AEM

Journals.ASM.org

The Fatty Acid Signaling Molecule cis-2-Decenoic Acid Increases
Metabolic Activity and Reverts Persister Cells to an Antimicrobial-
Susceptible State
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Persister cells, which are tolerant to antimicrobials, contribute to biofilm recalcitrance to therapeutic agents. In turn, the ability
to kill persister cells is believed to significantly improve efforts in eradicating biofilm-related, chronic infections. While much
research has focused on elucidating the mechanism(s) by which persister cells form, little is known about the mechanism or fac-
tors that enable persister cells to revert to an active and susceptible state. Here, we demonstrate that cis-2-decenoic acid (cis-DA),
a fatty acid signaling molecule, is able to change the status of Pseudomonas aeruginosa and Escherichia coli persister cells from a
dormant to a metabolically active state without an increase in cell number. This cell awakening is supported by an increase of the
persister cells’ respiratory activity together with changes in protein abundance and increases of the transcript expression levels
of several metabolic markers, including acpP, 16S rRNA, atpH, and ppx. Given that most antimicrobials target actively growing
cells, we also explored the effect of cis-DA on enhancing antibiotic efficacy in killing persister cells due to their inability to keep a
persister cell state. Compared to antimicrobial treatment alone, combinational treatments of persister cell subpopulations with
antimicrobials and cis-DA resulted in a significantly greater decrease in cell viability. In addition, the presence of cis-DA led to a
decrease in the number of persister cells isolated. We thus demonstrate the ability of a fatty acid signaling molecule to revert bac-

terial cells from a tolerant phenotype to a metabolically active, antimicrobial-sensitive state.

Persister cells are considered to be a subpopulation of stochas-
tically produced, nongrowing (dormant) cells present in bio-
film and planktonic bacterial cultures. Persister cells account for
10~ to 10~ * of the total cell population of mid-exponential-phase
cells and up to 1% of the total cell population of stationary-phase
cells and biofilms, a pattern resembling that of a quorum-sensing
mechanism (1-3). Tolerance to antimicrobials is one of the key
characteristics of this subpopulation, as persisters escape killing by
antimicrobials such as fluoroquinolones, which can kill slow-
growing bacteria but not dormant cells (4). It is therefore not
surprising that persister cells are considered to play a major role in
the resilience of bacterial populations and have recently been iso-
lated from patients with candidiasis, from cystic fibrosis patients
with chronic lung infections, and from Mycobacterium tuberculo-
sis biofilms responsible for chronic tuberculosis (5-8).

Several mechanisms have been described to contribute to per-
sister cell formation. For instance, several genes involved in energy
generation and cell maintenance have been shown to be down-
regulated in persister cells, further indicating that persisters are
nongrowing, dormant cells (1). Among these genes were members
of several operons involved in oxidative phosphorylation, includ-
ing NADH dehydrogenase, ATP synthase, and cytochrome O-
ubiquinol oxidase (9). The stringent response has also been linked
with persister cells, where increased concentrations of polyphos-
phate (polyP) compounds, such as ppGpp, were present com-
pared to concentrations in nonpersister cells. Moreover, arrest of
protein synthesis accomplished by the use of tetracycline has been
shown to correlate with a 10°- to 10*-fold increase in the number
of persister cells in planktonic cultures (10). Persister cell forma-
tion has also been shown to be related to increased expression
levels of chromosomal and plasmid-encoded toxin-antitoxin
(TA) modules capable of inducing stasis, resulting in increased
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tolerance to lethal shock, DNA-damaging conditions, and antimi-
crobials (2, 11, 12).

In addition to understanding how persister cells are formed,
research has also focused on eliminating persister cells, either by
eradicating persister cells or by inducing persister cells to revert
from a dormant to an active state. Eradication of persister cells has
been accomplished by exposure of the cells to reactive oxygen
species, weak electrical currents, and 3-[4-(4-methoxyphe-
nyl)piperazin-1-yl]piperidin-4-yl biphenyl-4-carboxylate (C10)
(13-15). Likewise, activation of the Clp protease by acyldepsipep-
tide-4 (ADEP4) has been demonstrated to enhance the efficacy of
rifampin in killing persister cells formed by Staphylococcus aureus
(16). Other approaches to reanimate persister cells include the use
of metabolic stimuli. For instance, Pascoe et al. demonstrated that
spent medium has a resuscitating effect on S. aureus persister cells,
as indicated by the finding of a >600-fold increase in bacterial
growth (17). Similarly, the addition of mannitol, glucose, fruc-
tose, and pyruvate to persister cells isolated from Escherichia coli
and S. aureus has been demonstrated to increase the central me-
tabolism, increase the respiration of persister cells, and increase
the ability of aminoglycosides to permeate membranes (18).
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Those authors furthermore demonstrated that exposure to man-
nitol resulted in E. coli persister cells being significantly more sus-
ceptible to gentamicin, resulting in a reduction of their viability to
the point of eradication (18). Likewise, the addition of the quo-
rum sensing inhibitor (Z)-4-bromo-5-(bromomethylene)-3-
methylfuran-2(5H)-one (BF8) to Pseudomonas aeruginosa per-
sister cells has been shown to sensitize them to ciprofloxacin and
tobramycin, with the effect hypothesized to be the result of
changes in the cells’ metabolism (19).

Recently, a family of fatty acid signaling molecules has been
identified in several Gram-negative bacteria, including Xan-
thomonas campestris, Burkholderia cenocepacia, and P. aeruginosa
(20-22). cis-2-Decenoic acid (cis-DA), originally isolated from P.
aeruginosa, induces P. aeruginosa biofilms to disperse by inducing
cells to transition from a biofilm to a planktonic (free-swimming)
phenotype, with only a small percentage of cells remaining surface
attached (22). A similar dispersion response was noted for various
other Gram-negative and Gram-positive biofilms as well as for
Candida albicans biofilms (22). In addition to inducing disper-
sion, cis-DA was found to increase the recovery of cells of several
bacterial species on agar plates and to increase the killing efficacy
of antimicrobials against P. aeruginosa biofilms (23, 24). The pres-
ence of cis-DA together with antimicrobials has also been found to
eradicate E. coli and Klebsiella pneumoniae mixed-species biofilms
grown on catheters and to remove preformed biofilms of Bacillus
subtilis, Salmonella enterica, S. aureus, and E. coli (25, 26). cis-DA
also improves methicillin-resistant S. aureus (MRSA) biofilm re-
duction when used adjunctively with daptomycin, vancomycin,
and linezolid (27). Together, these findings indicated that cis-DA
has cross-species and cross-kingdom dispersion activity and can
lead to increased cell recovery and increased efficacy of antibiotics.
These observations led us to ask whether cis-DA is able to revert
persister cells to a metabolically active and susceptible state. In this
work, we demonstrate that while cis-DA cannot be used as a car-
bon source for growth, exposure of P. aeruginosa and E. coli per-
sister cells derived from biofilm and planktonic populations to
nanomolar concentrations of cis-DA results in an increase of re-
spiratory activity, concomitant with elevated 16S rRNA, ATP syn-
thase, and exopolyphosphatase levels. This signaling molecule
also acts synergistically with antimicrobials, enhancing killing and
enabling eradication of persister cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Pseudomonas aeruginosa PA14
and Escherichia coli BW25113 were used throughout this study. All cul-
tures were grown overnight in Difco LB Lennox broth (BD) in flasks at 220
rpm at 37°C, unless indicated otherwise.

Persister cell isolation. Biofilm and planktonic persister cell popula-
tions of P. aeruginosa and E. coli were isolated by relying on activation of
the SOS response, as previously described, using ciprofloxacin (4, 28-30).
For biofilm persister subpopulations, P. aeruginosa or E. coli biofilm cul-
tures were grown in a tube reactor system at 22°C, using L/S 14 Masterflex
peroxide-cured silicone tubing with 5% LB pumped through at a rate of
10.8 ml/h (22, 31, 32). Each tube reactor was inoculated with 2 ml of a
standardized culture grown overnight (optical density at 600 nm [OD,]
of 0.8) and incubated, under static conditions, for a period of 1 h to
facilitate cell attachment. Following 1 h, the flow was initiated, and bio-
films were allowed to develop for a period of 6 days. Following 6 days of
growth, mature biofilms were exposed to saline (0.85% NaCl in water) or
ciprofloxacin (150 pg/ml) in saline, and viability was monitored at 0, 1, 3,
5,and 24 h. At each time point, biofilms were harvested (using the rolling
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pin method) into centrifuge tubes containing 1 ml of saline with 1%
MgCl, - 7H,0, homogenized, serially diluted, and drop plated onto plate
count agar (PCA) plates with 1% MgCl, - 7H,O. Viability was determined
following 24 h of incubation at 37°C. Bacterial viability was also visualized
by using confocal microscopy and the Live/Dead BacLight bacterial via-
bility kit, where SYTO9 labels all bacteria while propidium iodide labels
only dead bacteria (Life Technologies). For the planktonic persister sub-
population, planktonic cultures grown overnight were diluted to 1% in
fresh medium and grown at 37°C with agitation (220 rpm) for a period of
24 h. Cells were then collected (16,000 X g for 5 min at 4°C), washed twice
with saline (16,000 X g for 5 min at 4°C), and subsequently resuspended
in either saline or ciprofloxacin (20 pg/ml) in saline to a final ODj, 0f 0.8.
Cultures were subsequently incubated at 37°C with agitation (220 rpm)
for a period of 24 h. Viability was determined after 0, 1, 3, 5, and 24 h, as
described above.

Persister isolation in the presence of cis-DA. Planktonic persister cell
populations of P. aeruginosa and E. coli were isolated in the presence of
cis-2-decenoic acid (cis-DA) (Carbosynth Ltd., Compton, United King-
dom). P. aeruginosa was exposed to 100 nM cis-DA, while E. coli was
exposed to 310 nM cis-DA. The concentrations of cis-DA used were based
on previous studies (22). Planktonic cultures grown overnight were di-
luted to 1% in fresh medium and grown at 37°C with agitation (220 rpm)
for a period of 24 h. Cells were collected (16,000 X g for 5 min at 4°C),
washed twice with saline (16,000 X g for 5 min at 4°C), and subsequently
resuspended, to a final ODg, of 0.8, in either saline or cis-DA in saline.
Cultures were subsequently incubated at 37°C with agitation (220 rpm)
for a period of 24 h. Following 24 h, cultured cells were processed as
described above for persister cell isolation.

Confirmation and maintenance of the persister cell state. Persister
cells were isolated from planktonic cultures of P. aeruginosa and E. coli as
described above. To confirm that their persister cell state was maintained,
persister cells were exposed to saline or ciprofloxacin in saline for a period
of 24 hat 37°C. Cell viability was assessed as described above. The persister
state was indicated by the maintenance of stable cell viability. For deter-
mination of the effect of cis-DA on persister cell maintenance, persister
cells were exposed to cis-DA or saline for a period of 24 h at 37°C. P.
aeruginosa was exposed to 100 nM cis-DA, while E. coli was exposed to 310
nM cis-DA. Following 24 h of exposure, the resulting persister cell popu-
lation was washed twice with saline and resuspended in either saline or
ciprofloxacin (20 pg/ml) in saline. Cell viability was determined at 0, 2, 5,
and 24 h, as described above. Loss of the persister state was indicated by a
loss of cell viability.

Killing efficacy assays. Persister cells were exposed to antimicrobials
alone and antimicrobials in combination with the fatty acid signaling
molecule cis-DA. For assays with planktonic persister cells, P. aeruginosa
or E. coli planktonic persister cells were pelleted and resuspended in 50 ml
of saline, and aliquots of 6 ml were subjected to one of the following
treatments: saline, cis-DA (100 nM or 310 nM) in saline, antimicrobials in
saline, or antimicrobials with c¢is-DA (100 nM or 310 nM) in saline. Cul-
tures were incubated at 37°C with shaking at 220 rpm for 24 h. Cell via-
bility was determined at 0, 1, 3, 5, and 24 h, as described above. The
antimicrobials used were ciprofloxacin (20 pg/ml), tobramycin (20 g/
ml), and tetracycline (100 pg/ml). For assays with biofilm persister cells,
P. aeruginosa or E. coli biofilm persister cells were exposed to either saline,
cis-DA in saline, ciprofloxacin (150 pg/ml) in saline, or ciprofloxacin (150
pg/ml) and cis-DA in saline for 24 h, after which time the remaining
biofilms were collected into centrifuge tubes and processed for viability, as
described above.

Quantification of respiratory activity in biofilms. Respiratory activ-
ity was assessed by using CTC (5-cyano-2,3-ditolyl tetrazolium chloride),
a monotetrazolium redox dye which produces a CTC-formazan (CTF)
fluorescent complex (indicated by cells stained in red) when it is biologi-
cally reduced, indicating respiration (metabolic activity). P. aeruginosa
and E. coli biofilms were grown in flow cell reactors (BioSurface Technol-
ogies), as described previously (22, 31), in 5% LB for a period of 6 days and
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subsequently exposed to ciprofloxacin (150 pg/ml) for a period of 18 h.
The remaining biofilm population, consisting of persister cells only, was
exposed to saline for a period of 30 min and subsequently to either saline
or cis-DA (100 nM or 310 nM) in saline for a further 30 min. Treatments
were performed together with the stains SYTO40 (5 uM) (Invitrogen) and
CTC (5 mM) (Life Technologies, NY). CTC has previously been used to
determine the respiratory activity of bacteria within biofilms (33). Biofilm
architecture and metabolic activity were assessed by confocal scanning
laser microscopy (CSLM) using a Leica Confocal TCS SP5 imaging system
with a DMI 6000 inverted microscope (Leica Microsystems, Wetzlar, Ger-
many) and Leica LAS AF software (Leica). Quantitative analysis of images
was performed using COMSTAT (34). Relative fluorescence was quanti-
fied using the Intensity Luminance V1 software program (C. N. H.
Marques and S. A. Craver, http://bingweb.binghamton.edu/~scraver
/IL.html). The percentage of metabolic activity was determined by com-
paring the relative fluorescence of CTC to that of SYTO40 prior to and
following treatments.

Use of cis-DA as a source of carbon to support growth. Planktonic
growth curves were performed for E. coli and P. aeruginosa with 2 different
carbon sources, glucose and cis-DA. Planktonic cultures grown overnight
were washed twice with saline (16,000 X g for 5 min at 4°C) and subse-
quently diluted to 1% in minimal EPRI (Electric Power Research Insti-
tute) medium (22, 35) supplemented with 100 nM, 300 nM, or 1,000 nM
of either glucose or cis-DA. Cultures were grown at 37°C in 96-well mi-
crotiter plates, with OD5,5 measurements being performed every 30 min
(DTX880 multimode detector; Beckman Coulter, CA).

Biofilm dispersion assays. Biofilm dispersion in P. aeruginosa per-
sister and total cell populations was determined using standard continu-
ous-culture tube reactor methodology (22, 32, 36). Briefly, biofilms were
cultured as described above, using a continuous-flow tube reactor system.
Persister cells were isolated as described above. Subsequently, the treat-
ment was switched from ciprofloxacin to either saline or cis-DA (100 nM)
in saline for a period of 1 h. Controls consisted of biofilms exposed to
saline for a period of 18 h, instead of ciprofloxacin. Controls were subse-
quently exposed to either saline or cis-DA (100 nM) in saline. Dispersion
was evaluated by assessing the turbidity of the effluent at 600 nm. An
increase of the effluent absorbance is indicative of dispersion.

Identification of cytoplasmic and membrane proteins. Persister cells
derived from planktonic and biofilm populations, exposed to saline or
cis-DA in saline, were collected by centrifugation (16,000 X g for 5 min at
4°C). The resulting pellet was resuspended in 500 .l of TE buffer (10 mM
Tris-HCI [pH 8.0] and 1 mM EDTA with 0.3 pg/ml phenylmethylsulfonyl
fluoride [PMSF]) and lysed by sonication (six times for 10 s at 5 W).
Samples were subsequently centrifuged (21,200 X g for 2 min at 4°C) to
pellet unbroken cells. The resulting supernatant was further centrifuged at
30,000 X g to remove any remaining cell debris. The supernatant was
subsequently spun at 100,000 X g for 90 min at 4°C. The supernatant,
containing the cytoplasmic protein fraction, was retained. The pellet was
resuspended in 1 ml of ice-cold TE buffer and centrifuged at 100,000 X g
for 90 min at 4°C. The final pellet, containing the membrane protein
fraction, was resuspended in 200 p.l of TE buffer with 1% CHAPS {3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate}. Determina-
tion of adequate protein fractionation was achieved by the absence of
catalase activity in the membrane fraction but its presence in the cytoplas-
mic fraction, determined with 1 mM hydrogen peroxide as the substrate
(37, 38). This ensured the absence of contaminants from extracellular
materials. The catalase control consisted of commercially available cata-
lase (purified from Aspergillus) (39). Protein concentrations of each sam-
ple were determined via a modified Lowry assay (kit number 23240;
Thermo Scientific, Rockford, IL) (40). Samples were subsequently mixed
with SDS sample buffer and heat denatured at 100°C for 10 min. Proteins
present within each fraction were visualized by SDS-PAGE analysis using
8% and 15% SDS-polyacrylamide gels and silver staining, performed as
described previously (31). Image analysis and differences in protein abun-
dance were analyzed using Image J. De novo or differentially abundant
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proteins were excised from the SDS-polyacrylamide gels, digested with
trypsin, and identified by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) using a QStarXL mass spectrometer (Applied Bio-
systems), as previously described (36).

Quantitative reverse transcriptase PCR. Relative transcription levels
in biofilms of P. aeruginosa and E. coli upon exposure to saline or cis-DA
were evaluated. Exposure to saline or cis-DA in saline was performed for a
period of 1 h for P. aeruginosa and for a period of 6 h for E. coli. We also
compared the persister cell population transcription profile to that of the total
cell population. The total cell population, composed of persister and nonper-
sister cells, consisted of the biofilm population exposed solely to saline for a
period of 18 h. On the other hand, the persister cell population consisted of
the cell population exposed to ciprofloxacin in saline for a period of 18 h.
RNA was extracted from RNA Protect (Qiagen)-treated total biofilm and
planktonic samples, as well as from persister cells, using the RNeasy minikit
(Qiagen), with residual DNA being degraded using the DNase I amplifica-
tion-grade kit (Invitrogen). A total of 1 g of RNA was used for cDNA syn-
thesis (36, 41, 42), and cDNA was generated by using a RETROscript kit
(Ambion). Quantitative reverse transcriptase PCR (qRT-PCR) was per-
formed with an Eppendorf Mastercycler Ep Realplex instrument (Eppendorf
AG, Hamburg, Germany) and the Kapa SYBR Fast qPCR kit (Kapa Biosys-
tems, Woburn, MA) (41) with the oligonucleotides (obtained from Inte-
grated DNA Technologies, Coralville, IA) listed in Table 1. Relative transcript
quantitation was accomplished by using Ep Realplex software (Eppendorf
AG), with the transcript abundance (based on the threshold cycle [C;] value)
being normalized to mreB (control) before the determination of transcript
abundance ratios. Verification of single-product amplification was carried
out by analysis of the melting curves.

MICs. MIC:s of ciprofloxacin for P. aeruginosa and E. coli were deter-
mined in 5% and 100% LB by standard methods (43).

Statistical analysis. One-way analysis of variance (ANOVA) was per-
formed for multivariant analysis followed by Tukey’s or Dunnett’s mul-
tiple-comparison tests by using GraphPad Prism V 6.0a.

RESULTS

Induction of the SOS response enables the isolation of P. aerugi-
nosa persister cells from biofilms. While the presence of persister
cell populations has been well documented for E. coli under both
biofilm and planktonic conditions, little is known concerning the
persister population present in biofilms of P. aeruginosa. To de-
termine whether persister cells can be isolated from P. aeruginosa
biofilms, we utilized the continuous-culture tube reactor system
to grow biofilms (22, 31, 32). Persister cells were isolated through
SOS response selection upon exposure to ciprofloxacin. The use of
ciprofloxacin or ampicillin is the main standardized procedure for
persister cell isolation and has been widely used in previous stud-
ies (2, 4, 14, 19, 29, 30, 44). To ensure adequate isolation of per-
sister cell populations from P. aeruginosa biofilms, we used E. coli
cultures as a control, where persister cell isolation from both
planktonic and biofilm populations is well documented (2, 4, 14,
19, 29, 30, 44).

Persister cell populations were isolated from E. coli cells grown
planktonically and as biofilms. Exposure of planktonic stationary-
phase and biofilm cultures of E. coli to ciprofloxacin resulted in a
typical biphasic killing curve, where a significant decrease (P <
0.01) of cell viability within the initial 3 h of treatment was ob-
served (Fig. 1A). The decrease in cell viability was followed by a
viability plateau, which remained constant from the 3-h point
until the end of the experiment. Based on the definition of per-
sister cells provided by Keren et al. (2), all cells that were recovered
during the plateau phase were assumed to be persister cells. By
doing so, the final cell recovery of persister cells in planktonic
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TABLE 1 Nucleotide primers used in this study

Oligonucleotide Sequence (5'-3")

P. aeruginosa PA14

HDA_FW GACTCCTACGGGAGGCAGCAGT
HDA_RV GTATTACCGCGGCTGCTGGCAC
acpP_FW GAACGCGTTAAGAAGATCG
acpP_RV GGATTTCGGTCTCGAATTC
mreB_FW CTGTCGATCGACCTGGG
mreB_RV CAGCCATCGGCTCTTCG
PA14_21030_FW CAGGAAGGTGTTCGTCAC
PA14_21030_RV CCGGAACCGATCATGATG
atpH_FW CAAAGAGCCTCAGCTGAC
atpH_RV CTTTGCTCAAGGTGAAGG
PAI4_16710_FW TCAGTCACTACGAGGTGATC
PAI14_16710_RV ATCGCCAGGTCGGAGAC
uvrB_FW GAGAAGGACTCCTCGATC
uvrB_RV TGTCGATCACATCGCCAC
PA14_19410_FW TCGAATCCGCGGAAGTTG
PA14_19410_RV GTCCATCCACTCGTTGAG
PAI14_33240_FW GGACTCCTATGGCGATAC
PAI14_33240_RV TTGCAGGCGGAACAGTTC
PA14_01730_FW CGAACTATCCTTATCACACG
PAI4_01730_RV CATGAAGCGCTTGATGGTAC
ppx_FW GCATGCCGCAAAAACCTG
ppx_RV CCAGTTGAACCTTCTCGC
ppkl_FW GAAACCGTAGTGGCGAAC
ppkI_RV GAGAGCTCGCGATGAATG

E. coli BW25113
16S rRNA_FW CAGCCACACTGGAACTGAGAC
16S rRNA_RV GCTTCTTCTGCGGGTAACGTC
acpP_FW GAACAGCTGGGCGTTAAGAG
acpP_RV CCAGCTCAACGGTGTCAAGAG
mreB_FW GTCCATTGACCTGGGTACTGC
mreB_RV CATCTGCTTCGCGTCATGACC
atpA_FW GGTTAACACTCTGGGTGCACC
atpA_RV GTCTGTACCGGCTGATCTACG
gadA_FW GAAGCTGCAGGCAAACCAACG
gadA_RV CGTTCAGAGAGGTCGTACAGG
oppA_FW CAGCGATCTTGACGGTCATCC
oppA_RV CGTTGTAGTCAGCACACCAGC
groL_FW CGAACTGGACGTGGTTGAAGG
groL_RV AACACCACCACCAGCAACCAC
tnaA_FW ACACCATTCCGACTCACCAGG
tnaA_RV GATCTGCTCGATGGTCCAGTC
tufA_FW CGTCACTACGCACACGTAGAC
tufA_RV GGTAACAACGGTACCACGACC
fbaB_FW GTGGAGCAGGCGTTCAACATG
fbaB_RV CCACAGCACTGTCACCATACC
ppk_FW GTGCATGAGATGGAAGCCAGC
ppk_RV CCTGTAACTCAACCACCACGG
frdA_FW GGTTGTGTGAGCAGGATGTCG
frdA_RV CCTTTACGCCATTCGTGCCAG

populations (not shown) and biofilm populations (Fig. 1A) was
<0.1%, an observation consistent with previous findings (45).
Following consistent isolation of persisters from E. coli cul-
tures, we used identical procedures to isolate persister cells from P.
aeruginosa biofilms and planktonic cells. To optimize the isolation
of persister cell subpopulations from P. aeruginosa, we initially
performed ciprofloxacin dose-dependent survival curves (see Fig.
S1 in the supplemental material). By doing so, we observed that
when concentrations of ciprofloxacin of =10 pg/ml were used,
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planktonic P. aeruginosa cells had a biphasic survival typically ob-
served when persister cells are present in a population (see Fig. S1
in the supplemental material). Similar survival curves were per-
formed for biofilms with ciprofloxacin concentrations between 50
and 300 pg/ml (not shown). Based on the observations that the
ciprofloxacin MIC for P. aeruginosa and E. coli was 1 pg/ml to-
gether with the results from the ciprofloxacin dose-dependent
survival curves, we used concentrations of ciprofloxacin in the
order of 20X MIC (20 pg/ml) for isolation of persister popula-
tions derived from planktonic cultures and 150X MIC (150 g/
ml) for isolation of persister populations derived from biofilms.

Exposure of planktonic stationary-phase cultures of P. aerugi-
nosa to ciprofloxacin resulted in significantly decreased cell viabil-
ity (P < 0.001) within the initial 3 h of treatment. No further
decrease in viability was observed after 3 h of treatment (Fig. 1B).
The final cell recovery of persister cells in planktonic populations
was <0.001% for P. aeruginosa (Fig. 1B). The low percentage of
persister cells is consistent with previous findings (45) and sug-
gests that the persister population present in P. aeruginosa plank-
tonic cells is significantly smaller than the one observed for E. coli.
Persister cells present in biofilms were isolated from 6-day-old P.
aeruginosa biofilms grown under continuous-flow conditions
through exposure to ciprofloxacin (150 pg/ml) for a period of 24
h (Fig. 1C). Similarly to the planktonic cultures, cell viability sig-
nificantly decreased (P < 0.001) with the initial 3-h exposure to
ciprofloxacin and remained constant from that point onwards,
with a final cell recovery of <0.1% compared to the control (sa-
line), an observation consistent with E. coli persister cell isolation.

Confirmation of the persister cell state. As the isolation of
persister cells from biofilm cultures grown in tube reactors has not
been previously described, we decided to confirm the persister cell
state in E. coli and P. aeruginosa populations following 18 h of
exposure to ciprofloxacin. We made use of the knowledge that
persister cells are tolerant to antimicrobials and assessed the via-
bility of persister cells upon exposure to antimicrobials for several
hours (28). E. coli was once again used as a control. Following
persister cell isolation, persister subpopulations of E. coli biofilms
were exposed to either saline or ciprofloxacin for an additional 24
h. No significant difference in viability (P > 0.1) between persister
subpopulations treated with saline and those treated with cipro-
floxacin was noted (Fig. 2A). The finding that ciprofloxacin treat-
ment did not result in further killing confirmed the persister state
of the isolated subpopulation.

We likewise confirmed the persister cell state of P. aeruginosa
persister cells obtained from both planktonic and biofilm cultures
by exposing persister cells to either saline or ciprofloxacin for an
additional 24 h. The absence of a significant decrease (P > 0.1) in
cell viability (no further killing by ciprofloxacin) confirmed their
persister state (Fig. 2B and C). Similar to E. coli persister cells,
treatment with ciprofloxacin did not result in further killing of P.
aeruginosa persister cells isolated from both planktonic and bio-
film cultures.

To further confirm that cells within P. aeruginosa biofilms were
in a persister cell state, the resulting population after 18 h of cip-
rofloxacin treatment was analyzed by microscopy with a Live/
Dead BacLight bacterial viability kit. We hypothesized that follow-
ing extended ciprofloxacin exposure, the only remaining viable
population consists of persister cells, as ciprofloxacin kills and can
lyse nonpersister cells (46-48). Prior to ciprofloxacin treatment or
following exposure to saline for 24 h, the vast majority of P. aerugi-
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FIG 1 Isolation of persister cells from planktonic and biofilm populations. Stationary-phase planktonic cultures and 6-day biofilms were exposed to saline or
ciprofloxacin in saline for a period of 24 h. Cell viability was determined throughout the experiment. (A to C) E. coli biofilm populations (A), P. aeruginosa
planktonic populations (B), and P. aeruginosa biofilm populations (C). (D) Cell viability of P. aeruginosa biofilms was also assessed by using SYTO9 (live cells)
and propidium iodide (dead cells) at 0 h and at 24 h for saline- and ciprofloxacin-exposed cells. The averages of data from 3 experiments with 2 replicates per
experiment are shown. Error bars indicate standard deviations (¥, P < 0.001; **, P < 0.01 [significantly different from persister cells treated with saline, as

indicated by one-way ANOVA]).

nosa biofilm cells appeared to be viable, as indicated by the reten-
tion of SYTOY, indicative of the cells being alive, with only a small
percentage of cells being stained red (Fig. 1D). However, following
treatment with ciprofloxacin, biofilm cells retained both SYTO9
and propidium iodide. This finding indicated that the membrane
was compromised and, thus, that the cells were either lysed or
dead (Fig. 1D). Our findings are in strong support of our meth-
odology resulting in the isolation of persister cells from planktonic
and biofilm populations of P. aeruginosa.

The presence of cis-DA influences the number of persister
cells isolated. Previous findings indicated that exposure to cis-DA
resulted in increased cell recovery of several bacterial species on
agar plates (23), suggesting that cis-DA somehow affects viability
or stimulates bacterial growth. This observation led us to ask
whether cis-DA can affect the size of persister populations isolated
(Fig. 3). Therefore, isolation of persister cells of planktonic popu-
lations of E. coli and P. aeruginosa was performed by using cipro-
floxacin in the presence and absence of cis-DA. The addition of
cis-DA resulted in a significant 1- to 2-log decrease (P < 0.01) in
the number of persister cells compared to the number of cells with
ciprofloxacin alone for both P. aeruginosa (Fig. 3A) and E. coli
(Fig. 3B). Our findings suggested that cis-DA contributes to a re-
duction of the persister cell population regardless of growth con-
ditions or bacterial species.

Exposure of persister cells to cis-DA in combination with
ciprofloxacin results in cell number reduction or cell eradica-
tion. To further confirm a role of cis-DA in altering the persister
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cell state, we next asked whether cis-DA is likewise capable of
altering the persister cell state of isolated persister cells. To do so,
we made use of the finding that cis-DA enhances the efficacy of
several classes of antimicrobials. For instance, cotreatment of P.
aeruginosa PAO1 biofilm cells with cis-DA and tobramycin or cip-
rofloxacin resulted in 1- and 2-log decreases in viability, respec-
tively, compared to treatment with tobramycin and ciprofloxacin
alone (24). The presence of cis-DA together with antimicrobials
has also been found to reduce the viability of S. aureus biofilm
cells, eradicate mixed-species biofilms, and remove preformed
biofilms of B. subtilis, S. enterica, S. aureus, and E. coli from sur-
faces (25-27). These observations, together with the fact that
cis-DA leads to a reduction in the number of persister cells isolated
(Fig. 3),1ed us to ask whether the presence of cis-DA was capable of
breaking persistence, leading to a reversion of the persister cells’
tolerant state. Thus, we investigated whether exposure of isolated
persister cells to antimicrobials in the presence of cis-DA led to a
decrease in cell viability and, eventually, cell eradication. P. aerugi-
nosa and E. coli persister cells isolated from biofilm and planktonic
populations were exposed to ciprofloxacin at the concentrations
indicated, in the presence or absence of cis-DA. In the absence of
cis-DA, ciprofloxacin treatment alone had no effect on the viabil-
ity of persister cells, as indicated by the finding that no decrease in
the number of persister cells was noted (Fig. 4). Furthermore,
exposure of persister cells to cis-DA alone had no effect on the
overall viability of the persister cell population. In contrast, how-
ever, exposure of persister cells to ciprofloxacin in conjunction
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FIG 2 Confirmation of the persister cell state. Persister cells isolated from planktonic and biofilm populations were exposed to saline or ciprofloxacin in saline
for 24 h. Cell viability was determined throughout the experiment. Shown are E. coli biofilm populations (A), P. aeruginosa planktonic populations (B), and P.
aeruginosa biofilm populations (C). The averages of data from 3 experiments with 2 replicates per experiment are shown. Error bars indicate standard deviations.

with cis-DA resulted in a significant reduction of cell viability.
Opverall, a 3.5-log reduction in viability was noted for planktonic
culture-derived persister subpopulations of P. aeruginosa (Fig.
4A), while a 2-log reduction was observed for planktonic culture-
derived persister subpopulations of E. coli (Fig. 4C). Exposure of
persister cells from P. aeruginosa and E. coli biofilm populations to
ciprofloxacin in conjunction with cis-DA correlated with 6-log
and 4-log reductions, respectively (Fig. 4B and D).

Our findings strongly suggested that cis-DA renders persister pop-
ulations susceptible to ciprofloxacin. However, whether cis-DA acts
by increasing the efficacy of ciprofloxacin or instead alters the per-
sister cell state is not clear. We hypothesized that if cis-DA acts by
increasing the efficacy of ciprofloxacin, pretreatment of persister cells
with cis-DA prior to ciprofloxacin treatment would have no effect.
However, if cis-DA alters the persister cell state, by returning persister
cells to an active metabolic state (18), exposure of isolated persister
cells to cis-DA prior to ciprofloxacin treatment would correlated with
a decrease in viability. To test this, we exposed planktonic P. aerugi-
nosa and E. coli persister cells to cis-DA or saline for 20 h pre-
ceding exposure to ciprofloxacin (20 pg/ml) alone. While pre-
exposure of persister cells to saline resulted in no change in the
viability of the persister population upon exposure to cipro-
floxacin, preexposure to cis-DA led to a significant 2- to 3-log
decrease (P < 0.001) in the number of viable cells of P. aerugi-
nosa (Fig. 5A) and E. coli (Fig. 5B).

These findings indicated that cis-DA contributes to a reduction
of the persister cell population and affects the persister cell state by
altering the physiological status of the persister population of P.
aeruginosa and E. coli rather than by enhancing the efficacy of the
antibiotic itself.
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FIG 3 Effect of cis-DA on the percent persister cell subpopulation. P. aerugi-
nosa (A) and E. coli (B) persister cells were isolated from stationary-phase
planktonic cultures in the presence and absence of cis-DA. Cultures were ex-
posed to ciprofloxacin in saline (20 wg/ml), ciprofloxacin with cis-DA in sa-
line, and cis-DA in saline for a period of 24 h. Cell viability was determined
throughout the experiment. The averages of data from 3 experiments with 2
replicates per experiment are shown. Error bars indicate standard deviations
(¥, P <0.01 [significantly different from persister cells treated with ciprofloxa-
cin, as indicated by one-way ANOVA]).
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FIG 4 Tolerance of persister cells to ciprofloxacin is reduced in the presence of cis-DA. Persister cell subpopulations of P. aeruginosa planktonic populations (A),
P. aeruginosa biofilms (B), E. coli planktonic populations (C), and E. coli biofilms (D) were exposed to saline, cis-DA in saline, ciprofloxacin in saline, and
ciprofloxacin with cis-DA in saline. Biofilm and planktonic populations were exposed to 150 pg/mland 20 pg/ml of ciprofloxacin, respectively. Experiments were
performed for a period of 24 h, and cell viability was determined throughout the experiment. Experiments with persister cells derived from biofilms had one
additional control, a total biofilm population treated with cis-DA in saline (control). P. aeruginosa cells were exposed to 100 nM cis-DA, and E. coli cells were
exposed to 310 nM cis-DA. The averages of data from 3 experiments are shown. Error bars indicate standard deviations (*, P < 0.001; **, P < 0.01 [significantly
different from persister cells treated with ciprofloxacin, saline, and cis-DA, as indicated by one-way ANOVA]).

The presence of cis-DA reduces persister cell viability when
used in conjunction with tobramycin and tetracycline. We pos-
tulated that if cis-DA altered the physiological status of persister
cells, cis-DA should likewise cause a reduction in viability of per-
sister cell populations when persister cells are exposed to antimi-
crobial agents other than ciprofloxacin (Fig. 4), a quinolone
antibiotic (49). We therefore exposed planktonic P. aeruginosa
persister cells to the polyketide antibiotic tetracycline (100 pg/ml)
and the aminoglycoside tobramycin (20 wg/ml) (50, 51). Expo-
sure of planktonic P. aeruginosa persister cells to 20 pug/ml tobra-
mycin (Fig. 6A) resulted in a slight decrease of cell viability at 3 h,
with no further reduction at 24 h. Exposure of planktonic persister
cells to 100 pg/ml tetracycline (Fig. 6B) alone did not result in a
reduction of cell viability. However, exposure of persister cells to
tobramycin and cis-DA (100 nM) resulted in a >1-log decrease of
cell viability (Fig. 6A). Likewise, exposure of persister cells to tet-
racycline and cis-DA resulted in a >1-log decrease of cell viability
(Fig. 6B). Together, these findings of increased killing of persister
cells in the presence of cis-DA, regardless of the antimicrobials
used, support the notion that cis-DA awakens persister cells and
reverts them to a susceptible state.

cis-DA is not utilized as a carbon source for bacterial growth.
We next asked whether persister cell awakening was a result of
cis-DA being utilized as a carbon source. If cis-DA was utilized as a
carbon source, it could influence the metabolic rates of the per-
sister population and thus stimulate active cell growth. In order to
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assess this, growth of E. coli and P. aeruginosa planktonic cultures
in EPRI liquid medium using either cis-DA or glucose as the sole
carbon source was assessed. Both glucose and cis-DA were pro-
vided at concentrations ranging from 100 nM to 1,000 nM. With
glucose as a sole carbon source, growth of P. aeruginosa was ob-
served at all concentrations tested, with logarithmic growth being
initiated within the initial 4 h of growth (Fig. 7A). No growth,
however, was detected in the presence of cis-DA regardless of the
concentrations used (Fig. 7B). Likewise, no growth of E. coli was
observed when cis-DA was used as the sole carbon source, inde-
pendent of the concentration used (Fig. 7D). This is in contrast to
the logarithmic growth observed in the presence of glucose (Fig.
7C). These findings indicated that cis-DA does not serve as a car-
bon source.

Exposure to cis-DA does not induce dispersion of biofilm-
derived persister cells. To exclude the possibility that the rever-
sion of the persister cell state and the reduction in persister cell
isolation upon exposure to cis-DA were due to dispersion, we
determined the dispersion response of persister cell subpopula-
tions using standard continuous-culture tube reactor methodol-
ogy (22, 31, 32, 36, 52). To achieve this, P. aeruginosa biofilm
persister cells were exposed to cis-DA (100 nM) or saline for a
period of 1 h under continuous-flow conditions (Fig. 8). Controls
consisted of P. aeruginosa biofilms, composed of total cell popu-
lations, which were exposed to saline for 18 h instead of cipro-
floxacin prior to exposure to saline or cis-DA for a period of 1 h

Applied and Environmental Microbiology


http://aem.asm.org

A. P. aeruginosa

-©- saline - saline )
8- saline - ciprofloxacin

—@- cis-DA - saline
B cis-DA - ciprofloxacin

% Viable cells

Time (h)
B. E. coli
100
©
—a
% 104 -©- saline - saline
@2 saline - ciprofloxacin
= @ cis-DA - saline
g 13 * * 4 cis-DA - ciprofloxacin
X —u
0.14
T T T T ]
0 5 10 15 20 25
Time (h)

FIG 5 Effect of cis-DA on maintenance of the persister state. P. aeruginosa (A)
and E. coli (B) persister cells were exposed to cis-DA in saline or saline for a
period of 20 h prior to exposure to saline or ciprofloxacin in saline for a further
24 h. Viability was determined throughout the experiment. The averages of
data from 3 experiments are shown. Error bars indicate standard deviations (*,
P < 0.001 [significantly different from persister cells treated with saline, as
indicated by one-way ANOVA]).

(Fig. 8). A dispersion response, revealed by an increase of the
effluent turbidity, was observed after 25 min of exposure to cis-DA
in total cell populations and continued until approximately 55
min (Fig. 8). No dispersion response, however, was observed for
persister cell populations exposed to cis-DA.

To further confirm that cis-DA does not induce dispersion of
biofilm-derived P. aeruginosa persister cells, flow-cell-grown bio-
film-derived P. aeruginosa persister cells were exposed to saline or
cis-DA (100 nM) for a period of 1 h and stained with SYTO40. No
significant difference in biomass accumulation over a period of 1 h
was noted. Our observations were confirmed by COMSTAT anal-
ysis, which indicated no significant difference in biofilm thickness,
the portion of the slice occupied by the bacteria, and total biomass
prior to and following exposure to cis-DA (Table 2). These results
indicated that while cis-DA induces dispersion of biofilms com-
posed of total cells, cis-DA does not induce dispersion of biofilm-
derived persister cells.

Respiratory activity of persister cells is increased upon expo-
sure to cis-DA. Considering that cis-DA contributes to persister
cells returning to a susceptible state without being used as a carbon
source or inducing dispersion, we next asked whether cis-DA
awakens persister cells by returning them to an active metabolic
state. We therefore made use of CTC (5-cyano-2,3-ditolyl tetra-
zolium chloride) stain, which produces an insoluble, red fluores-
cent compound when it is biologically reduced, indicating respi-
ration (metabolic activity). As the number of persister cells is
higher in biofilms than in planktonic cultures, we made use of
biofilm-derived persister cell populations that were exposed to
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FIG 6 Tolerance of persister cells to tobramycin and tetracycline in the pres-
ence of cis-DA. Persister cell subpopulations of P. aeruginosa planktonic pop-
ulations were exposed to tobramycin (A) and tetracycline (B) in the presence
and absence of cis-DA (100 nM) for a period of 24 h. Shown are data for
treatments with saline, cis-DA in saline, antimicrobial in saline, and antimi-
crobial and cis-DA in saline. Tetracycline was used at a concentration of 100
wg/ml, and tobramycin was used at a concentration of 20 pg/ml. Viability was
determined throughout the experiment. The averages of data from 3 experi-
ments are shown. Error bars indicate standard deviations (*, P < 0.01 [signif-
icantly different from persister cells treated with saline, cis-DA, and antimicro-
bials, as indicated by one-way ANOVA]).

saline or cis-DA for a period of 1 h. Cells were counterstained with
SYTO40, which presented a blue color to visualize cells regardless
of their metabolic state. No CTC staining (no visible red staining)
was detected when P. aeruginosa and E. coli biofilm persister cells
were exposed to saline alone. Overall, exposure to saline resulted
in a 2.5% increase in CTC staining in P. aeruginosa cells and a 1%
increase in CTC staining in E. coli cells, suggesting that persister
cells display very low respiratory activity (Fig. 9). This finding
furthermore suggests that persister cell populations are not dor-
mant or metabolically inactive, as previously indicated (53). In
contrast, exposure to cis-DA resulted in cells staining red, which is
indicative of respiratory/metabolic activity. Quantitative analysis
revealed a 10% increase of CTC staining (P < 0.001) upon expo-
sure to cis-DA in P. aeruginosa cells. Similar results were obtained
for persister cells formed by E. coli biofilms, where an 8% increase
in CTC staining was observed upon exposure to cis-DA (Fig. 9).
Moreover, while no significant difference in the total populations
prior to and after cis-DA exposure was noted, CTC-stained cells
were found to be distributed throughout the biofilm microcolo-
nies, as indicated by increases in CTC-stained total biomass, the
portion of the slice occupied by the bacteria, average thickness,
and maximum thickness. While our analysis indicated that 8 to
10% of the persister cell population was rendered metabolically
active upon exposure to cis-DA, respiratory activity measure-
ments using CTC commonly underestimate the metabolically ac-
tive population (54). It is thus likely that cis-DA affects a higher
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FIG 7 Use of cis-DA as a carbon source. Planktonic cultures of P. aeruginosa and E. coli were grown in EPRI medium containing either glucose or cis-DA as a
carbon source. The concentrations of glucose (closed symbols) (A and C) and cis-DA (open symbols) (B and D) used were 100 nM (V¥/V), 300 nM (A/A), and
1,000 nM (H/J). Results correspond to representative data from 3 experiments with a total of at least 10 biological replicates.

percentage of persister cells. It is of interest to note that 85.8% *
26.1% of active mid-exponential-phase planktonic populations
were stained with CTC and SYTO40.

These observations indicated that cis-DA contributes to an in-
crease in respiratory activity and that, as a result, cells reverted
from a low metabolic state to a susceptible, active metabolic state.

Exposure to cis-DA leads to increased abundance or de novo
synthesis of proteins involved in cell repair and metabolism.

0.1754

0.150

0.1254

0.100

Absorbance (595 nm)

Exiting from dormancy requires a sudden burst of transcription
and translation (55). Thus, to further confirm the awakening of
persister cells due to a transition from a low metabolic state in the
presence of cis-DA, SDS-PAGE was used to evaluate the effect of
cis-DA on the abundance of proteins in planktonic and biofilm
persister cells of P. aeruginosa and E. coli. Membrane and cytoplas-
mic fractions were isolated, and adequate fractionation was con-
firmed by the presence of catalase activity in the cytoplasmic frac-

—©- total cells + cis-DA
—— total cells + saline

-8 persister cells + cis-DA
—&— persisters cells + saline

Time (minutes)

FIG 8 Persister cells do not disperse in the presence of cis-DA. Biofilms were composed of total cell populations (exposed to saline for a period of 18 h) or persister
cell populations (exposed to ciprofloxacin at 150 pg/ml for 18 h). Biofilms were exposed to cis-DA (100 nM) in saline or saline for a period of 60 min, and
dispersion was evaluated by measuring the absorbance at a wavelength of 595 nm. The averages of data from 3 experiments are shown. Error bars indicate
standard deviations (*, P < 0.01 [significantly different from persister cells treated with saline, as indicated by one-way ANOVA]).
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TABLE 2 COMSTAT analysis of P. aeruginosa biofilms composed solely of persister cells and exposed to saline or cis-DA (100 nM) in saline for a

period of 30 min®

Avg value for treatment * SD

Saline cis-DA
Parameter SYTO40 CTC SYTO40 CTC
Total biomass (um?/pm?) 22.56 = 22.30 0.0003 = 0.0006 15.82 = 17.75 1.01 = 1.00
Portion of slice occupied by bacteria (%) 56.53 £ 32.49 0.05 = 0.025 67.89 = 24.66 19.06 = 15.06
Thickness (pm) 26.84 £ 25.47 0x0 20.14 £ 19.26 1.36 £1.29
Roughness coefficient (dimensionless; range, 0.76 = 0.59 0x0 0.45 = 0.43 1.25 = 0.62

zero to infinity)
Surface area of biomass in image stack (jLm?) 3.9E+6 = 7.2E+5
1.44 £ 11

41.70 £ 33.27

Surface-to-biovolume ratio (m?/pm?)
Maximum thickness (p.m)

3.9E+6 = 4.7E+5
1.85 £ 1.26
41.13 £ 30.26

1.3E+5 £ 9.2E+4
6.85 * 3.44
10.28 * 6.86

1.3E+3 £ 47E+2
9.07 £ 6.39
0*0

@ Total cells were stained with SYTO40, and respiratory activity was monitored with CTC stain. Data are averages * standard deviations of data for 15 replicates from triplicate

experiments.

tions and by the absence of catalase activity in the membrane
fractions, as previously described (37, 38). Protein bands selected
for identification (Tables 3 and 4; see also Fig. S2 and S3 in the
supplemental material) were excised from SDS gels, tryptically
digested, and identified by LC-MS/MS. Although individual pro-
tein bands were selected, certain samples contained more than one
protein due to the fact that SDS-PAGE gels separate proteins
based on their size only, and thus, ideal fractionation is not always
achieved.

In P. aeruginosa, the presence of cis-DA led to de novo produc-
tion of proteins involved in metabolism and virulence (isocitrate
lyase), protein repair and chaperoning (GroEL and SurA), protein
translation (translational initiation factor 2 [IF-2] and ribosomal
recycling factor [FRR]), antibiotic resistance and transport
(OprM), ATP synthesis (AtpH), and DNA/RNA binding (PA14_
57130, a nucleotide binding protein, and DNA polymerase III
subunit beta) (56-66). Proteins that presented higher abundances
in P. aeruginosa following exposure to cis-DA were involved in
antibiotic resistance and transport (OprD and OprF), protein
degradation (ATP-dependent Clp protease), and DNA/RNA
binding (50S ribosomal protein L1 [RPLA] and 50S ribosomal
protein L2 [RPLB]) (67-73).

In E. coli, exposure to cis-DA led to de novo production of
proteins involved in transport (OppA), protein translation
(TufA), metabolism (PoxB, FbaA, GadA, and SerC), and ATP

P. aeruginosa persister cells

cis-DA

Active cells

Control Saline

Saline

Total stain

Respiratory stain

synthesis and ATP hydrolysis (AtpA) (74-80). Proteins identified
in E. coli under both cis-DA and saline conditions were involved in
several functions, including metabolism (pyruvate dehydroge-
nase, AceF, and FrdA), ATP hydrolysis (polyphosphate kinase
[PPK]), and protein repair (GroL) (81-85).

Overall, the presence of cis-DA led to an increase in the abun-
dance of proteins involved in protein initiation, translation, cleav-
age, and repair; ATP synthesis and hydrolysis; transport; metabo-
lism; and DNA and RNA binding (Tables 3 and 4). This finding
provides evidence that the cells are using energy through AtpH
and AtpA to initiate protein degradation of misfolded proteins
(GroEL and GroL), degrade misfolded or unwanted proteins
(ATP-dependent Clp protease, a ClpP2 homolog), initiate protein
synthesis (IF-2 and TufA), bind to ribosomes (RPLB and RPLA),
and increase transport (OprM, OprD, OprF, and OppA). In addi-
tion, exposure to cis-DA resulted in a decrease in the abundance of
PPK, indicating that polyphosphate (polyP) degradation might be
occurring instead (86-88).

Relative transcript abundances of cell metabolic markers are
increased in the presence of cis-DA. Our findings support the
hypothesis that cis-DA increases the metabolic status of cells, likely
by not only initiating protein repair but also enhancing protein
synthesis and ATP synthesis and hydrolysis. To determine
whether the noted increase in protein abundance was due to
cis-DA enhancing transcription or just enhancing the translation

E. coli persister cells
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FIG 9 Respiratory activity of persister cells upon exposure to cis-DA. Respiratory activity of P. aeruginosa and E. coli biofilm persister cells was evaluated by the
ability of the cells to metabolize CTC into fluorescent formazan following 1 h of incubation with saline or cis-DA in saline. SYTO40 was used to stain the overall
population. The percentage of the CTC-stained population of persister cells compared to the SYTO40-stained population was calculated. Error bars indicate
standard deviations. Symbols in the graph correspond to P. aeruginosa (@) and E. coli (l). Bar = 25 um (*, P < 0.001 [significantly different from persister cells
treated with saline alone, as indicated by one-way ANOVA]).
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TABLE 3 Membrane and cytoplasmic proteins isolated from P. aeruginosa persister cells upon exposure to saline or cis-DA

(100 nM) in saline and identified by LC-MS/MS

Protein abundance Protein ID
Lane Sample Persister cells PA locus/ Description
Density ratio fraction/ gene
cis-DA/Saline Population
saline cis-DA
1(23+0.3) BT
Membrane/ + ! PA14 21030 ATP dependent clp protease
Biofilm - + atpH ATP synthase subunit delta
- + PA14 57130 Nucleotide binding protein
2 (6.5£0.5) | T
! - PA14_05510 Putative secreted protein (PasP)
Cytoplasmic/ + - gred GreA, transcription elongation factor
Biofilm - £ PA14_57130 Putative nucleotide binding protein
+ - ssb Single stranded DNA binding protein
- + PA14 30050 Isocitrate lyase
3(6.5%0.5) . —
: N Jfrr Ribosome recycling factor (FRR)
CY}';P‘??'“‘C/ + + pIB 50S ribosomal protein L2 (RPLB)
lofiim + + rpsB 308 ribosomal protein S2 (RPSB)
+ + rplA 50S ribosomal protein L1 (RPLA)
4244+ 122) Cytoplasmic/ E— -
Biofilm - + infB IF-2, Translational initiation factor
5(33.1= 15.8) 2 [r——
Membrane/ - * oprM Outer membrane protein OprM precursor
Planktonic + # oprB Outer membrane porin OprB precursor
+ + oprD Outer membrane porin D
6 (18.1£5.7) Membrane/ pr—— —
Planktonic + + oprl Outer membrane porin F
7(61.2+18.2) A [
Me{nlfa“rane/ - + groEL Chaperonin GroEL
Biofilm . + PAT4 00620 Hypothetical protein
8 (3£ 0.7) =T
Met_nbrane/ —— ! surd SurA, Peptidyl-prolyl cis-trans isomerase
Biofilm 5 + dnaN DNA polymerase III subunit beta (DNAN)

of previously produced mRNA, qRT-PCR was carried out, focus-
ing on the transcript abundances of certain genes encoding pro-
teins found to be differentially produced upon exposure to cis-DA
(Tables 3 and 4).

Exposure of P. aeruginosa biofilm persister populations to
cis-DA for a period of 1 h resulted in a 245-fold decrease in ppk
transcript abundance and an 8-fold increase in PA14_21030 tran-
script abundance compared to exposure to saline alone (Fig. 10A).

Isolated persister cells of P. aeruginosa exhibited 2.4- and 5.3-fold
decreases of the relative abundances of ppk and PA14 21030, re-
spectively, compared to the total population (Fig. 10A). When the
effect of exposure of E. coli persister cells to cis-DA was evaluated,
there were increases of the relative abundances of genes related to
the proteins identified. The greatest increase in transcript abun-
dance observed was 12-fold for oppA, while a 5-fold increase in
transcript abundance was observed for groL, a 3-fold increase was

TABLE 4 Membrane and cytoplasmic proteins isolated from E. coli persister cells upon exposure to saline or cis-DA (310 nM)

in saline and identified by LC-MS/MS

Protein abundance Protein ID
L;me ‘ Sam]‘)le Persister cells gene Description
Density ratio fraction/
cis-DA/Saline population
saline cis-DA
1(73.4+58.1) RS——
Membrane/ - + gadA GadA -Glutamate decarboxylase alpha
Biofilm - + oppA Periplasmic oligopeptide-binding protein
+ + groL 60kDa chaperonin
2 (36.8£20.2) Membrane/ |
Biofilm - + atpA ATP synthase subunit alpha
3(126.8+68.4) i |
Membrane/ + = tnaAd Tryptophanase
Biofilm + - ace Isocitrate lyase
- + tufA Elongation factor Tu
4(0.002 £ 0.001) [ — ]
Cytoplasmic/ + + ppk Polyphosphate kinase
Biofilm + + aceF AceF- subunit of pyruvate dehydrogenase
+ + frdA Fumarate reductase flavoprotein subunit
5(1.6£0.9) Cytoplasmic/ —
Biofilm - + poxB Pyruvate oxidase
6(0.6£02) S oplasiit] |- a——
- + fbad Fructose-biphosphate aldolase class 2
Planktonic - + serC Phosphoserine aminotransferase
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FIG 10 Transcription abundance of metabolic activity markers. Persister cells were selected from biofilm cultures of P. aeruginosa (A) and E. coli (B). The relative
expression levels of the metabolic activity markers 16S rRNA, acpP, atpH, atpA, ppk, and ppx were evaluated upon exposure of persister cells to cis-DA in saline
and compared to the levels upon exposure to saline alone. P. aeruginosa was exposed to cis-DA for a period of 1 h, while E. coli was exposed for a period of 6 h.
The relative expression level for P. aeruginosa persister cells derived from biofilms was also compared to that for the overall nonpersister population. In addition,
the relative expression levels of relA and spoT, known to be involved in persister cell formation, were also evaluated for P. aeruginosa. Genes related to some
proteins present in higher abundance upon exposure of persister cells were also evaluated. The C;. value of the housekeeping gene mreB remained constant
throughout the different treatments (P > 0.5 by ANOVA and no difference between treatments by Tukey’s multiple-comparison test). Experiments were carried
out at least in triplicate. Error bars denote standard deviations. A significant change was considered to occur when a 2-fold change in the relative expression level

occurred.

observed for fbaB, and 2-fold increases were observed for ppk,
tnaA, gadA, and tufA (Fig. 10B).

To further establish whether the increase of the cells’ metabolic
status was concurrent with an increase in respiratory activity (Fig.
9), we determined the transcript abundances of 16S rRNA, acpP,
atpH, and ppx. Both 16S rRNA and acpP have previously been
related to the cell metabolic status and cell growth status (81, 82).
The ATP synthase genes atpH (8 subunit) and atpA (« subunit)
have been demonstrated to be involved in proton motive force
and ATP production in bacteria (89, 90). Polyphosphate kinase
(ppk) and exopolyphosphatase (ppx) have been demonstrated to
be involved in the production and hydrolysis, respectively, of in-
organic polyPs, which can then be available for ATP production or
gene regulation (in the case of polyP synthesis) (86—-88).

Exposure of P. aeruginosa biofilm persister populations to
cis-DA for a period of 1 h resulted in 58-, 23-, 4.1-, and 10-fold
increases in relative abundances of acpP, 16S rRNA, atpH, and
ppx, respectively, compared to saline treatment (Fig. 10A). Simi-
larly to P. aeruginosa, exposure of E. coli biofilm persister popula-
tions to cis-DA (310 nM) resulted in increased relative abun-
dances of 16S rRNA (4-fold) and atpA (3-fold) compared to
treatment with saline alone (Fig. 10B).

When persister cell populations of P. aeruginosa were com-
pared to total cell populations, decreased relative abundances of
major metabolism-associated genes were observed (5.6-, 75-, 4-,
and 50-fold decreases for acpP, 16S rRNA, atpH, and ppx, respec-
tively), while no change was observed for ppk (Fig. 10A). These
results are in contrast to those obtained for persister cells exposed
to cis-DA, which exhibited relative increases in the abundances of
the above-mentioned genes compared to persister cells exposed to
saline (Fig. 10A). Overall, these data suggest that cis-DA is capable
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of returning persister cells to a metabolically active state that is
comparable to the metabolic state observed for the total popula-
tion.

These results give further evidence that persister cells are awak-
ening in the presence of cis-DA, as increased transcript abun-
dances of metabolic activity markers (16S rRNA, acpP, and atpH-
atpA) were observed upon exposure of persister cells to cis-DA
compared to saline-exposed samples. Likewise, increased tran-
script abundances were also observed for genes related to the pro-
teins that presented higher abundances upon exposure of persister
cells to cis-DA, further supporting the change in the persister cells’
metabolic status.

Relative transcript abundance of SOS response genes is re-
duced or unchanged in the presence of cis-DA. Elevated levels of
persister cell formation were previously associated with high
ppGpp levels (11). In this study, we induced the SOS response by
means of ciprofloxacin to select for persister cell populations. In-
creased levels of ppGpp, an alarmone expressed in response to
harsh conditions, are known to inhibit rRNA synthesis, a classical
characteristic of the stringent/SOS response that leads to a de-
crease in cell metabolism (91). This phenotypic loss indicates that
the synthesis of ppGpp is responsible for the rapid transition from
an active to a quiescent state under stress conditions (11). Those
previous findings, together with our results demonstrating a sig-
nificant decrease in the relative abundance of ppk (involved in the
pathway of ppGpp formation [92]) upon exposure of P. aerugi-
nosa persister cells to cis-DA, led us to investigate the relative
abundances of relA and spoT. Both relA and spoT have been dem-
onstrated to be involved in the triggering of the SOS response (93).
P. aeruginosa persister cells exposed to cis-DA demonstrated either
no change in or reduced relative abundances of relA and spoT.
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However, the abundances of relA and spoT increased by 2.7- and
3-fold, respectively, during the formation of persister cells (Fig.
10A), a finding that is in agreement with persister cell formation
being achieved by the triggering of the SOS response, which in-
volves global regulators such as relA and spoT (11). These results
further support that, upon exposure to cis-DA, the cell metabolic
status is increased and that persister cells are reverting from a
tolerant to an antimicrobial-susceptible state.

DISCUSSION

Persister cells are thought to be an infinitesimal fraction of the
overall bacterial population. These cells are commonly considered
to be dormant and are known to play an important role in the
antimicrobial resilience of bacteria in infections (28). Currently, a
wide range of literature has been published on research involving
persister cell populations, focusing on the determination of genes
and pathways that lead to persister cell formation (reviewed in
reference 94). However, little research has focused on the awak-
ening of persister cells. Our study focuses on the “breaking” of
cells from the persistent state into a metabolically active (awake)
state, which is sensitive to antimicrobials as a result of exposure to
the signaling molecule cis-2-decenoic acid (cis-DA).

Exposure of persister cells of P. aeruginosa and E. coli to cis-DA
seems to jump-start the cells’ metabolism by mobilizing energy
sources to repair misfolded proteins (GroEL), degrade misfolded
or unwanted proteins (ClpP2 homolog), initiate transcription and
translation (initiation of protein synthesis, IF-2, and 16S rRNA),
initiate membrane repair (increased expression of acyl carrier
protein [AcpP]), and produce ATP (ATP synthase). We also ob-
served increased levels of transcription of 16S rRNA, atpH, atpA,
ppx, and PA14 21030 (Fig. 10), previously demonstrated to be
related to an increase in growth and the cell metabolic rate (81,
95). The notion of cis-DA awakening persister cells is further sup-
ported by the finding that the transcript abundance of ppx is in-
creased, while the transcript abundances of ppk, relA, and spoT are
decreased (Fig. 10). These findings suggest the possibility of polyP
degradation with the gained energy being used for the cells’ awak-
ening in the presence of cis-DA. PolyP is a product of polyphos-
phate kinase (PPK) activity and is believed to be the source of ATP
for many reactions, including DNA transcription, RNA synthesis,
and protein structure (96).

While neither P. aeruginosa nor E. coli utilizes cis-DA as a car-
bon source (Fig. 7), the presence of cis-DA nevertheless correlates
with increased respiratory activity of persister cells (Fig. 9) with-
out inducing a biofilm dispersion response (Fig. 8). These findings
support the idea of cis-DA being used as a signaling molecule to
enhance metabolic activity. The finding of a signaling molecule
and not a carbon source enhancing the metabolic activity of per-
sister cells is novel. It is known, however, that persister cells revert
to a susceptible state, or to an awakened state, upon reinoculation
into fresh medium (2, 28), in the presence of sugar metabolites
(18), in the presence of environmental signals (97, 98), by stochas-
tic exit from dormancy (99, 100), or upon the addition of spent
medium to preformed persister cells (17). Under these conditions,
reversion to a susceptible state correlates with a sudden burst of
transcription and translation (55) and the production of proteins
necessary to perform cell repair (101). However, no reports have
demonstrated that persister cells awake due to the presence of a
specific signaling molecule.

Our findings of increased transcript abundances of genes rele-
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vant to metabolism together with increased CTC staining (indi-
cating respiratory activity) and higher abundances of proteins in-
volved in reversion to a state of active metabolism strongly
demonstrate that exposure of persister cells to the signaling mol-
ecule cis-DA results in a reversion from a dormant-tolerant to an
active-susceptible state. Thus, in addition to the previously de-
scribed properties of cis-DA and other members of the DSF (dif-
fuse signal factor) family in dispersion, cell aggregation, and vir-
ulence (22, 102-105), our findings suggest a novel role of cis-DA
and fatty acid signaling systems in awakening persister cell popu-
lations, thus rendering them susceptible to antimicrobials.
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