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Abstract

Bacterial persisters are phenotypic variants that survive extraordinary concentrations of antibiotics, 

and are thought to underlie the propensity of biofilm infections to relapse. Unfortunately many 

aspects of persister physiology remain ill-defined, which prevents progress toward eradicating the 

phenotype. Recently, we identified respiration within non-growing Escherichia coli populations as 

a potential target for the elimination type I persisters, which are those that arise from passage 

through stationary phase. Here we discovered that nitric oxide (NO) treatment at the onset of 

stationary phase significantly reduced type I persister formation through its ability to inhibit 

respiration. NO decreased protein and RNA degradation in stationary phase cells, and produced 

populations that were more fit for protein synthesis and growth resumption upon introduction into 

fresh media than untreated controls. Overall, this data shows that NO, which is a therapeutically-

relevant compound, has the potential to decrease the incidence of recurrent infections from 

persisters.

Introduction

Bacterial persisters are rare phenotypic variants with impressive abilities to survive antibiotic 

treatments. It has been hypothesized that persisters underlie the proclivity of biofilm 

infections to relapse (Lewis, 2007). The majority of hospital-treated infections are associated 

with biofilms, which suggests that persisters constitute a large burden on healthcare systems 

(Lewis, 2007). In general, persister tolerances have been attributed to inactivity of antibiotic 

primary targets, which serves to limit antibiotic-induced damage (Balaban, et al., 2013; 

Balaban, et al., 2004; Lewis, 2007; Maisonneuve and Gerdes, 2014), though several 

exceptions to this model exist (Dörr, et al., 2010; Völzing and Brynildsen, 2015; Wakamoto, 

et al., 2013). In a seminal study of persistence, Balaban and colleagues discovered two types 

of Escherichia coli persister based on growth-rate and formation period, which they 

designated as type I and type II persisters (Balaban, et al., 2004). Notably, type I persisters 
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form from passage through stationary phase, whereas type II persisters are continuously 

generated during growth.

In a recent study, we examined stationary phase E. coli cultures, and found that respiration 

was necessary for type I persister formation (Orman and Brynildsen, 2015). We found that 

treatment of cultures with KCN or transfer to an anaerobic chamber immediately prior to the 

onset of stationary phase reduced type I persister formation up to 1,000-fold. Although this 

study suggested that respiration of non-growing bacterial populations was a potential target 

for anti-persister therapies, a therapeutically-relevant way to inhibit respiration was not 

explored.

Here we investigated the capacity of nitric oxide (NO), a well-known inhibitor of bacterial 

respiration (Mason, et al., 2009; Robinson and Brynildsen, 2015; Yu, et al., 1997), to impair 

type I persister formation in E. coli. In addition to the role of NO as a mammalian signaling 

molecule (Nathan, 1992), it is a potent antimicrobial produced by immune cells (Bowman, et 

al., 2011; Fang, 2004; Robinson, et al., 2014). Further, administration of exogenous NO with 

the use of nanoparticles, probiotic patches, and other technologies, has shown promise for 

the treatment of different infections (Friedman, et al., 2011; Jones, et al., 2010; Sulemankhil, 

et al., 2012; Sun, et al., 2012). Inspired by the therapeutic relevance of NO, we tested 

whether NO could prevent type I persister formation in stationary phase cultures of E. coli. 
We found that treatment of E. coli cultures with NO at the onset of stationary phase 

significantly reduced type I persister formation, decreased protein and RNA degradation in 

stationary phase, and produced bacterial populations that were more fit to synthesize protein 

and resume growth upon exposure to fresh nutrients than untreated controls, which mirror 

the previous results obtained with KCN and transfer to anaerobic conditions. Collectively, 

these data demonstrate that NO can inhibit type I persister formation in E. coli, and suggest 

that direct delivery of NO to infection sites prior to antibiotic exposure could improve 

treatment outcomes.

Materials and Methods

Bacterial strains, chemicals, and growth conditions

E. coli MG1655 strain was used in this study. MO001 has a chromosomally-integrated 

mCherry expression cassette and it was generated from E. coli MG1655 in a previous study 

(Orman and Brynildsen, 2013). A variant of the pQE-80L plasmid (Qiagen, Valencia, CA) 

was used to express GFP under the control of a synthetic T5 promoter (Orman and 

Brynildsen, 2015). The same plasmid was used to overexpress SodA and SodB as described 

previously (Orman and Brynildsen, 2015). Δhmp, ΔnorV, ΔnsrR, and ΔdksA were 

transferred to E. coli MG1655 from their respective mutants in the Keio collection using the 

standard P1 phage method (Baba, et al., 2006). ΔhmpΔnorV was generated by transferring 

ΔnorV to Δhmp background using the same P1 phage method. ΔkatEΔkatG was generated in 

a previous study (Adolfsen and Brynildsen, 2015). When needed, the kanamycin resistance 

gene (KanR) was removed using FLP recombinase (Datsenko and Wanner, 2000). All 

mutations and plasmid insertions were checked with PCR and/or DNA sequencing 

(Genewiz, South Plainfield, NJ).
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NO donor (Z)-1-[N-(3-aminopropyl)-N-(3-ammoniopropyl)amino]diazen-1-ium-1,2-diolate, 

otherwise known as DPTA NONOate (DPTA), and the Nitrate/Nitrite Colorimetric Assay 

Kit were purchased from Cayman Chemical Company. Isopropyl β-D-1-

thiogalactopyranoside (IPTG) was purchased from Gold Biotechnology. All other chemicals 

and reagents were purchased from Sigma Aldrich or Fisher Scientific. LB medium (10 g/L 

Tryptone, 5 g/L Yeast Extract, and 10 g/L NaCl) and LB-agar plates (LB + 15 g/L agar) 

were prepared from components and autoclaved for 30 min at 121°C to achieve sterilization. 

For selection (deletion mutants and plasmids), 50 μg/mL kanamycin was used. For persister 

assays, 200 μg/mL ampicillin or 5 μg/mL ofloxacin were used (Orman and Brynildsen, 

2015). To induce GFP expression, 1mM IPTG was used. All chemical solutions were filter-

sterilized with 0.22μm filters. The stock DPTA solutions (200 mM) were freshly prepared by 

dissolving DPTA powder in 10 mM NaOH solution. Unless stated otherwise, overnight 

cultures were prepared from a 25% glycerol, −80 °C stock in 2 mL LB medium in a test tube 

(glass and/or 17×100 mm 14 mL polypropylene tubes) and cultured aerobically at 37 °C 

with shaking (250 rpm) for 24 h. Then overnight cultures were diluted 1000-fold in 2 mL 

LB medium in a test tube and cultured at 37 °C with shaking. After 4 h, these cultures were 

treated with DPTA at the indicated concentrations. For controls, the cell cultures were 

treated with equal volumes of solvent (NaOH solution). The final concentration of NaOH in 

cultures was 0.15 mM. When necessary, cells at early stationary phase (t=4 h) were 

transferred to an anaerobic environment (Coy Hypoxic Glovebox with Anoxic Upgrade, 

Grass Lake, MI) to inhibit aerobic respiration, and cultured anaerobically (98% N2 and 2% 

H2) at 37 °C with shaking (250 rpm). When necessary, 40 mM NaNO3 and/or 3 mM DPTA 

were added to cell cultures before transfer to the anaerobic chamber. At t=24 h, cells from 

treated or untreated cultures were washed with fresh LB by centrifugation at 15,000 rpm 

(21,130xg, Eppendorf 5424) for 3 minutes, and diluted 100-fold in 1 mL LB in a test tube 

for persister, cell-division, and transcription/translation activity assays. When necessary, cell 

growth (OD600) was measured with a Synergy H1 Hybrid Multi-Mode microplate reader 

(BioTek, Winooski, VT).

Persister assay

DPTA-treated or untreated stationary phase cells (t=24 h) were washed to remove the 

chemicals and diluted 100-fold in 1 mL LB with 200 μg/mL ampicillin or 5 μg/mL ofloxacin 

in test tubes and incubated aerobically in a shaker at 37 °C and 250 rpm for 7 h. Just before 

antibiotic treatments, 10 μL of the samples from the cell cultures were serially diluted in 

phosphate buffered- saline (PBS), and 10 μL of these diluted samples were plated on LB 

agar to enumerate the initial concentration of colony formation units (CFU). During the 

antibiotic treatments, 100 μL samples at indicated time points (1, 3, 5 and 7 h) were mixed 

with 900 μL of PBS, pelleted by centrifugation at 15,000 rpm for 3 minutes and 900 μL of 

the supernatant was removed. This washing procedure was repeated three times to decrease 

the antibiotic concentrations to below their respective minimum inhibitory concentrations 

(MIC) (Andrews, 2001). Following the washing procedure, 10 μL of the samples from 100 

μL cell suspensions were serially diluted in PBS and spotted on LB agar to enumerate CFUs. 

To improve the limit of detection, the remaining 90 μL sample was also plated on LB agar. 

The plates were incubated aerobically at 37 °C for 16 h before counting CFUs.
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Cell division assay

An E. coli strain with an inducible mCherry cassette (MO001) was cultured with inducer 

(1mM IPTG) in both the overnight culture and the following growth period. Cells from both 

treated (DPTA) cultures and untreated controls were then washed to remove chemicals and 

diluted 100-fold in 1 mL LB without the inducer in a test tube. These cultures were 

incubated aerobically for 2.5 h at 37 °C and 250 rpm. At t=0 h and 2.5 h, cells were washed 

and suspended in PBS and analyzed with a flow cytometer to quantify non-growing cell 

population. Wild-type cells without mCherry expression system were used for negative 

controls. The gates of the non-growing cell population were determined using mCherry 

positive and negative cells as described previously (Orman and Brynildsen, 2013; Orman 

and Brynildsen, 2015).

Transcription/translation assay

An E. coli strain carrying a pQE-80L plasmid variant with an inducible gfp expression 

cassette (Orman and Brynildsen, 2015) was cultured in both the overnight culture and the 

following growth period without inducer. Cells from both cultures treated with DPTA and 

untreated controls were washed to remove the chemicals and diluted 100-fold in 1 mL LB in 

a test tube with inducer (1 mM IPTG). Cells were cultured aerobically at 37 °C and 250 rpm 

for 30 min. At indicated time points (0, 10, 20, and 30 min); cells were pelleted to remove 

the supernatant and suspended in PBS for analysis by flow cytometry.

For a negative control, we used MG1655 carrying the same plasmid but without an inducible 

gfp expression cassette. These cells did not fluoresce when introduced to fresh media with 

inducer (1mM IPTG). For a positive control, we used a culture of MG1655 with the 

inducible gfp expression cassette that was induced throughout the overnight. These cells 

were highly fluorescent when introduced to fresh media with inducer (Supplementary Figure 

S1).

As additional controls, we assessed whether GFP expression required IPTG and translation. 

To do this, DPTA-treated and untreated cells carrying a pQE-80L plasmid variant with an 

inducible gfp expression cassette were diluted in fresh media without inducer or fresh media 

with inducer and 100 μg/mL chloramphenicol. The GFP levels were monitored with flow 

cytometry for 30 min (Supplementary Figure S2).

Flow cytometry

Both GFP and mCherry levels were determined with an LSRII flow cytometer (BD 

Biosciences, San Jose, CA). Cells were exposed to a laser emitting at 488 nm for GFP and 

561 nm for mCherry. Fluorescence was collected using green (525/50 nm) and red (610/20 

nm) fluorescence bandpass filters. Data were acquired with FACSDiVa software (BD 

Biosciences, San Jose, CA). FlowJo (Tree Star Software, Ashland, OR) was used to analyze 

the data.

Protein degradation assay

An E. coli strain carrying pQE-80L plasmid variants with an inducible ssrA-tagged gfp was 

cultured in both the overnight culture and the following growth period with 1 mM IPTG. At 
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t= 4h cells were washed to remove the IPTG and resuspended in 2 mL filter-sterilized spent 

media (without inducer) from WT cultures grown under the same conditions. Then, cells 

were treated with 3 mM DPTA, and cultured aerobically at 37 °C and 250 rpm. At indicated 

time points, cells were diluted to OD600 0.1 in PBS to measure GFP levels with a plate 

reader (485/515 excitation/emission). Background fluorescence was determined by using 

PBS without cells.

RNA isolation

Total RNA from the indicated cultures were purified with RNeasy extraction kits using the 

manufacturer’s protocol (Qiagen). Briefly, ~108–109 cells were lysed with lysozyme and 

treated with Proteinase K to inactivate nucleases. Cells were further mechanically disrupted 

with acid-washed glass beads (Sigma) to lyse the remaining intact stationary phase cells as 

described in the manufacturer’s protocol. Isolated total RNA samples were analyzed with a 

bioanalyzer using an RNA 6000 Nano kit (Agilent Technologies, Inc, Santa Clara, CA) in 

order to calculate the RNA integrity number (RIN). RIN provides a quantitative measure of 

the integrity of total RNA samples, based on a numbering system from 1 to 10, with 1 being 

the most degraded and 10 being the most intact. The RIN algorithm, which was introduced 

by Agilent Technologies, is a trained artificial neural network model that uses the most 

informative features of electrophoretic traces including the total RNA ratio, the heights of 

18S and 28S peaks, the fast area ratio, and the height of the lower marker (Imbeaud, et al., 

2005; Mueller, et al., 2004).

Dissolved oxygen measurements

The FireStingO2 fiber-optic O2 meter with the OXYROB 10-CL2 robust oxygen miniprobe 

(PyroScience, GmbH) was used to measure dissolved oxygen concentrations in cell cultures. 

Dissolved oxygen levels were reported as the percentage of dissolved oxygen with respect to 

cell-free media in equilibrium with the atmosphere. A detailed description of the method 

was provided in a previous study (Orman and Brynildsen, 2015). Briefly, samples were 

removed from the shaking incubator and the oxygen probe was inserted into the media at 

indicated time points. The oxygen levels in all cultures were reported exactly 2 min after 

insertion of the probe into cultures. As described previously (Orman and Brynildsen, 2015), 

these measurements reflect relative respiratory activity, rather than the oxygen 

concentrations in the shaking test tubes (measurements with this probe had to be conducted 

with non-shaking systems). According to the manufacturer, the maximum measuring range 

of the oxygen sensor is 0–45mg/L dissolved oxygen.

Nitrate and nitric oxide measurements

At early stationary phase (t=4 h), 40 mM NaNO3 were added into cultures, and then the 

cultures were treated with 3 mM DPTA or solvent and transferred to an anaerobic chamber. 

At t=24 h, the cell cultures were filter-sterilized, and the cell-free media were diluted 1000-

fold in Nitrate/Nitrite Assay Buffer (Cayman Chemical, MI). Nitrate concentrations in 

diluted cell-free media were measured using a Nitrate/Nitrite Colorimetric Assay Kit 

(Cayman Chemical) according to manufacturer’s protocols.
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To measure NO concentrations, cell cultures at early stationary phase (t=4 h) in test tubes 

were removed from the shaker and immersed in a stirred water bath that was maintained at 

37°C. A sterilized magnetic stirring bar was added to the culture for mixing and cultures 

were treated with 3 mM DPTA. Control cultures (untreated) were treated with the solvent 

only. NO concentrations were monitored continuously using an ISO-NOP NO sensor (World 

Precision Instruments, Inc.). The measurement range of the sensor is 1 nM - 40 μM NO. The 

electrode was calibrated daily according to the manufacturer’s protocols.

Statistical Analysis

At least three biological replicates were performed for each experimental condition. Each 

data point depicts the mean value ± standard error. A two-tailed t-test with unequal variance 

was used for pairwise comparisons. The final time points of the persister data (kill curves) 

were utilized for statistical analysis. P-values ≤ 0.05 were considered significant.

Results

Nitric oxide treatment impairs formation of type I persisters

Stationary phase respiration is critical to the formation of type I persisters in E. coli (Orman 

and Brynildsen, 2015). When respiration was inhibited with KCN or transfer to an anaerobic 

environment upon entry into stationary phase, persister formation was significantly reduced 

(Orman and Brynildsen, 2015). Since one of the cytotoxic effects of NO is respiratory 

inhibition (Mason, et al., 2009; Robinson and Brynildsen, 2013; Robinson, et al., 2014; Yu, 

et al., 1997), we sought to test if NO treatment could inhibit type I persister formation. To do 

this, we used a similar experimental approach to that previously described (Orman and 

Brynildsen, 2015) with slight modifications. Herein, overnight cultures were diluted 1000-

fold in fresh media to provide the same initial cell population before any treatment and 

grown until they reached early stationary phase (t=4 h) (Figure 1A), at which point cultures 

were treated with KCN, DPTA, or left untreated. DPTA is a NO donor that can effectively 

release NO under the conditions used here (Supplementary Figure S3). Similar to KCN 

(Orman and Brynildsen, 2015), NO can also inhibit the respiration (Figure 1B). Bacterial 

respiration in untreated cultures consumes oxygen at a rate that yields low oxygen 

concentrations in the media. However, as illustrated in Figure 1B, when respiration is 

inhibited (e.g., with NO), the oxygen concentration increases significantly and approaches to 

saturation. At t=24 h, inhibitors were removed and cells were diluted in fresh media with 

antibiotics to quantify the levels of type I persisters. Consistent with previous reports 

(Balaban, et al., 2004; Luidalepp, et al., 2011; Orman and Brynildsen, 2015), passage 

through stationary phase resulted in significant persister formation (comparison of early and 

late stationary phase persister levels, P-value < 0.05, t-test) (Figure 1CD). In addition, KCN 

treatment at 1 mM significantly reduced persister formation (Figure 1CD), which confirmed 

that the phenomenon described previously was also observed under the modified conditions 

used here (Methods). When cultures were treated with 3 mM DPTA at the onset of 

stationary phase both ampicillin and ofloxacin persister levels were significantly reduced 

compared to untreated controls (P-value < 0.05, t-test). Further, persister levels from NO-

treated cultures were quantitatively comparable to those of KCN-treated and early stationary 

phase cultures (Figure 1CD). These data suggested that NO had the ability to impair 
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persister formation during the stationary phase of E. coli cultures. To assess whether NO 

treatment at later times could reduce persister levels, we treated cultures with 3 mM DPTA 

at 4 h, 5 h, 6 h and 8 h after inoculation. NO treatment at 4 and 5 h significantly reduced 

both ampicillin and ofloxacin persister levels; however, treatments performed at t= 6 and 8 h 

did not (Supplementary Figure S4). This demonstrates that the timing of NO exposure is an 

important treatment parameter.

Catalase inhibition, DksA modulation, and superoxide do not impact the ability of NO to 
impair type I persister formation

Although NO is a potent inhibitor of bacterial respiration (Figure 1B), its broad reactivity 

produces a range of biological effects (Bowman, et al., 2011; Robinson, et al., 2014). 

Several of those effects that could affect persister formation include inhibition of catalase 

activity (Brown, 1995), alteration of DksA activity (Henard, et al., 2014), and formation of 

peroxynitrite through reaction of NO with superoxide (Brunelli, et al., 1995). Since 

oxidative stress can increase persister levels (Vega, et al., 2012; Wu, et al., 2012) and NO 

impairs catalase activity, we treated an E. coli strain devoid of catalases (ΔkatEΔkatG) with 

DPTA at 4 h of growth, and measured type I persistence at 24 h. We observed that NO 

reduces type I persister levels of ΔkatEΔkatG to a similar extent as wild type 

(Supplementary Figure S5A), which indicated that inhibition of catalase activity by NO does 

not explain the phenomenon described here. Since removal of DksA lowers type I persister 

levels (Amato, et al., 2013; Orman and Brynildsen, 2015) and NO interferes with DksA 

function, we assessed whether NO could reduce persister formation in ΔdksA. We found that 

persister levels of ΔdksA were significantly lower than those of wild type (Supplementary 

Figure S5B) and that treatment with DPTA lowered ΔdksA even further; though, we note 

that the levels were found to be at or near the limit of detection, which impaired our ability 

to quantify the complete reduction in persistence (Supplementary Figure S5B). These data 

show that NO does not require DksA to reduce type I persister levels.

To assess whether superoxide or its reaction product peroxynitrite participate in the 

phenomenon reported here, we performed experiments under anaerobic conditions. Cultures 

were transferred to an anaerobic chamber at early stationary phase (t=4 h) and at t=24 h they 

were assayed for type I persistence. Consistent with our previous study (Orman and 

Brynildsen, 2015), in the absence of stationary phase respiration, type I persister levels were 

low, and when nitrate was provided to support anaerobic respiration, formation of type I 

persisters was restored (Figure 2AB). Further, when nitrate reductases were inhibited with 

NO under anaerobic conditions (Supplementary Figure S6), type I persister formation was 

significantly reduced (Figure 2B). Collectively, these results provide evidence that the ability 

of NO to inhibit type I persister formation does not depend on superoxide or peroxynitrite. 

To provide additional evidence for this conclusion, superoxide dismutases (sodA and sodB) 

were over-expressed starting at t= 0 h, cultures were treated with DPTA at t= 4 h, and 

persister levels were assessed at 24 h. As expected, overexpression of these antioxidant 

enzymes failed to alter persister levels (Supplementary Figure S7). We note that in our 

previous study (Orman and Brynildsen, 2015), the catalytic competencies of the over-

expressed SODs were established by observing that they could eliminate the growth defect 

of an SOD-deficient mutant in an O2-dependent manner (Carlioz and Touati, 1986). Overall, 
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these results discount a role for catalase inhibition, DksA modulation, and superoxide in the 

ability of NO to impair type I persister formation.

Decreased persister levels correlate with decreased levels of non-growing cells

Previously we found that inhibiting stationary phase respiration impairs type I persister 

formation by producing bacterial populations that are more fit to rapidly resume cell division 

upon introduction into fresh media (Orman and Brynildsen, 2015). In comparison to 

untreated controls, respiratory-inhibited cultures exhibited less degradation of RNA and 

protein, synthesized protein more quickly when exposed to fresh nutrients, and contained far 

fewer cells that had difficulty resuming growth in new media (Orman and Brynildsen, 2015). 

We note that in earlier work, the majority of persisters in growing E. coli populations were 

found to arise from non-growing cells, which were those that failed to rapidly resume 

growth in fresh media (Orman and Brynildsen, 2013). In that study (Orman and Brynildsen, 

2013), late stationary phase cells (24 h) were diluted in fresh media, grown for 2.5 h, and 

flow cytometry was applied to determine growing and non-growing cell subpopulations 

using a fluorescent protein dilution method (Roostalu, et al., 2008). Then those 

subpopulations were segregated with FACS, and persistence to ampicillin and ofloxacin was 

quantified, which demonstrated that non-growing cells were far more likely to give rise to 

persisters than their growing counterparts, and that the non-growing subpopulation was the 

main source of persisters in those cultures (Orman and Brynildsen, 2013). When stationary 

phase respiration was inhibited, we observed that the abundances of both non-growing cells 

and persisters were significantly reduced (Orman and Brynildsen, 2015). To test if NO 

impairs persister formation in a manner that was similar to other respiratory inhibitors 

(Orman and Brynildsen, 2015), we first tracked cell division using an E. coli strain with an 

inducible mCherry expression cassette integrated into its chromosome as described 

previously (Orman and Brynildsen, 2013). To monitor cell division, mCherry-positive 

stationary phase cells were diluted in fresh media, and the proportions of cells that retained 

high red fluorescence were quantified with flow cytometry. As depicted in Figure 3A, 

mCherry abundance in both DPTA-treated and untreated cells were very high upon 

introduction into fresh media (t=0 h). As cells divided, the red fluorescence of the majority 

of cells declined, except for small subpopulations that remained non-growing and thus 

maintained their abundance of mCherry (t=2.5 h) (Figure 3A). When the non-growing cell 

levels in DPTA-treated cultures were compared to untreated cultures, a significant decrease 

(~16 fold) was observed (P-value <0.05, t-test) (Figure 3B). We note that overexpressing a 

fluorescent protein (mCherry) under these conditions did not alter the effect of NO on 

persister formation (Supplementary Figure S8). This observation, which was consistent with 

the physiology previously described for KCN-treated and anaerobically-transferred cultures 

(Orman and Brynildsen, 2015), indicated a clear correlation between reduced persister levels 

in NO-treated cultures and lower abundances of non-growing cells.

NO treatment improves protein synthesis upon introduction into fresh media

Next, we tested whether NO treatment improves the ability of cells to rapidly synthesize 

protein when exposed to fresh nutrients. We measured transcriptional and translational 

capabilities of DPTA-treated cultures shortly after inoculation into fresh media using E. coli 
that contained a pQE-80L plasmid variant expressing gfp from an inducible promoter 
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(Orman and Brynildsen, 2015). Cultures were treated with DPTA upon entry into stationary 

phase, and then washed and diluted in fresh media with inducer (1 mM IPTG). As shown in 

Figure 4AB, NO-treated cells synthesized GFP much more rapidly than untreated controls 

shortly after inoculation (P-value <0.05, t-test). As control experiments, DPTA-treated and 

untreated cultures were diluted in fresh media without inducer or with inducer and 100 

μg/mL of chloramphenicol. The GFP levels were monitored with flow cytometry, and we 

observed that cells were not capable of expressing GFP in the absence of inducer or in the 

presence of chloramphenicol, which inhibits translation (Supplementary Figure S2). We note 

that use of this plasmid-bearing strain did not change the impact of NO on persister 

formation (Supplementary Figure S9). Overall, these results indicate that NO treatment at 

the beginning of stationary phase produced cell populations with more robust transcription 

and translation capabilities when introduced into fresh media, which mirrors the physiology 

of populations treated with other respiratory inhibitors (Orman and Brynildsen, 2015).

NO treatment inhibits protein and RNA degradation during stationary phase

Previously, we demonstrated a correlation between respiration, self-digestion, and the 

formation of type I persisters (Orman and Brynildsen, 2015). Namely, when stationary phase 

respiration was inhibited, protein and RNA degradation were impaired and persister 

formation was reduced (Orman and Brynildsen, 2015). To determine if NO treatment 

inhibited protein degradation; we used an IPTG-inducible ssrA-tagged gfp (Orman and 

Brynildsen, 2015). To enhance the degradation of super-folder GFP, which is very stable, we 

added an ssrA-degradation tag to its C-terminus, which facilitates degradation by one of the 

major proteases in E. coli (ClpP) (Gottesman, et al., 1998). GFP was expressed until cells 

reached early stationary phase (t= 4 h), and then the inducer was removed and cultures were 

treated with DPTA. As shown in Figure 5A, treatment with 3 mM DPTA significantly 

reduced the degradation of GFP when compared to the untreated control. To demonstrate the 

functionality of this reporter, we further showed that GFP is stable in stationary phase cells 

without the degradation tag, and GFP-ssrA is also stable in a ΔclpP strain (Supplementary 

Figure S10). These experiments confirm that loss of GFP fluorescence in the experiments 

performed was caused by degradation by ClpP protease; though, we note that this assay does 

not report on global protease activity.

To test the effects of NO on RNA degradation, we analyzed the electrophoretic traces and 

RNA integrity (RIN) values obtained from early stationary phase, DPTA-treated late 

stationary phase, and untreated late stationary phase cultures (Figure 5BC). We observed 

that untreated, late stationary phase cells contained more significantly degraded RNA 

compared to early stationary phase or DPTA-treated late stationary phase cultures. These 

results confirmed that NO had a similar effect on protein and RNA degradation in stationary 

phase as other respiratory inhibitors (Orman and Brynildsen, 2015).

NO detoxification enzymes temper its effects on persister formation

Since E. coli can metabolically detoxify NO with Hmp (NO dioxygenase) and NorV (NO 

reductase) (Gardner, et al., 1998; Gomes, et al., 2002; Robinson, et al., 2014), we 

hypothesized that the abundance of those enzymes might dictate the amount of NO required 

to impair type I persister formation. To test this hypothesis, we investigated the sensitivity of 
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two E. coli mutants, one that was devoid of both Hmp and NorV, ΔhmpΔnorV (Gardner and 

Gardner, 2002; Gardner, et al., 2002; Robinson and Brynildsen, 2013), and another that 

constitutively expressed them, ΔnsrR (Bodenmiller and Spiro, 2006; Filenko, et al., 2007). 

When 1, 2, and 3mM DPTA were tested on WT, the effect of NO on persistence was found 

to be concentration dependent with the most significant reductions occurring at 3 mM DPTA 

(P-value <0.05, t-test), and 1mM DPTA resembled the untreated control (Figure 6A). When 

ΔhmpΔnorV was assayed, persister formation was significantly inhibited at concentrations 

as low as 1mM DPTA (Figure 6B), which demonstrated that the NO detoxification systems 

were attenuating the impact of NO on persister formation. When ΔnsrR was tested, all 

DPTA concentrations tested here failed to perturb persister formation (Figure 6C).

To complement the survival data, we tested the extent to which 1mM and 3mM DPTA 

impaired growth and respiration in early stationary phase cultures of WT, ΔhmpΔnorV, and 

ΔnsrR. As illustrated in Figure 7A, 3 mM DPTA treatment successfully inhibited oxygen 

utilization and cell growth in WT cultures, whereas growth and oxygen utilization after 1 

mM DPTA treatment were only transiently inhibited. With ΔhmpΔnorV, both 1 and 3 mM 

DPTA significantly reduced the oxygen utilization and growth, whereas respiration and 

growth of ΔnsrR was not perturbed by either DPTA concentration (Figure 7BC). Overall, 

these results show that NO detoxification systems exert considerable influence on the ability 

NO to impair type I persister formation, which suggest that inhibitors of Hmp and NorV 

could synergize with direct NO delivery methods to reduce persister formation in nutrient-

deprived bacterial populations.

Discussion

Type I persisters were first described by Balaban and colleagues after analysis of the growth 

and ampicillin-induced death of the hipA7 high persistent mutant (Balaban, et al., 2004). 

Type I persisters are a pre-existing subpopulation that are generated by passage through 

stationary phase, and when introduced into fresh media they revert back to normal 

physiology and resume replication with a characteristic time scale that exceeds that of 

normal cells (Balaban, et al., 2004; Fridman, et al., 2014; Levin-Reisman, et al., 2010). In 

addition to type I persisters, which are found in growth-arrested states, Balaban and 

colleagues described type II persisters based on the physiology of the hipQ mutant, which 

are cells that grow very slowly compared to normal cells (~order of magnitude less) 

(Balaban, et al., 2004). Further, Balaban and colleagues demonstrated that wild-type 

populations contained both persister types, and their results depicted that type I persisters 

dominate the persister pool at the point when cultures are exposed to fresh media (Balaban, 

et al., 2004).

Type I persisters are enumerated by introduction of bacterial populations into fresh media 

containing antibiotics, and evidence has suggested that it is the timescale of awakening that 

is critical for their survival. For example, Joers and colleagues inoculated the same 

stationary-phase culture into different fresh media and found that type I persister levels were 

related to the rates at which populations resumed cell division (Joers, et al., 2010). In a 

different study by Fridman and colleagues, where evolution experiments were performed, 

stationary phase cultures were introduced into fresh media with ampicillin for defined 
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periods of time, followed by removal of the antibiotic, growth to stationary phase, and 

repetition of the assay (Fridman, et al., 2014). They observed that the characteristic time of 

cells to resume cell division was tuned in evolved populations to the time period of antibiotic 

exposure (Fridman, et al., 2014). Collectively, these and other studies suggest that an 

effective means to eliminate type I persisters is to increase the ability bacteria to resume 

replication upon exposure to fresh nutrients (Fridman, et al., 2014; Joers, et al., 2010; Orman 

and Brynildsen, 2013; Orman and Brynildsen, 2015; Roostalu, et al., 2008).

In previous work, we discovered that type I persisters mainly originated from stationary 

phase cells with high levels of redox activity (Orman and Brynildsen, 2015). In addition, we 

demonstrated that inhibiting cellular respiration with either chemical (KCN), environmental 

(anaerobic), or genetic means (Δmdh, ΔsdhC, ΔsucB, ΔubiF) largely prevented type I 

persister formation (Orman and Brynildsen, 2015). The evidence we obtained from our 

previous work and current study suggested that respiration is critical to persister formation 

during stationary phase. Respiration is powered by reducing equivalents, and during 

stationary phase reducing power is primarily derived from accumulated acetate and the 

digestion of endogenous cellular components, such as ribosomes and proteins (Gonidakis, et 

al., 2010; Nyström, 2004; Orman and Brynildsen, 2015). We have shown that cultures 

respiring in stationary phase are less fit to rapidly resume translation when presented with 

fresh nutrients and that they contain a significant subpopulation of cells that fail to resume 

cell division (primary source of type I persisters). Using KCN, transfer to anaerobic 

conditions, and NO, we observed a striking correlation between respiratory inhibition and 

prevention of RNA and protein degradation that occurs in stationary phase. We postulate that 

continued respiration provides a metabolic demand for reducing equivalents, which is met in 

part by degradation of RNA and proteins. This self-digestion produces cells that are less fit 

to resume growth when presented with fresh media, and the associated lag protects them 

from antibiotics that are present in the media. When respiration is inhibited, that metabolic 

demand is eliminated, cells reduce their degradation of RNA and proteins, and thereby, 

when fresh media is provided, they rapidly resume growth and die if antibiotics are present.

Unlike KCN treatment or transfer to anaerobic conditions, NO treatment is more 

therapeutically-relevant. NO is a critical antimicrobial used by the human immune system 

(Hibbs, et al., 1988), and exogenous administration of NO to infection sites using a number 

of different delivery mechanisms has produced promising results (Friedman, et al., 2011; 

Jones, et al., 2010; Robinson, et al., 2014; Sulemankhil, et al., 2012; Sun, et al., 2012) This 

molecule with diverse functions easily diffuses through the bacterial membranes and reacts 

with iron-sulfur clusters, superoxide, and oxygen, whereas its oxidized forms damage thiols, 

DNA, and residues on proteins (Robinson, et al., 2014). This reactivity provides NO with an 

ability to inhibit or disrupt a diverse set of enzymes and regulatory proteins, which include 

catalases, respiratory cytochromes, and bacterial reductases (Brown, 1995; Brunelli, et al., 

1995; Henard, et al., 2014; Mason, et al., 2009). Such pleotropic effects lead to a complex 

relationship between NO and antibiotic tolerance. For instance, Gusarov and co-workers 

demonstrated that NO generated endogenously by bacterial NOSs increase the tolerance of 

certain pathogens, such as Bacillus anthracis and Staphylococcus aureus, to a broad 

spectrum of antibiotics (Gusarov, et al., 2009). McCollister and co-workers showed that 

repression of aerobic respiration by NO reduced aminoglycoside uptake and led to tolerance 
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in several bacteria including Salmonella enterica, Pseudomonas aeruginosa, and 

Staphylococcus aureus (McCollister, et al., 2011). Whereas, here we demonstrated that 

treatment of E. coli cultures with NO upon the onset of nutrient depirvation leads to an 

impressive reduction in type I persistence. Further, we showed that the timing of NO 

exposure was an important treatment parameter for the reduction of persister levels. Given 

such complexity and the differences that exist between in vitro and in vivo settings, 

additional studies, such as those involving animal models, are needed to assess the potential 

of NO to reduce antibiotic persistence within clinical settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• NO• treatment at the onset of stationary phase reduces persister levels.

• NO• inhibits respiration and self-digestion during stationary phase.

• NO• yields a population with robust protein synthesis and cell division abilities.
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Figure 1. Impact of NO on respiration and type I persister formation
A. Overnight cultures were diluted in fresh media, and cultured as described in Methods. 

Cell growth was monitored by measuring optical density at 600 nm (OD600). B. Percentages 

of dissolved oxygen concentrations with respect to saturated media in cultures with and 

without 3 mM DPTA treatment at t=4 h were quantified with an oxygen probe. C–D. Cell 

cultures at t=4 h were treated with 1 mM KCN or 3 mM DPTA. For controls, cell cultures 

were treated with equal volumes of solvent (0.15mM NaOH for DPTA, H2O for KCN). At 

t=24 h, cultures were washed to remove the chemical inhibitors, diluted (100-fold) in fresh 

LB, and treated with ampicillin or ofloxacin. Cell cultures at t=4 h (untreated early 

stationary phase) were similarly diluted and treated with ampicillin or ofloxacin in LB. Cell 

survival fractions were monitored for 7 h during the treatments. * indicates a statistical 

difference between control groups and DPTA-treated, KCN-treated, or early stationary phase 

cultures (P-value<0.05, t-test). The 7 hour time points of the survival data (final time points) 

were used for statistical analysis. At least three biological replicates were performed for 

each experimental condition. Each data point represents the mean value ± standard error.
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Figure 2. Persister levels in anaerobic cultures
A. WT cell cultures at t=4 h were transferred to an anaerobic chamber without adding an 

electron acceptor and cultured anaerobically until t=24 h. For comparison, cells were 

cultured aerobically throughout the time course of the experiment. At t=24 h, cultures were 

diluted in fresh LB and treated with ampicillin or ofloxacin aerobically for 7 h. * indicates a 

statistical difference between aerobically and anaerobically grown cultures (P-value<0.05, t-

test). B. NaNO3 (electron acceptor) at 40 mM was added to cultures at t=4 h. Then the 

cultures were treated with either 3 mM DPTA or the solvent (untreated), and transferred to 

an anaerobic chamber. At t=24 h, cultures were washed to remove the chemicals and diluted 

(100-fold) in fresh LB and treated with ampicillin or ofloxacin aerobically. Survival 

fractions were monitored for 7 h during the treatments. * indicates a statistical difference 

between control groups and DPTA treated cultures (P-value<0.05, t-test). The 7 hour time 

points of the survival data (final time points) were used for statistical analysis. At least three 

biological replicates were performed for each experimental condition. Each data point was 

denoted by mean value ± standard error.
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Figure 3. Quantification of non-growing cell population after NO treatment
Cell cultures grown in LB with 1mM IPTG to induce mCherry protein were treated with 3 

mM DPTA at t=4 h. For control groups (untreated), solvent was added to cultures. At t=24 h, 

cells were washed and diluted in fresh LB without inducer, and cultured for 2.5 h. A. 

mCherry at single cell level was determined by flow cytometry. At t=2.5 h mCherry levels 

were reduced in growing cells due to cell division, whereas it remained constant in non-

growing cell populations. B. Percentages of non-growing cell populations in untreated or 

DPTA-treated cultures were determined at t=2.5 h. * indicates a statistical difference 

between untreated and DPTA treated groups (P-value<0.05, t-test). At least three biological 

replicates were performed for each experimental condition. Each data point represents the 

mean value ± standard error.
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Figure 4. Protein production upon inoculation in fresh media
Cultures treated with 3 mM DPTA at t=4 h and untreated controls were grown until 24 h and 

then washed and diluted in fresh LB with inducer for GFP expression. A. GFP expression 

was monitored at indicated time points with flow cytometry. B. Fold increase in mean 

fluorescence values were plotted with respect to time. Fold increase has been quantified as 

the ratio of fluorescence at any time point to the fluorescence at t=0. * indicates a statistical 

difference between untreated and DPTA treated groups (P-value<0.05, t-test). At least three 

biological replicates were performed for each experimental condition. Each data point 

represents the mean value ± standard error.
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Figure 5. Impact of NO on protein and RNA degradation in stationary phase
A. Cells carrying an IPTG-inducible, ssrA-tagged GFP were grown in the presence of 

inducer in both overnight and following cultures. At t=4 h, the inducer was removed, and the 

cultures were treated with 3 mM DPTA or left untreated. GFP levels were measured with a 

plate reader (Methods). Note that GFP in untreated cultures at t=8 h was not detectable. B–

C. Total RNA were isolated from early stationary phase, DPTA-treated, and untreated late 

stationary phase cultures, and analyzed with a bioanalyzer. RNA integrity values range from 

10 (intact) to 1 (totally degraded). For control groups (untreated), solvent was added to 

cultures. * indicates a statistical difference between untreated and DPTA treated groups (P-

value<0.05, t-test). At least three biological replicates were performed for each experimental 

condition. Each data point represents the mean value ± standard error.
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Figure 6. Persister levels of WT, ΔhmpΔnorV, and ΔnsrR
Cell cultures at t=4 h were treated with DPTA at indicated concentrations. For control 

groups (untreated), solvent was added to cultures. At t=24 h, persister assays were 

performed. A. Survival fractions of WT were monitored for 7 h during ampicillin and 

ofloxacin treatments. B. Survival fractions of ΔhmpΔnorV were monitored for 7 h during 

ampicillin and ofloxacin treatments. C. Survival fractions of ΔnsrR were monitored for 7 h 

during ampicillin and ofloxacin treatments. * indicates a statistical difference between 

untreated and DPTA treated groups (P-value<0.05, t-test). The 7 hour time points of the 

survival data (final time points) were used for statistical analysis. At least three biological 

replicates were performed for each experimental condition. Each data point represents the 

mean value ± standard error.
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Figure 7. Growth and oxygen consumption of WT, ΔhmpΔnorV, and ΔnsrR following NO 
treatment
Cell cultures at t=4 h were treated with DPTA at indicated concentrations. A. Cell growth 

and oxygen utilization of WT were monitored at indicated time points. B. Cell growth and 

oxygen utilization of ΔhmpΔnorV were monitored at indicated time points. C. Cell growth 

and oxygen utilization of ΔnsrR were monitored at indicated time points. At least three 

biological replicates were performed for each experimental condition. Each data point 

represents the mean value ± standard error.
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