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ABSTRACT: The growing threat of antibiotic resistance necessitates the

Barriers to QS resistance...

development of novel antimicrobial therapies. Antivirulence agents that target > @ s &

group-beneficial traits in microorganisms (ie, phenotypes that help the cells " =S, /%—*w

surrounding the producer cell instead of selfishly benefiting only the producer o ( T

cell) represent a new antimicrobial approach that may be robust against the f\_‘ \: 2

spread of resistant mutants. One prominent group-beneficial antivirulence target > & A [

in bacteria is quorum sensing (QS). While scientists are producing new QS 7 - e
insufficient signal cheating

inhibitors (QSIs) at an increasing pace for use as research tools and potential

therapeutic leads, substantial work remains in empirically demonstrating a

robustness against resistance. Herein we report the results of in vitro competition studies in Pseudomonas aeruginosa that explicitly
confirm that two separate barriers can impede the spread of resistance to QSIs: (1) insufficient native QS signal levels prevent rare
QSl-resistant bacteria from expressing their QS regulon, and (2) group-beneficial QS-regulated phenotypes produced by resistant
bacteria are susceptible to cheating by QSI-sensitive neighbors, even when grown on a solid substrate with limited mixing to
mimic infected tissue. These results underscore the promise of QSIs and other antivirulence molecules that target group
beneficial traits as resistance-robust antimicrobial treatments and provide support for their further development.

Microbes play essential roles in our world. However, these
organisms can also have devastating effects on human
health and productivity via pathogenic infection. The spread of
antibiotic resistance is gradually disarming our society and
causing increased morbidity, mortality, and costs associated
with infection. In the U.S. alone, antibiotic-resistant hospital-
acquired infections kill an estimated 50000—100000 annually’
and cost the U.S. society approximately $35 billion per year.”
This current toll, coupled with the increasing trajectory of
resistance development, makes the spread of antibiotic
resistance one of the world’s greatest health concerns.

In view of these challenges, both chemists and biologists have
become interested in developing “evolution-proof” drugs that
are robust against the development of resistance by microbes.**
This represents a substantial undertaking, however. Traditional
antibiotics are inherently highly susceptible to resistance,
evidenced by the fact that resistance often appears in clinics
only a few years after the first therapeutic use of a new
antibiotic.® Antibiotics prevent the growth of all drug-sensitive
bacteria but allow resistant bacteria to grow. This scenario
presents an extraordinarily strong selective pressure for a single
resistant bacterium to propagate through the entire population.
In the past decade, “antivirulence” drugs that do not directly kill
bacteria but instead prevent pathogens from expressing their
detrimental phenotypes have garnered increased attention.*> In
particular, antivirulence agents that specifically target group-
beneficial virulence traits (i.e., phenotypes that, when expressed,
help not only the bacterium expressing them, but all of its
neighbors as well) may allow for a fundamentally decreased rate
of resistance spread within infections. This “resistance robust-
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ness” is possible because a resistant bacterium that arises would
not selfishly benefit from its resistance but instead would help
its antivirulence-drug-sensitive peers at a cost to itself.*~®
Examining resistance spread to such antivirulence approaches
was the broad goal of the current study.

Our research group and others have focused on bacterial
quorum sensing (QS), a widespread cooperative trait, as one
such group-beneficial antivirulence target””'' QS is an
intercellular chemical signaling mechanism that bacteria use
to monitor their local cell densities."”"® In QS, bacteria
constitutively produce low levels of diffusible signal molecules.
As the bacteria multiply in a confined space, more signal
accumulates until it reaches a threshold concentration that both
activates an autoinduction loop for increased signal production
and also induces the expression of a set of genes that are
beneficial for growth in a cell-dense environment. Viable QS
inhibition strategies include competitive inhibition of signal

1514—19 .+ 1.:1eps .
4419 nhibition of signal
10,21

binding to receptor proteins,
synthesis,”® and sequestration and degradation of signals.
We note that the first strategy, competitive inhibition of signal
binding, should also inhibit signal production due to the
interruption of the signal-synthase autoinduction loop. Several
small molecule- and macromolecule-based approaches to QS
modulation are shown in Figure 1. Small molecule QS
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Figure 1. Common QS inhibition strategies. (top) Representative
com;)etitive inhibitors of signal binding to QS receptor proteins are C-
30, vV-06-018,'®* C14," itc-13,'° mBTL,"> and AIP-III D4A'.
(bottom) Inhibitors of signal synthesis®® and availability'®*" have
also been explored.

inhibitors (QSIs) targeting QS receptors have arguably seen the
most intense study so far.

QS is a compelling resistance-robust antivirulence target
because it involves two levels of group behavior that could lead
to two barriers to the spread of resistance. First, each individual
cell depends on the other cells in the population to produce
signal molecules in order for sufficient signal to accumulate to
induce QS gene expression.”” Second, many of the genes that
are activated by QS are themselves group-beneficial (e.g,
biofilm formation and secreted diffusible factors like proteases,
siderophores, and toxins).”>">° These group-beneficial genes
could render a bacterium that expresses its QS regulon
susceptible to “cheating” by neighboring bacteria that lack
functioning QS systems. The cheaters benefit from the
production of these common goods by QS-active bacteria,
but they do not reciprocate by producing the goods themselves.
The existence of QS cheaters in bacterial gozpulations has been
extensively demonstrated both in vitro>**°~*® and in vivo,”> 3!
but studies on the implications for resistance to QSIs are few
and yield conflicting results.>' >*> For example, one study by
Wood and co-workers found that resistance to the QSI
furanone C-30 (shown in Figure 1) via increased drug efflux
can spontaneously arise and spread when the opportunistic
pathogen Pseudomonas aeruginosa is grown in a minimal
medium with adenosine as the sole carbon source.>* However,
another study by Mellbye and Schuster suggested that QSI
resistance does not spread when P. aeruginosa is grown in a
minimal medium with bovine serum albumin (BSA) as the only
carbon source,”> a competitive growth condition that has
shown reasonable correlation with competition studies in
animal infections and clinical isolates.”**”***° The authors did
not use a small molecule QSI in this latter study but rather used
a pair of P. aeruginosa mutants that mimic QSI resistance.”
Lastly, a recent study showed that resistance failed to spread to
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the inhibition of a QS-regulated trait (siderophore activity in P.
aeruginosa).>*

We sought to reconcile these previous results in order to
guide future QSI and antivirulence research in general. In the
current study, we explicitly evaluated two unique obstacles that
could preclude the spread of resistance to inhibitors of QS
receptors. First, we hypothesized that a few resistant bacteria
that spontaneously arise in a population of QSI-sensitive
bacteria would not produce sufficient signal molecules to turn
on QS and therefore would have no fitness advantage over
sensitive bacteria. Second, in a situation where a few resistant
bacteria might overcome the first obstacle and express their QS-
regulated genes, we hypothesized that those resistant bacteria
would be outcompeted by QSI-sensitive bacteria cheatinzg off of
the common goods produced by the resistant bacteria,”* even
in a physically structured environment that models tissue
infections. We explicitly examined these two barriers to
resistance in isolation from each other using QS mutants of P.
aeruginosa. The results of the competition studies described
herein confirmed our hypotheses and provide strong support
for QS inhibition as a potential resistance-robust approach to
antimicrobial therapy.

B RESULTS AND DISCUSSION

Development of Experimental Conditions. We chose
the Gram-negative pathogen P. aeruginosa for study because of
its prevalence in antibiotic-resistant infections® and its well-
characterized QS system. This pathogen uses primarily LuxR/
Luxl-type circuits for QS (i.e., the las and rhl systems),"® with
which it controls the production of an arsenal of virulence
factors and growth into impermeable biofilms in infections.”>>*
P. aeruginosa infection models in mice have demonstrated that
QS is important for abundant growth in infections, presumably
due to the QS-regulated production of secreted proteases and
siderophores and defenses against the immune system.>*™>* As
such, common nutrient-rich growth media that do not require
QS for growth are poor models of in vivo infection growth. We
therefore utilized QS-selective growth media for the current
study, in which the supplied carbon sources can only be utilized
by bacteria after digestion by QS-regulated en-
Z)rrrles.26_28’32’33’39 Since P. aeruginosa regulates many pheno-
types by QS, some of which are “selfish” (ie., primarily aid
growth of the individual expressing the phenotype) and many
of which are “group-beneficial” (i.e., significantly aid growth of
neighboring bacteria as well as the individual expressing the
phenotype),” both selfish and group-beneficial QS-selective
media were used.”**’

The selfish QS-selective medium contained adenosine as the
only carbon source because adenosine metabolism in P.
aeruginosa requires the production of nucleoside hydrolase
(Nuh), a periplasmic protein that is under QS control. In turn,
the group-beneficial QS-selective medium contained the
protein BSA as the main carbon source. Metabolism of BSA
requires the presence of an extracellular protease to liberate
simple peptide nutrients, which can be used not only by the
bacterium that secreted the protease but also by cheating
neighbors that do not secrete proteases. A predominant
secreted protease in P. aeruginosa is elastase B (LasB), which
is produced under QS control. We found that both media were
QS selective, since wild-type P. aeruginosa PAO1 grew
substantially better (ie., reached maximal cell density over §
days faster) than a QS mutant strain (AlasR, ArhIR) that lacked
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Figure 2. Demonstration of selective media and experimental setup. (A) Growth curves for monoculture QS* (R) and QS~ (S) strains grown in
QSM + 0.1% adenosine (selfish QS-selective medium). (B) Growth curves for R and S in QSM + 0.1% CAA + 1% BSA (group-beneficial QS-
selective medium). In both QS-selective media, monoculture R grew substantially better than monoculture S. (C) Schematic of the competition
studies performed herein. A QSI-resistant mimic (PAO1::mini-Tn7-GFP-Gm®) and a QSI-sensitive mimic (AlasR, ArhiR, Tc?) were mixed and
grown in QS-selective media. Initial and final ratios of resistant/sensitive bacteria were calculated by counting colony forming units (CFUs) of
resistant mimics on gentamicin-containing plates and CFUs of sensitive mimics on tetracycline-containing plates. Gm® = gentamicin resistant; TR =
tetracycline resistant.
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Figure 3. Comparison of a “true” QSI resistance competition to the experimental mimic competition in this study. “R” circles represent QS receptor
proteins, and “I” circles represent QS signal synthase proteins. In the true case (A), the wild-type bacteria have chemically knocked down QS (red),
and the resistant mutants are still capable of QS even in the presence of the QSI (blue). In the mimic case (B), a P. aeruginosa AlasR ArhIR mutant
has a genetically knocked down QS system (red) to mimic the QSI-sensitive strain, and the resistant mimic is wild-type PAO1 (blue), which is fully
capable of QS under the experimental conditions. In both panels, substantial native AHL signals are shown, but if the resistant bacteria are rare, much
less signal will actually be present (due to poor signal production by the QS-inhibited strains).

functional LuxR-type receptors in both media (Figure 2A,B; see effects impose non-QS-based selective pressures for the spread
Methods for details of strains). of resistance. In fact, such off-target growth effects are a feature
At the outset, we considered treating P. aeruginosa with small that we and other research groups explicitly avoid in the
molecule QSIs in these QS-selective media and monitoring ongoing design of improved QSIs."!
whether resistance arose and spread over time.**> However, the Thus, to test resistance to a future ideal QSI in the current
QSIs in P. aeruginosa that are free of off-target growth affects do study, we instead utilized a pair of P. aeruginosa strains to mimic
not sufficiently inhibit QS. For example, two of the most potent a QSI-sensitive bacterium and a QSI-resistant bacterium
LasR receptor inhibitors, V-06-018 reported by Greenberg and (Figure 3).**> To mimic a QSI-sensitive bacterium (termed S
co-workers'® and N-(3-nitrophenylacetanoyl)-L-homoserine hereafter) having its QS system chemically knocked down
lactone (C14) reported by our laboratory'” (Figure 1), still nearly 100% by a potent and selective QS receptor inhibitor, we
allow for at least 40% of the native level of LasB protease used the P. aeruginosa QS mutant strain (AlasR, ArhIR). To
production in P. aeruginosa. This partial inhibition would lead mimic a QSI-resistant bacterium (termed R hereafter) having a
to a weak QS-based selective pressure that would preclude a functioning QS system in the presence of a QSI, we used wild-
definitive selection experiment in our media. In addition, while type P. aeruginosa PAO1. The QS mutant had no observable
furanone C-30 (Figure 1) is a widely studied QSI and has been growth defects (see Supplementary Text and Supplementary
shown to inhibit some QS-regulated behaviors in P. aeruginosa Figure 2B, Supporting Information), except in QS-selective
by more than 90%," we observed significant non-QS-based media (Figure 2A,B). These two strains therefore model
growth inhibition by this compound at the concentrations sensitivity and resistance to an ideal QSI that completely
necessary for QS inhibition (see Supplementary Text and inhibits QS with no off-target effects (Figure 3).
Supplementary Figure 1, Supporting Information). As high- To model a few resistant bacteria arising spontaneously
lighted above, Wood and co-workers used this QSI in their under QSI treatment, we grew populations of the QSI-sensitive
recent study to demonstrate that resistance can quickly arise to mimics (S) seeded with a small number of QSI-resistant mimics

QSIs.**> However, we believe that C-30’s off-target growth (R). We labeled strains R and S with different antibiotic
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resistance markers, which allowed us to readily count the R/S
ratio before and after growth to determine whether the few
resistant bacteria were more fit and spread through the
population (Figure 2C). In all subsequent experiments,
resistance spread was quantified by calculating the relative
fitness of R vs S, which is the final ratio of R/S divided by the
initial R/S ratio (see Methods).* Relative fitness values >1
indicated that a spread of resistance had occurred.

First Barrier to Resistance: Nonquorate Signal Levels.
We first tested the hypothesis that a population of QSI-sensitive
bacteria treated with a QSI would not produce sufficient signal
to activate the QS system of a small number of QSI-resistant
“infiltrators.” Therefore, if such QSI-resistant mutants were to
arise, they would not be more fit than neighboring QSI-
sensitive bacteria. An example case is the development of a
mutant that effluxes a QSI efficiently. The effective concen-
tration of the QSI would be lower for that cell, so its QS system
would no longer be inhibited. However, that cell would still
require a quorum level of native QS signal in order to express
its QS-regulated genes. Since the other cells in the population
are still inhibited, they would not express sufficient QS signal to
induce QS in the resistant bacterium (Figure 4A).

We examined this barrier by competing the resistant mimic
(R) with the sensitive mimic (S) in coculture in the “selfish”
QS-selective media. By using the selfish media, we excluded any
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Figure 4. Relative fitness of resistant (R) versus sensitive (S) mimic
strains. R and S were grown in coculture with selfish phenotype
selection (adenosine carbon source, gray) and group-beneficial
phenotype selection (BSA carbon source, black). (A) Schematic
demonstrating a nonquorate rare signal-dependent QSI-resistant
mutant. (B) Relative fitness of signal-dependent R vs S. (C) Schematic
demonstrating a signal-independent QSI-resistant mutant that can
express its QS regulon, even when rare. (D) Relative fitness of signal-
independent R vs S. Relative fitness values >1 indicate that the
resistant mimic is more fit and will spread. Data are represented as box
and whisker plots. Each dot is an individual data point. Boxes
encompass the inner quartiles, and horizontal lines are median values.
Whiskers extend to the furthest data points. The statistical significance
of relative fitness deviations from 1 were tested via paired ¢t tests
comparing the logarithm of the final R/S ratio to the logarithm of the
initial R/S ratio for each sample (****p < 0.0001, ***p < 0.001, **p
< 0.01, *p < 0.0, not significant (ns) p > 0.05).

2294

potential fitness effects due to cheating (i, the second
hypothesized barrier, see below) and therefore explicitly tested
the existence of only the first barrier. We mixed the bacteria at
three different initial proportions of R (50%, 1%, and 0.01%).
In the extreme case that 50% of the population was initially
resistant, sufficient native QS signal should be produced for the
resistant bacteria to be quorate, as shown by quantifying the
amount of native QS signal (N-(3-oxo)-dodecanoyl-L-homo-
serine lactone, OdDHL) extracted from grown culture (see
Supplementary Figure 3, Supporting Information). However, at
initial proportions at or below 1% R, the population should
remain nonquorate, even at high total bacterial densities
(Supplementary Figure 3, Supporting Information). The most
relevant case in an infection would be very low levels of
resistant bacteria spontaneously arising (<1%); thus we tested
0.01% R.

In each competitive coculture trial at quorate levels of R (i.e.,
1:1 R/S ratio), the fitness of R was greater than S (i.e., relative
fitness R/S > 1, Figure 4B). However, when R was seeded as
<1% of the population (relevant to resistance arising as 1%
of an infection), the resistant mimics did not consistently
outcompete their QSI-sensitive neighbors. These data support
the hypothesis that low levels of QSI-resistant bacteria are
incapable of expressing their QS genes and therefore have no
fitness advantage over QSI-sensitive neighbors. We note that
this finding expands on the recent work of Mellbye and
Schuster (as introduced above),*® who demonstrated that QSI
resistance failed to spread in a group-beneficial selective
medium. The authors concluded that resistance failed to
spread in their experiment because the phenotypes under QS
control (ie, production and secretion of proteases) were
group-beneficial. Our results now demonstrate that even using a
selective pressure based on a selfish QS-regulated phenotype, QSI
resistance should not spread due to a dependence on signal
production. This result is significant, because it argues that QSI
resistance could be even less likely to spread than previous
work has suggested.

Our data were initially difficult to reconcile with the work of
Wood and co-workers using furanone C-30 (vide supra).”
While our results suggest that improved drug efflux mutants
should not have a fitness advantage when they are at low levels
in a QS-inhibited population, Wood and co-workers showed
that improved-efflux mutants (via overexpression of the
MexAB-OprM drug efflux pump) were able to readily spread
under C-30 treatment. As mentioned above, we believe that the
selective pressure present in this previous study is due to
furanone C-30 imposing general, non-QS-related growth-
inhibitory affects on P. aeruginosa in minimal media and is
not due to the QSI activity of C-30. If C-30 were an ideal QSI
without off-target effects, we contend that low levels of
improved efflux mutants would not spread through a
population. Therefore, the Wood study and our study work
together to underscore the need to design better QSIs that do
not suffer from off-target affects that can select for resistance.

An insightful conclusion from the work of Wood and co-
workers is that many P. aeruginosa strains in chronic infections
are already resistant to QSIs via overexpression of the MexAB-
OprM pump.’” This mode of small molecule resistance is
common and presumably arises due to the selective pressure
imposed by previous treatment with antibiotics. Consequently,
we believe that ideal resistance-robust QSIs should (1) not have
nonselective growth inhibitory effects and (2) not be
susceptible to the same resistance mutations as traditional
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Figure S. Structured environments retain susceptibility to cheating. (A) Schematic showing that a well-mixed culture would quickly distribute goods
away from the producers and also prevent producers from making monoclonal patches of high goods concentrations. (B—D) Images demonstrating
the increasing degrees of population structure that were tested. In panels B and C, fluorescence microscopy was used to visualize 1:10 ratios of R
producing GFP (green) and S producing mCherry (red). In panel D, a 1:100 ratio of R vs S was visualized without magnification: the macrocolony
marked with a red dot is R, and the 99 other spots on the plate are S. (E) Relative fitness of signal-independent R vs S in liquid group-beneficial
medium and in solid group-beneficial medium with different degrees of population structure. Data analysis was analogous to that described in Figure
4. (F) Image visualizing the diffusion of protease-digested goods after 1 day of growth of a 1:100 ratio of R vs S. The bright halo around the single R
colony (circled) is diffused protease-digested fluorogenic substrate. The substrate diffusion indicates the distance over which QSI-sensitive bacteria

can cheat off neighboring QSI-resistant bacteria.

antibiotics that are used before (or in conjunction with) the
QSL. Our findings suggest that if such QSIs are developed, they
will be robust against the spread of signal-dependent resistance
mechanisms, regardless of the selfishness of the QS-regulated
phenotypes needed for growth. In this context, recent studies in
our laboratory have shown that certain QSI scaffolds can evade
active efflux in P. aeruginosa via the MexAB-OprM purnp,41
which serves to leverage these compounds for future develop-
ment.

Second Barrier to Resistance: Group-Beneficial QS-
Regulated Genes. Although signal-dependent mechanisms of
resistance would be thwarted by the first barrier described
above (e.g, efflux pump overexpression, QSI degradation, or
target protein modification to become immune), additional
mechanisms of resistance are conceivable that would not
require quorate levels of native signal in order to express the
QS regulon. Examples of “signal-independent” resistance
mechanisms include mutations that lead to constitutive
expression of the QS regulon or cause the QS receptor protein
to respond to the QSI as an agonist instead of an antagonist.
The latter mechanism has been observed with mutations of the
QS receptors CviR* and LuxR'”* in Chromobacterium
violaceum and Vibrio fischeri, respectively. These resistance
mechanisms would enable rare resistant bacteria to express
different genes than their QSI-sensitive neighbors, which could
give them a fitness advantage (see Figure 4C). In these cases,
we reasoned that a second barrier would arise to inhibit the
spread of resistance: cheating by QSI-sensitive bacteria off the
group-beneficial phenotypes expressed by the QSI-resistant
bacteria. The concept of social cheating has been well studied
for the past 50 years,**** and in particular, QS-based cheating
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L 242627 . . ;
has been demonstrated in vitro””“”“’ and in infections in

vivo.””*° These past studies have explored whether low levels of
cheaters could invade a population of cooperative bacteria. In
contrast, we sought to address the opposite question in the
current study, by investigating whether low levels of QS-
cooperators can outcompete QS-cheaters. This question is
directly relevant to the situation of QSI-resistant cooperators
arising in a population of QSI-sensitive cheaters. To our
knowledge, the only other study that investigated this situation
is that of Mellbye and Schuster (vide supra);** however, the
authors did not test very low initial levels of resistance (<1% of
the cells), which should be the most relevant condition to initial
stages of resistance spread. Furthermore, this past work
mimicked signal-dependent resistance mechanisms and there-
fore could have underestimated the ability of signal-
independent mechanisms to spread. We therefore explicitly
tested the existence of this second barrier by performing new
competition experiments with low initial frequencies of signal-
independent QSI-resistant cooperators to test whether QSI-
resistant bacteria could be more fit and spread.

To imitate signal-independent resistance mechanisms, we
developed experimental protocols where the resistant mimics
were artificially coerced to express their QS-regulated genes
even when they were rare in the population. For selection based
on a selfish phenotype, the native P. aeruginosa QS signal
OdDHL was added to the selection medium to induce
expression of nuh. To induce production of LasB in the
group-beneficial selection, the resistant mimic was engineered
to constitutively express lasB (see Supplementary Text and
Supplementary Figures 4 and S, Supporting Information).
Using these procedures, we found that the signal-independent
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resistant mimics were substantially more fit than the sensitive
mimics (i.e., relative fitness R/S > 1) under selfish selection,
even when the signal-independent resistant mimics initiate at
low levels in the population (see Figure 4D). In line with our
initial hypothesis, however, signal-independent resistant mimics
were not more fit than sensitive mimics when growth was dependent
on the group-beneficial QS-regulated production of LasB (relative
fitness R/S < 1; Figure 4D). In total, these results demonstrate,
for the first time, that even signal-independent resistant bacteria
are incapable of spreading when the QS-regulated selective
pressures at work are group-beneficial, which provides a second
barrier to the spread of QSI resistance.

Although previous research has suggested that selfish QS-
regulated traits could be relevant in infections and could drive
the spread of resistance to QSIs,”*** recent experiments with
mouse infection models instead match these results in protease-
selective media very well.>®*® A study of cystic fibrosis clinical
isolates® also suggests that group-beneficial selective pressures
are significant in P. dgeruginosa infections in humans.
Furthermore, a very recent study demonstrated that resistance
did not develop to a virulence inhibitor targeting the agr system
of Staphylococcus aureus in a mouse infection model,
presumably due to social cheating.*’” Therefore, we believe
that this hurdle of social cheating will present an obstacle to the
spread of QSI resistance in infections as well as in vitro.

Effect of Local Population Structure on Resistance
Spread. The competition studies above, as well as related
experiments,32'33 were all performed in well-mixed liquid
culture. In reality, many infections have a more spatially
structured, biofilm appearance.*** As Figure SA illustrates,
structured populations on solid matrices can keep secreted
goods closer to the bacteria that produce them.*>*® As such, the
impact of population structure on QS resistance spread could
be significant. To examine this phenomenon, we converted the
group-beneficial selective medium described above to a solid
growth medium® and repeated the competition studies with
initial ratios of 1:100 R/S. Multiple degrees of population
structure were tested by altering the plating technique to obtain
interspersed monoclonal patches of R and S that were each 0.1
mm, 1 mm, or 1 cm diameter (Figures SB-D). Larger
monoclonal patches should provide greater sharing of goods
among the resistant mimics because the resistant cells are on
average closer to other resistant cells than sensitive cells. We
reasoned that this cooperativity should provide the resistant
mimics with a greater advantage over the sensitive mimics. Our
results showed that only when the patches were very large (1
cm diameter) did the signal-independent resistant mimics have
an advantage (Figure SE).

We hypothesized that the necessary patch size for a
resistance advantage was related to the distance that goods
diffuse from the producer. To test the diffusion distance of the
protease-digested goods, we added a LasB substrate to the plate
that fluoresces once cleaved by LasB and then repeated the
competition experiment above with 1 cm colony spacing. After
only 1 day of incubation (before substantial selective growth
has occurred), the digested product had diffused approximately
1 cm past the edges of the resistant colony (see Figure SF). A
similar degree of diffusion has previously been reported for
siderophores through agar.®® Since the 1 cm population
structure was on the same size scale as the goods diffusion
(as in the right image of Figure SA), the goods stayed mostly
near the large protease-producing resistant colony, making the
resistant bacteria more fit. However, when the patches were
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smaller, the diffused goods benefitted hundreds to tens of
thousands of surrounding QSI-sensitive patches, which enabled
substantial cheating. Together, these results indicate that
resistance should not spread within a microbial population
under group-beneficial selection, even if grown in a viscous or
spatially structured environment, as long as the colony-to-
colony distance is smaller than the diffusion distance of secreted
goods. Although diffusion rates through 1.5% agar are unlikely
to directly correlate to diffusion in infections in vivo, we note
that the 1 cm separation distance needed for the spread of
resistance is more than 100X larger than the monoclonal
colony separation observed within reported images of biofilm
infection biopsies (<0.1 mm).**

Conclusions and Outlook. We expect QSI-resistant
mutants to arise in nature.**** However, at the outset of this
study, we hypothesized that the QSI-resistant mutants would
struggle to overtake their population relative to traditional
antibiotic resistant mutants. The competition studies reported
herein provide the first empirical evidence that (1) QS-signal-
dependence is sufficient to impede the spread of many
mechanisms of QSI resistance, (2) cheating is sufficient to
impede the spread of even signal-independent mechanisms of
QSI resistance under in vivo-relevant group-beneficial selection,
and (3) reasonable degrees of population structure on a solid
matrix still do not enable signal-independent QSI-resistant
bacteria to spread. While our experiments were designed to
directly mimic resistance to QSIs that block QS receptor
function, we believe that the results apply broadly to the other
QS inhibition strategies (i.e., inhibition of signal synthesis and
sequestration and degradation of signal molecules; Figure 1).
Because previous research has shown good correlation between
protease-based in vitro selective pressures and in vivo selective
pressures in mouse infections and human cystic fibrosis
lungs,zs’zmg’30 we are optimistic that these barriers to the
spread of resistance will be relevant in infections. Ongoing
research in our laboratory is focused on studying the impact of
multispecies cultures®”>> and population expansion® on the
spread of QSI resistance, because these have recently been
shown to affect microbial competition.

We close by highlighting an additional potential advantage of
QS inhibition (or other antivirulence approaches) compared
with traditional antibiotics; namely, these approaches should
not affect the growth of nonpathogenic bacteria in natural
environments. A major cause of the prevalence of resistance in
pathogens is that antibiotics select for resistance in the harmless
bacteria in human guts and in the environment.>*> As
resistance genes become more abundant in environmental
bacteria, the genes have an increased likelihood of transferring
to neighboring pathogens.* Since QSIs and other antivirulence
approaches are likely narrow spectrum and only affect fitness in
specific settings, they should not broadly increase the
prevalence of resistance genes in the environment.’® When
this feature is coupled with the results described herein, which
indicate that two unique barriers impede QSI-resistant
pathogens from outcompeting their QSI-sensitive neighbors,
we conclude that QS inhibition and other antivirulence
approaches have substantial promise as resistance-robust
therapeutics.

B METHODS

Strains and Routine Growth Conditions. All strains and
plasmids used are listed in Supplementary Table 1, Supporting
Information. Detailed strain construction procedures are in the
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Supplementary Text, Supporting Information. In brief, the QSI-
sensitive mimic strain (S) (AlasR, ArhIR, Tc®), the QSI-resistant
mimic strain (R) (GFP*, Gm®), and the signal-independent resistant
mimic (R-lasB) (P,-lasB, Sm®) were constructed from the same
parent P. aeruginosa PAO1 strain. S was constructed by homologous
recombination,”” and R and R-lasB were constructed by insertion of
mini-Tn7 cassettes.”® For microscopy, pMP7605°° was added to S to
produce mCherry. All plasmids were conjugated into P. aeruginosa
strains by mating with Escherichia coli S17-1::Apir. Luria—Bertani (LB)
broth (1% peptone, 0.5% yeast extract, 0.5% NaCl, EMD Millipore)
was used for all cloning, E. coli growth, and P. aeruginosa overnight
cultures. Bacteria were grown at 37 °C with 200 rpm shaking unless
noted otherwise. When needed, antibiotics were used at the following
concentrations: 15 yg/mL gentamicin, 20 ug/mL tetracycline, S00 pg/
mL streptomycin, 100 pg/mL ampicillin, and 50 pg/mL kanamycin.

Competitive Growth Experiments. Overnight cultures of strains
R and S were mixed in different ratios to final volumes of 500 yL. The
mixtures were rinsed 2 times with M9 salts (47.9 mM Na,HPO,, 22.0
mM KH,PO,, and 8.56 mM NaCl) to remove products from
overnight growth. The mixtures were serially diluted and plated on LB
+ antibiotic plates (one gentamicin or streptomycin and one
tetracycline). R and S colony-forming units (CFUs) were counted
on their respective antibiotic plates and used to determine the initial
R/S ratios. For liquid competition experiments, 2 yL of a 1:10 dilution
of the rinsed mixtures was inoculated into wells of 96-well microtiter
plates containing 198 uL of the QS-selective growth media (see
Supplementary Text, Supporting Information, for recipe)®® supple-
mented with either 1% BSA (Sigma-Aldrich) and 0.1% casamino acids
(CAA; Acros) for group-beneficial selection or 0.1% adenosine
(Sigma-Aldrich) for selfish selection. To mimic signal-independent
resistance in the adenosine conditions, 1 uL of the native QS signal
OdDHL (Sigma-Aldrich) was added from a 400 yuM DMSO stock
solution (final concentration of 2 M, with 0.5% DMSO). Growth was
monitored by ODgy, measurements using a microplate reader
(Synergy 2, BioTek Instruments, Inc.,, see Supplementary Figure 6,
Supporting Information, for representative growth curves). When the
cultures reached stationary phase or grew for 150 h (whichever
occurred first), they were serially diluted in M9 salts and plated on LB
+ antibiotic plates. CFUs were counted for calculation of final R/S
ratios. In case biofilms formed during the course of extended growth,
cultures were thoroughly resuspended and mixed by pipetting up and
down and scraping the sides and bottoms of the wells before serial
dilution and CFU determination. To avoid complications due to
evaporation, only the inner wells of the 96-well plates were inoculated,
and the outer wells were filled with sterile water or media. At the end
of growth, the inoculated wells still contained >170 uL of liquid.

For solid competition experiments, the same media recipe was used
except 1.5% agar was added, and 0.03% CAA was used instead of 0.1%.
Plates were inoculated by three different methods to afford different
degrees of population structure (see Supplementary Text, Supporting
Information), followed by incubation at 30 °C. When the plates had
thick growth and pigment production or had been grown for 12 days
(whichever occurred first), cells were resuspended from the plate using
3 X 2 mL rinses with M9 salts and scraping with a bent glass pipet.
The resuspensions were serially diluted and plated on LB + antibiotic
plates for CFU counting.

For all competition studies, “relative fitness R/S” (v) was calculated
by the method of Ross-Gillespie et al:®® v = (x,(1 — x0))/(x5(1 —
x,)), where x, and x, are the initial and final resistant mimic
frequencies, respectively. Values of v > 1 indicate that the resistant
mimic outcompeted the sensitive mimic (i.e., resistance is spreading).
Values of v < 1 indicate a lack of resistance spread.

Microscopy. Epifluorescence microscopy with GFP and mCherry
filters was performed on solid cultures directly through the agar plates
after incubation at 30 °C for 6 days (see Supplementary Text,
Supporting Information, for details).

Measurement of the Diffusion Distance of LasB-Digested
Common Goods. The LasB substrate (2-aminobenzoylalanyl-glycyl-
leucyl-alanyl-4-nitrobenzylamide; Peptides International) was added to
the QSM + 1% BSA + 0.03% CAA agar mixture from a DMSO stock.

2297

The final concentration was 80 M substrate with 0.03% DMSO. After
incubation with bacteria at 30 °C for 24 h, cleaved substrate was
imaged with a UV transilluminator (312 nm; TFP-M/WL, Vilber
Lourmat) in conjunction with the FOTO/Analyst Apprentice system
(Fotodyne, Inc.).

B ASSOCIATED CONTENT

© Supporting Information

Additional methods and experiments in support of the main
text, bacterial strains and plasmids used in this study, growth
inhibitory effects of brominated furanone C-30 on P. aeruginosa
PAl4, elastase activity and growth curves of wild-type P.
aeruginosa PAO1 compared with mutants, quantification of the
native P. aeruginosa QS signal, OdDHL, in mixed R/S cultures,
degradation of OdDHL by P. aeruginosa cultures, confirmation
of LasB production by the “signal-independent” R-lasB mutant,
and representative bacterial growth curves from competition
experiments. This material is available free of charge via the
Internet at http://pubs.acs.org.
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