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Quorum-sensing (QS) interference is a novel therapy to fight bacterial infections that, unlike
conventional antibiotic treatments, is focused on reducing the damage caused by pathogens
(virulence) rather than focused on inhibiting their growth. Given this ideal, it was predicted that this
approach will be impervious to or at least much less prone to resistance in bacterial populations.
However, recently, resistance mechanisms against well-characterized quorum quenchers (QQs) have
been found in the laboratory as well as in clinical strains, demonstrating that the rise of resistance
against these kinds of compounds is possible. Nevertheless, it has been argued that even if
resistance mechanisms against QS interference exist, this fact does not guarantee that resistance
will spread. In the present work, we discuss recent insights derived from the latest experiments to
address this question. In addition, we explain how environmental conditions like the stress produced
by the host immune system may influence the selection of resistance and eventually lead to the
selection of QS interference-resistant bacteria in a clinical setting.
The ISME Journal advance online publication, 29 May 2015; doi:10.1038/ismej.2015.84

Resistance against quorum quenching
with growth on private goods

As quorum sensing (QS is used by bacterial patho-
gens to coordinate the expression of virulence factors
at high cell densities, its inhibition (QS interference)
was identified as a novel target to design anti-
virulence therapies, which aim to attenuate bacterial
infections without decreasing growth, in contrast to
antibiotics. One attractive feature of such therapies
is that it was hypothesized that unlike growth
inhibition-based therapies, anti-virulence therapies
should be impervious to resistance (Rasmussen and
Givskov, 2006; Bjarnsholt et al., 2010; Rasko and
Sperandio, 2010). However, recently it was demon-
strated that the generation and selection of resistance
against quorum quenchers (QQs) occurs as readily as
it does for antibiotics, under conditions in which
growth is directly coupled to QS (García-Contreras
et al., 2013b; Kalia et al., 2013; Maeda et al., 2012).
Experimentally, these conditions are achieved by
growing the bacterial pathogen Pseudomonas aeru-
ginosa with adenosine as sole carbon source, as its

catabolism is tightly dependent on a functional LasR
QS system (Heurlier et al., 2005) and as it is
metabolized internally by the QS-proficient bacteria.
Therefore, adenosine is a private good that benefits
exclusively those individuals that invest in produ-
cing the adenosine-catabolizing enzymes. As under
these conditions, targeting QS is ultimately targeting
growth, QQ is not different compared with antibiotic
treatment and therefore prone to the development of
resistance. This situation may occur far more than
is generally recognized because, in general, QQ
compounds may affect many phenotypes in addition
to virulence. This conclusion is supported by the
changes in gene expression produced by inhibitors
such as brominated furanones (Hentzer et al., 2003;
Ren et al., 2004), which inhibit multiple QS systems
(Ren et al., 2001), anthranilic acid analogs (Lesic
et al., 2007), which also decrease salt tolerance, and
meta-bromo-thiolactone, which alters the expression
of several tRNA and ribosomal genes (O'Loughlin
et al., 2013).

Hence, QQ compounds developed thus far may
affect growth in some manner and will probably lead
to resistance, albeit at different rates depending on
the pleiotropic affects.

Nevertheless, using combinations of P. aeruginosa
QS-deficient mutants and QS-proficient wild-type
strains to mimic the situation in which an ideal
(~100% effective and 100% specific) QQ is in use,
Gerdt and Blackwell found that the QQ-resistant
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variant is selected when the population initially is
equal parts of both kinds of cells; however, its
selection is severely restricted when the resistant
mimic is present at low cell proportions (41%). In
these studies, the QS-deficient mutants mimic those
cells sensitive to the quencher (sensitive or S cells)
because these cells have QS turned off, whereas the
wild-type strain mimics those resistant individuals
(resistant or R cells) able to produce QS signals and
public goods in the presence of the quencher.(Gerdt
and Blackwell, 2014) The method of using mimics
originated with Mellbye and Schuster (2011). Like in
precedent studies, adenosine-dependent growth of
P. aeruginosa was studied, (Gerdt and Blackwell,
2014) and competition experiments in mixtures of
QQ-sensitive (S) and QQ-resistant (R) variants were
performed using different R/S ratios. Their results
show that at very small initial R/S ratios, virtually no
selection of the resistant phenotype was observed;
this restriction of the resistance selection is
explained by the limited production of homoserine
lactone (HSL) signals by the QQR strains, which will
be diluted in the population that consists primarily
of QQS cells that do not produce HSL signals
because of their sensitivity to the QQ compound.
Signal dilution will prevent autoinduction and
suppress the production of adenosine-catabolizing
enzymes in the R strains.

However, a fundamental aspect of their experi-
mental design (Gerdt and Blackwell, 2014) was
culturing bacteria under conditions in which growth
is extremely slow, probably due to at least in part by
the poor oxygenation of cultures in 96 wells. More-
over, ideally, if QS had complete control over
adenosine catabolism, then the S (QS-negative) cells
should not grow at all in adenosine medium; hence,
in any competition between S and R, R should
always dominate (Figure 1a). The fact that S cells
grow in adenosine suggests that QS and adenosine
catabolism are not completely linked. Note the
original work linking LasR with adenosine growth
demonstrates that growth of the lasR mutant in
adenosine is severely impaired (Heurlier et al.,
2005).

The net result is that the relative fitness of the R
and S variants in the competition experiments was
evaluated almost without allowing cells to replicate,
as seen in Supplementary Figure 6 of their work, in
which the QQS and QQR mimics were mixed in a
1:100 proportion. Critically, the ratio of both types of
strains was determined after only about 1.5 total
generations for the 1:100 proportion, and for the
1:1000 proportion, cell counts were carried out
almost before any growth was achieved. Not surpris-
ingly then, no changes were found with regard to the
initial proportions, as those changes should only
occur either by differential survival or death of the
S and R strains. Certainly, to see changes in cell
populations, active cell replication is required in
these kinds of experiments as natural selection acts
by favoring the offspring of the more fit variants in a

population. In fact, similar experiments in adenosine
medium performed by Mellbye and Schuster using
the same R and S variants found that the fitness of
the R variant is greater than that of the S variant and
therefore, the enrichment of the R population (almost
to 100% of cells) was achieved when the initial
proportion of R was 1%. However, unlike the study
of Gerdt and Blackwell, the final proportions of
R and S cells in the study by Mellbye and Schuster
were determined after cultures reached the station-
ary phase; hence, their study allowed the bacteria to
have at least three rounds of replication (Mellbye
and Schuster, 2011). Note, although, another possi-
bility that explains the growth of S cells in adenosine
is that mutations that help S variants to grow in
adenosine may arise, but this is not the intention of
the experiments as the authors wish to compare R vs
S growth in the absence of further mutations.
In addition, in our study using a QQ compound,
furanone C-30, under conditions that promote
growth on adenosine after mutations, the population
of QQ-resistant mutants was enriched only after at
least 12 cell-replication rounds (Maeda et al., 2012).
Therefore, the results of Gerdt and Blackwell
indicating that resistance to QQ compounds does
not spread at low R cell numbers may be only valid
under conditions where there is little growth.

Furthermore, by design, Gerdt and Blackwell
(2014) created conditions where only one cell type
can grow effectively, the R cells, with either public or
private goods. When private goods are used for
growth, R cells dominate. When growth is coupled to
the utilization of public goods, although the presence
of S cells could slow R cell replication by exploiting
them, this exploitation depends on active production
of public goods by R cells. When experiments start
with very low percentages of R cells, these cells may
also not grow effectively until they first synthesize
the enzymes necessary for the degradation of amino
acids and peptides and the QS-controlled exopro-
teases. Hence, in the poor growth conditions used, it
is not clear that at the times evaluated S cells are
exploiting R cells as R cells may not be actively
producing the exoproteases yet.

Another aspect that may have a role in determin-
ing the availability of the QS signal produced by the
QQ-resistant individuals is the population structure
and bacterial distribution. In fact, in the same work,
Gerdt and Blackwell (2014) evaluated the effect of
population structure on the selection of resistance to
QQ compounds under conditions in which growth
was dependent on the production of extracellular
proteases (public goods) and in which the QQ
resistance was decoupled from signal production.
In contrast, competition experiments using adeno-
sine as a sole carbon source (a private good) (such as
those in Gerdt and Blackwell, 2014; Mellbye and
Schuster, 2011) were carried out in well-mixed
conditions and under homogeneous environments
in which the dilution of the signals would be the
outcome. Nevertheless, in confined environments in
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which the diffusion of signals is not allowed, the
production of a QS signal by a single cell is able to
trigger its autoinduction (Carnes et al., 2010). Also,
the spatial distribution of bacteria can be more
important for sensing QS autoinducers than cell
density (Hense et al., 2007). If in natural bacterial
populations structured growth confines signal or
public good diffusion, this could be relevant for the
selection of QS-proficient strains and isolate them
from potential social cheaters. (Figure 1b). Social
cheaters are cells that do not contribute to the
production of public goods but enjoy their benefit.
By the same token, the isolation of cheaters may
decrease their fitness if their growth is dependent on
public goods produced by the cooperators. In

addition, non-water-soluble QS signals such as
hydrophobic quinolones (for example, PQS), which
are transported inside vesicles, perhaps diffuse less
than more soluble molecules, such as lower mole-
cular weightHSL, and PQS may be the main QS
signal when P. aeruginosa is growing in sputum
(which is viscous and hence also could limit
diffusion) inside the lung of cystic fibrosis patients
(Palmer et al., 2007). Furthermore, during infection,
the spatial distribution of bacteria, especially in
biofilms, could create microenvironments in which a
few cells are partially isolated from the others and
hence the diffusion of signals and public goods may
be limited. Also, in P. aeruginosa biofilms, the QS
signals PQS and HSL as well as some QS-controlled

Figure 1 (a) Bacterial growth on a private good (for example, adenosine) with metabolism that is tightly dependent on QS in the presence
of a QS inhibitor. Cooperator represents the variant that is resistant to the quorum-sensing inhibitor and able to quorum sense (R), whereas
QS represents the variant sensitive to the QS inhibitor and unable to utilize QS (S). Sequential number of cells represents progressive
times: (1) initial R and S population; (2) after growth, the R proportion is enriched as it is the only variant that can utilize the private good.
(b) Bacterial grown on a private or a public good in confined environments in the presence of a QS inhibitor. Sequential number of cells
represents progressive times: (1) initial R and S proportion isolates in different compartmentalized environments; (2) only R can grow, as S
needs to exploit R for growing. (c) Bacterial growth on a public good (for example, bovine serum albumin) in the presence of a QS
inhibitor. Sequential number of cells represents progressive times: (1) initial R and S population; (2) after growth, the S proportion is
enriched as it exploits the public goods that is produced by the R cells. (d) Bacterial growth on a public good in the presence of stress (for
example, oxidative stress from host cells) and in the presence of a QS inhibitor. Sequential numbers represent progressive times: (1) initial
R and S proportion; (2) oxidative stress is applied to the bacterial population (note that the stress could be due other factors); (3) as S is
much more sensitive to stress, R is selected.
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virulence factors are retained and concentrated in
the biofilms by their binding with hydrophobic
functional amyloid fibers (Seviour et al., 2015)
Therefore, in biofilms, local semi-isolated bacterial
subpopulations of QQR clones may accumulate
sufficient signal levels to trigger the expression of
their QS-dependent virulence factors and make them
important for infections.

Resistance against quorum quenching
with growth on public goods

In contrast to private goods, public goods are
produced altruistically by cooperating individuals
and can potentially benefit any member of the
community regardless whether they invest or not
in their production. Examples of public goods
produced by pathogenic bacteria are siderophores,
which deliver iron, and extracellular proteases,
which cleave extracellular proteins into peptides
and amino acids that can be internalized and
metabolized. Several studies with P. aeruginosa
have demonstrated that when growth is directly
coupled to the production of public goods
(for example, growth on protein as the sole carbon
source), the appearance of selfish mutants (that is,
social cheaters) is seen. These mutants are also found
in clinical isolates from infections, indicating these
processes could also exist under the relevant in vivo
growth (Diggle et al., 2007; Sandoz et al., 2007). In
addition, although the percentage of cheaters and
cooperators in experiments often reach an equili-
brium in which both kinds of cells coexist (Dandekar
et al., 2013; García-Contreras et al., 2015; Sandoz
et al., 2007), an overload of cheaters can collapse the
population by overexploitation of the cooperators.
This collapse in ecology is known as the tragedy of
the commons.(Sandoz et al., 2007) Interestingly, in
the context of QQ, drugs that inhibit collectively
beneficial traits (public goods), turn the susceptible
population (S) into phenotypic cheats that will use
the public goods generated by the resistant popula-
tion that continues to utilize QS (Allen et al., 2014).

A recent experimental evolution work shows
that extracellular quenching of the siderophore
pyoverdine with gallium is more robust against the
selection of resistance than equivalent antibiotic
control. (Ross-Gillespie et al., 2014). However, some
controls to further support that interesting conclu-
sion were unfortunately not preformed. For example,
(i) there were no experimental tests demonstrating
that Ga remains outside the cells in both the in vitro
and the in vivo experiments (with Galleria mello-
nella infections), which is important as Ga is readily
internalized by P. aeruginosa (García-Contreras
et al., 2013a; Kaneko et al., 2007); (ii) as at high
concentrations Ga is bactericide, the highest in vitro
Ga concentration used (200 μM) may have killed all
cells at the beginning of the experiment, therefore
the next culture passes may have been inoculated

mostly with dead cells; (iii) similarly, in vivo, the
most effective doses of Ga used were extremely high
500–2500 μM; (iv) it was assumed that the effect of
Ga was mainly on pyoverdine quenching but at least
when 200 μM Ga was used, no pyoverdine was
detected; and (v) experiments in caterpillar hosts
tested Ga but did not compare its effect with
antibiotics.

Although to date there have been no experimental
tests using QQs under conditions in which growth is
dependent on the production of a public good to
address whether resistance against these compounds
may arise, it was hypothesized that under such
conditions the spread of QQ resistance will be
avoided or minimized (Allen et al., 2014). Moreover,
in the works by Mellbye and Schuster (2011) and
Gerdt and Blackwell (2014) that lacked a QQ
compound, this situation was explored using the
QQR and QQS mimics, grown in a medium that
contained protein (1% of bovine serum albumin
(BSA)) as the sole carbon source; Mellbye and
Schuster used BSA, and Gerdt and Blackwell used
BSA plus casamino acids. Mellbye and Schuster
found that the R population decreased when it was
inoculated initially at 50 or 10% of the total
population and that the proportion remained stable
when it was inoculated at 1%; hence, they demon-
strated that if growth is dependent on the production
of public goods, an ideal QQ therapy (under optimal
laboratory conditions) will restrict the spread of
resistance (Figure 1c). Unfortunately, at least for the
initial 1% R proportion, the R cells were inoculated
at very low numbers and when such a low quantity
of R cells are inoculated, their growth takes more
time than the growth of S cultures without R (using a
higher initial amount of S inoculated cells). Their
results suggest that in mixed cultures with very low
initial R proportions, the growth of S cells could be
independent of the growth of R cells. In addition,
although no information was given about the number
of bacterial generations developed under these
conditions (Figure 1 of Mellbye and Schuster,
2011), the approximate final growth achieved in
each experiment is available, so it can be estimated
that there were around four generations of growth for
every experiment; hence, the predicted outcome if
cells are allowed to divide a higher number of times
was not available. In addition, the presence of
compensatory mutations that allow S variants to
grow faster in casein as a sole carbon source was not
ruled out.

In the study by Gerdt and Blackwell, growth was
dependent not only on protein as the sole carbon
source but also on 0.1% of casamino acids, which
would be a carbon source for both R and S variants of
the population; hence, the presence of casamino
acids decreases the selective pressure of producing
extracellular proteases to generate suitable growth
substrates (peptides and aminoacids). Moreover,
when the R mimic was inoculated at 1:1000 and
1:10 000 proportions, after an initial fast growth of
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~3–4 generations (probably by consuming casamino
acids), no further growth was achieved after 200 h of
culture; hence, the initial proportions remained
stable.

Remarkably, Gerdt and Blackwell assessed the role
of the spatial distribution in the selection of the R
phenotype by making bidimensional arrays of R and
S variants in agar plates and found that the R variants
are favored only if their interspersed monoclonal
patches are large enough (~1 cm of diameter) to
ensure that the public good (elastase) remained
available only to the R individuals, as smaller
patches allowed the diffusion of elastase to reach
the S patches enhancing the S growth at the expense
of the R public good production. However, these
experiments were carried out at 30 °C, which is
lower than physiological temperatures, and perhaps
the lower temperature decreased the specific rate
of expression of the extracellular QS-controlled
virulence factors such as exoproteases and also
other compounds such as phenazines, membrane-
disrupting rhamnolipids (Grosso-Becerra et al., 2014)
and toxic metabolites such as HCN (Castric, 1975),
which may also influence the differential survival of
the S and R variants as will be discussed next.

Possible impact of environmental and host
conditions on the selection of resistance
against quorum quenching

So far, only a few studies assessing the selection of
QQ resistance in bacterial populations grown in
either medium with a private or a public good have
been made; however, under in vivo conditions, it
may be possible that QS is simultaneously control-
ling the catabolism of metabolic private goods such
as adenosine as well as the assimilation of extra-
cellularly degraded public goods such as proteins.
Interestingly, it was recently demonstrated that the
social cheating phenomena observed in P. aerugi-
nosa cultures grown on the public good BSA as the
sole carbon source is suppressed by the addition of
the private good adenosine, even at low concentra-
tions of adenosine (Dandekar et al., 2013). Their
results may then imply that in a QQ therapy of
bacteria growing in a mixture of QS-controlled
private and public goods as growth substrates (that
is expected for most bacteria in vivo), the inhibiting
effect of the quencher-susceptible population
(S cells) over the resistant individuals (R cells) could
be minimized and perhaps avoided (depending on
the proportion of publically/privately used nutri-
ents) and may therefore allow the spreading of
resistance to QQ compounds.

Similar to the idea that the link between QS and
private goods prevents cheating, recently, we
demonstrated (García-Contreras et al., 2015) that
the higher sensitivity of QS-deficient mutants to
stress restricts the generation and spread of social
cheaters (lasR mutants) in P. aeruginosa (Figure 1d).

For this work, the population of social cheaters is
reduced due to their deficiency in the production of
antioxidant enzymes; cells were grown on caseinate
as a sole carbon source in the presence of oxidative
stress. Therefore, linking QS and the stress response
(which includes many environmental stresses for
P. aeruginosa, not just oxidative stress), prevents
social cheating.

Moreover, besides the metabolic restriction of
cheaters proposed by Dandekar et al. (2013), asdur-
ing infections bacteria are subjected to high levels of
stress produced by the immune system, it is likely
that the stress may contribute both to the elimination
of the cheaters and also allow QQR cells to spread
under a QQ treatment (García-Contreras et al., 2015).
For this work, we used the gold standard for
inhibiting QS, the brominated furanone C-30.
Indeed, we observed that QQR strains increase in
number when both the QQ compound and stress are
present. Specifically, in competitions between the
mexR strain (a furanone C-30 QQR mutant, the
R strain) and the C-30-sensitive strain (wild type, the
S strain), which were performed in LB medium
(in which growth and survival are uncoupled to QS),
we found that when C-30 was added in the absence
of stress, the proportion of mexR mutant (R) cells
increased only slightly after several culture passes.
In contrast, when stress was applied (by adding
H2O2) along with the QS inhibitor, the mexR (R)
proportion increased dramatically from 25% to
almost 100% (García-Contreras et al., 2015). There-
fore, stress combined with QS inhibition results in
strong selection for bacteria resistant to QS inhibitors
as the QS response is intimately linked to the stress
response.

In addition to the oxidative stress produced by the
human host, cooperative individuals (under a QQ
treatment, those bacteria that are resistant to the
quencher molecules and capable of utilizing QS, so
the R strain) also produce QS-controlled extracellu-
lar toxic compounds such as pyocyanin, which in
turn, promote the generation of ROS and HCN which
inhibit respiration. As the production of such
virulence factors in P. aeruginosa is higher at 37 °C
than at lower temperatures and is high during
infections, it is possible that the higher temperature
allows the cooperative individuals (R strain) to
decrease the number of non-cooperative cheaters
during the infections, and therefore may be a
mechanism that decreases the fitness of the QQ
sensitive strains (S strain), as the QQR cells will
produce the public good (for example, extracellular
proteases) that will be available to the non-
cooperative cheaters by diffusion; however, also by
diffusion, the toxic compounds will reach the
cheaters and potentially decrease their growth. In
fact, it was recently shown that in casein cultures,
the production of HCN by cooperative wild-type P.
aeruginosa individuals restricts the selection of
social cheaters (lasR mutants) (Wang et al., 2015).
Furthermore, recently it was discovered that in
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young biofilms, some P. putida cells produce HSL
signals stochastically as self-regulatory signals,
inducing the production of attached biosurfactants
(private goods) that allow them to leave the biofilms
by increasing their motility (Carcamo-Oyarce et al.,
2015). Although this phenotype has not been
observed yet among biofilms of bacterial pathogens,
its existence would potentially allow, during QQ
therapy, some of the QQR cells in biofilms to leave
the biofilm, thereby, allowing them to ‘escape’ from
QQS cells and avoid their opportunistic utilization of
the public goods. This would promote the coloniza-
tion of additional niches by QQR cells, which can
potentially spread infections and resistance
against QQ.

Other factors that could play a role in shaping
natural bacterial populations in the environment (and
perhaps also during infections) are biotic stressors such
as bacteriophages. Recently it was described that
Escherichia coli reduces the numbers of phage λ
receptors on the cell surface in response to N-acyl-l-
homoserine lactone QS signals, leading to a significant
increase in the frequency of uninfected survivor cells
after a potent attack by λ and other virulent phages.
Hence, it would be possible that non cooperative
individuals (that is, those cells that are sensitive to the
QS inhibitor and thereby not using QS) will be more
susceptible to phage attack than the cooperative ones
(that is, those cells that are resistant to the QS inhibitor
and thereby utilizing QS), providing yet another factor
that may increase the population of R variants over S
variants (Hoyland-Kroghsbo et al., 2013). However the
effects of phages in R and S variants of pathogenic
bacteria remain to be explored.

Concluding remarks

Although competition experiments with QS-
deficient vs QS-proficient strain mimics has been
useful to explore if the selection of QQ-resistant
bacteria is possible, additional experiments are
needed (Ruer et al., 2015), including the utilization
of quenching molecules (Maeda et al., 2012). In this
regard, it is argued that current QQs are not used as
the available specific QQ (those with effects mainly
on QS phenotypes without significant toxicity) often
have modest QS inhibition activities whereas more
potent inhibitors like C-30 have a higher toxicity
(Gerdt and Blackwell, 2014). However, enzymes that
disrupt QS signals (acylases and lactonases for HSL
signals) are specific and potent (Chen et al., 2013);
hence, they may be ideal to test different experi-
mental conditions, ones that should be carefully
designed and as close as possible to in vivo condi-
tions. Nevertheless, a better approach could be the
utilization of animal infection models to determine if
QQ resistance can indeed arise and be selected under
QQ treatments. Although there are some challenges
in animal studies, like the determination of spatio-
temporal bacterial population dynamics, such

experiments would provide valuable information
that will predict possible outcomes if eventually
QQ therapies are implemented in the clinic.
Alternatively, in vitro experiments using systems
that mimic relevant tissues and organs such as the
lungs and the GI tract, and so on from human-on-a-
chip studies, may be useful. Also experiments with
microfluidic devices will be very helpful, as they
allow the examination of signaling among close and
distal populations, and spatiotemporal arrays in
bacterial populations can be created (Fernandes
et al., 2010; Hong et al., 2012).

Significant potential problems to resistance-
impervious QQ therapies are the high variability
observed in the expression of QS signals and genes
(Defoirdt et al., 2010). Also, since successful QQ
treatments in animal infections decrease pathogen
bacterial loads (Defoirdt et al., 2010), this in
principle imposes a strong selective pressure for
the selection of resistance. Moreover, we have
already found that some clinical strains are resistant
against QQs, even without a pre-exposure to the QQ
compounds (García-Contreras et al., 2013c; Maeda
et al., 2012). Therefore, based on the above-discussed
evidence, we think that perhaps QQ therapies may
have lower resistance rates than antibiotics, but that
designing an effective resistance-proof therapy to
treat bacterial infections is far more challenging than
it is currently anticipated. Ultimately, since evolu-
tion is a natural course of progression, we think that
eventually any antibacterial/antivirulence therapy
will select resistance, but perhaps we can find ways
to guide such evolution or take advantage of it in
order to create robust antibacterial/antivirulence
strategies.
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