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Abstract

:

Phage characterization for research and therapy can involve newly isolated phages propagated in pathogenic bacteria. If so, characterization requires safety-managing the bacteria. In the current study, we adapt a common and inexpensive reagent, PrimeStore (Longhorn Vaccines and Diagnostics, San Antonio, TX, USA), to safety-manage bacteria in 20 min by selectively inactivating the bacteria. No bacterial survivors are observed among >109 bacteria per ml for a representative of both Gram-negative bacteria (Escherichia coli) and Gram-positive bacteria (Bacillus thuringiensis). This procedure causes no detected inactivation of podophage T3, myophage T4 and siphophage 0105phi7-2. Margins of safety for PrimeStore concentration exist for bacterial inactivation and phage non-inactivation. Thus, general applicability is expected. Subsequent dialysis is used to block long-term effects on phages. Nonetheless, comparable tests should be performed for each pathogenic bacterial strain/phage. Electron microscopy of thin sections reveals inactivation-altered bacterial cytoplasm and a non-disintegrated bacterial envelope (ghosts). Ghosting of E. coli includes re-arrangement of the cytoplasm and the release of endotoxin. The activity of the released endotoxin is >99% reduced after subsequent dialysis, which also removes PrimeStore components. Ghosting of B. thuringiensis includes apparent phase separation within the cytoplasm. The primary application envisaged is biophysical and other screening of phages for therapy of infectious disease.
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1. Introduction


Environmental bacteriophages (phages) are screened for potential use in both procedures of biomedicine and studies of evolution. In the case of phage therapy of bacterial disease, phages are typically propagated in pathogenic hosts [1,2,3,4,5]. Thus, pre-use phage transportation, physical/chemical characterization and subsequent purification present the problem of removing residual bacterial pathogenicity.



Pre-use characterization of phages has advantages that are emphasized by our recent discovery that phages, even related phages, vary by four orders of magnitude in their titers after 4–5 h in the blood of mice [6,7]. Potentially, an animal-independent, more efficient (in cost and time) procedure can be developed to determine the probability that a phage will have high persistence, 4–6 h at least, in humans. Thus, we need a high-throughput, simple, inexpensive strategy for managing contaminating bacteria.



Potential strategies include (1) removal of bacteria by either filtration [8,9] or centrifugation [10,11], and (2) isolation of personnel from procedures of characterization. However, use of filtration has the risk of phage loss via adherence to filters [12,13]. Use of centrifugation is relatively expensive and presents infection hazards. Isolation of personnel from procedures requires expensive modification of whatever equipment is used. More efficient and reliable is treatment of phage preparations with bacteria-killing, but phage-preserving, reagents. However, such reagents are not currently available, to our knowledge.



Our preliminary thinking in this area began with the fact that the phages used for phage therapy were lytic and typically not membrane-enclosed. Thus, a procedure designed to disrupt membranes would be a good place to start searching for a bacteria-killing procedure that preserves phages used for phage therapy. An example is the mixture called PrimeStore (Longhorn Vaccines and Diagnostics; San Antonio, TX, USA), which has been used for inactivating membrane-enclosed viruses and preserving viral RNA for PCR [14,15,16,17]. PrimeStore also both kills bacteria and inactivates RNases, the latter being relatively resistant to inactivation [14,17].



Thus, we tested a diluted PrimeStore-based reagent for inactivation of both a Gram-negative bacterium, Escherichia coli, and a Gram-positive bacterium, Bacillus thuringiensis. We found that we could inactivate both these bacteria (1) with no bacteria detected in a preparation that started with over 109 colony formers per ml and (2) without causing detectable loss in the titer of podophage T3, myophage T4 and siphophage 0105phi7-2. Thus, we have found one procedure that satisfies the requirements in these cases and probably many more. The details are described here.




2. Materials and Methods


2.1. Bacterial and Phage Strains: Purification of Phages


E. coli BB/1, often used for propagating coliphages (e.g., [6]), was the Gram-negative bacterial strain used in this study. A locally isolated B. thuringiensis, also previously used for phage propagation [7], was the Gram-positive bacterial strain.



Bacterial colonies were obtained by streaking on hard agar: 1.0% Bacto-agar in T broth, 10 g Bacto-tryptone, 5 g KCl per liter of water. Liquid cultures were started with a single colony. The liquid medium for E. coli was 2xLB broth: 20 g Bacto-tryptone, 10 g Bacto-yeast extract, 5 g NaCl per liter of water. The liquid medium for B. thuringiensis was T-Broth, with a 1000 dilution of 1.0 M CaCl2 added after separate autoclaving. Cultures were grown to stationary phase by overnight (~16 h) incubation with aeration at 37 °C for E. coli and 22 °C for B. thuringiensis.



Phage T3 was liquid culture-propagated and purified in cesium chloride density gradients as previously described [18]. Phages T4 (D strain) [19] and 0105phi7-2 [7] were agarose-overlay-propagated in Petri plates and purified by rate zonal centrifugation in a sucrose gradient as previously described (T4 [19]; 0105phi7-2 [7]).




2.2. Counting of Bacteria and Phages


Determination of bacterial single-colony-producing units (CPU) per ml was initiated by dilution of bacteria in liquid culture medium. Then, 100 µL of diluted bacteria, in a sterile glass micropipette, was transferred to a hard agar surface in a Petri plate. The bacteria were spread using an alcohol-dipped flame-sterilized L-shaped glass rod. Colonies were counted using a colony counter (Stuart CC-200, Cole-Parmer, Vernon Hills, IL, USA).



Determination of phage plaque-forming units (PFU) per ml was initiated by diluting the phages. The phages in the final dilution were mixed, at 50 °C, with growth medium and molten agarose (Seakem Gold agarose; Lonza, Rockland, ME, USA). The concentration of agarose is indicated in the text; the growth medium was the medium used for propagation of the host. The incubation time and temperature were as follows: phage T3, 4–5 h, 37 °C; phage T4, 16–18 h, 30 °C; phage 0105phi7-2, 16–18 h, 22 °C. Plaques were counted using the plate reader used for bacteria.




2.3. Effects of PrimeStore-Based Inactivation Reagent on Bacterial and Phage Viability


The active ingredient of the inactivation reagent was PrimeStore (Longhorn Vaccine and Diagnostics, San Antonio, TX, USA). PrimeStore had the following composition: 2.1 M Guanidine thiocyanate, 0.500 mM TCEP (Tris(2-carboxyethyl)phosphine hydrochloride), 8.5 mM sodium citrate, 0.375% (w/v) sodium N-Lauroylsarcosine, 50 ppm antifoam A, 50 mM Tris, 0.095 mM EDTA, 22% (v/v) ethanol, 38 mM HCl (see Acknowledgments). Tests of inactivation were performed on 50 μL of bacteria, added to the following inactivation reagent: 50 μL of PrimeStore previously diluted with broth to achieve the final concentration indicated. This mixture was left at room temperature (22 ± 2 °C) for the time indicated. The same procedure was used for tests of the inactivation of phages.



Following incubation, the mixture was placed on ice. Then, 100 µL portions were removed, diluted and used to determine CFU per ml; 10 µL portions were removed, diluted and used to determine PFU per ml.



To increase the concentration of bacteria, pelleting was performed at 8000 rpm for 5 min in a JA25.50 rotor (maximum g = 7720). The supernatant was decanted. For testing of inactivation, the bacteria were processed as described above after concentration and subsequent resuspension. For electron microscopy, bacterial pellets were resuspended in either broth (control) or broth containing 1:10 diluted PrimeStore and incubated for 20 min at room temperature with mixing.




2.4. Electron Microscopy (EM) of Bacteria Propagated in Liquid Culture


Electron microscopy (EM) of thin sections was used to determine changes in structure of the inactivated and the control, pelleting-concentrated bacteria from Section 2.3. A first fixation of bacteria was performed by adding 1.0 mL of bacteria to 9.0 mL of the following fixative solution and incubating for 1.0 h at room temperature: 4.0% formaldehyde, 1.0% glutaraldehyde, 0.11 M sodium phosphate, pH 7.3.



Fixed cells were pelleted by centrifugation for 5 min at 8000 rpm in a JA25.50 rotor. The supernatant was decanted, and the pelleted bacteria brought to ~5 °C. The bacteria were then gel-embedded by resuspension in 100 µL molten (50° C) 1.2% (m/v) Seakem Gold agarose that had been dissolved in 2xLB broth, in the case of E. coli, and T broth, in the case of B. thuringiensis. The embedded cells (~0.6% agarose, final) were transferred to a 96-well plate on a coolant pack at −20 °C.



A second fixation was performed by removing the resulting semisolid gel with a spatula. The gel was transferred to a 0.6 mL conical microfuge centrifuge tube to which 0.4 mL of the above fixative solution was added. The embedded bacteria were incubated with fixative for 1.0 h at room temperature.



After the second fixation, the bacteria were dehydrated and embedded in Epon 812. Sections 100 nm thick were cut. The procedures have been previously described [20]. Electron microscopy was performed using a JEOL JEM-1400 electron microscope. Images were recorded using an AMT Image Capture Engine Version 7 in the Department of Pathology at UT Health, San Antonio.




2.5. Electron Microscopy of Phage T4 Plaques


Plaques of phage T4, after formation at 37 °C in a 0.6% supporting agarose gel, were prepared for EM via the following procedure. The clear region of a plaque, extending to and including a small segment of the surrounding bacterial lawn, was excised with a glass micropipette and transferred to a piece of parafilm. After separation from the lower agar gel, the upper agarose overlay was immersed in 0.5 mL 2xLB broth containing 10% (v/v) PrimeStore inactivation reagent and incubated at room temperature for 1.0 h. Following transfer of the inactivation-reagent treated agar slice to another piece of parafilm, 0.5 mL of the above fixative solution was added. Fixation was performed and was followed by dehydration, embedding, thin-sectioning and electron microscopy as in Section 2.4.




2.6. Detection of Endotoxin


Preparations of 10% PrimeStore-inactivation-reagent treated E. coli were subjected to pelleting of bacteria-sized inactivation products by centrifugation at 8000 rpm (maximum g = 7720) for 5 min at 15 °C. The supernatant was quantitatively tested for endotoxin using a ToxinSensor Chromogenic LAL Endotoxin Assay Kit (GenScript, Piscataway, NJ, USA). The manufacturer’s instructions were followed. Subsequent dialysis was performed using Spectra 25,000 MWCO (molecular weight cut-off) cellulose dialysis tubing and 4 changes (2 L) of deionized water at 5 °C for 8–10 h.





3. Results


3.1. Inactivation of Gram-Negative and Gram-Positive Bacteria in Growth Medium


A diluted, 10% PrimeStore-inactivation-reagent was effective in killing both E. coli and B. thuringiensis, leaving no CFU among these bacteria at concentrations above those of a stationary phase culture (Table 1a). The concentration of bacteria in Table 1a was increased by pelleting and resuspension. The same result was observed when 5% PrimeStore reagent was used (Table 1a).



In contrast, the 10% PrimeStore-inactivation-reagent had no effect on the PFU per ml of the phages tested. Podophage T3, myophage T4 and siphophage 0105phi7-2 did not lose titer when PrimeStore-reagent-treated for 20 min (Table 1b) in a separate experiment. Simultaneously, the 10% PrimeStore-inactivation-reagent killed all E. coli and B. thuringiensis in preparations that had not been pre-concentrated.




3.2. Electron Microscopy of Inactivated E. coli


Electron microscopy of thin sections revealed that the inactivation of pelleting-concentrated E. coli was not accompanied by general bacterial disintegration. Images of particles with bacterial cell-like envelopes were over 90% of the particle images observed. A low-magnification example is shown in Figure 1a. Background, extracellular fibers were the embedding agarose gel. A low-magnification control image of cells prepared in the absence of treatment with 10% PrimeStore-reagent is shown in Figure 1b. The first inactivation-induced change observed was that the cell envelopes had become rounded and wider at the ends, as seen by comparison of Figure 1a with Figure 1b. The magnifications in such low-magnification images are not precise enough to compare sizes.



Closer examination revealed additional effects of inactivation. First, the following change was observed. Images of both sagittal and transverse sections of the control typically had relatively low-density, DNA-fiber-containing cytoplasm embedded in higher-density cytoplasm, as seen in Figure 1b (referred to as class 1 images), with a higher magnification example in Figure 2b. In contrast, images of both sagittal and transverse sections of inactivated E. coli typically revealed lower-density cytoplasm in segments along the long axis. The lower-density cytoplasm was not embedded in the higher-density cytoplasm (class 2 image; Figure 1a and Figure 2a). Quantitatively, class 2 images were over 95% of the images in the PrimeStore-reagent treated sample; class 1 images were not observed in over 1000 ghosts. These numbers were 10% and 86% for the control sample. Thus, at the least, inactivation rearranged the E. coli cytoplasm. These differences were observed in two independent trials.



In addition, inactivation associated damage to the E. coli envelope was observed. The three layers of the control were, as previously shown [21,22,23], outer membrane/cell wall (lower arrow in Figure 2b) and inner membrane (upper arrow in Figure 2b). These three layers were also sometimes seen in the inactivated sample.



However, evidence of damage was also seen in the inactivated sample, as indicated by the two arrows in Figure 2a. Sometimes, damage to the envelope was sufficient to expel a section of low-density cytoplasm into the extracellular space, without severing the connection to the rest of the cytoplasm. An example is shown in Figure 3a.



The most dramatic damage to the cell envelope was observed when a T4 plaque was examined after treatment with 10% PrimeStore-reagent. Several T4 phages were sometimes observed with tails pointed toward the central region of material, presumably cytoplasmic, that appeared to be holding the phages together. The phages had contracted tails, an indication that they had previously attached to the cell envelope and had at least started to inject DNA. However, no layers of the cell envelope were observed. The phages were apparently being held in place by partial or low-density cytoplasm without an envelope, the envelope presumably having been removed by the 10% PrimeStore-reagent. Also seen in this image are apparent segments of high-density cytoplasm made extracellular (leftmost and rightmost arrows in Figure 3b) and membrane-covered vesicles, presumably released from the outer bacterial membrane (central arrow in Figure 3b).




3.3. Electron Microscopy of Inactivated B. thuringiensis


Electron microscopy revealed that inactivation of B. thuringiensis left a bacterial envelope (>95% of the total particles observed), as was the case for E.coli. Similarly, the distribution of relatively low-density cytoplasm was changed; an example is shown in Figure 4a and a control image is shown in Figure 4b.



However, the following observations distinguished inactivated B. thuringiensis from inactivated E. coli. First, the images of inactivated B. thuringiensis cytoplasm had three, rather than two, densities. The lowest-density cytoplasm had fibrous material assumed to be the bacterial DNA (bottom arrow in Figure 4a), as was the case for the low-density cytoplasm of E. coli. Intermediate-density cytoplasm, with no counterpart in the control and without any analog for E. coli, was present (intermediate arrow in Figure 4a). Finally, unlike what was seen with E. coli, the high-density cytoplasm was embedded in the intermediate-density cytoplasm (top arrow in Figure 4a). The high-density B. thuringiensis cytoplasm was significantly more granular than the intermediate-density cytoplasm. These features were observed throughout specimens from two independent trials. Nonetheless, E. coli and B. thuringiensis both lost the capacity to propagate.



Finally, the observed inactivation-induced E. coli envelope damage was not observed for B. thuringiensis. Specifically, obvious envelope breaks and leaked cytoplasm were not observed. The three envelope layers were seen in some regions of both control and inactivated B. thuringiensis. The envelope appeared to be thicker in the inactivated cells. These features were observed throughout specimens from two independent trials.




3.4. Margin for Preservation of Phage Infectivity


The three phages tested also survived, without detectable PFU/mL loss, when inactivation was increased from 20 min to 1.0 h in 10% PrimeStore-reagent (Table 2a). However, a significant loss of phage titer occurred at 8 h for T3 (40%), T4 (25%) and 0105phi7-2 (40%) (Table 2b).



Reducing the PrimeStore concentration to 2.5 and 5% reduced the PFU/mL loss at 24.0 h to a marginal amount (Table 2c,d). Alternatively, the loss of titer 24 h after incubation in 10% PrimeStore reagent was reduced by dilution by a factor of 10 immediately after treatment with the 10% PrimeStore reagent (Table 2e).



Increasing the PrimeStore concentration to 15% (50% increase in PrimeStore concentration) caused dramatic loss of phage titer after 20 min: T3 (67%), T4 (93%) and 0105phi7-2 (98%). This loss was less dramatic, but still potentially problematic, at 12.5%: T3 (50%), T4 (41%) and 0105phi7-2 (61%).




3.5. Effect of Inactivation on Release of Endotoxin


To determine whether endotoxin (i.e., cell membrane associated lipopolysaccharide [24,25,26,27]) was released from ghosted E. coli, both ghosted cells and un-inactivated cells were pelleted and, thus, separated from released endotoxin. Assay of endotoxin in the supernatant revealed that ghosted cells released 1.1 × 109 units compared to the 2.7 × 108 units released by un-inactivated cells (Table 3). This observation agrees with the observation made by EM that outer membrane damage occurred in inactivated cells. However, the data do not reveal further details of the correlation of structure with endotoxin release.



In addition, after dialysis, the following effect of 10% PrimeStore-reagent was noted. The level of endotoxin activity was lowered by 99.8% (Table 3). The level of endotoxin activity in the untreated sample was dialysis-lowered by 25.5%. Thus, PrimeStore-reagent treatment, followed by dialysis, has an effect that would be positive for phage therapy if the in vitro endotoxin activity loss also occurs in vivo.





4. Discussion


The 10% PrimeStore-reagent has an approximate 2× margin of safety for bacterial inactivation. Thus, this reagent and the above procedure are likely to be adaptable to many, if not all, bacterial pathogens. The PrimeStore concentration can be reduced, if need be, to extend the time of phage stability. Nonetheless, given the known [24,25,28,29] variability in the envelope of bacteria, separate tests should be performed for each bacterial strain (and phage) used. These tests, as described here, are simple and inexpensive. For example, these tests do not require enzymatic digestion of cell envelopes (with lysozyme, for example [30,31]). We note that previous data with PrimeStore-based and other inactivation-reagents typically are unlike the data presented here in that they do not include conditions in which viruses are left alive (e.g., [32,33]).



A second advantage is in preparative phage isolation, for the making of phage therapy cocktails, for example. The formation of ghosts implies susceptibility to (hazard-free) pelleting- or filtration-removal of all bacterial components that are not released from ghosts. In contrast, use of cell wall-digesting enzymes/detergents for bacterial inactivation often has the disadvantage of more complete destruction of bacteria [30,31]. However, endotoxin is released from E. coli, and presumably other Gram-negative bacteria, during PrimeStore-reagent treatment. This problem can be resolved if found that dialysis, post-PrimeStore-reagent treatment, removes in vivo endotoxin activity as thoroughly as found here to remove in vitro endotoxin activity.



The reason for the endotoxin activity removal effect of PrimeStore-reagent treatment and dialysis is possibly either (1) adherence of endotoxin to the dialysis membrane or (2) its passage through the dialysis membrane after disassembly of noncovalently assembled lipopolysaccharide chains to form either smaller, non-covalently assembled aggregates or monomers [24,26], the latter with a molecular weight as low as 3 Kd [34]. Loss of in vitro endotoxin activity has previously been found to be associated with disassembly of lipopolysaccharide chains to form monomers [26].



After ghosts are removed and the specimen dialyzed, the phages are in the presence of primarily proteins and nucleic acids that are released from the bacterial cells. The question of further phage purification for phage therapy is not definitively answered here. However, the following suggests that further purification may not always be necessary, especially in the case of an emergency. The components released from bacteria in the phage preparation are likely to have also been released in the patient because of infection of the patient with the same bacteria. Thus, whether harmful or not, injecting these components may not have a major effect (if any) on the status of the patient.



Given the potential for emergencies, bacterial pandemics for example, the following is an assessment of how rapidly a phage therapy response can be generated in the case of a bacterial pathogen for which no current therapy exists. Using in-gel propagation techniques [35,36], the isolation, with 3× cloning, of a phage takes about 5 days; typically, multiple phages (over 50 in some cases) would be simultaneously isolated. Phage preparation via plate stock takes another day. Treatment with PrimeStore-inactivation-reagent, followed by dialysis, takes another 5 h. Electrophoretic phage characterization occupies 5–20 h, depending on the details. Thus, a phage therapy response can be generated in less than a week. In an extreme emergency, this time can be shortened by restricting the number of times the phage is cloned. We know of nothing that is likely to be effective and that is even close to this in speed. We imagine that having reserve capacity to do this would be appropriate, even if phage therapy is not the dominant method of anti-bacterial defense.



The current study is, to our knowledge, the first in which the chemical inactivation of Gram-positive and Gram-negative bacteria, without harming phages, has been achieved in a time as short as 20 min. A previous study [37], designed for the isolation of sequencing-quality phage DNA, approached this objective, but was limited by a 2-day time requirement, the use of only a Gram-negative bacterium and inactivation that was not shown to be as complete as that achieved here.
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Figure 1. Low-magnification EM images of (a) inactivation-reagent treated and (b) control (untreated) E. coli BB/1. 
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Figure 2. High-magnification EM images of (a) inactivation-reagent treated and (b) control (untreated) E. coli BB/1. In (a): arrows, damaged cell envelope. In (b): upper arrow, inner membrane; lower arrow, cell wall and outer membrane. 
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Figure 3. High-magnification EM images of inactivated (a) E. coli BB/1, which has partially leaked cytoplasm and (b) particles in a plaque of phage T4. In (b): left and right arrows, segments of high-density cytoplasm; central arrow, membrane-covered vesicle. 
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Figure 4. High-magnification EM images of (a) inactivated and (b) control (untreated) B. thuringiensis. In (a): bottom arrow, lowest density cytoplasm; intermediate arrow, intermediate density cytoplasm; top arrow, high-density cytoplasm. 
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Table 1. Effects of 10% and 5% PrimeStore-inactivation-reagent. (a) CPU per ml for representative Gram-negative and -positive organisms, (b) PFU per ml for phages. Details are given in the Materials and Methods Section.
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a.

	
Control-CFU/mL

	
Treat-(5 %) CFU/mL

	
Treat-(10 %) CFU/mL




	
Bacteria

	

	

	




	
E. coli

	
9.0 × 1010

	
<101

	
<101




	
B. thuringiensis

	
3.5 × 109

	
<101

	
<101




	
b.

	

	




	
Phages

	
Control-PFU/mL

	
Treat-(10 %) PFU/mL




	
T3

	
1.8 × 1010

	
1.8 × 1010




	
T4

	
6.6 × 109

	
7.0 × 109




	
0105phi 7-2

	
2.2 × 108

	
2.2 × 108











 





Table 2. Range of effectiveness on PFU/mL. (a,b) Effect of time, as indicated, after treatment with 10% PrimeStore-inactivation-reagent; (c,d) effect of % PrimeStore, as indicated, after treatment for 24 h; (e) comparison of uninterrupted 24 h treatment with 10% PrimeStore-reagent (Treat) to 24 h treatment with 1:10 dilution at 20 min (1:10).
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a. Inactivation (1 h)

	
b. Inactivation (8 h)




	
Phages

	
Control

	
Treat

	
Phages

	
Control

	
Treat




	
T3

	
1.0 × 107

	
1.0 × 107

	
T3

	
1.1 × 107

	
6.6 × 106




	
T4

	
8.4 × 106

	
8.6 × 106

	
T4

	
7.0 × 106

	
5.3 × 106




	
0105phi 7-2

	
5.1 × 106

	
5.2 × 106

	
0105phi 7-2

	
3.5 × 106

	
2.1 × 106




	
c. Inactivation (2.5% PS)

	
d. Inactivation (5.0% PS)




	
Phages

	
Control

	
Treat

	
Phages

	
Control

	
Treat




	
T3

	
1.4 × 107

	
1.5 × 107

	
T3

	
1.2 × 107

	
1.1 × 107




	
T4

	
8.9 × 106

	
9.0 × 106

	
T4

	
9.2 × 106

	
9.1 × 106




	
0105phi 7-2

	
3.8 × 106

	
3.7 × 106

	
0105phi 7-2

	
3.4 × 106

	
3.2 × 106




	
e. Effect of PS Dilution

	

	




	
Phage

	
Control

	
Treat

	
1:10

	

	




	
T4

	
2.1 × 107

	
1.1 × 105

	
1.5 × 107

	

	











 





Table 3. Effect of inactivation on release of E. coli endotoxin. An overnight culture of E. coli was divided into equal portions, one untreated and incubated with 10% (v/v) inactivation reagent for 20 min and the other incubated with broth. The supernatant was assayed for endotoxin both before and after dialysis.
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Pre-Dialysis

	
Post-Dial