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Escherichia coli Cells Exposed to Lethal Doses of Electron Beam Irradiation Retain Their Ability to Propagate Bacteriophages and Are Metabolically Active
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Reports in the literature suggest that bacteria exposed to lethal doses of ionizing radiation, i.e., electron beams, are unable to replicate yet they remain metabolically active. To investigate this phenomenon further, we electron beam irradiated Escherichia coli cells to a lethal dose and measured their membrane integrity, metabolic activity, ATP levels and overall cellular functionality via bacteriophage infection. We also visualized the DNA double-strand breaks in the cells. We used non-irradiated (live) and heat-killed cells as positive and negative controls, respectively. Our results show that the membrane integrity of E. coli cells is maintained and that the cells remain metabolically active up to 9 days post-irradiation when stored at 4∘C. The ATP levels in lethally irradiated cells are similar to non-irradiated control cells. We also visualized extensive DNA damage within the cells and confirmed their cellular functionality based on their ability to propagate bacteriophages for up to 9 days post-irradiation. Overall, our findings indicate that lethally irradiated E. coli cells resemble live non-irradiated cells more closely than heat-killed (dead) cells.
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INTRODUCTION

Ionizing radiation and its three main sources, electron beam (eBeam), X-rays, and γ (gamma) rays, are cornerstone technologies of the medical device sterilization and food pasteurization industries (Dorpema, 1990; Follett, 2002; Farkas and Mohacsi-Farkas, 2011; Pillai and McElhany, 2011; Pillai and Shayanfar, 2015). The underlying premise is that at appropriate lethal doses of ionizing radiation, the microbial cells are inactivated, in other words, they are unable to multiply. There are a number of reports detailing the response of viruses, bacteria, and protozoa to ionizing radiation (Purdie et al., 1974; Weiss et al., 1974; Daly and Minton, 1995b; Miyahara and Miyahara, 2002; Kimura et al., 2006; Praveen et al., 2013). There are also a number of studies detailing the possible resistance mechanisms of bacterial cells to ionizing radiation (Daly and Minton, 1995a,b, 1996, 1997; Daly et al., 2007; Holloman et al., 2007; Makarova et al., 2007). Studies have also suggested that ionizing radiation causes structural damage to the DNA in the cells (Krasin and Hutchinson, 1977; Hutchinson, 1985; Daly and Minton, 1995a). However, reports in the literature as well as previous studies in our laboratory suggest that irradiated bacterial cells retain residual metabolic and transcriptional activity. For example, Magnani et al. (2009) demonstrated that lethally gamma irradiated Brucella melitensis cells had lost their ability to replicate but still possessed metabolic and transcriptional activity. The cells also persisted in macrophages, generated antigen-specific cytotoxic T cells, and protected mice against virulent bacterial challenge (Magnani et al., 2009). Secanella-Fandos et al. (2014) observed that lethally gamma irradiated Mycobacterium bovis cells were metabolically active and exhibited similar tumor growth inhibition and induction of cytokines compared to live cells. In our laboratory, we also observed that when Salmonella spp. cells were exposed to lethal doses of eBeam irradiation, the cells were no longer able to multiply. However, the cells had intact membranes and retained their surface antigens (unpublished data). The findings that lethally irradiated cells have DNA double strand breaks, yet are metabolically active and have intact membranes, but are unable to multiply present a scientific conundrum.

The overall objective of this study was to characterize the response of Escherichia coli cells (K-12 wild-type strain MG 1655) to a lethal dose of eBeam radiation. Specifically, we investigated the structural damage to the cells’ DNA, their membrane integrity, their metabolic activity (electron transport activity and ATP levels) and whether irradiated cells could serve as hosts for bacteriophages λ, T4, and T7. These bacteriophages require the host cell’s machinery to varying degrees to produce progeny phage particles. Phage λ relies completely on the host cell to reproduce, T4 requires specific cellular components of the host cell, and T7 requires the host’s machinery only at the very beginning of infection (Hendrix and Casjens, 2006; Little, 2006; Molineux, 2006; Mosig and Eiserling, 2006). Non-irradiated, live cells, and heat-killed cells were used as positive and negative controls, respectively. The underlying hypothesis was that eBeam irradiated E. coli cells retain enough of their cellular structure and function to serve as host cells for bacteriophage propagation, thereby confirming the metabolic activity and viability of lethally eBeam irradiated bacterial cells.

MATERIALS AND METHODS

Preparation and eBeam Irradiation of Bacterial Cultures

Overnight cultures of the E. coli K-12 wild-type strain MG 1655 were grown in Luria-Bertani (LB) broth at 35°C in a shaking water bath. The day of the irradiation, log-phase cultures of E. coli were prepared by seeding LB broth with the fresh overnight culture at a ratio of 1:100. The culture was allowed to grow at 35°C to an OD600 of ca. 0.5 resulting in approximately 1 × 108 colony forming units (CFU)/ml. The log-phase culture was subsequently chilled on ice for 10 min to arrest cell growth. Aliquots of the log-phase culture in LB broth were packaged for eBeam irradiation. In order to comply with the biosafety regulations of Texas A&M University, aliquots of the cell suspensions were placed in heat-sealed double-bagged Whirl Pak bags (Nasco, New York, NY, United States). These heat-sealed bags were then placed inside 95 kPa specimen transport bags (Therapak, Buford, GA, United States).

Previous studies in our laboratory have shown that irradiating cell suspensions in flat plastic bags produced a dose uniformity ratio (DUR) close to 1.0. A DUR of 1.0 indicates complete dose uniformity throughout the sample. Samples were held at 4°C for less than 2 h prior to irradiation and transported on ice in a Saf-T-Pak transport box (Saf-T-Pak, Hanover, MD, United States). Non-irradiated aliquots of the log-phase culture in LB broth were used as a positive control. The positive control samples were packaged the same way as the experimental samples and were transported to the irradiation facility to eliminate possible differences in survival due to transport and handling. Heat-killed cells (70°C for 60 min) were used as a negative control. The eBeam irradiations were carried out at the National Center for Electron Beam Research (NCEBR) at Texas A&M University in College Station, TX, United States using a 10 MeV, 15 kW eBeam linear accelerator. All eBeam irradiations were carried out at ambient temperature (ca. 25°C). Based on a prior dose-response experiment, it was determined that a dose of 7.0 kilo Gray (kGy) was needed to render 1 × 108/ml E. coli cells in LB broth replication incompetent (data not shown). Thus, samples were irradiated to a lethal target dose of 7.0 kGy by conveying the samples across the incident eBeam. To confirm that the cells had lost their replication capabilities, cells were plated on LB plates and incubated at 37°C for 4 days.

Membrane Integrity of eBeam Irradiated E. coli Cells

We used the LIVE/DEAD® BacLightTM Bacterial Viability Kit (Molecular Probes®, Grand Island, NY, United States), a two-color fluorescent dye system, to characterize the membrane integrity of eBeam irradiated cells. The SYTO® 9 green-fluorescent nucleic acid stain can penetrate cells with either intact or damaged membranes. On the other hand, the red-fluorescent nucleic acid stain, propidium iodide, penetrates only cells with damaged membranes. When used in combination, this dye system stains cells with intact membranes green and cells with damaged membranes red.

Following eBeam irradiation and heat treatment, the E. coli samples were stored at 4°C in the LB broth they had been treated in and the membrane integrity was examined at the following time points: 0, 4, 24, and 216 h (9 days). The LIVE/DEAD® BacLightTM Bacterial Viability Kit was used according to the manufacturer’s instructions with minor modifications. Briefly, 0.5 ml of the sample were centrifuged for 1 min at RT at maximum speed in a microcentrifuge. The cell pellet was resuspended in 0.5 ml 0.85% sodium chloride (NaCl) solution. 1.5 μl of the dye mixture (equal volume SYTO® 9 and propidium iodide) were added protected from light. The sample was vortexed and incubated for 15 min at RT in the dark. Slides with 10 μl of sample were prepared for fluorescent microscopy. Images were taken immediately with an Olympus BX50 fluorescent microscope with a FITC/Texas Red filter and a 200× magnification.

Visualization of DNA Double-Strand Breaks in eBeam Irradiated E. coli Cells

We used the neutral comet assay, adapted for bacteria, to visualize DSBs under a fluorescent microscope. This assay, also known as single-cell gel electrophoresis, offers direct visualization of DSBs through the appearance of DNA tails or comets. Cells of interest are immobilized in low melting agarose, lysed, and electrophoresed. This allows the DNA to migrate out of the cell in a pattern determined by the extent of DNA damage (Ostling and Johanson, 1984; Lemay and Wood, 1999).

Following eBeam irradiation, the E. coli samples were transported to the laboratory on ice and stored at 4°C for 1–2 h until the comet assay could be performed. The neutral comet assay was performed using the Trevigen CometAssay® protocol (Reagent Kit for CometAssay®, Catalog # 4250-050-K) with modifications. Briefly, a 50 μl aliquot (1 × 107 cells/ml) of the appropriate bacterial cell suspension (eBeam irradiated, non-irradiated positive control, and heat-killed negative control) was mixed with lysozyme (final conc. 0.5 mg/ml) and RNase A (final conc. 5 μg.ml) prior to adding 500 μl of molten Comet LMAgarose (0.5% low-melting agarose) (Trevigen Inc., Gaithersburg, MD, United States) kept at 37°C. After mixing the sample, a 50 μl aliquot was pipetted onto the CometSlide (Catalog # 4250-050-03, Trevigen Inc., Gaithersburg, MD, United States), resulting in approximately 50,000 cells per sample area. The slides were incubated at 4°C for 10 min in the dark. Following gelling of the agarose disk, the slides were placed in plastic Coplin Jars containing lysis solution [2.5 M NaCl, 100 mM EDTA, 10 mM Tris pH 10, 1% sodium lauroyl sarcosinate, 1% Triton X-100 (added fresh)] and incubated for 1 h at RT. Following cell lysis, slides were placed in an enzyme digestion buffer [2.5 M NaCl, 10 mM EDTA, 10 mM Tris pH 7.4, 1 mg/ml Proteinase K] for 2 h at 37°C. After draining the excess buffer, slides were immersed in pre-chilled 1× electrophoresis buffer [100 mM Tris pH = 9, 300 mM sodium acetate] and incubated for at least 30 min at 4°C; slides may also be stored overnight at this point. Slides were placed in a horizontal electrophoresis unit (Owl; Model B-2) containing fresh 1× electrophoresis buffer and electrophoresed at 1 V/cm for 1 h at RT. The slides were then placed in 1 M ammonium acetate in ethanol for 30 min at RT. DNA precipitation was followed by ethanol dehydration of the agarose. Slides were immersed in absolute ethanol for 1 h at RT and air-dried, followed by 70% ethanol for 15 min at RT and then air-dried. Slides were then stained with 50 μl of freshly prepared SYTO 9 solution (1.25 μM in 0.04% DMSO) for 15 min in the dark. The excess SYTO 9 stain was removed by gently tapping the slide on a KimWipe. Slides were then air-dried for 30 min in the dark, followed by 5 min at 40°C in the dark. Observations were made using an Olympus BX50 fluorescent microscope with a FITC filter and a 1000× magnification. CFU counts were obtained by plating the E. coli samples on LB agar and incubating them at 37°C for 4 days.

Metabolic Activity in eBeam Inactivated E. coli Cells

To investigate the metabolic activity in eBeam inactivated cells over time, we chose an assay that uses cellular reducing conditions to monitor metabolic activity/cell health. Resazurin, the active ingredient, is a non-fluorescent compound. Upon entering the cell, it is converted to resorufin, a highly fluorescent compound, via the cell’s reducing environment. Alive and healthy cells have more reducing power than injured/dead cells and will produce a higher fluorescent signal (Squatrito et al., 1995; Nakayama et al., 1997; Rampersad, 2012).

Following eBeam irradiation and heat treatment, the E. coli samples were stored at 4°C in the LB broth they had been treated in and the metabolic activity was examined at the following time points: 0, 4, 24, and 216 h (9 days). Metabolic activity was measured with the redox indicator alamarBlue® (Invitrogen, Grand Island, NY, United States) according to the manufacturer’s instructions. Briefly, 10 μl of the alamarBlue® reagent were added to 100 μl of cells (in a black 96-well plate), mixed, and incubated in the dark at 37°C for 1 h. Following the 1-h incubation, the fluorescence was measured with a Perkin Elmer Wallac 1420 VICTOR2TM microplate reader. Two independent experiments were performed.

ATP Levels in eBeam Inactivated E. coli Cells

Since ATP, an indicator of metabolically active cells, can be detected via a bioluminescence assay (Squatrito et al., 1995), we determined the cellular ATP levels with the BacTiter-GloTM Microbial Cell Viability Assay (Promega, Madison, WI, United States) according to the manufacturer’s instructions with minor modifications. Following eBeam and heat treatment, the E. coli samples were stored at 4°C in the LB broth they had been treated in and the ATP levels were examined at the following time points: 0, 4, 24, and 216 h (9 days) by adding 10 μl of the BacTiter-Glo reagent to 10 μl of cells (in a white 384-well plate). Samples were mixed and incubated for 5 min at RT. Following the incubation, the luminescence was measured with a Perkin Elmer Wallac 1420 VICTOR2TM microplate reader. The cellular ATP concentrations were interpolated from a standard curve.

Bacteriophage Multiplication in eBeam Inactivated E. coli Cells

To study the overall cellular functionality of eBeam inactivated cells we tested their ability to propagate bacteriophages. Following eBeam and heat treatment, the E. coli samples were kept at 4°C in the LB broth they had been treated in and the overall cellular functionality was determined at the following time points: 0, 4, 24, and 216 h (9 days). One milliliter of each sample was centrifuged for 1 min at RT in a microcentrifuge at maximum speed. The cell pellet was resuspended in 50 μl amended LB broth (5 mM CaCl2 and 5 mM MgSO4) and 50 μl of the bacteriophage (lambda vir 101, T4D or T7), also in amended LB broth, were added at a multiplicity of infection (MOI) of 0.01 (108 CFU/ml to 106 PFU/ml). The mixture was vortexed and incubated in a 37°C shaking water bath for 24 h. Following the incubation, samples were placed on ice, diluted in amended LB broth and spot plated on LB agar using the top agar overlay method (Adams, 1959). Ten microliters from each dilution (-0 to -8) were spotted to determine the dilutions that would yield countable numbers. LB plates were incubated at 37°C for 16–18 h. Following spot plating, the samples were stored at 4°C overnight and full plate titrations, also using the top agar overlay method, of the appropriate dilutions were performed the next day. LB plates were incubated at 37°C for 16–18 h and then counted for plaque forming units (PFUs). The ability of the E. coli cells to replicate (or not) was confirmed by plating survivors on LB agar plates and incubating them at 37°C for 4 days. Two independent experiments were performed.

Statistical Analysis

Statistical significance (P-value <0.05) was determined through pairwise Student’s t-tests using the JMP statistical software (version 11).

RESULTS

Membrane Integrity of eBeam Inactivated E. coli Cells

The results indicated that, as expected, the live (non-irradiated) E. coli cells had intact membranes at all the time points (Figure 1). At both the 24 h and day 9 time points, the live control showed a few cells with damaged membranes. In contrast, the heat-killed cells had only damaged membranes for all the time points (Figure 1). Overall, the eBeam inactivated cells had intact membranes similar to the live cells (Figure 1). At 0 and 4 h post-irradiation, the eBeam inactivated cultures showed a few cells with damaged membranes. As the incubation continued, the number of cells with damaged membranes increased. At day 9 of incubation in LB broth at 4°C, approximately half of the eBeam inactivated cells showed signs of membrane damage (based on qualitative analysis) (Figure 1). These microscopic images are presented without enlargement to highlight the finding that the majority of cells in the field of view are viable (green) and as the incubation proceeds to day 9, the number of cells with compromised membranes (red) increase. Though we unfortunately did not perform quantitative image analysis to quantify the % red and green cells, these microscopic images highlight the intactness of the cellular membrane after eBeam irradiation as compared to the membrane damage that occurs during heating.
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FIGURE 1. Representative images depicting membrane integrity in eBeam inactivated, heat-killed, and live Escherichia coli cells. Cultures were incubated at 4°C in LB broth post-treatment and images were taken at 0, 4, 24 h, and 9 days.



Visualization of DNA Double-Strand Breaks in eBeam Inactivated E. coli Cells

The neutral comet assay was performed to visualize the DNA double-strand breaks (DSBs) in E. coli cells exposed to a lethal eBeam irradiation dose (7 kGy), a lethal heat treatment (70°C for 60 min) or no treatment (live control). The measured eBeam dose for E. coli cells irradiated in LB was 7.04 kGy. The live cells showed only a few DSBs as seen by a few long DNA tails whereas eBeam inactivated cells showed extensive DSBs as seen by no distinct DNA tails. The extent of DNA damage in heat-killed cells was not as severe as for eBeam inactivated cells, as indicated by the DNA tails protruding from some cells. Nonetheless, the DNA damage in heat-killed cells was more pronounced than in the live cells, since not every cell had distinct DNA tails (Figure 2).
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FIGURE 2. Representative images showing the detection of DNA double-strand breaks in E. coli cells using the neutral comet assay. Cells were exposed to either a lethal eBeam irradiation dose (absorbed dose: 7.04 kGy), a lethal heat treatment (70°C for 60 min) or no treatment. Arrows indicate DNA tails (control), putative DNA fragments (eBeam) or both (heat-killed).



Metabolic Activity in eBeam Inactivated E. coli Cells

Live E. coli cells maintained a high level of metabolic activity over the entire 9 day incubation period (LB broth at 4°C), whereas heat-killed cells exhibited no metabolic activity (Figure 3A). In fact, the heat-killed cells were significantly different (p < 0.0001) from eBeam inactivated and live cells (Figure 3A). Metabolic activity in eBeam inactivated E. coli cells was maintained at levels comparable to the live cells over a period of 24 h post-irradiation. By day 9, the metabolic activity in the eBeam inactivated cells had significantly (p < 0.0001) decreased compared to the live cells (Figure 3A).
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FIGURE 3. (A) Metabolic activity of eBeam inactivated, heat-killed, and live E. coli cells. Heat-killed cells did not have measurable levels. Bacterial cultures were incubated at 4°C in LB broth post-treatment and measurements were taken at 0, 4, 24 h, and 9 days. Two independent experiments were performed, with standard deviations shown. C∗ denotes statistical significance (p < 0.0001). (B) ATP levels of eBeam inactivated, heat-killed, and non-treated E. coli cells. Samples were incubated at 4°C in LB broth post-treatment and measurements were taken at 0, 4, 24 h, and 9 days. Two independent experiments were performed, with standard deviations shown. ∗∗Denotes statistical significance (p < 0.01); ∗∗∗denotes statistical significance (p < 0.001).



ATP Levels in eBeam Inactivated E. coli Cells

The ATP levels for the live E. coli cells increased over the 9 day incubation period (0 h: 1.06 μM; 4 h: 0.94 μM; 24 h: 1.19 μM; day 9: 1.73 μM) (Figure 3B). In contrast, heat-killed cultures maintained constant ATP levels throughout the entire 9 day incubation period (0 h: 0.67 μM; 4 h: 0.63 μM; 24 h: 0.63 μM; day 9: 0.66 μM) (Figure 3B). ATP levels for eBeam inactivated E. coli cells were much more variable compared to heat-killed and live cells (0 h: 1.4 μM; 4 h: 0.92 μM; 24 h: 1.56 μM; day 9: 0.38 μM) (Figure 3B). At 0 h, the eBeam inactivated cells had the highest ATP levels compared to live and heat-killed cells. In addition, the ATP levels were significantly different (p < 0.0062) from the heat-killed cells. At 4 h, all three groups had very similar ATP levels. At 24 h, eBeam inactivated cells had the highest ATP levels and heat-killed cells the lowest. The ATP levels in the eBeam inactivated cells were significantly different (p < 0.0011) from the heat-killed cells. After 9 days of incubation at 4°C, eBeam inactivated cells had the lowest levels of ATP and the live cells the highest and eBeam inactivated and heat-killed cells had ATP levels that were significantly different (p < 0.0001 and p < 0.0003, respectively) from the live cells (Figure 3B).

Bacteriophage Multiplication in eBeam Inactivated E. coli Cells

Phage λ was able to reproduce in healthy E. coli host cells (PC) as indicated by the significant difference (p < 0.0001) to the no host cell negative control (NC) at every time point. The average log PFU increase was 3.18 ± 0.02 across all the time points (Figure 4). Phage λ was able to propagate in eBeam inactivated (EB) host cells that were incubated for 24 h post-irradiation (in LB broth at 4°C) (Figure 4). At this time point, a statistically significant difference (p < 0.05) based on a log PFU increase of 0.61 was observed between EB and NC. At the other 3 time points (0 h, 4 h, and 9 days), there was no statistically significant difference between the PFU counts for phage λ incubated with EB cells and no host cells (NC). However, a slight increase in log PFU numbers (ca. 0.3) was observed at these three time points (Figure 4). Phage λ was not able to reproduce in heat-killed (HK) host cells. In fact, a 0.3 log reduction in PFU counts was observed at all four time points (Figure 4). A significant difference (p < 0.05) was observed between eBeam inactivated and heat-killed host cells at every time point (Figure 4).
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FIGURE 4. Bacteriophage λ numbers after incubation (at 37°C for 24 h) with eBeam inactivated host cells (EB), heat-killed host cells (HK), non-treated live host cells (PC – positive control), and no host cells (NC – negative control). The 0, 4, 24 h, and day 9 time points represent the time after host cell treatment. Two independent experiments were performed, with standard deviations shown. ∗Denotes statistical significance (p < 0.05); ∗∗denotes statistical significance (p < 0.01); ∗∗∗∗denotes statistical significance (p < 0.0001).



Phage T4D was able to reproduce in healthy E. coli host cells (PC) as indicated by the significant difference (p < 0.001) to the no host cell control (NC) at every time point. The average log PFU increase was 2.04 ± 0.15 across all the time points (Figure 5). Phage T4D numbers in eBeam inactivated host cells (EB) remained at the same levels as the NC for all the time points, indicating that T4D was unable to propagate in EB cells (Figure 5). Heat-killed host cells (HK) turned out to be a net sink for T4D phages, reducing its numbers by 2.88 logs on average, as indicated by the significant difference (p < 0.0001) to the no host cell (NC) control (Figure 5).
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FIGURE 5. T4 bacteriophage numbers after incubation (at 37°C for 24 h) with eBeam inactivated host cells (EB), heat-killed host cells (HK), non-treated live host cells (PC – positive control), and no host cells (NC – negative control). The 0, 4, 24 h, and day 9 time points represent the time after host cell treatment. Two independent experiments were performed, with standard deviations shown. ∗∗∗Denotes statistical significance (p < 0.001); ∗∗∗∗denotes statistical significance (p < 0.0001).



Phage T7 was able to reproduce in healthy E. coli host cells (PC) as indicated by the significant difference (p < 0.0001) to the no host cell control (NC) at every time point. The average log PFU increase was 3.57 ± 0.15 across all the time points (Figure 6). Phage T7 was able to produce progeny particles in eBeam inactivated host cells (EB) at every time point (0, 4, 24 h, and 9 days post-irradiation) (Figure 6). Phage T7 numbers in EB cells were significantly different (p < 0.0001) from the no host cell control (NC), increasing by at least 2.6 logs at every time point (Figure 6). There was no significant difference between the T7 phage numbers in heat-killed host cells (HK) compared to the NC, indicating that T7 phages were unable to propagate in HK host cells (Figure 6). However, HK host cells were not a net sink for T7 phages as they were for T4 phages.
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FIGURE 6. T7 bacteriophage numbers after incubation (at 37°C for 24 h) with eBeam inactivated host cells (EB), heat-killed host cells (HK), non-treated live host cells (PC – positive control), and no host cells (NC – negative control). The 0, 4, 24 h, and day 9 time points represent the time after host cell treatment. Two independent experiments were performed, with standard deviations shown. ∗∗∗∗Denotes statistical significance (p < 0.0001).



DISCUSSION

Membrane Integrity of eBeam Inactivated E. coli Cells

The vast majority of eBeam inactivated E. coli cells maintained their membrane integrity up to 24 h post-irradiation when kept in LB broth at 4°C. These results are congruent with a study by Jesudhasan et al. (2015), which found that a large majority of Salmonella Enteritidis cells had intact membranes after exposure to a lethal 2.5 kGy eBeam dose. Only after 9 days of incubation did the membrane damage in the eBeam inactivated E. coli cells become more prevalent (Figure 1). This is in stark contrast to heat-killed cells, which showed membrane damage immediately following the heat treatment (Figure 1). Our results indicate that eBeam inactivated cells resemble live cells more closely with respect to their membrane integrity than heat-killed cells.

Visualization of DNA Double-Strand Breaks in eBeam Inactivated E. coli Cells

Ionizing radiation is known to cause DNA DSBs (Hutchinson, 1985). DSBs are the most lethal form of DNA damage and most organisms can generally tolerate only a few of them (Krasin and Hutchinson, 1977). To confirm that a lethal eBeam dose results in extensive DNA damage, the neutral comet assay was performed on E. coli cells irradiated in LB broth. The fluorescent images obtained from the comet assay showed extensive DSBs in the cells after exposure to lethal eBeam irradiation. This is evident by the complete absence of distinct DNA tails/comets (Figure 2). The extensive DNA damage in eBeam inactivated cells makes the quantification of DSBs extremely difficult. On the other hand, live healthy E. coli cells showed only minor DNA damage as seen by a few long DNA tails, while heat-killed cells exhibited both patterns (Figure 2). The lack of distinct DNA tails in the eBeam inactivated cells is a result of the large number of DSBs. It has been estimated that 100 Gy of ionizing radiation cause approximately 1 DSB per one million base pairs (Mbp) (Daly et al., 2010). For the genome of E. coli strain K-12 (4.6 Mbp) this translates roughly to 3–5 DSBs per 100 Gy (Blattner et al., 1997; Thomson et al., 2008). Therefore, a dose of 7 kGy would result in 210–350 DSBs per genome. The paper by Singh et al. (1999) is the only other published report that utilized the neutral comet assay to visualize DSBs in irradiated bacteria. They studied x-ray irradiated E. coli cells at 0.125–1 Gy and were able to quantify the DNA tails. However, considering the substantial difference in dose, 1 Gy versus 7000 Gy, and the theoretical number of DSBs (0.03 vs. 210 per cell), it is not surprising that distinct or countable DNA tails were not observed in this study. It needs emphasis that DNA comet assays are not particularly useful for prokaryotes because of their low cellular DNA content. Therefore attempting to quantify DNA tails or “spots” would be prone to serious errors. These are key drawbacks of utilizing DNA comet assays in prokaryotes. In preliminary studies using DNA fragmentation analysis, we have observed that DNA fragments in the 103 bp predominate after eBeam irradiation as compared to the 104 bp fragments that are present in un-irradiated cells (data not included).

Metabolic Activity in eBeam Inactivated E. coli Cells

eBeam irradiated E. coli cells incubated in LB broth at 4°C maintained metabolic activity levels on par with the positive control cells for the first 24 h (Figure 3A). This trend was also observed for lethally irradiated S. Typhimurium cells incubated in TSB at 4°C. We hypothesize that the lethally irradiated cells are adapting to the cold environment and are adjusting their metabolic needs to focus on DNA repair (Daly and Minton, 1996; Panoff et al., 1998; Liu et al., 2003; Kimura et al., 2006; Dillingham and Kowalczykowski, 2008). By day 9 of incubation the metabolic activity in irradiated cells had decreased significantly compared to the control (Figure 3A). This trend could signify the beginning of the cell death phase and is congruent with an observed decrease in membrane integrity (Figure 1) (Wanner and Egli, 1990; Finkel, 2006).

ATP Levels in Lethally Irradiated E. coli Cells

ATP levels for eBeam irradiated E. coli samples were more variable compared to heat-killed and control samples (Figure 3B). In general, irradiated samples resembled control samples more closely than heat-killed ones, except on day 9 of incubation, at which point the ATP levels in lethally irradiated cells had decreased significantly. The observed trend in ATP levels indicates that irradiated cells were metabolically active (to varying degrees) over the 9 day incubation period. These observations together with the results from the redox indicator (alamarBlue®) support our hypothesis that lethally irradiated cells remain metabolically active for extended periods of time after irradiation. Similar results were obtained by Magnani et al. (2009) and Secanella-Fandos et al. (2014) with lethally gamma irradiated Brucella melitensis and Mycobacterium bovis cells, respectively.

Bacteriophage Multiplication in Lethally Irradiated E. coli Cells

All of the three bacteriophages tested, namely λ, T4, and T7, are tailed, double-stranded DNA phages belonging to the order Caudovirales (Ackermann, 2006). All three of them require their host cell’s machinery to varying degrees for their propagation. Phage λ relies completely on the host cell to reproduce, T4 requires certain components of the host cell, and T7 only requires the host’s machinery at the very beginning of infection (Hendrix and Casjens, 2006; Molineux, 2006; Mosig and Eiserling, 2006).

Phage λ is most dependent on its host cell and it also has one of the best-understood complex regulatory systems. λ is a temperate phage, with an ability to choose between two alternative life styles: the lytic and the lysogenic growth cycles. The decision between the two cycles is made within the first 10–15 min of infection and depends both on the MOI and the physiological state of the host cell (Little, 2006). λ uses the energy of the host cell’s metabolism and its biosynthetic machinery to produce ca. 50–100 progeny virions (Little, 2006). Cell lysis occurs after ca. 1 h of infection in healthy host cells (Little, 2006). The results of this study showed that at the 24 h time point (post-irradiation), there was a statistically significant difference (p < 0.05) between eBeam irradiated host cells and the no host cell control (Figure 4), indicating that phage λ was able to propagate successfully in eBeam irradiated cells. A similar trend was observed for the remaining three time points (0 h, 4 h, and day 9), but the increase in virus numbers was not statistically significant (Figure 4). Since λ phages are able to propagate inside eBeam irradiated E. coli host cells, we hypothesize that all of the necessary cellular resources/machineries are still functioning within the irradiated cells. Phage λ requires the host’s (1) RNA polymerase for all its transcription needs, (2) entire DNA replication apparatus for its phage DNA replication, and (3) translation machinery to make its proteins (Baranska et al., 2001; Hendrix and Casjens, 2006). All of these cellular functions must still be in “good working order” in eBeam irradiated cells; otherwise phage λ would not be able to propagate. It is possible that λ used the host cell’s pre-formed RNA polymerase as well as other macromolecules to carry out the transcription and translation of its DNA. Whether or not pre-formed molecules were used, these results prove that the host cell’s RNA polymerase is able to transcribe DNA and the ribosomes are able to translate and make proteins after a lethal eBeam irradiation dose.

The results for the T4 phage experiments revealed that they were unable to propagate in eBeam irradiated host cells. Interestingly, heat-killed host cells were a net sink for T4 phages, reducing phage numbers by approximately 3 logs (Figure 5). T4 phages also depend on many vital host structures and functions, such as membranes, energy metabolism, transcriptional and translational machines, and some chaperones (Adelman et al., 1997; Bhagwat and Nossal, 2001; Mosig and Eiserling, 2006). T4 phages use and modify the core host RNA polymerase, through phage-induced proteins, to selectively transcribe the hydroxymethylcytosine (HMC) residue containing phage DNA rather than the cytosine residue containing host DNA (Drivdahl and Kutter, 1990; Kashlev et al., 1993; Mosig and Eiserling, 2006). In fact, all host DNA and mRNA present at the time of infection, are rapidly degraded and the breakdown products are used to synthesize phage DNA and RNA. Furthermore, after infection, the translation of host messages ceases and ribosomes are re-programmed to translate T4 messages (Duckworth, 1970). Other than phage λ, T4 phage codes for all the components of its own DNA replication and recombination complexes (Mosig, 1998; Mosig et al., 1998; Kolesky et al., 1999; Mosig and Eiserling, 2006). It is unclear which structural or functional component(s) of the eBeam irradiated host cells were not functioning properly to prevent T4 propagation. It is possible that all of the host cell modifications (i.e., RNA polymerase) initiated by T4 phages increased the overall oxidative stress within the host cells, rendering them ineffective for phage propagation. Krisko and Radman (2010) found that the decline of what they called biosynthetic efficacy (measured by λ propagation) was correlated to radiation-induced oxidative damage. Targeted studies are needed to address this issue as well as the sink phenomenon observed in heat-killed host cells (Figure 5).

The results for the T7 phage experiments showed that they were the most successful in utilizing eBeam irradiated host cells for their propagation out of all the phages tested (Figure 6). T7 growth is remarkably independent of host enzymes; it only requires the host’s translational apparatus and biosynthetic machinery for precursor synthesis (Molineux, 2006). The host cell’s RNA polymerase is used to make early RNAs, but most of the transcription is catalyzed by the T7 RNA polymerase (once it has been synthesized by the host cell). T7 DNA replication and recombination are also independent of host proteins, except for thioredoxin (Martin et al., 1988; Imburgio et al., 2000; Molineux, 2006). Just like T4 phages, T7 phages attach to the lipopolysaccharides of the outer membrane and translocate their DNA via a self-made channel into the host cell’s cytoplasm. DNA translocation is highly temperature dependent and requires membrane potential (Molineux, 2001, 2006). Since T7 phages require the least amount of host cell resources and functionalities, this may be the reason why they were able to propagate so efficiently in eBeam irradiated host cells (Figure 6). Furthermore, the results indicate that all of the cellular components (i.e., RNA polymerase) needed by the phage to replicate are functioning properly in eBeam irradiated host cells. It would further appear that irradiated cells kept at 4°C post-irradiation are “frozen in time” (in terms of their cellular activities), since T7 phages were able to propagate in cells that had been stored for 9 days just as well as in freshly irradiated cells (Figure 6). This is in contrast to post-irradiation incubation at 37°C. Marsden et al. (1972) found that sub-lethally irradiated E. coli cells rapidly lost their ability to support T4 phage growth after 2 h of post-irradiation incubation at 37°C. Even though, T7 phages were able to propagate well in irradiated cells, the increase in numbers was still significantly different (p < 0.0001) from the non-irradiated (control) cells (Figure 6). This leads to the conclusion that some cellular components, apart from the DNA, were rendered less functional due to the irradiation with a lethal eBeam dose. These results are in line with earlier studies that examined phage growth in x-ray irradiated E. coli host cells (Labaw et al., 1953; Pollard et al., 1958). The results presented here with eBeam irradiated E. coli host cells have raised many more interesting questions (i.e., do phages use pre-formed or newly synthesized RNA polymerase) and warrant further investigation. Using bacteriophages to investigate the functionality of lethally irradiated bacterial cells may prove to be a very elegant model system.

CONCLUSION

The results presented indicate that lethally irradiated E. coli cells resemble live (non-irradiated) cells more closely than heat-killed cells. Despite their extensive DNA damage, lethally irradiated cells have intact membranes, are metabolically active, and are able to support the propagation of bacteriophages.
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