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Persister cells, a tolerant cell sub-population, are commonly associated with chronic and recurrent
infections. However, little is known about their ability to actually initiate or establish an infection,
become virulent and cause pathogenicity within a host. Here we investigated whether Staphylococcus
aureus persister cells initiate an infection and are recognized by macrophages, while in a persister cell
status, and upon awakening due to exposure to cis-2-decenoic acid (cis-DA). Our results show that

S. aureus persister cells are not able to initiate infections in A. thaliana and present significantly reduced
virulence towards C. elegans compared to total populations. In contrast, awakened S. aureus persister
cells are able to initiate infections in A. thaliana and in C. elegans albeit, with lower mortality than
total population. Furthermore, exposure of S. aureus persister cells to cis-DA led to a loss of tolerance
to ciprofloxacin, and an increase of the bacterial fluorescence to levels found in total population. In
addition, macrophage engulfment of persister cells was significantly lower than engulfment of total
population, both before and following awakening. Overall our findings indicate that upon awakening
of a persister population the cells regain their ability to infect hosts despite the absence of an increased
immune response.

Persister cells, firstly described by Bigger in 1944, are a subpopulation of antimicrobial tolerant cells! and con-
stitute less than 1% of the total population?. Upon removal of antimicrobial therapy, the surviving persister cells
regrow to a new genetically diverse population identical to the original population®, with an identical percent of
tolerant cells as the one observed in the original culture?.

Persister cell formation has been attributed to inoculum conditions, culture growth stage, antibiotics used,
and induction of cell stasis due to the stringent response and increase of polyP compounds*®. Persister cells can
form upon induction of a SOS response due to an inhibition of DNA repair by ciprofloxacin which leads to DNA
damage’'°. The mechanism of ciprofloxacin-induced persister formation was found, in Escherichia coli, to be
partially due to the expression of the TisB toxin, which is involved in the decrease of ATP levels and the stop of
the proton motive force”!°. Toxin-antitoxin (TA) systems-where a stable toxin inhibits the cellular functions, and
an unstable antitoxin neutralizes the toxin-have also been demonstrated to be involved in persister cell forma-
tion'®12. One such TA systems is MgsR/MgsA, where the MqsR toxin is highly expressed resulting in an increase
of E. coli persister cell formation'®. The MgsR toxin is dependent on Hha (a toxin-antitoxin system) and CspD
(a stress-induced cold shock protein and DNA replication inhibitor) that results in the formation of persister
cells!®13,

Several approaches have been attempted to revert the tolerant state of persister cells, including the use of a
synthetic brominated furanone, (Z)-4-bromo-5-(bromomethylene)-3-methylfuran-2(5H)-one (BF8) that inhibits
lasB in Pseudomonas aeruginosa PAO1 and leads to persister eradication'*. Exposure to 3-[4-(4-methoxyphenyl)
piperazin-1-yl]piperidin-4-yl biphenyl-4-carboxylate (C10) reverts persister cells to an antibiotic susceptible
state, without affecting the cells’ susceptibility to antimicrobials'. Killing of E. coli persister cells also occurred
upon exposure to cationic membrane-penetrating peptides (arginine and tryptophan)'®. The use of carbon
sources (glucose and mannitol), as metabolic stimuli has resulted in an overall increase in Staphylococcus aureus
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Figure 1. Isolation of persister cells from S. aureus planktonic populations. Stationary-phase planktonic
cultures were exposed to saline or ciprofloxacin in saline for a period of 24 h (A). Cell viability was determined
at0, 1, 3, 6 and 24 h. To confirm that only persister cells were present, cultures were washed and isolated
persister cells were exposed to saline or ciprofloxacin in saline for 24 h (B). Persister cells were also re-grown in
LB medium and recovered survivors were re-challenged with ciprofloxacin for a period of 24 h (B). The averages
of data from 3 experiments with 2 replicates per experiment are shown. Error bars indicate standard deviations
(*P < 0.001- significantly different from cells exposed to saline alone, as indicated by one-way ANOVA).

and E. coli persister cells’ respiration and central metabolism, increasing the efficacy of aminoglycosides'’. The
antibiotic acyldepsipeptide (ADEP-4) was shown to activate the ClpP protease leading to cell degradation and
resulting in eradication of persister cells'®!?. More recently, mitomycin C was shown to eradicate persister cells
of E. coli, S. aureus, P. aeruginosa and Borrelia burgdorferi?®*. The reversion of a persister cell state has also been
achieved with the fatty acid signaling molecule cis-2-decenoic acid (cis-DA), where P. aeruginosa and E. coli
increased their metabolic status without increasing their active growth, and upon exposure to antibiotics a signif-
icant decrease of the cell numbers was achieved to the point of eradication®.

Although it is widely accepted that persister cells play a role in chronic infections and infection recur-
rence>'®?, to our best knowledge, the virulence of persister cells and their ability to infect and kill a host has yet to
be demonstrated. Motivated by this knowledge gap, we investigated whether Staphylococcus aureus persister cells
cause virulence in the Arabidopsis thaliana and Caenorhabditis elegans host models, and whether they are able to
be ingested by THP-1 macrophages. In addition, we evaluated whether exposure to cis-DA can lead to S. aureus
persister cell awakening and alteration of S. aureus virulence and pathogenicity within a host.

Results

Isolation and confirmation of persister cell state. Our laboratory has previously isolated persister cell
populations from biofilm and planktonic cultures of E. coli and P. aeruginosa using the SOS response?2. Similarly,
in this work, persister cell populations were isolated from stationary phase planktonic cultures of S. aureus using
ciprofloxacin, by inducing the SOS response®”?%%, Previously it has been demonstrated that ciprofloxacin lysis
bacterial cells of E. coli, P. aeruginosa and Enterobacter cloacae**=?%. We observed a typical biphasic killing, with
a high killing slope with a significant decrease (P < 0.001) of cell viability within the initial 6 h of treatment,
followed by a minor killing slope (Fig. 1A). The final recovery of persister cells, was <1%, an observation con-
sistent with previous findings®. The persister cell state was confirmed in two ways: by assessing the viability of
persister cells upon subsequent exposure to antimicrobials?*?, and by re-growing and re-isolating persister cells®
(Fig. 1B). S. aureus persister cells were washed and subsequently exposed to saline or ciprofloxacin in saline for
an additional 24 h without the presence of any further killing (Fig. 1B). Following the washing, persister cells were
also re-grown in 100% LB, after which exposure to ciprofloxacin ensued with an identical killing and percent of
persister cells as the one observed during the initial persister isolation (Fig. 1A,B). Thus, there was no significant
difference in viability (P > 0.1) observed between persister subpopulations when exposed to saline or ciproflox-
acin. Upon re-growth, an identical biphasic killing curve was observed which confirmed persister state of these
population.

Arabidopsis thaliana is not affected by persister cells.  A. thaliana are small flowering plants widely
used as model organisms to assess bacterial virulence and pathogenicity, as their innate immune system shares
similarities to the mammalian innate immune system®. This model has previously been used as a model for
S. aureus infections, where it was shown that agrB and sarA virulence regulators were important in plant
pathogenesis®!. These findings led us to investigate whether persister cells are able to establish an infection and
induce morbidity and mortality in A. thaliana. Plants were infected with persister cells (10* CFU/mL), total
population at an identical concentration to persister cells (10* CFU/mL) - called henceforth total population,
and total population at its standard concentration when in stationary phase containing active cells and <1%
persister cells (10° CFU/mL) - called henceforth total population 102. At day 5 of infection, a <30% A. thaliana
morbidity was recorded in plants infected with persister cells, ciprofloxacin alone (control), and medium alone
(control) (Fig. 2A). Infections with total population and total population 10% led to a >80% and 40% morbidity,
respectively. Similarly to morbidity, by day 7 the plant mortality (Fig. 2B) was identical in infections with persister
cells and controls <20%, whilst mortality was recorded to be >30% in total population 10> and >40% in total
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Figure 2. Effect of persister cells on A. thaliana morbidity and mortality. A. thaliana plants were infected
with S. aureus persister cells, total population (at identical concentration as persister cells), and total population
102, in the presence and absence of cis-DA (310 nM). Controls consisted of ¥ MS salts (—), cis-DA (310 nM)
alone and ciprofloxacin (50 mg/L). A. thaliana morbidity 5 days post infection (A). A. thaliana mortality 7

days post infection (B). Results shown consist of a minimum of 5 experiments, using 8 plants per experiment.
Lines indicate average. *Significant infection compared to (—), and cis-DA (P < 0.001); **Significant infection
compared to: (—), cis-DA, and equivalent treatment without cis-DA (P < 0.01); as indicated by one-way
ANOVA followed by Tukey’s multicomparison test.
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Figure 3. Effect of persister cells on C. elegans mortality when using the slow killing assay. C. elegans
nematodes were infected with S. aureus persister cells, total population (at identical concentration as persister
cells), and total population 10 in the presence and absence of cis-DA. C. elegans mortality was assessed daily for
a period of 15 d. Overall mortality was assessed at 15 d. Results shown consist of a minimum of 4 experiments,
using 8 nematodes per experiment.

population (Fig. 2B). An identical A. thaliana morbidity and mortality was recorded on infections with persister
cells in the presence or absence of ciprofloxacin (not shown). Our findings suggest that S. aureus persister cells are
not able to infect or cause pathogenicity in the plant model.

S. aureus persister cells have a low virulence against C. elegans.  C. elegans, small transparent mul-
ticellular eukaryotic organisms that feed on E. coli OP50, are used as model organisms to investigate virulence
mechanisms and immune response towards microorganisms®. In the absence of morbidity and mortality in the
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Figure 4. Effect of persister cells on C. elegans mortality when using the fast killing assay. C. elegans
nematodes were infected with S. aureus persister cells, total population (at identical concentration as persister
cells), and total population 107, in the presence and absence of cis-DA (310nM). C. elegans infection was
followed for a period of 5 days. C. elegans mortality was scored at 1, 3 and 5 d (A). S. aureus CFU per worm
were determined at 1, 3 and 5 d (B). Bacterial fluorescence and distribution within the nematode was also
assessed (C). Results shown consist of a minimum of 4 experiments, using 10 nematodes per experiment. Bar
corresponds to 100 um. Error bars indicate standard error of the mean. *Significant death compared to E. coli
(P <0.001); *Significant lower CFU/worm compared to E. coli (P < 0.001); as indicated by one-way ANOVA
followed by Tukey’s multicomparison test.

plant model, we investigated whether S. aureus persister cells are pathogenic towards nematodes, as S. aureus
is considered to be an animal pathogen®!. To achieve this, we made use of the slow killing (Fig. 3), and the fast
killing (Fig. 4) assays. In the slow killing assay (Fig. 3), C. elegans nematodes were infected with persister cells,
total population, and total population 10 for a period of 15 d in liquid media. At day 15, infections initiated with
persister cells resulted in mortality similar to controls and significantly lower than infections initiated with total
populations (Fig. 3A). Mortality upon infection with persister cells was identical in the presence and absence of
ciprofloxacin (not shown). In order to ensure that the variation of nematode mortality was not due to an increase
of the bacterial load, viable counts were performed, at day 15. No significant difference (P >0.05) in CFU/nem-
atode was observed between the various infections indicating that differences of C. elegans mortality was not
related to an increase of the bacterial load.

Mortality of C. elegans in fast killing assays (Fig. 4) was identical in controls and infections with persister cells,
at day 1 however, mortality in infections with persister cells was higher than controls at days 3 and 5 (Fig. 4A),
albeit not being significant. Nematode mortality in infections initiated with total population 10% remained rela-
tively constant (50-60%) over the 5-day period, while in infections initiated with total population the mortality
significantly increased overtime (P < 0.01) reaching 80% at day 5 (Fig. 4A). When monitoring bacterial viability,
we found that the CFU/nematode remained constant overtime in infections with persister cells, total population
102 and controls (E. coli OP50), while the total population, was initially reduced and subsequently increased to
the levels of the other infections (Fig. 4B). Due to the variation on bacterial viability, we decided to evaluate the
expression of green fluorescence of S. aureus RN6390 during the fast killing infections (Table 1). During infection
with persister cells, the fluorescence was initially 1 Log lower than infections with total population however, at
day 5 persister cells fluorescence reached fluorescent levels of the total population. Our findings indicate that per-
sister cells potentially remain in the persister state within the first 3 days of infections, supported by the fact that
the bacterial load and fluorescence is identical at days 1 and 3, and subsequently revert their status to an active
state similar to the total population 10% by day 5. Therefore, persister cells once ingested by C. elegans behave as
active cells resulting in the increase of nematode mortality over the 5-day period relative to E. coli alone.

Macrophages engulf S. aureus persister cells but at a lower rate than total bacterial population.
Macrophages (m®) act as an innate immune response and secrete cytokines which then attract other immune
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Persister 04+0.2 0.5+0.03 22412
Persister + cis-DA 33+1.8 1.7£13 4.0+£3.5
Total 32+19 2.0+2.0 33+2.0
Total + cis-DA 1.8+13 12+04 1.2+0.8
Total 10? 34+£23 1.7+1.2 24+1.4
Total 10%+ cis-DA 1.5£0.9 47427 1.0£0.6

Table 1. S. aureus relative fluorescence when infecting and colonizing C. elegans nematodes using the fast
infection model. Epifluorescence microscopy was used to monitor the fluorescence distribution within the
nematodes overtime.
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Figure 5. Macrophage uptake of S. aureus populations. THP-1 monocytes (5 x 10°) were allowed to
differentiate for a period of 72 h, after which, they were exposed to S. aureus persister cells, total population
(at identical concentration as persister cells), and total population 102 in the presence and absence of cis-DA.
Following 1.5h, intracellular S. aureus CFUs were evaluated. Results shown consist of a minimum of 4
experiments. Lines indicate average. (*P < 0.001- significant lower engulfment compared to total population
and total population 10 as indicated by one-way ANOVA).

cells to the site of infection®. The bacterial engulfment is established by pattern recognition receptors (PRRs)*,
which detect the presence of pathogen-associated molecular patterns (PAMPs) found on microorganisms®. Once
a macrophage recognizes a pathogen, engulfs it by forming phagosomes, followed by its elimination®**”. The evi-
dence that infections initialized with persister cells are not significantly different from the negative controls when
infecting A. thaliana (Fig. 2) and C. elegans (Figs 3 and 4) led us to investigate whether macrophages are able to
recognize and engulf persister cells. THP-1 monocytes were differentiated with PMA for a period of 3 d and sub-
sequently exposed to persister cells, total population, total population 10% and medium alone for 1.5h (Fig. 5).
We observed that persister cells were engulfed at a rate of 2 CFU per 10 m®, which was significantly (P < 0.001)
less when compared to total population and total population 102 Total population was engulfed at a rate 10x
higher than persister cells and 10X lower than total population 102. The difference in engulfment could possibly
be due to the differences within the cell wall of dormant cells compared to active cells®.

Effect of cis-2-decenoic acid (cis-DA) on S. aureus bacterial growth. Bacterial cells make use of
several signaling systems. In the last 20 years, a sub-class of cis-2-unsaturated fatty acids has been characterized
and found to be involved in intra- and inter-species bacterial signaling, and to be involved in bacterial virulence,
biofilm formation, biofilm dispersion, stress tolerance, motility, tolerance to antimicrobials, biofilm dispersion
and persister cell awakening®. One such molecule is cis-2-decenoic acid (cis-DA) which, our laboratory has
demonstrated to increase the metabolic activity of Pseudomonas aeruginosa and Escherichia coli persister cells,
in both planktonic and biofilm derived populations??. This evidence has led us to investigate whether cis-DA also
awakens S. aureus persister cells and changes their virulence and pathogenicity. Efficacy of cis-DA in awakening
S. aureus persister cells has, to our knowledge, never been demonstrated. However, the presence of cis-DA
together with antimicrobials has been found to reduce the viability of S. aureus biofilms, eradicate mixed spe-
cies biofilms and remove pre-formed biofilms of B. subtilis, S. enterica, S. aureus and E. coli from surfaces**-*2.
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Figure 6. Tolerance of persister cells to ciprofloxacin is reduced in the presence of cis-DA. Persister cell
sub-populations isolated from S. aureus were exposed to ciprofloxacin and ciprofloxacin with cis-DA to assess
whether they would lose their tolerance upon bacterial awakening (A). Persister cells were also exposed to
saline and cis-DA (310nM) in saline for a period of 24 h (B). The averages of data from 3 experiments with 2
replicates per experiment are shown in A, while individual data are shown in B. Error bars indicate standard
deviations (*P < 0.01; **P < 0.001- significantly different from cells exposed to saline alone, as indicated by
one-way ANOVA).

Therefore, we decided to evaluate the effect of cis-DA on S. aureus persister cells. We observed that cis-DA does
not inhibit S. aureus bacterial growth at concentrations ranging from 2nM to 0.1 pM (Fig. S1). We also assessed
the growth of S. aureus in EPRI liquid medium, using either cis-DA or peptone as the sole carbon source (Fig. S2),
where cis-DA was provided at concentrations ranging from 100 nM to 1000 nM, while peptone was used at con-
centrations ranging from 0.001% to 0.1%. Using peptone as a sole carbon source, growth was observed for all
concentrations tested (Fig. S2A). However, no growth was detected in the presence of cis-DA regardless of its
concentration (Fig. S2B). These findings indicate that cis-DA does not inhibit the growth of S. aureus and is not
utilized as a carbon source.

Eradication of S. aureus persister cells when exposed to cis-DA in combination with ciprofloxacin.
Recently, our laboratory has shown that as a result of awakening persister cell populations, exposure of E. coli
and P. aeruginosa persister cells to cis-DA previous to- and co-current with- antimicrobials leads to a significant
reduction in persister viability, to the point of eradication?. To evaluate whether this occurs in S. aureus, per-
sister cells isolated from planktonic cell populations were exposed to ciprofloxacin (50 ug/mL) in the presence
and absence of cis-DA (310nM) for a period of 24 h. Overall, a significant (P < 0.001) reduction in cell viability
of 4.5-Log, to the point of eradication, was observed in the presence of cis-DA, whilst in its absence a 1-Log
reduction was observed (Fig. 6A). The further 1 Log reduction of the viability of persister cells in the presence of
ciprofloxacin was probably due to the stochastic awakening of the persister population'?. Exposure of persister
cells alone resulted in an absence of a statistically significant (P >0.1) reduction of cell viability when exposing
persister cells to saline or cis-DA (310 nM) alone (Fig. 6B). These findings indicate that similarity to E. coli and
P aeruginosa®, in S. aureus, cis-DA does not inhibit growth and is not used as a carbon source. It does however,
contribute to a reduction of the persister cell population, possibly by altering their metabolic status.

cis-DA increases the virulence of S. aureus persister cells.  Production of cis-DA in P. aeruginosa is
due to the gene DspI (PA14_54640/PA0745) which is responsible for catalyzing the formation of o,3-unsaturated
fatty acids®, and has been demonstrated to increase the virulence of P. aeruginosa towards C. elegans**. Upon
finding that the presence of cis-DA reverts the tolerant state of S. aureus persister cells (Fig. 6), we evaluated
whether persister cell’s virulence would be influenced by cis-DA. To achieve this, we used two different models,
A. thaliana (Fig. 2) and C. elegans (Figs 3 and 4), as it was previously demonstrated that sarA and agrB are involved
in S. aureus virulence in both animals and plants*. Contrary to infection with S. aureus persister cells alone that
led to a low morbidity and an absence of mortality in A. thaliana (Fig. 2), the presence of cis-DA in infections with
S. aureus persister cells led to a 100% morbidity by day 5, a significant increase compared to negative controls and
the absence of cis-DA (p < 0.01) (Fig. 2A). Moreover, the increase of morbidity in the presence of cis-DA was also
observed in plants infected with the total population 10%, where morbidity increased significantly (P < 0.01) from
40% to 70% in the presence of cis-DA. In total population, cis-DA did not have an effect in morbidity compared to
the absence of cis-DA. Although, a higher mortality was observed in infections with persister cells in the presence
of cis-DA, they were not statistically different (P > 0.05). Overall, no difference in mortality was observed for total
population 10% and total population in the presence of cis-DA (Fig. 2B).

As it is known that S. aureus is an animal pathogen, we decided to evaluate its pathogenicity in C. elegans. In
the slow killing assay (Fig. 3), the presence of cis-DA led to an increase of C. elegans mortality to 58% from 40%
in persister cells infections, and a mortality of 70% from 50% in infections with total populations (Fig. 3). The
mortality increase was however, not statistically significant (P > 0.05). No change in mortality was observed in
infections with total population 10* (Fig. 3). The change in mortality observed in the presence of cis-DA was not
due to a change in the bacterial load, as no statistical significant difference (P > 0.05) in CFU/nematode between
infections was observed. In the fast killing assay (Fig. 4), the presence of cis-DA led to a reduction of the CFU/

SCIENTIFICREPORTS | 6:31342 | DOI: 10.1038/srep31342 6



www.nature.com/scientificreports/

nematode in all infections and in controls (Fig. 4B). A lower C. elegans mortality was observed at day 1, in per-
sister cell infections in the presence of cis-DA (P < 0.01), compared to persister cells alone (Fig. 4A). However, on
subsequent days, there was an increase in percent mortality in persister cells in the presence of cis-DA compared
to persister cells alone (Fig. 4A). This is consistent with the significant increase (P < 0.01) of fluorescence in
S. aureus observed at days 1 and 3 of infection with persister cells in the presence of cis-DA, compared to persister
cells alone (Table 1). In infections with total population, nematode mortality was significantly reduced through-
out the experiment, compared to total population alone (Fig. 4A), corroborating the decrease in the bacterial
fluorescence (Table 1). No difference in nematode mortality was observed in the presence or absence of cis-DA in
infections with total population 10%. Our results indicate that upon awakening of persister cells, S. aureus increase
their virulence towards A. thaliana and C. elegans.

cis-DA does not influence the bacterial uptake by macrophages. The increased virulence, by awak-
ened S. aureus persister cells, towards A. thaliana (Fig. 2) and C. elegans (Figs 3 and 4), led us to investigate
whether these changes would result in an increase of macrophage activation together with an increase of engulf-
ment of the bacterial cells. Following exposure of macrophages for a period of 1.5 h to persister, total and total 102
populations in the presence of cis-DA, we observed no difference in the bacterial engulfment, compared to the
absence of cis-DA (Fig. 5). Previously, it has been suggested that the presence of cis-DA does not lead to an acti-
vation of bacterial division and growth, but only to cell awakening and increase of the cells’ metabolic activity®.
While, we hypothesized that persister cells, once exposed to cis-DA, would behave similar to normal populations
resulting in the same engulfment rate, we observed the opposite. These results could possibly be due to the fact
that albeit being awakened, within 1.5h the bacterial cell wall is not changed and therefore, the bacterial PAMPS
in persister cells might not be recognized by the macrophage’s PRR.

Discussion

Persister cells are commonly thought to be responsible for infection recurrence, however, little is known of their
ability to initiate/cause infections once all the active population is removed either by the immune system or killed
by the antimicrobials. Recently, evidence showed that in the presence of human granulocyte macrophage-colony
stimulating factor (GM-CSF), P. aeruginosa persister cell viability is not altered*®. However, its presence leads to
an up-regulation of gene expression and sensitizes the bacteria to several antibiotics*. Our study focuses on the
ability of S. aureus persister cells to initiate an infection, maintain an infection and become engulfed by mac-
rophages while in a persister state and upon being reverted into a metabolically active (awake) state resulting from
the exposure to cis-2-decenoic acid (cis-DA).

Overall S. aureus persister cells are engulfed at a lower rate by macrophages, and show a significant lower viru-
lence compared to the normal population as they are unable to infect and kill A. thaliana (Fig. 2) or kill C. elegans
in the slow killing assay (Fig. 3). However, when evaluating persister cell virulence using the fast killing assay,
C. elegans mortality increased slightly throughout persister cell infections when compared to controls (Fig. 4A).
The increase of mortality was concurrent with an increase of bacterial relative fluorescence and an absence of a
change in CFU/nematode.

These results led us to hypothesize that once inside a host, persister cells awake and become more virulent
and pathogenic. To confirm this, we made use of the signaling molecule cis-DA, originally isolated from P. aerug-
inosa'” and previously found to awaken persister cells of P. aeruginosa and E.coli by increasing their respiratory
activity, changing the gene expression and leading to the cell’s reduction in viability when used in conjunction
with antimicrobials®”. Likewise, we found that cis-DA is not used as a carbon source (Fig. S2), awakens S. aureus
persister cells, and when used in conjunction with antimicrobials, persister cells’ viability is significantly reduced
(Fig. 6). In addition, the presence of cis-DA led to an increase of morbidity and mortality of A. thaliana (Fig. 2),
and of C. elegans mortality (Figs 3 and 4). The changes in mortality occurred in the absence of an increase of bac-
terial cell numbers. The increased mortality and morbidity was not observed in infections with total population
102

Taken together, our studies show that persister cells are non-virulent for plants (Fig. 2), have a lower virulence
towards nematodes (Figs 3 and 4) compared to the total populations and cannot be engulfed by macrophages
(Fig. 5). Moreover, awakening of persister cells rends them more virulent without leading to a higher engulfment
by macrophages. Our results challenge the hypothesized concept that macrophages are able to remove persister
cells, whether in their dormant state or following awakening, and whether they are able to be cleared from a host
infection.

Materials and Methods

Bacterial strains and growth conditions. Throughout this study Staphylococcus aureus ATCC 6538
and S. aureus RN6390 gfp::tet, constitutively expressing green fluorescent were used*®*. All overnight cultures
were grown on Lennox media (LB, Becton, Dickinson, Sparks, MD) in Erlenmeyer flasks at 37 °C with agitation
(220 rpm), unless indicated otherwise.

Persister cell isolation. S. aureus persister cells were isolated from planktonic populations by making use
of the activation of the SOS response in the presence of ciprofloxacin, as previously described”?>?52%303! Briefly,
overnight cultures were washed twice with saline, pelleted (16,000 x g, for 5m at 4°C) and resuspended at a
final ODgy, of 0.8, in either saline or ciprofloxacin (50 pg/ml) in saline. Cultures were subsequently incubated at
37°C with agitation (220 rpm) for a period of 24 h. Viability was determined at 0, 1, 3, 6 and 24 h. At each time
point, 1 mL samples were taken, serially diluted and drop plated onto plate count agar (PCA) plates with 1%
MgCl, - 7H,0, to inactivate ciprofloxacin®. Viability was determined following 24 h incubation at 37°C.
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Confirmation and maintenance of the persister cell state. Persister cells were isolated from S. aureus
cultures as described above. Confirmation of the persister cell state was performed as previously described?.
Briefly, persister cells were exposed to saline or ciprofloxacin in saline and survivor cells were rechallenged
with ciprofloxacin for a period of 24 h, at 37 °C. Cell viability was assessed at 0, 1, 3, 6 and 24 h as described
above. Persister state was indicated by the maintenance of stable cell viability. When determining the effect of
cis-2-decenoic acid (310 nM) on persister cell maintenance, persister cells were exposed to cis-DA in saline or
saline alone for a period of 24 h, at 37 °C. Cell viability was determined at 0, 1, 3, 6 and 24 h as described above.
Loss of the persister state was indicated by the loss (decrease) of cell viability.

Killing efficacy assays. Killing efficacy assays were performed as described before??. Briefly, persister cells
were exposed to ciprofloxacin alone and ciprofloxacin in combination with the fatty acid signaling molecule
cis-DA. S. aureus persister cells were pelleted, resuspended in 50 mL of saline, and aliquots of 6 mL were subjected
to one of the following treatments: saline, cis-DA (310 nM) in saline, ciprofloxacin in saline, or ciprofloxacin with
cis-DA (310nM) in saline. Cultures were incubated at 37 °C with shaking (220 rpm) for 24 h. Cell viability was
determined at 0, 1, 3, 5, and 24 h as described above.

Planktonic growth curves using cis-DA as a carbon source. Planktonic growth curves were per-
formed for S. aureus using peptone or cis-DA as carbon sources. Overnight cultures were washed twice with
saline (16000 x g for 5m, at 4°C), and subsequently diluted to 1% in minimal EPRI medium (Electric Power
Research Institute)***” supplemented with 100 nM, 300 nM or 1000 nM of cis-DA, or with 0.001%, 0.01% or 0.1%
of peptone. Cultures were grown at 37 °C, in 96-well microtiter plates, with ODs,; measurements taken every 60 m
(DTX880 multimode detector, Beckman Coulter, CA).

MIC determination. MICs of S. aureus to ciprofloxacin were determined in 100% LB using standard
methods™.

Arabidopsis thaliana infections.  The virulence of S. aureus persister cells and the tracking of bacterial cell
proliferation in planta was evaluated with the A. thaliana model***. A. thaliana seeds were sterilized with 95%
ethanol and 2.5% Sodium hypochlorite, seeded onto ¥ Murashige and Skoog Basal media (MS) agar (1.1g/l MS
salts, 0.8% agar, 1.5% sucrose) and synchronized in the dark, at 4 °C for 72 h. Subsequently, seeds were allowed
to germinate for 12 d, at 25°C, in a 16 h light/8 h dark cycle. Each plant was then transferred to a well containing
1.5ml of %2 MS (1.1 g/l Murashige and Skoog Basal media). Following 48 h, plants were infected with S. aureus
persister cells (10* CFU/mL), S. aureus total population at identical concentration of persister cells, and S. aureus
total population 10% (10° CFU/mL). Infections were performed in the presence and absence of cis-DA (310nM).
Controls consisted of cis-DA (310nM) alone and MS alone. Plant infection and death was monitored for 14 d and
recorded based on plant wilting, discoloration and necrosis*. Infections were performed at least in triplicate with
8 biological replicates per experiment.

Caenorhabditis elegans infections. The ability of S. aureus persister cells to infect and cause pathogenic-
ity on C. elegans was evaluated via 2 different methods: slow killing in liquid media, and fast killing in solid
media*>**. Slow killing assay - Previous to infection, L4 molt stage glp-4(bn2) nematodes were synchronized.
Eggs were harvested following exposure of nematodes to 3.75% hypochlorite and 1N sodium hydroxide and
transferred onto nematode growth media agar (NGM) pre-seeded with E. coli OP50 (food source)®. Upon 2 day
incubation at 22 °C nematodes were washed 3 times (750 x g, for 5m at 22 °C) with 500 pL of M9 buffer (0.3%
monobasic potassium phosphate, 0.5% sodium chloride, 0.6% sodium phosphate dibasic, and 1M magnesium
sulfate) and individual nematodes were transferred into individual wells of a 96 well plate, that contained liquid
media (97% M9 buffer, 2.5% EPRI and 1% cholesterol). Following 24 h, nematodes were infected with S. aureus
persister cells (10* CFU/mL), S. aureus total population at identical concentration of persister cells, and S. aureus
total population 10% (10° CFU/mL), in presence and absence of cis-DA (310 nM). Controls consisted of medium
alone, cis-DA (310nM) alone, and E. coli OP50 in presence and absence of cis-DA. Mortality was recorded daily
for a period of 15 days; nematodes that did not display movement and did not respond to the touch of the micro-
titer plates were considered dead. Bacterial load present within the nematode was evaluated daily by determining
bacterial fluorescence every 12 h (Beckman 680X). To determine bacterial infection load at day 15, nematodes in
each condition were pooled, washed 3 times with M9 buffer (750 x g, for 5m at 22 °C) and resuspended in 1501
L of M9 buffer with 1% Triton X-100 to lyse the nematodes. Following 10 m at 22 °C, samples were homogenized
with a pestle motor mixer (Argos Technologies), serially diluted and drop plated onto plate count agar (PCA)
plates. Viability was determined following 24 h incubation, at 37 °C. Infections were performed in triplicate with 8
replicates per experiment®. Fast killing assay - Nematodes were synchronized as described above. Following the
2 day incubation, nematodes were washed (750 X g, for 5m at 22 °C) with M9 buffer and5 nematodes were trans-
ferred onto each well of a 12 well plate containing NGM agar (NGM, with 1.5% noble agar and without peptone)
in the absence or presence of cis-DA (310nM). Agar in each well was pre-seeded with S. aureus persister cells (10*
CFU/mL), S. aureus total population at identical concentration of persister cells, and S. aureus total population
10% (10° CFU/mL). Controls consisted of medium alone, cis-DA (310 nM) alone, and E. coli OP50. Nematode
mortality and bacterial load was monitored for a period of 5 d and samples were taken at 1, 3 and 5 d. Bacterial
location and load was assessed using cell viability and microscopy. When assessing bacterial CFU, nematodes
were transferred from each well onto a microfuge tube containing 200 pL of M9 buffer and subsequently washed
3X with M9 buffer. Samples were processed as described above. When assessing bacterial fluorescence, individual
nematodes were placed onto mounting oil and then visualized using an Epifluorescence microscope (Olympus
BX46). Infections were performed in quadruplicate with 2 replicates per experiment®®7.
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Determination of macrophage recognition of S. aureus persister cells.  To establish whether mac-
rophages engulf persister cells we made use to THP-1 cells. THP-1 cells were cultured in a loose suspension of
RPMI 1640 medium supplement with 10% Fetal Bovine Serum (Corning), and the media was changed every
2-3 d. Monocytes at a concentration of 5 x 10° cells per mL were differentiated into macrophages with 100 nM
phorbol 12-myristate 13-acetate (PMA, Sigma Chemical Co.) for 3 days at 37°C, 5% CO,. Macrophages were
subsequently infected with S. aureus persister cells standardized to 10* CFU/mL, S. aureus total cells at identical
concentration of persister cells (total population), and S. aureus total population10? (10° CFU/mL), in presence
and absence of cis-DA (310 nM), for a period of 90 m. Quantitation of bacterial cells engulfed was assessed follow-
ing the removal of extracellular bacterial cells with gentamycin (40 mg/L) for a period of 1 h>%. THP-1 cells were
subsequently trypsinized and collected onto microfuge tubes. THP-1 cells were then exposed to Triton X-10 for
45 m to lyse the macrophages and release the intracellular bacteria onto the liquid. Cell viability was assessed by
performing the appropriate dilutions and plating the intracellular bacterial cells on PCA Viability was determined
following 24 h incubation, at 37 °C. Infections were performed in quadruplicate with 3 biological replicates per
experiment®s.

Statistical analysis. One-way ANOVA was performed for multivariant analysis followed by Tukey’s or
Dunnett’s multiple comparison tests using GraphPad Prism V 6.0a.

References

1. Bigger, J. The bactericidal action of penicillin on Staphylococcus pyogenes. Irish ]. Med. Sci. 19, 553-568 (1944).

2. Keren, I, Kaldalu, N., Spoering, A., Wang, Y. & Lewis, K. Persister cells and tolerance to antimicrobials. FEMS Microbiol. Lett. 230,
13-18 (2004).

3. Shah, D. et al. Persisters: a distinct physiological state of E. coli. BMC Microbiol 6, 53 (2006).

4. Korch, S. B., Henderson, T. A. & Hill, T. M. Characterization of the hipA7 allele of Escherichia coli and evidence that high persistence
is governed by (p)ppGpp synthesis. Mol. Microbiol. 50, 1199-1213 (2003).

5. Fauvart, M., De Groote, V. N. & Michiels, J. Role of persister cells in chronic infections: clinical relevance and perspectives on anti-
persister therapies. J. Med. Microbiol. 60, 699-709 (2011).

6. Luidalepp, H., Joers, A., Kaldalu, N. & Tenson, T. Age of inoculum strongly influences persister frequency and can mask effects of
mutations implicated in altered persistence. J. Bacteriol. 193, 3598-3605 (2011).

7. Dorr, T., Lewis, K. & Vuli¢, M. SOS response induces persistence to fluoroquinolones in Escherichia coli. PLoS Genet. 5, €1000760
(2009).

8. Cirz, R. T., O'Neill, B. M., Hammond, J. A., Head, S. R. & Romesberg, F. E. Defining the Pseudomonas aeruginosa SOS response and
its role in the global response to the antibiotic ciprofloxacin. J. Bacteriol. 188, 7101-7110 (2006).

9. Dorr, T., Vulic, M. & Lewis, K. Ciprofloxacin causes persister formation by inducing the TisB toxin in Escherichia coli. PLoS Biol 8,
€1000317 (2010).

10. Wang, X. & Wood, T. K. Toxin-antitoxin systems influence biofilm and persister cell formation and the general stress response. Appl.
Environ. Microbiol. 77, 5577-5583 (2011).

11. Lewis, K. Riddle of biofilm resistance. Antimicrob. Agents Chemother. 45, 999-1007 (2001).

12. Jayaraman, R. Bacterial persistence: some new insights into an old phenomenon. J. Biosci. 33, 795-805 (2008).

13. Kim, Y. & Wood, T. K. Toxins Hha and CspD and small RNA regulator Hfq are involved in persister cell formation through MgsR in
Escherichia coli. Biochem Biophys Res Commun 391, 209-213 (2010).

14. Pan, J., Bahar, A. A,, Syed, H. & Ren, D. Reverting antibiotic tolerance of Pseudomonas aeruginosa PAO1 persister cells by (Z)-4-
bromo-5-(bromomethylene)-3-methylfuran-2(5H)-one. PLoS One 7, 45778 (2012).

15. Kim, J. S. et al. Selective killing of bacterial persisters by a single chemical compound without affecting normal antibiotic-sensitive
cells. Antimicrob Agents Chemother 55, 5380-5383 (2011).

16. Chen, X., Zhang, M., Zhou, C., Kallenbach, N. R. & Ren, D. Control of bacterial persister cells by Trp/Arg-containing antimicrobial
peptides. Appl. Environ. Microbiol. 77, 4878-4885 (2011).

17. Allison, K. R., Brynildsen, M. P. & Collins, J. ]. Metabolite-enabled eradication of bacterial persisters by aminoglycosides. Nature
473,216-220 (2011).

18. Conlon, B. et al. Killing persister cells and eradicating a biofilm infection by activating the ClpP protease. Nature 503, 365-370
(2014).

19. Conlon, B. P. et al. Activated ClpP Kkills persisters and eradicates a chronic biofilm infection. Nature 503, 365-370 (2013).

20. Sharma, B., Brown, A. V,, Matluck, N. E., Hu, L. T. & Lewis, K. Borrelia burgdorferi, the causative agent of Lyme disease, forms drug-
tolerant persister cells. Antimicrob. Agents Chemother. 59, 4616-4624 (2015).

21. Kwan, B. W,, Chowdhury, N. & Wood, T. K. Combatting bacterial infections by killing persister cells with mitomycin C. Environ.
Microbiol. 17, 4406-4414 (2015).

22. Marques, C. N. H., Morozov, A., Planzos, P. & Zelaya, H. M. The fatty acid signaling molecule cis-2-decenoic acid increases
metabolic activity and reverts persister cells to an antimicrobial susceptible state. Appl. Environ. Microbiol. 80, 6976-6991 (2014).

23. Mulcahy, L. R, Burns, J. L., Lory, S. & Lewis, K. Emergence of Pseudomonas aeruginosa strains producing high levels of persister cells
in patients with cystic fibrosis. ] Bacteriol 192, 6191-6199 (2010).

24. Wakamoto, Y. et al. Dynamic persistence of antibiotic-stressed Mycobacteria. Science. 339, 91-95 (2013).

25. Marques, C. N. H. Isolation of persister cells from biofilm and planktonic populations of Pseudomonas aeruginosa. Bio-protocol 5,
€1590 (2015).

26. Brazas, M. D. & Hancock, R. E. W. Ciprofloxacin induction of a susceptibility determinant in Pseudomonas aeruginosa. Antimicrob.
Agents Chemother. 49, 3222-3227 (2005).

27. Elliot, T. S. J., Shelton, A. & Grennwood, D. The response of Escherichia coli to ciprofloxacin and norfloxacin. J. Med. Microbiol. 23,
83-88(1987).

28. Crosby, H. A, Bion, J. E, Penn, C. W. & Elliott, T. S. Antibiotic-induced release of endotoxin from bacteria in vitro. . Med. Microbiol.
40,23-30 (1994).

29. Sufya, N., Allison, D. G. & Gilbert, P. Clonal variation in maximum specific growth rate and susceptibility towards antimicrobials.
J. Appl. Microbiol. 95, 1261-1267 (2003).

30. Nishimura, M. T. & Dang], J. L. Arabidopsis and the plant immune system. Plant J. 61, 1053-1066 (2010).

31. Prithiviraj, B., Bais, H. P, Jha, A. K. & Vivanco, J. M. Staphylococcus aureus pathogenicity on Arabidopsis thaliana is mediated either
by a direct effect of salicylic acid on the pathogen or by SA-dependent, NPR1-independent host responses. Plant J. cell Mol. Biol. 42,
417-432 (2005).

32. Sifri, C. D., Begun, J., Ausubel, E. M. & Calderwood, S. B. Caenorhabditis elegans as a Model Host for Staphylococcus aureus. Infect.
Immun. 71, 2208-2217 (2003).

SCIENTIFICREPORTS | 6:31342 | DOI: 10.1038/srep31342 9



www.nature.com/scientificreports/

33. Nathan, C. & Sporn, M. Cytokines in context. J. Cell Biol. 113, 981-986 (1991).

34. Kumar, H., Kawai, T. & Akira, S. Pathogen recognition in the innate immune response. Biochem. J. 420, 1-16 (2009).

35. Barreiro, L. B. & Quintana-Murci, L. From evolutionary genetics to human immunology: how selection shapes host defence genes.
Nat. Rev. Genet. 11, 17-30 (2010).

36. Aderem, A. & Underhill, D. Mechanisms of Phagocytosis in Macrophages. Annu. Rev. Immunol. 17, 593-623 (1999).

37. Cavaillon, J. M. Cytokines and macrophages. Biomed. Pharmacother. 48, 445-453 (1994).

38. Kim, J., Hahn, J. S., Franklin, M. J., Stewart, P. S. & Yoon, J. Tolerance of dormant and active cells in Pseudomonas aeruginosa PAO1
biofilm to antimicrobial agents. J. Antimicrob. Chemother. 63, 129-135 (2009).

39. Marques, C., Davies, D. & Sauer, K. Control of biofilms with the fatty acid signaling molecule cis-2-decenoic acid. Pharmaceuticals
8, 816-835 (2015).

40. Sepehr, S., Rahmani-Badi, A., Babaie-Naiej, H. & Soudi, M. R. Unsaturated fatty acid, cis-2-decenoic acid, in combination with
disinfectants or antibiotics removes pre-established biofilms formed by food-related bacteria. PLoS One 9, 101677 (2014).

41. Rahmani-Badi, A., Sepehr, S., Mohammadi, P,, Soudi, M. R. & Babaie-Naiej, H. A combination of cis-2-decenoic acid and antibiotics
eradicates pre-established catheter-associated biofilms. J. Med. Microbiol. 63, 1509-1516 (2014).

42. Jennings, J., Courtney, H. & Haggard, W. Cis-2-decenoic acid inhibits S. aureus growth and biofilm in vitro: a pilot study. Clin.
Orthop. Relat. Res. 470, 2663-2670 (2012).

43. Amari, D. T., Marques, C. N. H. & Davies, D. G. The putative enoyl-coenzyme A hydratase Dspl is required for production of the
Pseudomonas aeruginosa biofilm dispersion autoinducer cis-2-decenoic acid. J. Bacteriol. 195, 4600-4610 (2013).

44. Feinbaum, R. L. et al. Genome-wide identification of Pseudomonas aeruginosa virulence-related genes using a Caenorhabditis
elegans infection model. PLoS Pathog. 8, €1002813 (2012).

45. Prithiviraj, B. et al. Down regulation of virulence factors of Pseudomonas aeruginosa by salicylic acid attenuates its virulence on
Arabidopsis thaliana and Caenorhabditis elegans. Infect Immun 73, 5319-5328 (2005).

46. Choudhary, G. S. et al. Human granulocyte macrophage colony-stimulating factor enhances antibiotic susceptibility of Pseudomonas
aeruginosa persister cells. Sci. Rep. 5, 17315 (2015).

47. Davies, D. G. & Marques, C. N. H. A fatty acid messenger is responsible for inducing dispersion in microbial biofilms. J Bacteriol.
191, 1393-1403 (2009).

48. Bateman, B. T., Donegan, N. P,, Jarry, T. M., Palma, M. & Cheung, A. L. Evaluation of a tetracycline-inducible promoter in
Staphylococcus aureus in vitro and in vivo and its application in demonstrating the role of sigB in microcolony formation. Infect.
Immun. 69, 7851-7857 (2001).

49. Sauer, K., Steczko, J. & Ash, S. R. Effect of a solution containing citrate/Methylene Blue/parabens on Staphylococcus aureus bacteria
and biofilm, and comparison with various heparin solutions. J. Antimicrob. Chemother. 63, 937-945 (2009).

50. Keren, I, Shah, D. & Spoering, A. Specialized persister cells and the mechanism of multidrug tolerance in Escherichia coli. ] Bacteriol
186, 8172-8180 (2004).

51. Moker, N., Dean, C. R. & Tao, J. Pseudomonas aeruginosa increases formation of multidrug-tolerant persister cells in response to
quorum-sensing signaling molecules. J. Bacteriol. 192, 1946-1955 (2010).

52. Andrews, J. M. Determination of minimum inhibitory concentrations. ] Antimicrob Chemother 48, 5-16 (2001).

53. Starkey, M. & Rahme, L. G. Modeling Pseudomonas aeruginosa pathogenesis in plant hosts. Nat. Protoc. 4, 117-124 (2009).

54. OKkoli, I. et al. Identification of Antifungal Compounds Active against Candida albicans Using an Improved High-Throughput
Caenorhabditis elegans Assay. PLoS One 5, (2010).

55. Stiernagle, T. Maintenance of C. elegans. WormBook, ed. The C. elegans Research Community, WormBook. do0i:10.1895/
wormbook.1.101.1 (2006).

56. Tan, M. W,, Rahme, L. G., Sternberg, J. A., Tompkins, R. G. & Ausubel, F. M. Pseudomonas aeruginosa killing of Caenorhabditis
elegans used to identify P. aeruginosa virulence factors. Proc. Natl. Acad. Sci. USA 96, 2408-2413 (1999).

57. Tan, M. W,, Mahajan-Miklos, S. & Ausubel, F. M. Killing of Caenorhabditis elegans by Pseudomonas aeruginosa used to model
mammalian bacterial pathogenesis. Proc. Natl. Acad. Sci. USA 96, 715-720 (1999).

58. Carryn, S., Van Bambeke, F., Mingeot-Leclercq, M.-P. & Tulkens, P. M. Comparative intracellular (THP-1 macrophage) and
extracellular activities of beta-lactams, azithromycin, gentamicin, and fluoroquinolones against Listeria monocytogenes at clinically
relevant concentrations. Antimicrob. Agents Chemother. 46,2095-2103 (2002).

Acknowledgements
This work was funded by the Binghamton University structural funds and the NSF grant 1139772.

Author Contributions
C.N.H.M. conceived the concept. E.G.M. carried out the experiments. C.N.H.M. and E.G.M. co-wrote the paper.
All authors discussed the results and comments on the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Mina, E. G. and Marques, C. N. H. Interaction of Staphylococcus aureus persister cells
with the host when in a persister state and following awakening. Sci. Rep. 6, 31342; doi: 10.1038/srep31342
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

G o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:31342 | DOI: 10.1038/srep31342 10


http://creativecommons.org/licenses/by/4.0/

	Interaction of Staphylococcus aureus persister cells with the host when in a persister state and following awakening

	Results

	Isolation and confirmation of persister cell state. 
	Arabidopsis thaliana is not affected by persister cells. 
	S. aureus persister cells have a low virulence against C. elegans. 
	Macrophages engulf S. aureus persister cells but at a lower rate than total bacterial population. 
	Effect of cis-2-decenoic acid (cis-DA) on S. aureus bacterial growth. 
	Eradication of S. aureus persister cells when exposed to cis-DA in combination with ciprofloxacin. 
	cis-DA increases the virulence of S. aureus persister cells. 
	cis-DA does not influence the bacterial uptake by macrophages. 

	Discussion

	Materials and Methods

	Bacterial strains and growth conditions. 
	Persister cell isolation. 
	Confirmation and maintenance of the persister cell state. 
	Killing efficacy assays. 
	Planktonic growth curves using cis-DA as a carbon source. 
	MIC determination. 
	Arabidopsis thaliana infections. 
	Caenorhabditis elegans infections. 
	Determination of macrophage recognition of S. aureus persister cells. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Isolation of persister cells from S.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Effect of persister cells on A.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Effect of persister cells on C.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Effect of persister cells on C.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Macrophage uptake of S.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Tolerance of persister cells to ciprofloxacin is reduced in the presence of cis-DA.
	﻿Table 1﻿﻿. ﻿  S.



 
    
       
          application/pdf
          
             
                Interaction of Staphylococcus aureus persister cells with the host when in a persister state and following awakening
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31342
            
         
          
             
                Elin G. Mina
                Cláudia N. H. Marques
            
         
          doi:10.1038/srep31342
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep31342
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep31342
            
         
      
       
          
          
          
             
                doi:10.1038/srep31342
            
         
          
             
                srep ,  (2016). doi:10.1038/srep31342
            
         
          
          
      
       
       
          True
      
   




