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The stabilization of quorum sensing (QS) is vital for bacterial
survival in various environments. Although the mechanisms
of QS stabilization in certain conditions have been well stu-
died, the impact of environmental factors has received much
less attention. In this study, we show that the supplementa-
tion of 25 uM iron in competition experiments and 50 uM in
evolution experiments to casein growth cultures significantly
increased the possibility of population collapse by affecting
elastase production. However, the expression of lasI and lasR
remained constant regardless of iron concentration and hence
this effect was not through interference with the LasIR circuit,
which mainly regulates the secretion of elastase in Pseudo-
monas aeruginosa. However, the expression of rhIR was sig-
nificantly inhibited by iron treatment, which could affect the
production of elastase. Further, based on both reverse tran-
scription quantitative polymerase chain reaction and gene
knock-out assays, we show that iron inhibits the transcription
of ppyR and enhances the expression of mexT, both of which
decrease elastase production and correspondingly interfere
with QS stabilization. Our findings show that environmental
factors can affect the genes of QS circuits, interfering with QS
stabilization. These findings are not only beneficial in under-
standing the mechanistic effect of iron on QS stabilization,
but also demonstrate the complexity of QS stabilization by
linking non-QS-related genes with QS traits.
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Introduction

Quorum sensing (QS) is a cell-to-cell communication process
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mediated by chemical signals (Whiteley et al., 2017). Through
this communication, bacteria produce a range of secreted
factors, or “public goods,” that aid in ingesting nutrients, pro-
viding scaffolding for biofilm formation, and attacking host
cells (Schuster et al., 2013). QS is a form of bacterial cooper-
ation as public goods produced by cells are also beneficial to
neighboring cells (Dandekar et al., 2012). However, the pro-
duction of public goods is costly for individual cells and co-
operation within a population is consequently at risk of be-
ing exploited by non-producing cheaters, which interfere with
the stabilization of QS cooperation (Sandoz et al., 2007).

Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogen found in a wide variety of environments. As a para-
digm model organism for QS research, P. aeruginosa has been
reported to have at least four well-known QS circuits: LasIR,
RhlIR, Pseudomonas quinolone signal (PQS), and integrated
quorum sensing system (IQS). Three kinds of QS signals have
been detected in P. aeruginosa: N-3-oxo-dodecanoyl homo-
serine lactone (30C;,-HSL), N-butanoyl homoserine lactone
(C4-HSL), and 2-Heptyl-3-hydroxy-4(1H)-quinolone (Pear-
son et al., 1994, 1995), which bind to LasIR, RhlIR, and PQS
respectively. Notably, 30C;,-HSL can also bind to IQS as
well as LasR (Lee et al., 2013; Papenfort et al., 2016). The de-
tailed network in P. aeruginosa provides a good base for un-
derstanding the stabilization of QS in bacteria.

The stabilization of QS in constant conditions has been well
studied. The mechanisms for cheater control have been descri-
bed and include kin-selection (Diggle et al., 2007), metabolic
prudence (Xavier et al., 2011), metabolic constraints (Dan-
dekar et al., 2012), and policing (Wang et al., 2015). Although
bacteria have evolved various strategies to maintain QS co-
operation, destabilization of QS and the collapse of the po-
pulation can occur, especially in the presence of different ni-
trogen sources (Wang et al., 2017). As interference with QS
stabilization could have potential applications in medicine or
disinfectant development, there is currently great interest in
understanding the effects and influence of environmental
factors on this process.

Growth of P. aeruginosa with casein as the sole source of
carbon and energy requires production of the QS-regulated
protease elastase. Elastase digests casein into peptides and
amino acids that can be taken up and used by P. aeruginosa
cells regardless of whether they produce elastase themselves
(Sandoz et al., 2007). This culture medium has been frequ-
ently used to study the cooperation of QS. In previous stu-
dies, we focused on conditional QS cooperation in different
nitrogen sources (Wang et al., 2017; Yan et al., 2018). In ad-
dition, the involvement of carbon metabolism in QS coop-
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eration has been explored in Vibrio cholerae (Hawver et al.,
2016). Besides nutrition, metal elements also appear to be
important for bacterial activities. For example, iron is essen-
tial for a wide variety of biological functions, from DNA syn-
thesis to electron transport (Zhang et al., 2018b). However,
the effect of iron on QS cooperation remains unknown, which
limits our understanding of conditional QS and QS stabili-
zation.

Here, we show that the supplementation of 25 pM iron to
casein media is sufficient to interfere with QS stabilization.
Interestingly, iron does not affect the QS circuit LasIR by dis-
turbing elastase production and the expression of lasI and
lasR remained unchanged under different iron concentra-
tions. Iron does, however, affect the expression of ppyR (PA-
2663) and mexT (PA2492), decreasing the production of elas-
tase thereby interfering with QS cooperation. Thus, we show
that essential elements can affect the genes of QS circuits and
interfere with QS stabilization, which not only helps us to
understand the impact of environmental factors on QS coo-
peration but also contributes to our knowledge of the com-
plexity of QS in nature.

Materials and Methods

Bacterial strains and growth conditions

The following P. aeruginosa strains were utilized: PAO1-UW
(Stover et al., 2000) and PAO1-UW-derived lasR, ampR, ppyR,
mexT, ppyRampR, ppyRmexT, and ampRmexT mutants. We
used homologous recombination to generate mutants as pre-
viously described (Sambrook et al., 1989). Polymerase chain re-
action (PCR)-amplified DNA fragments flanking ppyR, ampR,
and mexT were cloned into pEXG2 (Rietsch et al., 2005).
Briefly, Escherichia coli S17-1 containing pEXG2 constructs
were mated with PAO1 or PAOLI single mutants. Transcon-
jugants were selected on Pseudomonas Isolation Agar (PIA)
containing gentamicin. Deletion mutants were selected on
PIA containing 5% (w/v) sucrose. Mutants were confirmed
by PCR of genomic DNA. Primers used in this study are de-
scribed in Supplementary data Table S1.

Bacteria were grown in either minimal medium with 1%
(w/v) sodium caseinate as a carbon source (casein broth)
(Dandekar et al., 2012), 0.5% (w/v) casein amicase acid (CAA
broth), or in LB buffered with 20 mM N-morpholinopropa-
nesulfonic acid (LB-MOPS) (Wang et al., 2015); iron was
absent from this minimal media. As required, 12.5, 25, 50,
100, and 200 uM Fe** (in the form of FeSO,) was added to the
minimal medium, which were filter sterilized using 0.22 pm
membranes. Unless otherwise specified, cultures were grown
in 16 mm test tubes containing 4 ml media, with shaking (225
rpm) at 37°C.

Phosphate buffered saline (PBS) was prepared by dissolv-
ing 8.006 g NaCl, 0.201 g KCl, 1.540 g Na,HPO,-7H,0, and
0.191 g KH,PO, in 1 L DW and sterilized at 121°C for 20 min.

Short-term competition and long-term evolution experiments

Wild type (WT) P. aeruginosa and AlasR strains, each grown
separately overnight in LB-MOPS, were combined at an ini-
tial cheater ratio of 1% and inoculated into casein broth con-
taining 0-200 uM FeSO,. At 24 h intervals, 40-80 pl of culture
were transferred to fresh casein broth with corresponding
FeSO, supplementation. Additionally, either 0.1 mg/L of elas-
tase or 50 mg/L of rhamnolipid were supplemented into cul-
tures containing 100 uM of FeSO, as complementary experi-
ments. On day seven (or earlier if there was no growth after
transfer prior day seven), we determined the abundance of
cheaters as described below. Five independent tubes were
performed as replicates.

In parallel, the WT strain was cultured in LB-MOPS for 12 h
after which 50 pl was transferred to casein broth containing
0-200 M FeSO,. Fresh casein broth with corresponding FeSO,
supplementation was inoculated with 40-80 ul of culture at
24 h intervals for 30 days. Five independent tubes were per-
formed as replicates. As described in Dandekar et al. (2012),
we determined the abundance of cheaters by plating cells
on LB-MOPS agar and transferring isolated colonies to skim
milk agar plates to enumerate LasR™ mutant cheats in the
population. WT strains produce elastase resulting in a zone
of clearance on skim milk agar, while LasR™ mutants do not.
For each plate, we screened at least 100 colonies.

Table 1. Fate of P. aeruginosa population collapse under different iron treatments

e Iron Replicates Collapses Ratio of collapse Days of collapse Cheaters in stable
(uM) (N) (N) (n/N, %) (Day) population (%)
0 5 0 0 NC* 22.50 £ 6.07
12.5 5 0 0 NC 38.20 + 4.52
*Short-term competition 25 3 2 40 7 42.83+5.41
50 5 2 40 5 36.93 +6.21
100 5 2 40 5 46.90 +10.20
200 5 3 60 5 42.03 +5.28
0 5 0 0 NC 24.10 £ 8.76
12.5 5 0 0 NC 26.78 + 11.44
"Long-term evolution 25 3 0 0 NC 33.49+11.68
50 5 1 20 20 48.83 +12.64
100 5 1 20 16 48.10 + 16.65
200 5 1 20 15 49.57 +7.00

* Short-term competition: The initial frequency of cooperators was 99%, results are at 7 days.

®Evolution: Start only with cooperators, results are at 30 days.
“NC, No collapse occurred.
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Analysis of the effect of iron on QS-related genes and products

Bacteria were cultured in the presence of different concen-
trations of Fe’*. Once logarithmic growth had been reached,
cells were harvested and analyzed for the expression of QS-
related genes. Supernatants were used to analyze QS-related
products, including elastase, and rhamnolipid.

The expression of QS-related genes (lasl, lasR, rhll, rhiR,
pqgsABCDE, and pgsR) was analyzed using real-time reverse
transcription PCR (RT-qPCR). Total RNA was extracted us-
ing the Trizol method (Rutherford et al., 2011). DNA conta-
mination was eliminated by DNase I treatment. cDNA was
synthesized from total RNA using the Maxima H Minus First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific). RT-
qPCR was performed using a CFX96 RT-PCR detection sys-
tem (Bio-Rad) and the SYBR Premix Ex Taq II kit (TaKaRa).
Primers and annealing temperatures are listed in Table 1. The
housekeeping gene proC was used as an endogenous control
to normalize the data. Relative gene expression was deter-
mined using the comparative Ct (2% method. Primers used
in this study are described in Supplementary data Table SI.

The elastase content was measured using the Pierce Fluor-
escent Elastase Assay kit (Thermo Fisher Scientific). Briefly,
the culture was centrifuged at 12,000 rpm for 15 min. Then,
100 pl of the supernatant was mixed with 100 ul of succiny-
lated casein solution (1:500 mixture of 2 g/L lyophilized succiny-
lated casein and 2,4,6-trinitrobenzene sulfonic acid (TNBSA)
working solution, pH = 8.5) and incubated for 45 min in
the dark at room temperature. Fluorescence was detected at
450 nm using a plate reader (SpectraMax® i3).

Rhamnolipid was quantified according to a previously pub-
lished method (Welsh and Blackwell., 2016) but with modi-
fications. Briefly, 1 ml of culture was adjusted to pH 2.0 with
1 mmol/L HCL. The culture was then extracted using a mix-
ture of chloroform and methanol (v/v = 2:1). The organic
phase was collected, mixed with 1.8 ml of 0.19% (w/v) orcin
and 50% (v/v) H,SO4, and allowed to incubate at 80°C for
30 min. Finally, the absorbance of the mixture was measured
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at 421 nm.

Statistical analysis

All data are presented as the mean + standard deviation (SD).
Differences between groups were identified by analysis of
variance using SPSS (version 22). Differences were consi-
dered significant when p < 0.05.

Results

Iron interferes with QS stabilization in bacterial populations

Iron is essential for a wide variety of biological functions,
from DNA synthesis to electron transport (Oglesby et al.,
2008). We were curious about the effect of iron on the sta-
bilization of QS, as QS is mainly regulated by a series of so-
cial behaviors (Abisado et al., 2018). Here, different concen-
trations of iron (0-200 uM) were added to casein broth to in-
vestigate its effect on QS stabilization in populations of PAOL.
As shown in Table 1, in short-term competition experiments,
the ratio of population collapse with 25-200 uM iron treat-
ments was 40-60%, which was significantly higher than treat-
ments with 0-12.5 uM iron, where no population collapse was
observed. In addition, the rate of population collapse corre-
lated positively with the concentration of iron.

The proportion of 1% cheaters used in this study is relatively
high for a natural setting, as cheaters will naturally occur as
the population develops (Ozkaya et al., 2018). To assess the ef-
fect of iron on population stability with an evolving number
of cheaters, a long-term evolutionary experiment was per-
formed. The trend of QS stabilization was similar to the short-
term competition experiment. However, because of a series
of mechanisms that inhibit rapid increases in the proportion
of cheaters (Wilder et al., 2011; Xavier et al., 2011; Wang et
al., 2015; Abisado et al., 2018), the probability of population
collapse was lower than the short-term competition experi-
ment. No population collapse was observed with 0-25 uM

Fig. 1. Effect of iron on public goods and
population stabilization. Effect of iron on
(A) elastase and (B) rhamnolipid produc-
tion in P. aeruginosa. All experiments were
independently repeated thrice. Competi-
tion between cooperators and cheaters in
the presence of (C) 0.1 mg/L elastase and
100 uM iron treatment and (D) 50 mg/L
rhamnolipid and 100 pM iron treatment.
The initial frequency of cooperators was

99%. Circles indicate population collapse
in the competition experiment. Each bar in
(A) and (B) represents the average of par-
allel repetitions. In (C) and (D), each line
represents individual replicates and five
parallels repetitions are represented by five
different colors, performed under identical
conditions.
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iron treatment, while 20% population collapse occurred with
50-200 puM iron treatment. The frequency of cheaters at day
30 increased with the concentration of iron, from 24% with
no iron treatment to 50% with 200 pM iron.

As QS is a cell-density dependent regulation system, the
effect of iron on bacterial growth was assessed. There was no
significant difference in the growth of bacteria under the
iron treatment conditions of 0 and 100 pM (Supplementary
data Fig. S1). To mitigate the effect of pH variability on iron
bioavailability, the pH of different treatments were measured.
Due to the presence of PBS, the pH of cultures with different
iron treatments were stable at 7.0 (Supplementary data Fig.
S2). Taken together, these results indicate that the addition of
iron interferes with the stabilization of QS without inhibition
of growth. The low frequency of collapsed populations in the
long-term evolution experiment can be partly attributed to
the mechanisms for cheater control, such as policing.

Elastase shortage contributes to instability of QS but not via
the LasIR circuit

As cheaters do not secrete and rely on public goods, a suffi-
cient supply is the bases for bacterial population stability
(Diggle et al., 2007). In order to explore the reasons for the
destabilization of QS observed in the above experiments, we
assessed the effect of iron on the production of public goods.
As shown in Fig. 1A, incremental increase of iron in the cul-
ture media caused the production of elastase to decrease sig-
nificantly. Although there was no difference in elastase con-
centration with 0-12.5 pM iron treatments (p > 0.05), elas-
tase production decreased by 15.9-33.8% with 25-200 uM
iron treatments. The concentration of rhamnolipid also de-
creased after iron supplementation, although no differences
were observed with 12.5-200 uM iron treatments (p > 0.05)
(Fig. 1B).

As the amount of public goods determines QS stabilization,
we added elastase and rhamnolipid into the cultures treated
with 100 uM iron to assess the possibility of arresting popu-
lation collapse by increasing available public goods. All five
groups with the addition of 0.1 mg/L elastase were stable (Fig.
1C) while one group with the addition of 50 mg/L rhamno-
lipid collapsed (Fig. 1D). In casein media, elastase is required
for P. aeruginosa to digest proteins into amino acids for me-
tabolism (Dandekar et al., 2012). It is therefore possible that
the addition of iron to casein broth affects the production of
elastase but not rhamnolipid, thereby interfering with QS
stabilization. To test this hypothesis, we assessed the expre-
ssion of the corresponding genes.

Fig. 2. Effect of iron on LasIR, RhIIR, and
PQS circuits in P. aeruginosa. Gene expre-
ssion of (A) QS signals and (B) QS recep-
tors. Black bars, without iron treatment; red
® bars, 100 uM iron treatment.
*

g
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It has been reported that the genes of the IQS circuit (Amb-
BCDE-IgsR) are not related to elastase production (Lee et
al., 2013; Papenfort et al., 2016) and were therefore not an-
alyzed here. We analyzed the effect of iron on the expression
of lasl, lasR, rhll, rhiR, pgsA, and pgsR. As shown in Fig. 2,
the addition of 100 uM iron did not affect the expression of
lasI or lasR. The expression of rhIR and pgsR decreased with
100 uM iron treatment when compared to samples with no
iron treatment and could explain the observed reduction of
rhamnolipid (Fig. 1B). However, as no decrease in the ex-
pression of lasI and lasR were observed, the reduction of
elastase (Fig. 1A) could not be attributed to iron-mediated
interference on LasIR circuit, which has been reported to
mainly regulate elastase production (Schuster et al., 2007).
Although rhIR has a partial effect on the reduction of elas-
tase, the effect is much lower than that of the las system (Whi-
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Fig. 3. Effect of iron on QS circuit gene expression in P. aeruginosa. (A)
Genes that regulate the expression of lasB. (B) Effect of iron on the expre-
ssion of ampR, mexT, ppyR, and lasR. Black bars, without iron treatment;
red bars, 100 uM iron treatment.
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teley et al., 1999). The reduction of rhamnolipids was not sig-
nificant, indicating that iron has some down-regulatory effect
on the rhlR gene, but the effect of iron on regulators of the
RhIIR system is not clear. Thus, the mechanism by which iron
interferes with elastase production needs to be explored fur-
ther.

Both ppyR and mexT participate in the iron-mediated inter-
ference for elastase production

Through the Kyoto Encyclopedia of Genes and Genomes
(https://www.genome.jp/kegg/), we found that in addition
to lasR, three other genes—ppyR(PA2663), ampR(PA4109),
and mexT(PA2492)-participate in the regulation of elastase.
Both ppyR and ampR up-regulate the expression of elastase
gene lasB, while mexT down-regulates its expression (Fig. 3A).
Thus, we compared transcription of these genes in the absence
or presence of 100 pM iron. As shown in Fig. 3B, there were
no differences in the expression of ampR and lasR with ei-
ther 0 or 100 pM iron treatment. The expression of mexT
increased significantly with 100 uM iron treatment when
compared to no iron treatment (p < 0.05). Furthermore, the
addition of 100 uM of iron significantly decreased the ex-
pression of ppyR (p < 0.05). This indicates that iron does not
regulate the production of elastase by affecting lasR and ampR
but instead does so by affecting the expression of mexT and
ppyR. To confirm this, we constructed AampR, AppyR, and
AmexT mutants. Neither AampR nor AppyR were able to grow
in casein medium, suggesting that these genes may be impor-
tant for elastase production. For the AmexT strain, the elas-
tase content increased significantly, indicating that mexT has
a strong inhibitory effect on elastase production. As the con-
centration of iron was increased, the production of elastase
by AmexT decreased, suggesting that iron may decrease pro-
tease production by affecting ampR or ppyR.

Since AampR and AppyR showed no growth, we constructed
AampRAppyR, AampRAmexT, and AppyRAmexT mutants.
As shown in Fig. 4A, AampRAppyR was not able to grow in
casein medium. However, as shown in Fig. 4B, with the re-
moval of the inhibitory effect of mexT, AampRAmexT, and
AppyRAmexT were able to grow normally. Furthermore, with
increasing concentrations of iron, the production of elastase

in AampRAmexT decreased while no significant difference in
the production of elastase in AppyRAmexT was seen, suggest-
ing that iron has an effect on ppyR but not ampR. As iron does
not affect LasR expression, the effect of iron on elastase pro-
duction in AampRAppyR, AampRAmexT, and AppyRAmexT
could be through mexT and ppyR. Combined with the results
of qPCR and the lack of growth of the AampR, AppyR, and
AampRAppyR mutants, these findings show that iron mainly
affects MexT regulation. Furthermore, the difference between
AampRAmexT and AppyRAmexT shows that iron affects
ppyR but not ampR.

Discussion

Bacterial QS coordinates a range of behaviors at the pop-
ulation level (Papenfort et al., 2016). Although QS circuits
are relatively conserved, the collapse of populations can hap-
pen due to mutations of QS-related genes and a shortage of
public goods (Diggle et al., 2007; Schuster et al., 2013). Thus,
the stabilization of QS has gained attention with regards to
better treatments for pathogenic infections and in the de-
velopment of pollutant bioremediation (Shrout and Neren-
berg, 2012; Curran et al., 2018).

We are interested in the effects of environmental cues on
the stabilization of bacterial QS. Previous studies have shown
that ammonia can enhance the activity of the RhlIR system
and the production of hydrogen cyanide, resulting in impro-
vement of the efficiency of policing control (Yan et al., 2018)
and that engineered nanoparticles can affect bacterial QS un-
der short-term exposure, while interference is restored after
long-term exposure due to the adaptive evolution (Zhang et
al., 2018a). Here, we found that iron can interfere with QS-
mediated cooperation (Table 1). Although there was no clear
relationship between the dose of iron and destabilization of
QS, the addition of more than 25 M iron in competition ex-
periments and 50 uM iron in evolution experiments signi-
ficantly increased the possibility of population collapse. The
influence of various environmental factors on QS stabiliza-
tion not only suggests that bacterial QS is highly complicated
and intelligent, but also a reminder that simple manipulation

Fig. 4. Effect of iron on the expression
of LasB-regulated genes in P. aeruginosa.
(A) Growth of different mutants in both
LB and casein media. (B) Effect of iron
on elastase production in AampR, AppyR,
AmexT, AampRAppyR, AampRAmexT,
and AppyRAmexT mutants. From left to
right: 0, 12.5, 25, 50, 100, and 200 pM
FeSO..
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Fig. 5. Molecular mechanisms of the effects
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of QS is not sufficient for its application.

It is well known that various public goods are regulated by
QS. In P. aeruginosa, QS signals, in addition to elastase, rham-
nolipid, and siderophores, have been reported as public goods
(Mund et al., 2017). Currently, little is known about how sub-
stances from QS interact with each other, whether directly
or indirectly (Brown and Taylor, 2010). Previously, PQS has
been shown to cause iron starvation, leading to increased pro-
duction of costly siderophores and relative fitness of sidero-
phore cheats (Popat et al., 2017). Here, we show that iron can
directly affect QS-mediated cooperation by interfering with
the public good elastase. Although iron has a dose-dependent
relationship with PQS-related QS stabilization, a similar re-
lationship was not seen with LasIR-related QS stabilization.

Iron can be chelated by PQS, one of the QS signal molecules
in P. aeruginosa (Bredenbruch et al., 2006), demonstrating
a direct connection between iron and the PQS circuit. In this
study, we found that iron can interfere with QS cooperation
in a manner independent from the PQS circuit and depen-
dent on the supply of lasB-encoded elastase (Fig. 5). We also
found that iron did not affect the expression of lasI and lasR,
which mainly regulate the production of elastase. Because the
effect of rhl system is much lower than that of the las system
(Whiteley et al., 1999). We needs to further explore the mech-
anism of iron on proteases. Finally, we found that iron regu-
lates the production of elastase and interferes with QS co-
operation by affecting the expression of mexT and ppyR (Fig.
5). As neither mexT nor ppyR are under any QS circuits, this
shows an integration of environmental cues in the stabili-
zation of QS via non-QS-related genes.
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