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Abstract

Pseudomonas aeruginosa is capable of long-term survival in water, which may serve as a

reservoir for infection. Although viable cell counts of PAO1 incubated in water remain stable

throughout 8 weeks, LIVE/DEAD staining indicated a high proportion of cells stained with

propidium iodide (PI). The proportion of PI-stained cells increased by 4 weeks, then

decreased again by 8 weeks, suggesting an adaptive response. This was also evident in an

observed shift in cell morphology from a rod to a coccoid shape after 8 weeks. Fluores-

cence-activated cell sorting (FACS) was used to recover PI-stained cells, which were plated

and shown to be viable, indicating that PI-stained cells were membrane-compromised but

still cultivable. PAO1 mid-log cells in water were labeled with the dsDNA-binding dye Pico-

Green to monitor viability as well as DNA integrity, which demonstrated that the population

remains viable and transitions towards increased dsDNA staining. Metabolic activity was

found to decrease significantly in water by 4 weeks. The PAO1 outer membrane became

less permeable and more resistant to polymyxin B damage in water, and the profile of total

membrane lipids changed over time. Among the ~1400 transcriptional lux fusions, gene

expression in water revealed that the majority of genes were repressed, but subsets of

genes were induced at particular time points. In summary, these results indicate that P. aer-

uginosa is dormant in water and this adaptation involves a complex pattern of gene regula-

tion and changes to the cell to promote long-term survival and antibiotic tolerance. The

approach of P. aeruginosa incubated in water may be useful to study antibiotic tolerance

and the mechanisms of dormancy and survival in nutrient limiting conditions.

Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium that is ubiquitous in the environment

and appreciated for its ability to cause disease in plants, insects, animals, and humans [1,2].

This opportunistic organism is a major cause of nosocomial or hospital-acquired infections,

most notably causing skin infections in burn patients and diabetic foot wounds, infections of
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indwelling devices such as catheters, and chronic lung infections in patients with Cystic Fibro-

sis [3]. Studies have shown that P. aeruginosamay survive for months on hospital surfaces [4].

P. aeruginosa is an archetypal biofilm-forming organism, which is a conserved strategy used

for long-term survival in nature and during infections. P. aeruginosa infections are very diffi-

cult to treat because the organism has numerous intrinsic antibiotic resistance mechanisms,

and grows as multidrug tolerant biofilms, thus promoting chronic infections [3].

P. aeruginosa has been shown to survive in water for over 145 days (20.7 weeks), signifi-

cantly longer than two other bacterial pathogens, Escherichia coli and Staphylococcus aureus
[5]. The ability of the organism to persist at length in water indicates that water may be an

environmental reservoir for P. aeruginosa. The microbiome of pristine groundwater is domi-

nated by the Pseudomonas genus, which was shown to represent 10% of all species [6]. Numer-

ous studies have demonstrated that P. aeruginosa can be isolated from hospitals, from the

water in intensive care units, as well as sinks, basins, drains, showers, toilets and bathtubs, lead-

ing to transmission of P. aeruginosa infections [7,8]. It is therefore important to understand

how this organism is able to survive in water, to better understand the transmission and possi-

bly improve infection control policies.

Slow or non-growing states are poorly understood, yet bacteria in nature exist most com-

monly in nutrient limited conditions. There are numerous experimental systems used to study

nongrowing bacteria, which include persister cells, starved cells in stationary phase, or the via-

ble-but-nonculturable (VBNC) state [9]. All of these non-growing states can be considered a

form of dormant bacterial cells. Non-growing persister cells are present in laboratory grown

planktonic and biofilm cultures, and contribute to multidrug antibiotic tolerance and chronic

infections [10]. Persister cells are not utilizing nutrients, producing proteins, synthesizing any

replication machinery, and therefore not multiplying [10,11]. However, starved cells in sta-

tionary phase have also been studied as a model of non-growing cells and were shown to main-

tain constant gene expression and protein production during extended starvation periods [12].

Both persister cells and starved stationary phase cells are dormant growth states that are capa-

ble of growth once they are reintroduced into a nutrient-rich conditions [10,12]. The objective

of this study was to characterize the long-term survival of P. aeruginosa in water and to deter-

mine if this experimental system is a useful dormancy model for future studies of bacterial sur-

vival in nutrient limiting conditions.

Materials and methods

Bacterial strains used in this study

P. aeruginosa PAO1 was utilized as the wild type strain in this study. PAO1 was grown in Luria

broth (LB) and incubated at 37˚C with shaking at 250 rpm overnight. Stationary phase cultures

(ON) were obtained following overnight growth in LB and these were inoculated into water.

Logarithmic phase cultures (log) were obtained by sub-culturing overnight cultures into LB

and growing these to an optical density (OD600) of 0.5 before being inoculated into water for

experimental procedures. Samples were removed from water at a number of time points for

analysis.

Preparation of water samples and quantitative determination of P.

aeruginosaviability in water

Strains were grown overnight or to mid-log in 3mL LB and an aliquot of 1 ml of the cultures

was centrifuged at 13,000 rpm for 3 min., washed three times in sterile distilled H2O (sdH2O),

and resuspended in a final volume of 1 ml sdH2O. The washed culture was used to inoculate
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sdH2O at a final concentration of 107 CFU/ml. The volume of samples was 100 ml. The tubes

were loosely capped and incubated at room temperature without shaking. Bacterial quantita-

tion of the samples was performed to accurately determine the CFU/ml at time zero and at var-

ious time points in water.

Live/dead staining and fluorescence-activated cell sorting (FACS) of P.

aeruginosa strains incubated in water

At each time point, 1 ml of P. aeruginosa in water (107 CFU) was removed, centrifuged at

13,000 rpm for 3 min and resuspended in 1 ml of 0.9% saline. Samples were then subjected to

LIVE/DEAD staining using the BacLight kit comprised of SYTO 9 (green) and propidium

iodide (PI; red) (Thermo Fisher), which were added at a final concentration of 30 and 10 μM,

respectively. Samples were then subjected to flow cytometry to quantitatively determine the

proportion of SYTO9 and PI-stained cells. Once the proportion of green/red cells was deter-

mined, the green and red cell sub-populations were separated into fractions by fluorescence-

activated cell sorting (FACS). The viability of cells in each fraction was determined by serially

diluting and plating of the sorted fractions onto LB agar. The Quant-iT PicoGreen dsDNA

reagent was used to quantitate dsDNA (1 μl of the stock solution was added to 250 μl of bacte-

ria sample in water) (Thermo Fisher). A total of 50,000 events were acquired for all flow

cytometry experiments in list mode files and analyzed using BD FACS Diva software.

Fluorescence microscopy of live/dead stained cells

At each time point, 1 ml of the water sample containing PAO1 was centrifuged and resus-

pended in 0.9% saline. The LIVE/DEAD reagents were added to 10 μl of the sample at a con-

centration of 30 and 10 μM respectively and 2 μl of the sample was added to an agarose bed-

coated glass slide and sealed with a glass coverslip. Slides were visualized on a Leica DMI 4000

B wide field fluorescence microscope.

Assessment of ATP production of PAO1 in water

PAO1 incubated in water was assessed over time for metabolic activity based on ATP produc-

tion. ATP production was determined using the BacTiter-Glo Microbial Cell Viability Assay

(Promega), which measures the amount of ATP present in a sample as a function of lumines-

cence. The BacTiter-Glo reagent was added to the PAO1 water sample at a ratio of 1:1 and

luminescence was measured in counts per second after 5 min incubation at room temperature.

NPN assay to measure outer membrane (OM) permeability

OM permeability of PAO1 was assessed using a previously established protocol [13,14]. Sam-

ples of PAO1 in LB or water (1 ml, 107 CFU) were centrifuged at 13, 000 rpm for 2 min and

cells were resuspended in 5 mM HEPES buffer (pH 7.2) containing 5 mM glucose. Cells were

pretreated with sodium azide (0.2%) to disable active efflux. 1-N-phenylnaphthylamine (NPN)

is a fluorescent dye when integrated into the hydrophobic environment of bacterial mem-

branes. NPN was added to measure both the baseline permeability and to measure the outer

membrane tolerance to polymyxin B treatment. After NPN addition, cells were treated with

polymyxin B (5 μg/ml) at 90s to disrupt the OM, leading to increased NPN uptake and fluores-

cence, which was measured using a Spectra Max M2 spectrophotometer using the SoftMax

Pro 6 software. The setting for green excitation and emission spectra were set to 350nm and

420nm respectively, at 30˚C. Samples of PAO1 were prepared in triplicate for each assay, and

the assay was performed three times.

Pseudomonas aeruginosa is dormant in water
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Lipid detection of PAO1 cells following incubation in water

The total lipid profile of PAO1 cells following incubation in water was determined by thin-

layer chromatography as previously described [15]. Total lipids were extracted with chloro-

form:methanol (1:2), separated using thin layer chromatography and amino group containing

lipids were visualized by spraying with the ninhydrin reagent (Sigma). Lipids were isolated

from PAO1 incubated in water, and from control PAO1 cultures grown in low and high phos-

phate BM2-defined growth media [15].

Gene expression and survival in water analysis

All mapped transposon mutants (containing about 50% transcriptional lux fusions) from a

previously constructed transposon mutant library [16] were re-arrayed into a series of 96-well

microplates. The mutants are catalogued at pseudomonas.pseudomutant.com and

pseudomonas.com [17]. Mutant strains were first grown in 96-well plates containing 150 μl of

LB and incubated overnight at 37˚C without shaking. Overnight cultures were transferred by

48/96 pin stamps into new 96-well plates containing 150 μl of sdH2O water, delivering ~107

CFU of bacterial cells into each well. Gene expression (luminescence) in water was measured

in black, 96-well, clear bottom microplates after inoculation into water (time 0) and at various

time points using a Wallac Victor3 luminescence plate reader (PerkinElmer, USA). At each

time point, plates were shaken for 5 s in a 0.10 mm-diameter orbital, followed by absorbance

(600 nm) and luminescence (counts per second; CPS) readings in each of the wells. Gene

expression was divided by the absorbance (CPS/OD600) to normalize for differences in cell

density. Relative gene expression was determined by calculating the fold change in expression

for each gene at each time point relative to the time zero (T0) time point. Strains harboring lux
fusions in genes that demonstrated meaningful fold changes (>2 fold up or down regulated)

were identified. Cluster analysis of gene expression fold change values was performed using

TreeView and Cluster 3.0 softwareusing complete linkage heirarchical clustering.

Results

P. aeruginosa is capable of long-term survival in water

PAO1 was grown overnight in LB medium, washed extensively, and inoculated into water at a

concentration of 107 CFU/ml and incubated at room temperature. Bacterial quantitation was

performed to determine bacterial survival over time. The viability of PAO1 remained high

over the course of 8 weeks (Fig 1). Cell numbers (CFU/ml) on occasion declined modestly by

0.5–1 log from the initial inoculum, which might be due to the use of stationary phase cells as

an inoculum, as a small percentage of stationary phase may be dead or dying. The initial

decrease in viability may also be a result of lysis from osmotic shock (Fig 1). Generally, viability

remained at stable cell numbers for up to 8 weeks (Fig 1), consistent with a previous study

reporting P. aeruginosa survival in water for 145 days (20.7 weeks) [5].

To increase the robustness of counting viable P. aeruginosa cells in water, we assessed the

LIVE/DEAD staining patterns of cells in water using the DNA binding dyes SYTO 9 and propi-

dium iodide (PI). While the majority of cells in water were a homogenous SYTO 9 population,

there was also a subpopulation of PI stained cells (Fig 2A). SYTO 9 is membrane permeable DNA

stain that labels all cells green and PI is a membrane-impermeable, red DNA stain that was origi-

nally used as an indicator of non-viability. However, it is now recognized that PI is more likely an

indicator of outer membrane disruption and increased permeability [18,19]. The numbers of total

cells (green) and non-viable or membrane-compromised cells (red) were determined. In the early

weeks, the proportion of PI-stained cells was low (6–20%), and increased to ~50% of cells at 4

Pseudomonas aeruginosa is dormant in water

PLOS ONE | https://doi.org/10.1371/journal.pone.0198384 September 20, 2018 4 / 19

http://pseudomonas.pseudomutant.com
http://pseudomonas.com
https://doi.org/10.1371/journal.pone.0198384


weeks (Fig 2B). The PI-stained proportion decreased in the later weeks to 15–30% of the popula-

tion (Fig 2B). In general, across all time points, 78% of cells stained only with SYTO 9, and 22%

cells were staining with SYTO 9 and PI, indicating this subpopulation was membrane-compro-

mised and permeable to the DNA binding dye PI (Fig 2C).

Fluorescence-activated cell sorting reveals that PI-stained cells are viable

To determine if PI-stained cells in water were viable, the SYTO 9 positive and SYTO 9/PI dou-

ble positive population were separated and sorted into different tubes by FACS analysis. Next,

the PI-stained populations were serially diluted and plated to determine if these cells were via-

ble. The supposed ‘dead’ population of PI-stained cells indeed grew and was recovered after

plating on LB agar, indicating that the PI-stained cells were membrane-damaged but viable.

While monitoring the proportion of recoverable PI-staining cells, we observed that up to 100%

of PI-stained cells were recovered after week 4 (Table 1). The percent viability was calculated

by dividing the number of viable cells recovered on agar plates following serial dilution, by the

number of PI-stained cells that were counted and sorted by FACS. At the early 1 week time

point, it appears that over 50% of cells that stained with PI were non-viable, and it appears that

P. aeruginosa undergoes a transition whereby the PI-stained cells after 4 weeks are adapted to

surviving in water and become fully viable (Table 1).

Having assessed viability of P. aeruginosa in water, we wanted to assess the overall metabolic

activity. At various time points, a sample of PAO1 in water was taken and the ATP reagent

from the BacTiter-Glo Microbial Cell Viability Assay from Promega was added at an equal vol-

ume. ATP production was measured in a luminometer as a function of counts per second

(cps) of luminescence. ATP production decreased over time in the water samples from week 1

to 8, which demonstrates that the population reduced their overall metabolic activity (Table 1),

yet were completely viable after 4 to 8 weeks (Fig 1, Table 1).

P. aeruginosaDNA is intact and may be highly condensed in water

Further flow cytometry experiments were performed using PicoGreen, another viability stain

that measures vitality based on intact, dsDNA content. For this experiment, mid-log phase

Fig 1. Survival of P. aeruginosaPAO1 incubated in water. Overnight cultures of PAO1 and mutants were washed

thoroughly and inoculated into sterile water at a concentration of 107 CFU/ml and incubated at room temperature

without shaking. At each time point, aliquots were removed and plated on LB for direct bacterial counts. Each color

represents one of four trials and each value is the average of at least triplicate samples.

https://doi.org/10.1371/journal.pone.0198384.g001
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cultures of PAO1 were inoculated into water for incubation, aliquots were removed over time,

stained with PicoGreen and subjected to flow cytometry. Overall, PAO1 was confirmed to be

viable in water as the cells stained with PicoGreen, resulting in strong green fluorescence.

However, these experiments also revealed that PAO1 fluoresced more in water compared to

LB, and became more fluorescent over time, with a 100-fold increase in peak fluorescence

comparing cells in LB (103) to cells inoculated into water (105) (Fig 3). By 3 and 4 weeks in

water, the peak fluorescence was found to be>105. The PicoGreen fluorescence profile was

generally lower and more dispersed when stationary phase cells were incubated in water, as

this population contains both living and dying cells, and likely a mixture of dsDNA and

degraded DNA. During the 4 week incubation period in water, the PicoGreen fluorescence

profile transitioned to a homogenous, high fluorescence profile, possibly reflecting a transition

towards a stable population of dormant cells and more intact dsDNA. The high fluorescence

profile of cells in water for 4 weeks may also suggest that the DNA structure became more

tightly supercoiled and therefore more highly condensed (Fig 3). In addition, the side-scatter

values (SSC) decreased over time in water compared to LB (Fig 3), which may indicate the

transition to a smaller cell size, which was observed in microscopy (Fig 4).

The PAO1 outer membrane is tolerant to polymyxin B after prolonged

incubation in water

Outer membrane permeability of PAO1 was assessed using a previously established method

[13]. Cells were pretreated with sodium azide, which blocks active efflux mechanisms, and

then exposed to 1-N-phenylnaphthylamine (NPN). The baseline NPN fluorescence in sodium

azide-treated cells reflects the amount of NPN that penetrates the hydrophobic regions of the

membrane, where NPN becomes fluorescent.

Fig 2. Scatter plots and bar graph representation of the populations of SYTO 9 and propidium iodide stained P.

aeruginosaPAO1 in water. Strains were inoculated into sterile water at a concentration of 107 CFU/ml and incubated

at room temperature. A) Live and dead cell populations were subjected to LIVE/DEAD staining every week and

quantitated by flow cytometry. The quadrant labelled S9 refers to the cells that were stained with SYTO 9 only, which

are generally considered to be viable. The quadrant labelled S9PI refers to the cells that stained both with SYTO 9 and

PI, which are possibly dead or membrane-compromised, dormant cells. The time points are from day 1, week 1, week

2 and week 4 in water. Each panel represents a population of 50,000 cells per experiment. B) The percentage of SYTO 9

(green bars) and SYTO 9/PI (red bars) stained cells is depicted over an 8-week time course. The values shown are the

average S9 and S9PI counts recovered from triplicate flow cytometry samples. Significant differences were determined

using one-way ANOVA with Bonferroni post-tests when compared to the zero time point (� P<0.05, ����P<0.0001)

or to the 4 weeks time point (��� P<0.001, ����P<0.0001). C) The box and whiskers plot demonstrates the overall

proportion of SYTO 9 (green) only staining, compared to SYTO 9 and PI (red) staining populations of cells in water

for the 8-week time course.

https://doi.org/10.1371/journal.pone.0198384.g002

Table 1. The percentage of viable, propidium iodide-stained and overall ATP production of P. aeruginosaPAO1

in water.

Time (weeks) % Viable cellsa ATP production (cps) b

1 56.7 32161

4 100 1460

6 100 1334

8 100 1092

a Cells were FACS sorted that were dual positive for SYTO 9 and PI, and plated for direct bacterial counts.
b Cells (107 CFU in water) were incubated for 5 minutes at room temperature at a 1:1 ratio with BacTiter-Glo reagent

(1 ml final volume) and luminescence as a measurement of ATP production was determined.

https://doi.org/10.1371/journal.pone.0198384.t001
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After the addition of polymyxin B (time = 0), the outer membrane of mid-log phase PAO1

grown in LB was disrupted leading to a rapid increase in NPN incorporation and fluorescence

(Fig 5). The response of PAO1 after one day in water was similar but incorporated less NPN

after polymyxin B treatment, and even less membrane damage at day 7. Cells incubated in

water for 3 and 4 weeks demonstrated a polymyxin B resistance phenotype and showed very

Fig 3. Pico Green staining and flow cytometry analysis of P. aeruginosaPAO1 in water. Log phase cultures of PAO1 were inoculated into water for incubation. Each

sample was stained with Quant-iT PicoGreen and subjected to flow cytometry to analyze the dsDNA content in cells during long-term incubation in water. Cells from

mid-log PAO1 cultures were compared to cells in water at day 0, 3 weeks and 4 weeks. Each panel represents a population of 50,000 cells per experiment. This figure

shows a representation of one of the three trials performed and demonstrates the increased fluorescence and DNA staining observed over time in water.

https://doi.org/10.1371/journal.pone.0198384.g003

Fig 4. Phase-contrast and fluorescence microscopy of P. aeruginosaPAO1 in water. A) Mid-log cells of P.

aeruginosa under phase contrast. B) P. aeruginosa incubated in water for 12 days under phase contrast. C) LIVE/

DEAD staining results of P. aeruginosa PAO1 following incubation in water for 1, and D) 12 weeks. Cells were grown

to mid-log in LB, washed, and added to sdH2O at a concentration of 107 CFU/ml and incubated at room temperature.

Cells were added to agarose beds on glass slides and visualized on a Leica microscope.

https://doi.org/10.1371/journal.pone.0198384.g004
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little NPN fluorescence (Fig 5). This result suggests that the outer membrane of PAO1 is

altered in this low nutrient environment, resulting in a reduction in membrane permeability

and an increase in tolerance to disruption by the antimicrobial peptide polymyxin B. Prior to

and at the point of polymyxin B addition, the membrane permeability to NPN was lowest in

cells that were incubated 3 and 4 weeks in water, indicating that cells in water possessed mem-

branes with low permeability to this hydrophobic lipid stain (Fig 5).

Differential expression patterns of P. aeruginosaPAO1 genes in water

To assess the gene expression patterns of PAO1 in water, we incubated a previously described

collection of mini-Tn5-luxCDABE transposon mutants of P. aeruginosa [16]. This transposon

mutant library of P. aeruginosa PAO1 is a collection of random transposon mutants, where

each mini-Tn5-lux insertion creates an active transcriptional luxCDABE fusion if inserted into

the same orientation as the gene. The mini-Tn5-luxCDABE library in PAO1 contains about

Fig 5. Outer membrane permeability and polymyxin B tolerance of P. aeruginosaPAO1 incubated in water. The baseline of outer membrane permeability was

measured as a function of 1-N-phenylnaphthylamine (NPN) uptake and subsequent fluorescence in relative light units (RLU). Log phase cultures of PAO1 were

prepared and inoculated into water for incubation. After 1, 7, 21, and 28 days incubation, cells were treated with sodium azide, an active efflux inhibitor. After NPN

addition, polymyxin B (time = 0) was added to disrupt the outer membrane and increase NPN uptake into the hydrophobic environment of the envelope. The tolerance

to polymyxin B treatment was compared between mid-log LB cultures and cells incubated in water for up to 4 weeks. Values shown are the average and standard error

of triplicate samples. Significant differences for the final time points were determined using one-way ANOVA with Bonferroni post-tests when compared to the LB

control (� P<0.05, ��� P<0/001, ����P<0.0001).

https://doi.org/10.1371/journal.pone.0198384.g005
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~2,500 mutants with mapped Tn insertion sites, and ~1,400 of these were transcriptional lux
fusions [16]. This entire collection of ~2500 mini-Tn5-luxmutants was screened for mutants

with impaired survival in water, however no mutants were identified that had significant

defects in survival during long-term incubation in water. This observation suggests that single

gene knockouts cannot result in survival defects, or that the genes of interest were not present

in our mutant library.

The collection of ~1,400 mapped transcriptional lux fusions were inoculated into 96-well

plates containing sterile water (107 CFU/well) and incubated at room temperature. The gene

expression patterns were determined by measuring absorbance (OD600) and luminescence

(CPS) at 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and 34 days. The data was analyzed by dividing lumines-

cence by absorbance to correct for differences in cell density, and the fold changes of expres-

sion were determined by comparing all values to time 0 (S1 Table). Cluster analysis of gene

expression was performed to assess the overall trends in gene expression.

The vast majority of genes were repressed (orange) during incubation in water. However,

there were sub-groups of genes that were induced (blue) during incubation in water (Fig 6,

S1–S4 Figs). Four clusters of induced genes were identified: Cluster A, containing genes that

were found to be induced very late, around one month in water; Cluster B, genes that were

induced throughout the time course; Cluster C, genes that were induced at early time points

and then repressed in later time points; and Cluster D, genes that were expressed late (close to

one month in water) (S1–S4 Figs).

Some of the repressed genes were identified as those involved in DNA replication. Genes

such as holB, encoding for one of the components of the beta sliding clamp loading complex of

DNA polymerase III and sss, a site-specific recombinase, were induced early on, but then

repressed for the remainder of the experiment, indicating that DNA replication slows over

time in water. Other genes such as recQ and ruvA, which are both involved in homologous

recombination, were also repressed in water. However, the sbc genes (sbcB and sbcD), which

encode for exonucleases (DNases) were induced in water. Genes encoding for proteins respon-

sible for mismatch repair (micA) and those involved in nucleotide excision repair (uvr) were

induced. In addition, polA, the gene encoding for DNA polymerase I, which has an exonucle-

ase activity (3’-5’ and 5’-3’) required for excision repair was induced in water as were DNA

binding proteins PA3940 and PA4704 (cbpA), and integration host factor himA. These results

suggest that DNA repair and nucleoid condensation may occur to protect the DNA in unfa-

vorable conditions. Induction of nucleoid-associated protein (NAP) genes such as cbpA and

himA correlates with the increased fluorescence observed in PicoGreen staining.

Many metabolic genes were repressed in water, which is consistent with the reduction in

ATP production over time (Table 1), but some genes were induced that indicate a shift to uti-

lizing alternate sources of energy to persist. Genes required for fatty-acid oxidation and

involved in fatty-acid and phospholipid metabolism (foaB, fadH1, fadH2) were induced very

late and may explain the utilization of the phospholipid membrane for energy and the reduc-

tion in cell size after one month in water. Many amino acid uptake (PA4911, PA4072, oprD)

and catabolism genes (pepA, aruB, phhC, amaB, gcdH, ilvD) were also induced, pointing to

increased uptake and degradation of amino acids as a source of nutrients, possibly from the

subset of dying cells in the population. Other expressed genes (exaA, zdhB), responsible for the

utilization of alternative energy sources (alcohols, xanthine, purines, pyrimidines, pterins, and

aldehyde substrates) were up-regulated as well.

Genes that were consistently expressed or induced over two months in water were those

that may be involved in maintaining the electrochemical gradient, or proton-motive force

(PMF) of the membrane (cycH, cyoB, cyoC, and ccpR), a number of transport and efflux-related

genes (oprD, spuF,mexD, PA0397, PA0450, PA4126, PA3840), many transcriptional regulators
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(PA0163, PA3782, PA5179, PA0272, dnr), and genes encoding for sensor/response regulators

(retS, phoB, pilS, PA4293). The expression patterns of these genes demonstrates a requirement

for PAO1 in nutrient depleted conditions to maintain the PMF in order for the organism to

synthesize minimal amounts of ATP by using alternative energy sources, to preserve essential

cell components, transport substrates, and respond to the environment, all through coordi-

nated transcriptional control of cellular processes. The presence of a constant PMF was also

observed in flow cytometry experiments using Redox Sensor Green, a cell viability stain based

on the presence of membrane potential, as PAO1 cells were successfully stained after 6 days in

water.

There were a number of genes of interest that had notable gene expression patterns in water

over time, suggesting a specific role in persistence. Genes associated with adaptation and pro-

tection such as inaA, and cyaAwere both induced early on in water and then repressed at later

time points. Flagella genes (flgJ, fliM, flgK, flhA, fliC) were induced at later time points, as were

the type VI secretion genes (tse1, vgrG).

S1 Table lists the identity of each gene, the raw expression (CPS) and fold change in gene

expression at every time point relative to time zero. The global pattern of gene repression sug-

gests that many cellular processes are turned off during prolonged incubation in water, how-

ever some genes were found to be induced at particular time points or at much later time

points, possibly indicating a specific role in water survival and a highly coordinated response.

P. aeruginosaalters the phospholipid composition of its membrane when

dormant

The longer P. aeruginosa remained in water, viability increased, and the outer membrane

became more impermeable to the hydrophobic dye NPN and more tolerant to polymyxin B.

To further test the hypothesis that the membrane undergoes changes during incubation in

water, we analyzed the total phospholipid content of cells in water. Thin layer chromatography

(TLC) was used to separate the total lipid extracts from PAO1, following incubation in water.

Cells were incubated in water as described above and samples were taken at day 0, day 7, and

day 14 and run on a TLC plate with lipids extracted from control cells grown in low and high

phosphate concentrations. In the presence of limiting phosphate, P. aeruginosa produces a

unique ornithine lipid that lacks phosphate in the head group, as a mechanism of adapting to

limiting phosphate [15], as a substitute for the primary lipid in the PAO1 envelope, phosphati-

dylethanolamine. PAO1 produced a novel lipid species following incubation in water for 14

days, which was not ornithine lipid, indicating that P. aeruginosa produces a different mem-

brane phospholipid content during incubation in water (Fig 7).

Discussion

Pseudomonas aeruginosa is capable of long-term survival without nutrients by existing in a

dormant state. Despite staining with propidium iodide, cells sorted by FACS analysis were

Fig 6. Cluster analysis of gene expression of P. aeruginosagenes in response to water. The PAO1 mini-Tn5-

luxCDABEmutant library containing 1369 transcriptional lux fusion strains was inoculated into water in black 96 well

microplates and incubated at room temperature. At each time point the optical density (OD600) and luminescence

(counts per second) was measured. Gene expression (CPS) readings were taken at day 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and

34. Luminescence was divided by absorbance and fold changes were calculated based on the change in expression

(CPS/OD600) compared to time 0. Cluster analysis was performed using Tree View and Cluster 3.0 software. Orange

indicates repression, and blue indicates induced expression, relative to the time zero point. Genes with no change in

expression are in white. Black bars highlight clusters of genes that are induced late (A, D), throughout (B) or early (C)

in the 34 day time period of incubation in water.

https://doi.org/10.1371/journal.pone.0198384.g006
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plated on LB agar and found to 100% viable within 4 weeks (Fig 2, Table 1). The cell-imperme-

able DNA stain propidium iodide (PI) was originally thought of as a stain for dead cells, but in

agreement with other findings [18], we demonstrate here that PI-stained cells can be sorted

and recovered as viable growing colonies. PI is therefore better described as an indicator of

membrane damage, rather than bacterial death. During long-term survival in water, P. aerugi-
nosa displayed several adaptations that are consistent with dormancy. Cells in water had

decreased metabolic activity, as determined by measuring ATP production and by a general

repression trend in the gene expression patterns of a large number of transcriptional lux
fusions. Cell shape converted from a rod to a coccoid shape, the phospholipid content

changed, and the outer membrane demonstrated a decreased permeability and increased toler-

ance to polymyxin B disruption.

Although the majority of PAO1 genes were repressed in water, a number of genes were

found to maintain or have induced expression at some point in the time course of long-term

survival in water. Since we were unable to recover single transposon mutants that died during

long-term incubation in water, it appears that the adaptation to surviving in water is complex

and involves more than a single gene. Given the substantial proportion of induced genes, there

does appear to be an active and complex process of differentiation. It may be that multiple

genes contribute to survival in water and therefore it is unlikely to identify single mutants with

survival defects. The mutant library used here is not a saturating collection of mutants, and the

mutants of interest may not be present in this library [16,20]. Future experiments will employ

other genome-wide methods to attempt to identify a specific mechanism and genes required

for long-term survival in water.

The gene expression profile of P. aeruginosa in water validates a coordinated response by

the organism in the transition to dormancy. Most of the genes were repressed over time indi-

cating a reduction in many cellular and metabolic processes, but a number of specific genes

were induced throughout, or at certain time points, suggesting an importance for these genes

in survival and maintenance of a dormant state. Amino acid, fatty acid, and phospholipid

Fig 7. Ninhydrin detection of amino group containing lipids of PAO1 cells following incubation in water. Total

lipids were extracted, separated by thin layer chromatography, and sprayed with ninhydrin to visualize the amino

group-containing lipids. Lipid samples of water cultures at day 0, day 7 and day 14 were run on TLC plate, alongside

controls of lipids extracted from cultures grown in BM2-defined media with limiting (400 μM) and high phosphate

(1.6 mM) conditions. The positions of the primary membrane lipid phosphatidylethanolamine (PE) and the unique

ornithine lipid (OL) species that is produced under phosphate limitation [15] are indicated.

https://doi.org/10.1371/journal.pone.0198384.g007
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metabolism genes were induced and these compounds likely become alternative energy

sources in the absence of nutrients [21]. It has been shown that growth-arrested bacteria utilize

membrane phospholipids as an alternative energy source, which leads to a reduction in cell

size and volume and promotes transport of substrates [9]. This has been noted in both E. coli
and Vibrio cholerae [22,23]. The cell size of P. aeruginosa significantly decreased over time in

water (Fig 4), and we also observed an increase in expression of a number of transport genes

(S1 Table).

Genes in the library required for DNA replication were repressed over time, but those

involved in DNA repair and DNA packaging were induced. It is likely that DNA repair and

packaging are needed to ensure that DNA is protected and the fidelity of DNA is maintained

until the cell is in more favorable conditions for replication. The induction of genes encoding

for nucleoid-associated proteins (NAPs) such as CpbA and HimA, involved in nucleoid con-

densation in other species, was notable as this correlates with the observed increase in fluores-

cence of PAO1 in water over time stained with the dsDNA dye PicoGreen (Fig 3). E. coli in

stationary phase has been shown to possess a condensed nucleoid due to NAPs, which is

thought to protect against DNA damage and confer a survival advantage [9,24].

Gene expression results also indicated that genes involved in maintenance of the proton-

motive force (PMF), efflux pumps, sensor-response regulators, and other transcriptional regu-

lators were required for P. aeruginosa in water. Maintenance of the PMF is very likely neces-

sary to allow the organism to make ATP using alternative energy sources, transport substrates,

support motility, and respond to the environment [9]. It has been shown that bacteria in

growth arrest need to preserve the PMF to enable these functions in addition to maintaining

the essential macromolecular components of the cell [25,26]. Many flagellin genes were also

induced in water, indicating that flagella are needed for biofilm formation, and possibly for

chemotaxis to a nutrient source [27,28]. Large aggregates, likely biofilms, were observed by

microscopy of PAO1 after 2 months in water, but more experiments are required to investigate

this further. We did also note that PI-stained cells were very difficult to sort during FACS and

this may also be explained by the presence of biofilms.

Genes involved in adaptation and protection were induced early on in water. The role of

these genes will be investigated in future studies. Type VI secretion genes were significantly

induced after one month in water and they may be needed for a competitive or protective

advantage, as well as biofilm formation (tse1), but further studies will be required to determine

the role of the type VI secretion system in dormancy [29,30]. The differential expression of

PAO1 genes in water using the mini-Tn5-lux library provides significant insight into the com-

plexity of the response of the organism to this environment and points to a number of poten-

tial mechanisms required for survival in water.

Genes responsible for the survival of the P. aeruginosa strain PA14 during energy-limited

growth arrest were recently identified through transposon sequencing of the organism in lim-

ited carbon and oxygen [31]. A few of the genes identified by Basta et al. were also identified in

this study as they were shown to be expressed in water. Genes required for survival in limited

carbon, that were expressed in PAO1 in water are nuoI, encoding for NADH dehydrogenase

subunit I and gltB, encoding for glutamate synthase subunit alpha. These genes are involved in

energy generation and redox homeostasis, and proteolysis and amino acid metabolism, respec-

tively. A number of genes shown to be required for PA14 survival in limited oxygen were also

expressed in water: thiI, a sulfurtransferase involved in ribosome and tRNA modification; clpB,

encoding for an ATP-dependant protease; fadA (foaB) encoding for a fatty-acid oxidation

complex subunit; ackA (PA0836), which encodes for an acetate kinase; and tyrB (phhC), a

probably amino acid aminotransferase gene. Some of the genes identified in PA14 were either

not in the PAO1 mini-Tn5-lux library, or were non-fusions. As the water samples used in this
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study were incubated without shaking it is not surprising that some of the genes required for

survival in limited oxygen were found to be similar.

Non-sporulating bacteria undergo a reversible state of low metabolic activity without repli-

cation to persist in unfavorable environmental conditions [11,32]. Previous studies have indi-

cated that other non-spore forming bacteria such as E. coli and Klebsiella pneumoniae are

capable of dormancy under environmental stress and that this is a reversible phenomenon

[33]. Dormancy inMycobacterium tuberculosis has been well documented [34]. Dormant cells

have also been referred to as persister cells because they are able to resist the effects of antibiot-

ics [35]. Although traditionally persister cells and dormancy have been considered to be sepa-

rate phenomena, because persister cells result after exposure to high doses of antibiotics,

studies have shown that dormancy may be the best model for persister cells [36,37]. Aside

from exposure to antibiotics, other inducers of persistence or dormancy in bacteria may be

stress or starvation responses [38–41]. In general, some mediators of persistence in bacteria

have been shown to be the SOS response genes, TisB toxin, the RelA protein, and the HipB

toxin [38,39]. In addition, high persister cells (hip) are often found within a biofilm [38]. Bac-

terial persistence is a major issue when dealing with infectious diseases as these cells are resis-

tant to antibiotics [35]. The phenomenon of dormancy and persistence has been investigated

in P. aeurginosa, primarily in terms of antibiotic resistance, biofilm formation, and resistance

to chemicals [42,43,44] and some novel persister genes have been identified [45].

Similar to our results, Vibrio cholerae has been shown to shift to a persister phenotype in

water [46]. When V. cholerae was introduced into filter-sterilized lake water the cells displayed

characteristics of persister cells and were culturable for>700 days. Interestingly, these authors

also observed that the cells became smaller and formed aggregates over time in water, similar

to what was observed in this study. The authors concluded that nutrient stress can induce a

persister phenotype in V. cholerae in environmental reservoirs, which results in epidemics of

the disease when nutrients such as phosphate become more available in the environment. We

are interested in determining the nutrient threshold required to revert persister cells in P. aeru-
ginosa to vegetative cells.

Conclusions

P. aeruginosa is capable of long-term survival in water without nutrients by switching to a dor-

mant state. Our results have shown that this organism adapts to this environment by reducing

and diverting metabolism, changing the permeability and composition of the membrane,

decreasing cell size, and condensing its DNA. This complex response was further characterized

by gene expression analysis of PAO1 cells in water.

P. aeruginosa can be considered a model organism for the study of diverse bacterial mecha-

nisms that contribute to bacterial persistence. The ability of P. aeruginosa to survive long term

in water, and to be recovered from drains, sinks, and water pipes, makes it a reservoir for infec-

tious disease. Since this organism is readily transferred into the hospital where it causes infec-

tion, it is important to understand how this organism survives in water. Understanding the

mechanisms of survival in water may contribute to novel solutions for the prevention of P. aer-
uginosa infection and transmission.

Supporting information

S1 Fig. Genes induced very late in water (Cluster A). The PAO1 mini-Tn5-luxCDABE
mutant library was inoculated into water and incubated at room temperature. At each time

point the optical density (OD600) and luminescence (counts per second) was measured. Gene

expression (CPS) readings were taken at day 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and 34. Luminescence
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was divided by absorbance and fold changes were calculated based on the change in expression

(CPS/OD600) compared to time 0. Cluster analysis was performed using Tree View and Cluster

3.0 software. Orange indicates repression, and blue indicates induced expression, relative to

the time zero point. Genes with no change in expression are in white. This figure highlights

genes expressed after one month in water.

(PNG)

S2 Fig. Genes induced throughout the time course in water (Cluster B). The PAO1 mini-

Tn5-luxCDABEmutant library was inoculated into water and incubated at room temperature.

At each time point the optical density (OD600) and luminescence (counts per second) was

measured. Gene expression (CPS) readings were taken at day 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and

34. Luminescence was divided by absorbance and fold changes were calculated based on the

change in expression (CPS/OD600) compared to time 0. Cluster analysis was performed using

Tree View and Cluster 3.0 software. Orange indicates repression, and blue indicates induced

expression, relative to the time zero point. Genes with no change in expression are in white.

This figure highlights genes expressed throughout the time course.

(PNG)

S3 Fig. Genes induced and then repressed in water (Cluster C). The PAO1 mini-Tn5-lux-
CDABEmutant library was inoculated into water and incubated at room temperature. At each

time point the optical density (OD600) and luminescence (counts per second) was measured.

Gene expression (CPS) readings were taken at day 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and 34. Lumines-

cence was divided by absorbance and fold changes were calculated based on the change in

expression (CPS/OD600) compared to time 0. Cluster analysis was performed using Tree View

and Cluster 3.0 software. Orange indicates repression, and blue indicates induced expression,

relative to the time zero point. Genes with no change in expression are in white. This figure

highlights genes expressed at early time points and then repressed at later time points.

(PNG)

S4 Fig. Genes induced late in water (Cluster D). The PAO1 mini-Tn5-luxCDABEmutant

library was inoculated into water and incubated at room temperature. At each time point the

optical density (OD600) and luminescence (counts per second) was measured. Gene expression

(CPS) readings were taken at day 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and 34. Luminescence was divided

by absorbance and fold changes were calculated based on the change in expression (CPS/

OD600) compared to time 0. Cluster analysis was performed using Tree View and Cluster 3.0

software. Orange indicates repression, and blue indicates induced expression, relative to the

time zero point. Genes with no change in expression are in white. This figure highlights genes

expressed at later time points (close to one month).

(PNG)

S1 Table. Raw (CPS/OD600) and fold-change (FC) of lux gene expression values for each

lux reporter strain throughout 34day incubation period in water. The PAO1 mini-Tn5-lux-
CDABEmutant library containing 1369 transcriptional lux fusion strains was inoculated into

water in black 96 well microplates and incubated at room temperature. At each time point the

optical density (OD600) and luminescence (counts per second) was measured. Gene expression

(CPS) readings were taken at day 0, 0.3, 1, 3, 5, 7, 13, 20, 26, and 34. Luminescence was divided

by absorbance and fold changes were calculated based on the change in expression (CPS/

OD600) compared to time 0.

(XLSX)
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