2011 ), this bac-
erium has a plethora of virulence factors that it uses to establish
ts infections, including v arious exopr oteases suc h as LasA and
asB elastases, AprA colla genase, or pr otease IV, whose expr ession
s positiv el y r egulated by the QS system. Mor eov er, it synthesizes
he sider ophor es p y over dine and p y oc helin, whic h ar e pr oduced
r efer entiall y when the bacterium grows in low iron concentra-
ions (Castillo-Juárez et al. 2015 ). A common c har acteristic of
ider ophor es and exoproteases is that they are molecules that are
eleased into the environment to fulfill their functions: hydrolyze
r oteins, r elease usable peptides and amino acids, and administer

r on to bacteria, r espectiv el y; ther efor e, the individuals that pro-
uce them have no control over their use and this is why they are
onsidered public goods, the production of which is a cooperative
henomenon (Smith and Schuster 2019 ). Cooperative behaviors
re exploitable by opportunistic individuals who do not cooperate
ut enjoy the benefits provided by public goods; this was demon-
trated in bacteria in 2007, using P. aeruginosa and exoprotease pro-
uction as a model. In two independent studies, it was shown that
xopr otease pr oduction is metabolicall y expensiv e but essential
or bacteria to gr ow pr operl y in a minimal medium, with protein
s the only carbon source, and that in this medium, mutants with
 dysfunctional QS system due to mutations in lasR , the gene that
ncodes the main receptor for quorum signals, do not produce ex-
protease and can only grow in the presence of producer individ-
als , beha ving as opportunists (social cheaters). In addition, these
 utants a ppear spontaneousl y and ar e selected in serial cultur es

n this medium where, if they accumulate at high frequencies
80%–90%), they cause the culture to no longer grow, that is to say,
 population collapse is r eac hed, whic h in ecology is known as the
tr a gedy of the commons”(Diggle et al. 2007 , Sandoz et al. 2007 ).
imilarl y, in ir on-limited cultur e media, non-pr oducing m utants
f the main sider ophor e (p y over dine) arise, mainly due to muta-
ions in the gene encoding the sigma factor PvdS, which controls
he transcription of p y over dine biosynthesis pathw ay genes; the
ccumulation of these mutants can likewise lead to population
ollapses (Griffin et al. 2004 ). Ho w ever, most often mutant popu-
ations establish equilibrium with producer individuals, stabiliz-
ng at mutant frequencies of around 60%–70% (Dandekar et al.
012 ). It is important to mention that these types of m utants ar e
ot onl y observ ed in the labor atory but also a ppear fr equentl y in
 hr onic infections (De Vos et al. 2001 , Jiricny et al. 2014 ), and it has
 v en been shown that in animal infections the presence of these
utants attenuates bacterial virulence; experimental therapies

ave been designed that involve their use, and use in patients is
eing considered (Rumbaugh et al. 2009 ). In recent years, various
orking groups, including ours, have investigated the role of dif-

erent aspects that influence population dynamics, equilibrium,
nd collapses in cultures that contain mixtures of cooperative in-
ividuals and m utants, demonstr ating that factors such as the
egregation of cooperators in structured environments favor the
r efer ential use of public goods by them, thus restricting the ben-
fit to opportunistic mutants. In addition, lasR mutants are more
ensitive to oxidative stress because they express lo w er levels of
nzymes such as catalase and super oxide dism utase; ther efor e,
he addition of hydrogen peroxide selects the helpers. In addi-
ion, it has been shown that ther e ar e toxic metabolites such as
 y oc y anin and rhamnolipids whose expression is QS-controlled
nd produced by the same cooperators which selectively affect
he m utants; (García-Contr er as et al. 2015 , 2020 ); and a similar
ole has been attributed to hydrogen c y anide (HCN), a strong res-
iratory inhibitor produced maximally at low oxygen levels and
hose production is upregulated by RhlR (Wang et al. 2015a , Yan

t al. 2019 ). Ne v ertheless, this notion had been c hallenged by a
tudy that found that in aerobic cultures used to study exopro-
ease cheating, HCN was not detectable and that defined lasR or
asR rhlR m utants ar e both equall y affected as wild-type str ains by
CN addition (Smith et al. 2019 ) ; hence is not clear that HCN can
ct as a cheater policing metabolite. In addition to toxic metabo-
ites, QS-deficient m utants ar e also mor e susceptible to the attac k
f some bacteriophages and their presence influences the popu-
ation balance; cooperators can adapt to the cheating mutants
y producing lower le v els of exopr otease (hence becoming less
xploitable) and higher le v els of p y oc y anin (r estricting c heaters´
r owth) (Saucedo-Mor a et al. 2017 , Castañeda-Tamez et al. 2018 ,
ai et al. 2018 , Kramer et al. 2020 ). Inter estingl y, another function
f exoproteases like AprA and LasB is to help P. aeruginosa avoid
ost immunity by degrading monomeric flagellin which is a ligand
f TLR5 (Toll-lik e rece ptor 5) and which induces the production of
ytokines such as IL-8 and NF-Kb (Casilag et al. 2015 ). T herefore ,
n principle, non-exoprotease producers could enjoy the benefits
f immune evasion without paying the price of producing AprA;
o w e v er, this has not been experimentally addressed yet. 

The production of siderophores by P. aeruginosa , in particular
 y over dine, together with exopr otease pr oduction, is the most
tudied virulence factor for which cheating has been studied, usu-
lly by in vitro experiments in whic h ir on is limited mostly by
dding apo transferrin that chelates iron from the medium (Har-
ison et al. 2017 ). For this virulence factor, it has been demon-
trated that its production is costly (Sexton and Schuster 2017 ),
hat labor atory-made m utants that do not pr oduce it cannot gr ow
ell in iron-limited medium in monocultures, but can grow and

ncrease their proportion and hence their fitness in the presence
f sider ophor e pr oducers (cooper ators), and that their incr ease in
tness is inv ersel y pr oportional to their initial fr equency (Diggle
t al. 2007 , Kümmerli et al. 2015 , Stilwell et al. 2018 ). In addition,
utants that do not produce p y over dine but are able to assimi-

ate it are often isolated fr om c hr onic pulmonary infections (De
os et al. 2001 , Jiricny et al. 2014 , Andersen et al. 2015 ). And it
as been suggested that they are selected due to social cheat-

ng of the sider ophor es; ho w e v er, a plausible alternativ e is that
hese mutants accumulate because iron acquisition from the host
s through heme groups and hence siderophores are not so im-
ortant in these environments (Nguyen et al. 2014 ). Mor eov er, a
etailed study made by Harrison and coworkers in 2017 r e v ealed
e v er al potential failures in many of the experiments, including
he use as a social cheater of a p y over dine-deficient mutant with
e v er al additional m utations in se v er al loci, including in genes of
itr ate r eductase, assimilation of nitr ogen, QS, and motility (Har-
ison et al. 2017 ). 

Furthermore, in order to acquire some insight into the possi-
ility that p y over dine cheating could potentially happen in vivo
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during infections, the authors performed experiments in growth 

media designed to mimic the conditions found in tissue and flu- 
ids of infected lungs of cystic fibrosis patients and in infections 
of non-healing wounds . T hey found that a pyoverdine mutant 
was less fit than the wild-type in artificial cystic fibrosis sputum,
and found cheating p y over dine production of the wild-type. In 

contrast, no effect of losing p y over dine and hence no cheating 
was found in other media including ex vivo pig lung medium and 

two kinds of wound medium, one mimicking an acute and an- 
other a c hr onic wound infection (Harrison et al. 2017 ). Recently, we 
demonstrated that limiting the iron in the culture medium with 

a potr ansferrin not onl y imposes conditions in whic h p y over dine 
is necessary for iron acquisition and growth but also promotes 
the loss and cheating of exoprotease production. This apparently 
unac knowledged pr operty can be explained by the fact that since 
iron is bound to transferrin, its acquisition by P. aeruginosa is fa- 
cilitated by the cleav a ge of transferrin by the exoproteases, mak- 
ing exoprotease synthesis susceptible to cheating. Hence, in or- 
der to avoid it, iron limitation should be implemented using non- 
pr oteinic c helating a gents (Tostado-Islas et al. 2021 ). Ne v ertheless,
it is likely that in vivo iron acquisition by P. aeruginosa is mediated 

by exoproteases and pyoverdine and hence, medium with iron 

r estricted by tr ansferrin may mimic the conditions mor e closel y 
than medium in which iron is chemically removed. 

The wide diversity of environments and hosts of P. aeruginosa 
affects the range of siderophores it can express (Kümmerli 2022 ).
Experimental studies, as well as the isolation of strains in differ- 
ent en vironments , sho w that besides p y over dine, P. aeruginosa ex- 
presses two other types of siderophores, p y ochelin and pseudopa- 
line. While p y over dine and p y ochelin are in charge of the exoge- 
nous acquisition of F e , pseudopaline can also import Zi, Ni, and 

Co (Visca et al. 2007 , Cornelis 2010 , Youard et al. 2011 , Ghssein 

and Ezzed dine 2022 ). Lik ewise, it has been determined that the 
expression of p y over dine or p y ochelin depends on the availabil- 
ity of Fe in the envir onment. Pyov erdine is expr essed when the 
Fe concentration is low or its availability is difficult, for example,
due to pH or temper atur e, wher eas p y oc helin is expr essed when 

Fe limitation is not as strong (Dumas et al. 2013 , Ross-Gillespie et 
al. 2015 ). The isolation of differ ent str ains under natural condi- 
tions, the use of nosocomial strains and experimental laboratory 
studies , ha ve shown that mutants whose cellular and molecular 
structures can benefit from siderophores and do not synthesize 
and secrete them act as social cheaters. Although many aspects of 
the p y over dine cheating phenomenon are known, the information 

regar ding p y ochelin cheaters has not been equivalent, despite the 
fact that it has been found that its presence is not redundant with 

p y over dine and that the presence of one or the other sider ophor e 
is ada ptiv e depending on the envir onmental context determined 

by Fe le v els (Dumas et al. 2013 ). To the best of our knowledge,
the study conducted by Ross-Gillespie et al. ( 2015 ) is the only one 
where the emergence of cheaters for p y ochelin has been experi- 
mentall y e v aluated. To do this, the authors started fr om a str ain 

(PAO1 pvdD pchEF ) that was incapable of producing both p y over- 
dine and p y oc helin. They found, as pr edicted, that in an environ- 
ment with moderate Fe availability, p y ochelin producers could be 
exploited by cheaters (Ross-Gillespie et al. 2015 ). These results are 
important because, in addition to corr obor ating the a ppear ance 
of cheaters, both for p y over dine and p y ochelin, it w as sho wn that 
differ ent envir onments, with differ ent populations of producers,
were susceptible to being invaded by cheaters . To date , there are 
no studies regarding cheating of pseudopaline. 

Besides the utilization of sider ophor es, pathogenic bacteria 
possess other strategies for capturing iron from their host; 
mong them is the utilization of hemophor es, whic h ar e
r oteins, secr eted and used for heme scav enging, r emoving
his iron-containing group from the host´s hemoproteins. Like 
ider ophor es, hemophor es hav e extr acellular r eceptors that bind
hem and allow heme internalization; once inside of the bacte-
ia, the heme group is degraded and the iron released and as-
imilated, although ther e ar e some pr ocesses suc h as heme bind-
ng to the hemophore that do not consume energy, their pro-
uction and export are metabolically costly (Cescau et al . 2007 ).
ence, hemophores seem to be public goods susceptible to cheat-

ng by bacteria that express the receptors; furthermore, It has
een shown that heme uptake pathways in P. aeruginosa are up-
egulated by QS, particularly the expression of k e y proteins such
s the hemophore receptor PhuR and the hemophore HasAp; in
 gr eement, QS-deficient m utants do not gro w w ell in media con-
aining hemoglobin as sole iron source and the addition of QS sig-
als r estor es this gr owth (Ar e v alo-Ferr o et al. 2003 ). 

Hence it seems plausible that natur all y occurring QS-deficient
asR m utants hav e lo w er le v els of hemophor es and ther efor e be-
ave as social cheaters of QS proficient/hemophore-producing 

ndividuals; ne v ertheless, no experimental studies exploring the 
usceptibility of heme acquisition to cheating are available yet. 

iosurfactants 

warming is a collective form of migration allowing bacteria to
xpand over soft surfaces and providing a group benefit. The se-
reted surfactants are potentially public goods susceptible to ex- 
loitation by surfactant-defectors which benefit from the surfac- 
ants secreted by others without producing surfactants them- 
elves (Xavier et al. 2011 ). In P. aeruginosa , the main biosurfac-
ants are rhamnolipids, amphipathic molecules that consist of a 
ydrophobic lipid and a hydrophilic sugar moiety. Rhamnolipids 
r e tensioactiv es able to r educe surface tension, form em ulsions,
nd promoting pseudosolubilization of insoluble substrates (Ca- 
azza et al. 2005 ). In P. aeruginosa , rhamnolipids production oc-
urs at the stationary growth phase and is tr anscriptionall y r egu-
ated by QS (Ochsner and Reiser 1995 ) and post-transcriptionally

odulated by the RsmA/RsmZ system (Heurlier et al. 2004 ).
he biosynthesis of rhamnolipids in P. aeruginosa r equir es ke-
oac yl reduction b y an Nicotinamide adenine dinucleotide phos-
hate (NADPH)-de pendent B-k etoacyl reductase (RhlG) and ob- 
ains fatty acid from the general bacterial pool (Campos-García 
t al. 1998 ). The gene rhlA encodes the enzyme RlhA which pro-
uces 3-(3-hydroxy alkano yloxy) alkanoic acids (HAAs), the lipid 

recursors of rhamnolipids. Downstream of rhlA , the genes rlhB 
nd rlhC encode two enzymes, RhlB and RlhC; each one adds
 rhamnose producing mono and di-rhamnolipids, respectively 
Zhu and Rock 2008 ). The secreted surfactants are in principle
ublic goods whose production can be exploited by surfactant- 
eficient defectors (Xavier et al. 2011 ). Rhamnolipids and rham-
olipid precursors produced by P. aeruginosa have many activi- 
ies besides facilitating swarming motility, since they mediate the 
ssimilation of hydrocarbons as nutrients (Beal and Betts 2000 ),
hange the biofilm architecture (Davey et al. 2003 ), have antibac-
erial properties (Haba et al. 2003 ) and disrupt host immunity dur-
ng infections (Read et al. 1992 ). It is known that QS, rhamnolipids
nd bacterial a ppenda ges suc h as flagella and type IV contribute
o swarming (Déziel et al. 2003 ). QS-mediated control of swarm-
ng is through RhlR, which activates the expression of the rhlAB
enes (Ochsner et al. 1994 ). During swarming, P. aeruginosa secretes
hamnolipids, decreasing surface tension and allowing bacteria 
o move via flagellum-based propulsion (Kohler et al. 2000 ) by
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dopting a tendril shape. It is thought that rhamnolipids modu-
ate swarming by allowing tendrils from different swarms to sense
nd respond to each other, and also by controlling the radial array
endrils in a single swarm (Caiazza et al. 2005 ). 

Since rhamnolipids that are secreted by one bacterium can be
lso used by others, their production is an exploitable trait; but
. aeruginosa counteracts this by prudent regulation of rhamno-
ipids biosynthesis genes . Xa vier et al. ( 2011 ) sho w ed that P. aerug-
nosa r egulates rhlAB expr ession to ensur e that high secr etions of
hamnolipids happen only when this will not se v er el y impact bac-
erial gr owth. The r egulation of biosurfactant synthesis in P. aerug-
nosa in the presence of excess carbon is closely tied to the growth
ate and not just to cell density (as any regular QS-controlled
rait). Hence, P. aeruginosa does not secrete biosurfactants and does
warm unless both QS and nutrient conditions are suitable. 

On the other hand, r ecentl y it was demonstrated that rham-
olipids production selectively affects the growth of lasR mutants
nd can restrict social cheating, contributing to the maintenance
f cooperation in P. aeruginosa populations (García-Contr er as et al.
020 ). 

iofilms 

acterial biofilms ar e thr ee-dimensional structur es composed of
ingle or multiple bacterial species held together by extracellular
atrix molecules that encapsulate bacteria allowing them to ag-

r egate. Man y bacteria that cause c hr onic infections r el y on their
bility to form biofilms for growth and proliferation. The extracel-
ular pol ysacc harides (EPS) that ar e secr eted by the bacteria are
sed as adhesins, able to attach cells to surfaces and contribute to
he maintenance of biofilm structures; they also protect bacteria
 gainst se v er al str esses like dehydr ation, antibiotics, and pr eda-
ors (Chiang et al. 2013 , Thi et al. 2020 ). This extracellular matrix
s composed of various elements including exopol ysacc harides,
r oteins, and extr acellular DN A (eDN A) that pr ovide a pr otectiv e
lement for the components of the biofilm. Because the biofilm
rovides so many benefits to the bacteria within it, the elements
orming a biofilm are often costly for the members to produce and

aintain. 

PS and eDNA 

ost of the matrix is composed of exopol ysacc harides . T hese ex-
pol ysacc harides ar e matrix components that form the viscous,
lime-like layer c har acteristic of a biofilm. Ther e ar e thr ee main
xopol ysacc harides that contribute to the biofilm: Psl, Pel, and
lginate . T hese substances provide the bacteria mainly with a
r otectiv e layer a gainst antibiotics and other potential threats to
he community. Alginate is the main contributor to biofilms in
athogenic strains of P. aeruginosa . Alginate is composed of α- d -
annuronic acid and gluronic acid. The production of this copoly-
er provides the colonies with a mucoid phenotype (Ghafoor et

l. 2011 ). T he o v er pr oduction of this exopol ysacc haride often con-
ributes to the pathogenicity of P. aeruginosa in Cystic Fibrosis pa-
ients and pr ovides pr otection a gainst antibiotics. Another im-
ortant component of the matrix is eDNA, since it provides the
iofilm with structur al str ength and nutrition during times of star-
ation, and also enables horizontal gene transfer (Ibáñez de Alde-
oa et al. 2017 ). When eDNA is combined with Psl, thick rope-
ike structures surround cell aggregates . T his interaction between
DNA and Psl assists the biofilm with adhesion to surfaces, as well
s offering structural support and antibiotic resistance (Wang et
l. 2015b ). 
Ther e ar e differ ent mec hanisms enabling DNA to enter the ex-
racellular matrix. While some cells actively secrete DNA, others
nder go autol ysis when the population r eac hes a certain density.
ecause these Psl-DNA fibers hav e been found ar ound dead cells,

t is thought that a lot of eDNA is derived from lysed cells within
he biofilm. This mechanism is generally a result of QS signals.

hen cell populations r eac h a certain density, cooper ativ e behav-
ors such as eDNA production begin to be regulated by QS (Ibáñez
e Aldecoa et al. 2017 ). P. aeruginosa will mediate cell lysis and/or
ctiv e secr etion of DNA fr om some cells when it benefits the com-
unity. It will mediate this process through the Pseudomonas

uinolone signal (PQS) QS system (Ibáñez de Aldecoa et al. 2017 ).

ocial cheating of EPS and eDNA in biofilms 

iofilms are an important aspect of bacterial growth since bacte-
ia use these extracellular matrices to attach to surfaces, commu-
icate with each other and share “public goods .” T hese collective
ctions benefit the bacterial community. Ho w ever, this provides
he perfect opportunity for cheaters to take adv anta ge of mem-
ers producing these structural components while not contribut-

ng to the biofilm. In this case, cheaters will enjoy the benefits
f the biofilm without having to contribute to its formation and
aintenance, weaken the biofilm ov er all (Popat et al. 2012 ). The

iofilm and its components are costly for cooperative bacteria to
roduce; ho w ever, the benefits are crucial to the proliferation of
acterial communities. Cheaters enjoy the many benefits of these
omponents but decrease the str ength, antibiotic r esistance, and
haring of public goods among cooper ativ e members. Hence is
nteresting to determine how the production of these diffusible
ublic goods of the biofilm can remain stable against cheaters. It

s now understood that cheaters only reap the benefits of these
oods within a close spatial range . T he spatial range around pro-
ucers is quantifiable and limited to ar eas surr ounding cooper a-
ors . T hese spatial r anges ar e dependent on rates of diffusion of
he public goods (Tai et al. 2022 ). 

The stable production of EPS is a potential evolutionary prob-
em because it seems to be a cooper ativ e behavior providing a
enefit to all bacteria in the population and not just to those co-
perators that produce it. Hence, it is interesting to understand
hat pr e v ents the inv asion of biofilms by c heaters maintaining

he EPS secretion functional not only in P. aeruginosa but in related
pecies such as P. fluorescens (Rainey and Rainey 2003 ). Such social
heaters would have a fitness advantage, exploiting the benefits
f the EPS produced by the cooperators without paying the price
f its production. The biofilm matrix in P. aeruginosa is composed
f at least three different EPS molecules , alginate , Psl and Pel, and
DNA (Wei and Ma 2013 ). It has been shown that although the
roduction of Psl in its biofilms is a social trait that provides ben-
fits at the individual and gr oup le v el, it cannot be successfully
heated on by defectors (Irie et al. 2017 ). This is so e v en though
he Psl non-producer strain can benefit from the presence of the
sl-pr oducing cooper ators in biofilms . T his occurs since the bene-
ts of producing Psl favor mainly the producing bacteria or other
sl-producing bacteria. This is different in regard to other social
r aits in P. aeruginosa , suc h as the pr oduction of sider ophor es and
xopr oteases whic h ar e r eadil y exploited by c heaters in vitro and
n vivo biofilms (Griffin et al. 2004 , Kümmerli et al. 2015 ). 

Likely this is because siderophores and most QS-dependent
ublic goods are freely diffusible. In contrast, the primary func-
ion of EPS such as Psl is to assist bacteria with adherence to sur-
aces and to adhere to other bacteria; Hence, Psl has a very limited
iffusion within biofilms. Consistent with this, Psl localizes prefer-
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entially in the periphery of biofilm microcolonies, encapsulating 
the cells (Borlee et al. 2010 ). In addition, some Psl is closely associ- 
ated with the bacterial surface (Ma et al. 2006 ), although a fraction 

of Psl is more diffusible and serves as an intercellular signaling 
molecule (Irie et al. 2017 ). 

The signaling properties of Psl coordinate changes in gene ex- 
pression at the community level, increasing its own production 

(hence being auto-inducible) as well as the production of other 
biofilm-associated factors (Irie et al. 2017 ). To date, no studies ad- 
dressing the exploitability of the other two important biofilm EPS,
Pel and alginate, by defectors are a vailable . 

Other components of biofilms such as diffusible biofilm matrix 
pr oteins ar e susceptible to cheating and the stability of their pro- 
duction depends on biofilm spatial structure, the sharing mech- 
anisms of these biofilm matrix components, and in the flow con- 
ditions (Tai et al. 2022 ). Hence, exploitation of diffusible adhesion 

proteins is possible only at a short spatial range around coopera- 
tors, allowing that the production of diffusible biofilm matrix pro- 
teins remains stable in natural biofilm habitats (Tai et al. 2022 ).
The size of the spatial range that allows the exploitation of dif- 
fusible matrix components depends on the rates of diffusion and 

advection within the biofilms . Hence , a sparse distribution of bac- 
terial clusters and the environmental flow rate lo w er the exploita- 
tion of these components (Tai et al. 2022 ). This property allows the 
stability of P. aeruginosa and many other bacterial biofilms in natu- 
ral habitats and is supported by social ev olution theory, accor ding 
to Hamilton´s rule (Tai et al. 2022 ). 

The eDNA secreted during bacterial lysis contributes to biofilm 

growth (Bayles 2007 ). Other than benefitting the long-term suc- 
cess of the bacterial population, bacterial lysis does not provide a 
clear adv anta ge . Hence , it is important to understand whether a 
selecti ve ad vantage for P. aeruginosa to induce autolysis exists. One 
possibility is that it may promote biofilm formation and antimi- 
cr obial toler ance, and another is that it may facilitate the release 
of nutrients that can be used for the survival of the remaining 
population. 

In P. aeruginosa , autolysis is regulated by QS; for example,
it is well established that lasR mutants avoid lysis in plank- 
tonic cultures (Heurlier et al. 2005 ) and that quinolone-mediated 

QS promotes a kind of programmed cell death by poisoning 
the r espir atory c hain via the r espir atory inhibitor 2-heptyl-4- 
hydro xyquinoline-N-o xide (HQNO) which induces the production 

of r eactiv e oxygen species (R OS). This allo ws the release of eDN A,
increasing biofilm formation and antibiotic tolerance (Hazan et 
al. 2016 ). Mor eov er, QS-contr olled toxic compounds such as py- 
oc y anin also increase o xidati ve stress, facilitating eDNA release 
and favoring biofilm formation (Meirelles and Newman 2018 ). Al- 
though the effects of bacterial lysis and eDNA release seem to 
benefit the population, it is not clear to what extent social cheat- 
ing may counteract those benefits, since it seems straightforw ar d 

that if a fraction of the population is less prone to lysis (for exam- 
ple, lasR mutants) they will cheat the cooperators increasing their 
fitness. On the other hand, there may be some mechanisms that 
restrict the possible harm of cheating, for example, a spatial struc- 
ture clustering the cooperators so the benefit of cell lysis is pro- 
vided locally (Kümmerli et al. 2009 ), or policing mechanisms such 

as the effect of compounds like p y oc y anin (Castañeda-Tamez et 
al. 2018 ), rhamnolipids (García-Contr er as et al. 2020 ), etc., which 

may increase the frequency of lysis in potential cheaters such as 
QS deficient strains. 

Another factor that influences biofilm formation and its archi- 
tecture is bacterial motility; for example, in P. aeruginosa swarming 
determines biofilm arc hitectur e . Also, a vailable carbon sources 
xerts control over the surface motility and QS influencing the
nitial cov er a ge of the substr atum by founder biofilm bacteria
Shrout et al. 2006 ); hyper-swarming motility produces flat and
niform biofilms, whereas lo w er sw arming leads to bacterial ag-
regates and the formation of microcolonies, hence it may be
ossible that hyper swarming increases the probability of so- 
ial cheating by homogenizing the environment, whereas low- 
warming motility counteracts it by promoting spatial organiza- 
ion, increasing the mean distance between cooperators and po- 
ential cheaters. 

ecretion systems 

acteria employ sophisticated protein secretion mechanisms to 
olonize their niches and compete for resources. In Gram-negative 
acteria, eight pr otein secr etion systems hav e been described, r e-
erred to as “Type "X" secretion system (TXSS)” for Type “X” se-
r etion system, wher e “X” is the number corresponding to each
ystem (1–6, 9, and 10) (Denise et al. 2020 ). The secretion of sub-
tr ates thr ough these molecular mac hineries can be classified
nto two different categories: one-step secretion when proteins 
r e tr ansported dir ectl y fr om the bacterial cytosol to the extr a-
ellular space without periplasmic intermediates as in the T1SS; 
or eov er, in the T3SS , T4SS , and T6SS , substr ates r eac h the cy-

osol of other target cells, Bacteria or Eukarya. The substrates in
wo-step secr etion ar e first exported to the periplasm through the
ec translocase or Twin-arginine translocation pathway, then the 
r oteins ar e secr eted to the extr acellular space as in the T2SS,
9SS , and T10SS , or inserted into the outer membrane, as is the
ase for T5SS (Grossman et al. 2021 ). In this section, we r e vie w the
vailable information about cheating on different protein secre- 
ion systems and their implications for the bacterial community. 

Although secretion systems are multi-protein complexes at- 
ached to the bacterial cells that produce them and are there-
or e priv ate goods, the benefits exerted by their effectors can in
rinciple be enjo y ed b y both individuals that produce the systems
nd secrete the effectors, and by those that do not; hence, ex-
loitation of these systems could be possible. Another condition 

eeded for a factor to be susceptible to cheating is that its pro-
uction should be metabolicall y costl y, and for secr etion systems,
his is the case since making the proteins requires high levels of
denosine triphosphate (ATP), as well as the energy for protein

r anslocation acr oss T3SS , T4SS , and T6SS , whic h is pr ovided in
he first instance by ATP hydr ol ysis fr om ATP ases dedicated to
ac h system (Díaz-Guerr er o et al. 2018 ). This suggests that the
ssembly and function of these molecular machines would have 
 metabolic cost that could compromise the ATP r eserv es used
y bacteria for biomass production and cellular maintenance. In 

his regard, it was estimated that Vibrio fischeri spend between 

.1% and 13.6% of their free ATP to assemble and secrete pro-
eins through their T6SS (Septer et al. 2023 ). The T6SS is not ex-
lusive to V. fischeri, but is present in nearly 25% of Gram-negative
athogens, including P. aeruginosa , Burkholderia mallei , and Campy-

obacter jejuni, etc. This is a versatile secretion machinery that, in
ddition to carrying out the elimination of competitors in the en-
ir onment, is also involv ed in tar get cell adhesion and invasion.
n a co-culture competition assay it was observed that a C. jejuni
ild-type strain has a functional T6SS (producer) able to elimi-
ate Esc heric hia coli DH5a, while a T6SS negative mutant (cheater
train) was not able to do this. Howe v er, the C. jejuni popula-
ion that maintained an active T6SS became extinct faster than
. coli and T6SS null mutant, under conditions of environmen-
al stress. While the T6SS may gain an ecological adv anta ge by
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liminating competitors, this clearly carries a metabolic cost.
aintaining envir onmental str ess favors the pr obability of sur-

iv al of c heater bacteria lac king T6SS, whic h w ould allo w them
o dominate the ecological niche once bacteria with active SST6
liminates competitors before population collapse (Gupta et al.
021 ). 

Something similar was observed in mouse co-infection as-
ays with P. aeruginosa str ains expr essing (pr oducer) or not T3SS
cheater). Pseudomonas aeruginosa utilizes ExoU, a T3SS effector, to
nhibit the neutrophil-mediated host immune response. In these
onditions, P. aeruginosa T3SS cheaters outcompete the wild-type
train; this confers competitive advantage over producers since
xoU is a public good and hence , a voiding its pr oduction pr o-
ides the non-producers a fitness advantage by not incurring the
nergy waste needed to assemble and secrete proteins through
he T3SS; thus, although T3SS mutants do not secrete ExoU, they
enefit from its secretion by the wild-type bacteria. At the ear-
ier stage of bacterial infection, P. aeruginosa with active T3SS out-
umber neutrophils recruited to the infection site and T3SS mu-
ants . T he ExoU-mediated imm unosuppr ession by the wild-type
train would facilitate higher cheater replication, allowing the lat-
er to establish a persistent infection and facilitating their en-
ic hment ov er wild-type individuals in acutel y infected patients
Czechowska et al. 2014 ). 

Given this scenario, one question arises: If cheaters have a
ompetiti ve ad vantage o ver producers , why do cheaters not com-
letel y eliminate pr oducers? The ob vious answer would be that
he c heaters’ surviv al depends on the public good produced by co-
per ativ e bacteria. In this r egard, se v er al hypotheses hav e arisen.
ere we will discuss two of the most interesting. The first pro-
oses that cheaters can establish a mutualistic relationship with
roducer bacteria under certain ecological conditions (García-
ontr er as and Loarca 2021 ). For example, a two-component sys-

em GacA/GacS mutant of P. chlororaphis is unable to produce
iofilm, but in mixed liquid cultures overcomes the wild-type
tr ain. Inter estingl y, when both str ains wer e co-cultur ed in con-
itions of biofilm induction, the mixed cultures were more effi-
ient than the wild-type monoculture, indicating that the pres-
nce of cheaters is somehow beneficial to the wild-type strain,
ighlighting the importance of environmental conditions of the
acterial community (Driscoll et al. 2011 ). The second hypothesis
lso highlights the importance of the environmental context and
as found in mixed cultures of Burkhorderia thailandensis . When

he wild-type strain and a QS mutant are growing in liquid co-
ultur e, the QS m utant outcompetes the wild-type strain, a typical
ehavior for cheaters. Ho w e v er, when both strains were switched
o agar plates, the cheater advantage disappeared, indicating that
he wild-type strain can inhibit cheater growth. Transcriptomics
ata in B. thailandensis r e v ealed that T6SS encoding genes are reg-
lated by QS and a competition assay between a T6SS mutant and
 QS mutant sho w ed that QS cheaters regained the growth advan-
age on solid medium over the T6SS mutant. These results indi-
ate that the T6SS of B. thailandensis functions as a bacterial polic-
ng mechanism that could inhibit the proliferation of QS cheaters,
r oviding pr oducers with a kind of imm unity a gainst c heaters

Majerczyk et al. 2016 ). 

y ocy anin 

y oc y anin is one of the most important virulence factors pro-
uced by P. aeruginosa . This is an active redox phenazine that can
 educe O 2 -pr oducing ROS suc h as hydr ogen per oxide, super oxide,
nd hydroxyl radical. These ROS increase the o xidati ve stress in
oth prokaryotic and eukaryotic cells, leading to their detriment
nd finally to their death (Hassett et al. 1991 , Hall et al. 2016 ).
 hus , this metabolite pro vides an adv anta ge a gainst other mi-
r oor ganisms inhibiting their gr owth. Mor eov er, m utant str ains
nable to produce p y oc y anin also are attenuated in their viru-

ence (Lau et al. 2004 ). Since p y oc y anin is a toxic compound, P.
eruginosa orc hestr ates a pr otectiv e r esponse to avoid its dama ge;
his response includes a marked stimulation in catalase produc-
ion, alkyl hydr oper oxide r eductases , efflux pumps , and SOS re-
ponse, among others (Hassett et al. 1991 , Dietrich et al. 2006 ,
eirelles and Newman 2018 ). 
Py oc y anin production is tightly regulated at the transcriptional

e v el by the QS cascade that involves the Las, Rhl, and PQS sys-
ems . T hese three QS systems control the expression of the two re-
undant operons, phazA1-G1 and phzA2-G2 , involved in pyocyanin
ynthesis. Pr e viousl y we have shown that pyocyanin is able to re-
trict cheating when grown in the presence of P. aeruginosa PA14
ixed with a lasR rhlR double mutant strain in M9 caseinate
edium, using pr oteases pr oduction as an indicator of cheating.

esults sho w ed that the per centa ge of the double m utant str ain
ncreased until 10 h and then it remained stable, indicating that
he double mutant can grow initially by using the proteases pro-
uced by the wild-type strain, acting as cheaters. Ho w ever, the
roduction of a toxic metabolite such as p y oc y anin, produced b y
he wild-type strain after 10 h, avoids incr easing c heaters . T his ef-
ect is not observed in co-cultures using a phzM mutant strain, un-
ble to produce p y oc y anin, and the lasR rhlR double mutant strain,
ut it is r estor ed when p y oc y anin is added to the medium. These
esults indicate that this virulence factor is able to restrict cheat-
ng in these conditions. Ho w e v er, it cannot be ruled out that in
ther conditions p y oc y anin can be used as a public good. For ex-
mple, it has been demonstrated that the protective response to
v oid self-poisoning b y p y oc y anin is mediated b y the transcrip-
ional factor SoxR (Dietrich et al. 2006 ). T hus , it is possible that
ocial cheaters can use p y oc y anin to acti vate So xR and therefore,
he pr otectiv e r esponse. Also, this r esponse in social c heaters can
llow them to grow and to compete by niche since pyocyanin is
etrimental to other bacteria (Hassan and Fridovich 1980 ). Besides
he toxic effects of p y oc y anin, in P. aeruginosa this virulence fac-
or is involved in maintaining the balance between Nicotinamide
denine dinucleotide hydrogen (NADH) and Nicotinamide ade-
ine dinucleotide (NAD) + in anoxygenic conditions, acting as an
lectron acceptor (Price-Whelan et al. 2007 ). T hus , social cheaters
an also use p y oc y anin to maintain the redox balance, allowing
hem to grow when oxygen is consumed. 

Mor eov er, p y oc y anin also aids P. aeruginosa in iron (Cox 1986 )
nd phosphorus (Mcrose and Newman 2021 ) acquisition, and
ounteracts the toxic effect of metals such as silver (Muller and
errett 2014 ) and gallium (García-Contreras et al. 2013 ); thus, in

rinciple, non-p y oc y anin producers may act as social cheaters ex-
loiting cooperators in conditions of low iron or phosphorus avail-
bility and in the presence of gallium or silver. Finally, p y oc y anin
an enhance biofilm formation by a mechanism not totally un-
erstood, but it has been reported that the auto-poisoning caused
 y p y oc y anin allo ws eDN A r elease whic h is important for biofilm
ormation (Das and Manefield 2012 ). T hus , social cheaters can use
 y oc y anin to promote their survival when biofilm is formed. 

onclusion 

seudomonas aeruginosa presents a plethora of virulence factors
hat allow successful colonization of their host and the estab-
ishment of acute and c hr onic infections; ne v ertheless, man y of
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Figure 1. (A) Virulence factors str ongl y susceptible to social cheating, (B) 
Virulence factors weakly susceptible to social cheating, and (C) 
Virulence factors for which is unknown if they are susceptible to 
exploitation by defectors. 
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the virulence factors produced by this opportunistic pathogen are 
public goods, and hence in principle susceptible to social cheating 
to some degr ee. Curr ent e vidence demonstr ate that some factors 
suc h as exopr oteases, sider ophor es and the T3SS effector ExoU 

ar e c heatable (Fig. 1 A), while others such as rhamnolipids and 

Psl EPS are not so susceptible to cheating (Fig. 1 B) due metabolic 
prudence in the case of the first and low diffusion in the case of 
the second; finally, information about cheating susceptibility for 
other virulence factors such as hemophores, p y oc y anin, P el, algi- 
nate, and eDNA is scarce (Fig. 1 C) and hence no conclusions can be 
dr awn yet, r epr esenting a possible r esearc h ar ea for futur e stud- 
ies. We also encour a ge the study of the consequences of social 
cheating during P. aeruginosa infection, as well as the design and 

implementation of ther a peutic alternativ es based on the modu- 
lation of this social behavior. 
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