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1 | INTRODUCTION
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Abstract

The evolution of host-parasite interactions could be affected by intraspecies variation
between different host and parasite genotypes. Here we studied how bacterial host
cell-to-cell signaling affects the interaction with parasites using two bacteria-specific
viruses (bacteriophages) and the host bacterium Pseudomonas aeruginosa that com-
municates by secreting and responding to quorum sensing (QS) signal molecules. We
found that a QS-signaling proficient strain was able to evolve higher levels of resist-
ance to phages during a short-term selection experiment. This was unlikely driven by
demographic effects (mutation supply and encounter rates), as nonsignaling strains
reached higher population densities in the absence of phages in our selective environ-
ment. Instead, the evolved nonsignaling strains suffered relatively higher growth re-
duction in the absence of the phage, which could have constrained the phage resistance
evolution. Complementation experiments with synthetic signal molecules showed that
the Pseudomonas quinolone signal (PQS) improved the growth of nonsignaling bacteria
in the presence of a phage, while the activation of las and rhl quorum sensing systems
had no effect. Together, these results suggest that QS-signaling can promote the evo-
lution of phage resistance and that the loss of QS-signaling could be costly in the pres-
ence of phages. Phage-bacteria interactions could therefore indirectly shape the
evolution of intraspecies social interactions and PQS-mediated virulence in

P. aeruginosa.
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sensitivity to a one given parasite species (Thompson, 2005). This is

especially true with bacteria, where small differences between dif-

The evolution of host-parasite interactions is sensitive to the un-
derlying characteristics of the coevolving host and parasite gen-
otypes (Lively & Dybdahl, 2000; Sorci, Moller, & Boulinier, 1997;
Thompson, 2005; Vrijenhoek, 1986). For example, co-evolutionary
dynamics can follow either an arms race or fluctuating selection dy-
namics depending on the interacting parasite species (Betts, Kaltz, &

Hochberg, 2014), while considerable variation exists in host species

ferent genotypes can have large effects on fitness. This has been
shown to be the case for bacterial species that use quorum sens-
ing (QS) signaling to regulate a considerable part of their genome
according to the signal concentration in the surrounding environ-
ment, which is often directly linked with the cell density of the local
bacterial population (Darch, West, Winzer, & Diggle, 2012; Waters
& Bassler, 2005).
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Quorum sensing-signaling has been shown to regulate various
important bacterial functions. For example, in the opportunistic
pathogen Pseudomonas aeruginosa, QS systems regulate the expres-
sion of 6%-10% of P. aeruginosa genes, including those encoding
virulence factors such as hydrogen cyanide, the galactophilic lectin
LecA, elastase, rhamnolipids, and others involved in protein secre-
tion and chemotaxis (Schuster, Lostroh, Ogi, & Greenberg, 2003;
Schuster, Sexton, Diggle, & Greenberg, 2013; Williams & Camara,
2009). In P. aeruginosa, QS involves three major QS-signaling path-
ways: the las and rhl systems that utilize N-acylhomoserine lactones
(AHLs) and a Pseudomonas Quinolone Signal (PQS) system that
uses 2-alkyl-4-quinolones (AQs) as QS signal molecules (Williams
& Camara, 2009). The las and rhl systems are linked such that LasR
drives the expression of lasl as well as rhIR and rhll (Latifi, Foglino,
Tanaka, Williams, & Lazdunski, 1996), and PQS and the las and rhl sys-
tems have also been found to interact (Diggle et al., 2003; McKnight,
Iglewski, & Pesci, 2000). As a result, P. aeruginosa QS-signaling path-
ways are inter-linked and activation of several systems can be re-
quired for full expression of certain “traits” such as bacterial virulence
factors (Williams & Camara, 2009).

While some benefits of P.aeruginosa QS-signaling are linked
to bacterial social lives via access to public goods (such as growth-
limiting iron and nutrients) (Diggle, Griffin, Campbell, & West, 2007;
Harrison & Buckling, 2009), some benefits are only beneficial for indi-
vidual QS-signaling bacteria (e.g., private goods (Dandekar, Chugani, &
Greenberg, 2012; Darch et al., 2012; West, Winzer, Gardner, & Diggle,
2012)). Furthermore, QS-signaling regulated genes have been shown
to be beneficial in nonsocial ecological contexts, which suggest that se-
lection by abiotic environment or interspecies interactions could drive
the evolution of QS-signaling. For example, it has been shown that
protist predation can select for bacterial cooperative behavior because
the traits connected to the anti-predatory defences are regulated by
QS-signaling (Friman, Diggle, & Buckling, 2013; Jousset et al., 2009).
Furthermore, competition with Candida albicans has been shown to
inhibit bacterial iron acquisition and virulence, which are both driven
by QS-mediated gene expression (Lopez-Medina et al., 2015), while
in contrast, the presence of another bacterium, Staphylococcus aureus,
has been shown to affect P.aeruginosa virulence, antibiotic toler-
ance, and growth depending on the functionality of P. aeruginosa QS-
signaling system (Korgaonkar, Trivedi, Rumbaugh, & Whiteley, 2013;
Michelsen et al., 2014). Interestingly, recent findings also suggest that
QS can plastically affect bacterial ability to resist phage parasites. For
example, Escherichia coli QS genes help to protect against parasites via
phage receptor-mediated effects (Hoyland-Kroghsbo, Maerkedahl, &
Svenningsen, 2013), while QS-signaling has been shown to affect the
Vibrio anguillarum mode of phage resistance via density-dependent
gene expression (Tan, Svenningsen, & Middelboe, 2015). A recently
published paper also suggests that a dysfunctional las system can
confer evolutionary benefits for P. aeruginosa in the presence of both
phages and bacterial competitors due to relatively lower pleiotropic
costs of phage resistance (Mumford & Friman, 2016). However, the
evolutionary effects of different QS systems on phage resistance evo-
lution are unknown.
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Here we tested directly how intraspecific variation in P. aeruginosa
QS-signaling affects its ability to evolve resistance to phage parasites.
We used a QS-signaling PAO1 wild-type strain and QS-defective mu-
tants that differed in their ability to produce (signal-negative; lasl, rhil,
pgsA) and respond (signal-blind; lasR, rhIR and pgsR) to QS signals. All
strains were evolved in the absence and presence of two different bac-
teriophages before determining the evolutionary changes in the levels
of phage resistance. Additional experiments were conducted to study
whether activation of different QS systems with exogenously added

signal molecules affects bacterial growth in the presence of a phage.

2 | MATERIALS AND METHODS

2.1 | Study species

Quorum sensing-positive, cooperating PAO1 and QS-defective,
cheating lasl, rhll, pgsA (signal-negative), and lasR, rhIR, and pgsR
(signal-blind) P. aeruginosa strains were used in this study (Wilder,
Diggle, & Schuster, 2011). The “signal-negative” mutants do not pro-
duce signals but still respond, whereas “signal-blind” mutants neither
produce nor respond to extra-cellular signals. Two phage species, PT7

and 14/1, were used as parasites (Merabishvili et al., 2007).

2.2 | Selection experiment and evolutionary assays

Bacteria (initial density ~3.7 x 10% cells/ml) were cultured in 96-
well plates in the absence and presence of phages (initial density
~2.3 x 10? cells/ml) in 220 pl of KB media (Friman et al., 2013) for
48 hrs (N = 4, 37°C, without shaking). Bacterial densities were meas-
ured at 24-hour intervals with a spectrophotometer (Biotek, OD
600 nm). After 48 hr, all populations were plated on KB plates and eight
colonies per population isolated for evolutionary assays. Resistance
evolution of alone-evolved and phage-evolved populations was com-
pared by measuring the bacterial growth in the presence and absence
of ancestral phages after 24 hr in liquid KB media (same experimental
conditions as above). The effect of phage selection on bacterial growth
was determined as the relative growth of phage-evolved versus alone-

evolved bacterial selection lines in the absence of phages.

2.3 | Complementation experiments with synthetic
QS-signal molecules

All signal-negative (lasl, rhll, pgsA) and signal-blind (lasR, rhIR, and pgsR)
mutants were cultured in the absence and presence of PT7 phage and
external signals in 220 pl of 1.5% CAA media (6.8 g/L of Na,HPO,,
3 g/L of KH,PO,, 0.5g of NaCl/L, and 2.5 g of Casamino acids/L)
for 8 days (20% of old population transferred to fresh media every
24 hr). The QS-signaling of lasl, rhll, pgsA mutants was activated using
50 pmol/L final concentrations of 30-C,,-HSL (lasl), C4-HSL (rhll), and
PQS (pgsA) signal molecules (Diggle et al., 2007). Signal-blind mutants
were used as controls. All treatments were replicated four times and
bacterial densities measured at 24-hour intervals with a spectropho-
tometer (Biotek).
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2.4 | Statistical analysis

All data were analyzed with linear mixed models, and repeated
measures analysis was used for the time dynamics data. Colony
replicates were nested under population replicates in evolution-
ary assays. Bacterial OD data were log-transformed before the
analyses.

3 | RESULTS
3.1 | Phage effects on QS-signaling and nonsignaling
bacteria

In bacterial monocultures, the QS-signaling strain reached lower
population densities in the absence of phages but higher popula-
tion densities in the presence of phage compared to nonsignaling
strains (signal x phage: F1,so =75.7, p <.001; p < .05 for all pairwise
comparison; Figure 1a). Phages more clearly reduced the densities of
nonsignaling strains and while the phage species had similar effects,
phage 14/1 reduced the bacterial densities more in general (phage
treatment: F1,80 =729.9, p <.001; Figure 1a). Different QS mutants
also grew differently: while rhl mutants reached highest population
densities in the absence of phages, the lasl mutant reached a higher
population density in the presence of phages compared to other QS-
defective mutants (phage treatment x bacterial strain: Fioe3 = 36.8,
p <.001).

We next compared the bacterial resistance evolution to an-
cestral phages between different treatments by growing isolated
evolved clones in the presence of ancestral phages. We found that
phage resistance evolved differently depending on the QS-signaling
ability (evolutionary history x QS functionality: F1,160 =192.9,
p < .001; Figure 1b). Specifically, the phage-evolved QS-signaling
strain could grow better in the presence of ancestral phage com-
pared to alone-evolved QS-signaling strains (Figure 1b). While the

phage-evolved nonsignaling strains grew generally worse compared
to alone-evolved nonsignaling strains (QS functionality: Fy150=19.8,
p < .001), the strains with an impaired PQS QS system grew slightly
better in the presence of ancestral phages if they had been evolving
in the presence of phages during the selection experiment (evolu-
tionary history x QS system: F3,152 =19.7, p <.001; the effect of
phage history within evolved pgs strains: Fi40=4.1, p<.001, no
difference between pgsA and pgsR mutants (p > .05), Figure 1b).
Both phages had similar effects for the resistance evolution with
QS-signaling and nonsignaling strains (phage species: F1,159 =1.3,
p =.249; data not shown). Interestingly, phage selection led to re-
duction in bacterial growth in the absence of phage in general (evo-
lutionary history: Fi48=417, p < .001), while this reduction was
relatively larger for nonsignaling strains (QS-signaling: Fi06=4.3,
p = .048; the effect of QS system nonsignificant: F2,21 =3.1,p=.07,
Figure 1c).

3.2 | Effects of QS-signaling activation for bacterial
fitness in the presence of phages

Phages reduced the densities of both signal-blind (F1’42A9 =32.987,
p < .001) and signal-negative strains (F, 45 = 10.740, p = .002; approxi-
mately from 0.3 to 0.15 at OD 600 nm; Figures 2 and S1). Expectedly,
external signal had no effect on signal-blind strains in the absence
or presence of phages (signal: Fi409=0.95 p=.335; phage x signal:
F1,42A9 =0.054, p = .817, Fig. S1). However, external signal increased
the density of the pgsA signal-negative strain in the presence of a
phage (phage x signal: F1,4s =7.724, p = .008), while no effect was ob-
served with signal-negative lasl and rhll strains (phage x strain x sig-
nal: Fras= 5.916, p = .005, Figure 2). None of the signals affected the
densities of nonsignaling bacteria in the absence of phages (Figure 2).
Together, these results suggest that activation of the alkyl-quinolone
QS system by PQS increases the ability of P. aeruginosa to grow in the
presence of phage.
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FIGURE 1 Panel (a) shows the densities of quorum sensing (QS)-signaling and nonsignaling strains in the end of the selection experiment.
White bars denote for bacteria-alone, and gray bars bacteria-phage treatments, respectively. Panel (b) shows the growth of alone-evolved (white
bars) and phage-evolved (gray bars) bacterial clones in the presence of ancestral phage strains (data pooled over both phage species). Panel (c)
shows the reduction in evolved bacterial strains’ growth in the absence of phages after the selection experiment (data pooled over both phage
species) In all panels, bars show +1 SEM
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4 | DISCUSSION

Here we studied experimentally how intraspecific variation in P. aer-
uginosa QS-signaling affects its ability to evolve resistance to phage
parasites. We found that a QS-signaling-positive strain evolved higher
levels of phage resistance during a short-term selection experiment.
This difference was unlikely to be driven by demographic effects as
the nonsignaling strains reached generally higher population den-
sities in the absence of phages—resistance mutations arise gener-
ally faster in large populations due high mutation supply rates and
frequent host-parasite encounter rates (Lopez-Pascua & Buckling,
2008). However, we found that phage selection led to relatively larger
reduction in the growth of nonsignaling versus signaling strains and

Time (days)

that the activation of the alkyl-quinolone (AQ) QS system by PQS,
promoted bacterial growth in the presence of phage. Together, these
results suggest that potential phage resistance mutations were costly
and under AQ QS-regulation.

The addition of exogenous QS signals did not affect the growth
of lasl and rhll strains in the absence or presence of phage (both
signal-negative and signal-blind). This suggests that activation of
acyl-homoserine lactone QS systems unlikely affected the evolution
of phage resistance via population density-mediated demographic ef-
fects (Lopez-Pascua & Buckling, 2008). The lack of signal effect can be
most likely attributed to the experimental environment, which did not
favor QS-signaling: Resources are readily available in KB media (Friman

et al., 2013) and the QS expression thus unlikely offered any additional
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benefits for the signaling bacteria. It is known that knocking out the
las system will have downstream effects on the rhl system (Latifi et al.,
1996), and as a result, it is often thought that the las mutants behave
similarly as the rhl mutants. However, it has also been shown that las
and rhl systems can be decoupled and that the interactions between
different QS systems depend on the environmental conditions (Diggle
et al., 2003). As a result, the role of acyl-homoserine lactone QS sys-
tems for the phage resistance evolution should be explored in differ-
ent environmental contexts in the future.

Our findings partly contrast and support the previously published
results. For example, it has been previously found that the activation
of the lasl and rhll QS systems can increase P. aeruginosa susceptibil-
ity to pilus-specific phages (Glessner, Smith, Iglewski, & Robinson,
1999). Even though the PT7 phage receptor is not known (Friman
et al., 2016), our data suggest that it might not use pilus as its receptor
as no increase in las and rhl mutants’ phage susceptibility was found.
However, our short-term results support a previous long-term study
where no difference was found in the levels of resistance evolution
between PAO1 and lasR mutant strains under PT7 phage selection
(Mumford & Friman, 2016). However, it was observed that lasR mutant
strain could evolve higher levels of resistance in the presence of other
competing bacteria (Mumford & Friman, 2016). This suggests that las
system could affect phage resistance evolution on a longer timescale
in multispecies microbial communities. Mechanistically, this difference
could be at least partly explained by relatively lower cost of resistance
of the lasR strain (Mumford & Friman, 2016). Similarly, we found that
that phage-evolved QS-signaling and nonsignaling strains suffered
from reduced growth in the absence of phages indicative of cost of re-
sistance (Figure 1c). Crucially, the magnitude of the cost was relatively
higher for the nonsignaling strains, which could partly explain the low-
ered rate of resistance evolution of the nonsignaling strain. Together,
these results suggest that fully functional las and rhl QS systems were
needed for the rapid evolution of phage resistance in our study system.

Similar to las and rhl QS systems, PQS signal had no effect on
the growth of signal-negative pgsA or signal-blind pgsR strains in the
absence of phage. This suggests that the benefit of PQS signal for
bacterial growth was not driven by demographic effects. While it is
possible that QS signals can mediate phage resistance plastically via
signal-mediated expression of phage receptors (Hoyland-Kroghsbo
et al., 2013), we found that addition of PQS signals did not confer im-
mediate growth benefit for the pgsA mutant (no difference after 1 day
growth, Figure 2). Instead, exogenously supplied PQS signal increased
the growth of the nonsignaling pgsA mutant growth in the presence of
phage only after few serial transfers. Even though we did not directly
measure the changes in bacterial resistance to phages in the end of
the signal addition experiment, these data suggest that activation of
pgs system likely conferred an evolutionary benefit for the pgsA mu-
tant. Interestingly, we also found that pgs mutants evolved very low
levels of resistance during the first selection experiment even in the
absence of exogenous signal. This could be partly explained by the
relatively weak phage-mediated growth reduction experienced by the
pgsA strain. Even though it is difficult to make direct comparisons be-
tween our two experiments due to different culture conditions and

timescales, our results suggest that the PQS system could be import-
ant for the phage resistance evolution via two mechanisms: by directly
activating the phage resistance genes or by ameliorating the costs of
resistance via a defective PQS system.

The link between PQS and phage resistance is also supported by
other recent studies. For example, phage resistance evolution has been
linked with the overexpression of QS-signaling regulated pyocyanin and
pyoverdine production in P. aeruginosa (Hosseinidoust, Tufenkji, & van
de Ven, 2013). Moreover, it has been demonstrated that 14/1 phage
attack can directly increase the production of PQS with PAO1, which
suggest that quinolones play an important role for bacterial survival
in the presence of phage parasites (De Smet et al., 2016). However,
also the opposite pattern has also been found where phage selection
has been shown to lead to a loss of QS by favoring mutations at the
mvfR and lasR loci (Davies et al., 2016). A crucial difference between
these experiments was that Davies et al. (2016) used lysogenic phages
while this and previous studies by Hosseinidoust et al. (2013) and De
Smet et al. (2016) used lytic phages belonging to a family Myoviridae.
A recently published paper has also demonstrated that lysogenic
phages can turn a susceptible E. coli strain resistant to a lytic phage via
CRISPR-Cas system modification (Yosef, Manor, Kiro, & Qimron, 2015).
It could be that lytic and lysogenic phages oppose contrasting selection
pressures on P. aeruginosa QS-signaling systems via phage resistance
evolution—a hypothesis that will be tested in the future.

Our results have potential clinical relevance because QS is a key
regulator of important virulence factors in P. aeruginosa. First, it is
possible that phage selection might increase the proportion of vir-
ulent P. aeruginosa genotypes both in the natural and clinical envi-
ronments via positive selection for functional PQS QS system. While
it has been shown that lysogenic phages play important role in the
context of lung infections of patients with cystic fibrosis (James et al.,
2015), the significance of lytic phages is relatively unknown. Potential
conflicts with the host-associated lysogenic phages might lead to un-
expected treatment outcomes, and care should be taken to select
lytic phage species that do not favor virulent QS-signaling strains.
Furthermore, if phage resistance is positively correlated with func-
tional QS systems, phage therapy could be potentially combined with
antivirulence strategies that impair bacterial QS (Allen, Popat, Diggle,
& Brown, 2014). Lastly, our results suggest that phage selection might
indirectly affect the evolution of social interactions with bacteria by
potentially changing the relative benefit of cooperation and cheating.
Multilevel selection acting on bacterial cell-to-cell signaling is thus
likely important factor for explaining high P. gaeruginosa intraspecies

diversity.
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