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Abstract

Aims—Determine how supercritical CO2 (scCO2) plus peracetic acid (PAA) inactivates Bacillus 

subtilis spores, factors important in spore resistance to scCO2-PAA, and if spores inactivated by 

scCO2-PAA are truly dead.

Methods and Results—Spores of wild-type B. subtilis and isogenic mutants lacking spore 

protective proteins were treated with scCO2-PAA in liquid or dry at 35°C. Wild-type wet spores 

(aqueous suspension) were more susceptible than dry spores. Treated spores were examined for 

viability (and were truly dead), dipicolinic acid (DPA), mutations, permeability to nucleic acid 

stains, germination under different conditions, energy metabolism and outgrowth. ScCO2-PAA-

inactivated spores retained DPA, and survivors had no notable DNA damage. However, DPA was 

released from inactivated spores at a normally innocuous temperature (85°C), and colony 

formation from treated spores was salt sensitive. The inactivated spores germinated but did not 

outgrow, and these germinated spores had altered plasma membrane permeability and defective 

energy metabolism. Wet or dry coat-defective spores had increased scCO2-PAA sensitivity, and 

dry spores but not wet spores lacking DNA protective proteins were more scCO2-PAA sensitive.

Conclusions—These findings suggest that scCO2-PAA inactivates spores by damaging spores’ 

inner membrane. The spore coat provided scCO2-PAA resistance for both wet and dry spores. 

DNA protective proteins provided scCO2-PAA resistance only for dry spores.

Significance and Impact of Study—These results provide information on mechanisms of 

spore inactivation of and resistance to scCO2-PAA, an agent with increasing use in sterilization 

applications.
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INTRODUCTION

Dormant spores of a number of Bacillus and Clostridium species are extremely resistant to 

treatments that inactivate growing bacteria, and can therefore cause some severe human 

diseases. Consequently, there is significant interest in ways to inactivate spores, in particular 

using procedures that do not damage sensitive drugs, biomaterials or medical devices. One 

treatment that has attracted significant interest is supercritical carbon dioxide (scCO2) at 

pressures of 2-20 mega Pascals (mPa) and temperatures from 25-50°C (Spilimbergo et al. 

2003; White et al. 2006; Spilimbergo et al. 2010; Park et al. 2013; Tamburini et al. 2014a,b; 

Bernhardt et al. 2015), conditions that alone are not especially damaging to drugs or devices. 

However, while such conditions can be efficient at inactivating growing bacteria of a variety 

of species, generally higher temperatures or pressures are needed to efficiently inactivate 

spores (Ishikawa et al. 1997; Rao et al. 2015).

Because of the poor efficiency of spore inactivation by scCO2 alone at moderate 

temperatures, a variety of chemicals have been added to scCO2 in order to increase spore 

inactivation, including acetic anhydride, hydrogen peroxide (H2O2), peracetic acid (PAA), 

PAA plus octanoic acid, trifluoroacetic acid, formic acid or alcohols (White et al. 2006; 

Nichols et al. 2009; Qiu et al. 2009; Shieh et al. 2009; Checinska et al. 2011; Howell et al. 

2012; Russell et al. 2013; Yoganarasimha et al. 2014; Bernhardt et al. 2015;). Other 

variations on scCO2 have also been tested for inactivating spores of Bacillus species, 

including microbubbles of scCO2 and scCO2 treatment following a pulsed electric field 

treatment that sensitizes spores to scCO2 (Ishikawa et al. 1997; Spilimbergo et al. 2003).

A common additive to increase the efficacy of scCO2 inactivating spores is PAA 

(NovaSterilis U.S. patent 7,108,832), a compound that readily decomposes to acetic acid and 

water. PAA is an effective sporicide (Mohan et al. 2012; Buhr et al. 2013; Wehemeyer et al. 

2015), but is much more effective when combined with scCO2 (White et al. 2006). Studies 

of spore inactivation by and resistance to PAA alone in liquid have shown that this agent 

does not inactivate spores by DNA damage, but perhaps by altering one or more of spores’ 

outer layers, possibly the inner membrane (IM), such that when spores germinate, this 

membrane ruptures to some degree (Setlow et al. 1997; Buhr et al. 2013; Park et al. 2014; 

Leggett et al. 2015). However, the precise mechanism of spore inactivation by PAA has not 

been identified. The spore coats seem to be very important in spore resistance to PAA in 

liquid, while DNA protection and DNA repair in spore outgrowth are not (Setlow et al. 

1997; Leggett et al. 2015). The latter finding is consistent with spore inactivation by PAA in 

liquid not being by DNA damage.

There have been several studies of mechanisms of spore inactivation by scCO2 plus either 

hydrogen peroxide (Zhang et al. 2007; Cecinska et al. 2011) or ethanol (Park et al. 2013). 

Notably, scCO2 treatment with these agents appears to damage some spore permeability 

barrier, most likely the IM. However, spores treated with scCO2 plus hydrogen peroxide that 

were apparently dead could be revived to some degree if treated spores were artificially 

germinated. This suggests that some of these treated spores were not actually dead but only 

incapable of germination. In the current work we have examined Bacillus subtilis spores’ 

inactivation by and resistance to scCO2 plus PAA (scCO2-PAA). The scCO2-PAA treatment 
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was carried out on spores in water (wet spores) and in the dry state (dry spores), since 

mechanisms of wet and dry spore inactivationcan differ (Setlow 2006). We have also 

investigated whether treated spores are truly inactivated, or just blocked in spore 

germination.

MATERIALS AND METHODS

B. subtilis strains and spore preparation and purification

The wild-type B. subtilis strain was PS533 (Setlow and Setlow 1996), an isogenic derivative 

of strain PS832, a laboratory 168 strain with plasmid pUB110 encoding resistance to 

kanamycin (10 mg l−1). Four isogenic derivatives of strain PS533 were also used: i) PS578, 

termed α−β− (Setlow and Setlow 1996), identical to PS533 but with deletions in the sspA 

and sspB genes encoding the two major α/β-type small, acid-soluble spore proteins (SASP) 

that protect spore DNA from damage (Setlow 2006); ii) PS3328 (Paidhungat et al. 2001), 

lacking the cotE gene resulting in a very defective spore coat, and also plasmid pUB110; iii) 

PS2318 (Young and Setlow 2003), lacking the recA gene essential for the repair of many 

types of DNA damage, and also plasmid pUB110 (Yasbin et al. 1993; Setlow and Setlow 

1996; Setlow 2006); and iv) PS3379 (Setlow et al. 2001), lacking plasmid pUB110 and with 

the luxAB genes from Vibrio harveyi under the control of a strong forespore-specific 

promoter.

Spores of all strains were prepared on 2x Schaeffer's-glucose agar plates at 37°C and 

purified essentially as described (Nicholson and Setlow 1990; Paidhungat et al. 2000), but 

the plates for preparation of the recA spores were protected from UV light. All spores used 

were free (> 98%) of germinated spores, or growing or sporulating cells as observed by 

phase contrast microscopy, and were stored in water at 4°C protected from light.

Spore treatment with scCO2-PAA or PAA alone and assessment of spore inactivation

Spores were exposed to scCO2 in a 22 L Nova2200™ vessel at NovaSterilis (White et al. 

2006). The supercritical phase was achieved by injecting liquid CO2 to a target pressure of 

1,436 psi and temperature controlled at 35°C (CO2 reaches its supercritical point at 1,099 psi 

and 31.1°C). The bottom of the vessel is equipped with a propeller revolving at 650 rpm to 

provide constant movement of the fluid and thus homogeneity of scCO2 and additive. The 

sterilant additive NovaKill™ Gen2, containing PAA (certified 13.5%-18.5%) and hydrogen 

peroxide (H2O2) (certified 4.5%-6%), was added onto a cellulose pad (blotting paper cut 

into 3.5 × 20 cm strips; Ahlstrom, Helsinki, Finland) placed inside a stainless steel holder in 

a 1-inch tall stainless steel basket positioned directly over the propeller prior to injecting 

CO2. Based on the vessel volume, each ml of NovaKill™ Gen2 reagent should produce 7 

ppm of PAA in the scCO2. The H2O2 stabilizes PAA, but appears to contribute minimally to 

spore inactivation (White et al. 2006); hence this reagent will be termed scCO2-PAA. 

1-6•108 spores, unless otherwise noted, were added to 10 ml of reverse osmosis-purified 

(RO) water for scCO2 treatment in aqueous solution (wet spores), or 1-6•108 spores in 100 

μl were air-dried on glass slides for dry treatment (dry spores). Wet or dry spore samples 

were placed in Poly-Tyvek pouches and sealed for scCO2 exposure in a second stainless 

steel basket. For inactivation of wet spores, the number of pouches containing 10 ml water 
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was kept constant at 12 to avoid varying load effects. Following treatments, PAA and H2O2 

were neutralized by adding one ml of 15 g l−1 sodium thiosulfate to each 10 ml in a pouch 

and glass slides were transferred to a 50 ml conical tube with 10 ml of 1.5 g l−1 sodium 

thiosulfate. Previous work (Cortezzo et al. 2004) has shown that thiosulfate treatment alone 

has no effect on B. subtilis spore viability. Dry spores were recovered from glass slides by 

vortexing for 5 min prior to pelleting spores by centrifugation. All samples were washed 

twice in water, suspended in 5 or 10 ml RO water, aliquots serially diluted in water, 10 μl 

aliquots spotted on LB medium agar plates with appropriate antibiotics, plates incubated for 

~ 24 h at 30-37°C and colonies were counted. For treatments on glass slides, spore viability 

was compared to spores recovered from untreated glass slides. Spores (1-6•108) were also 

treated with aqueous PAA at 35°C in one ml of various concentrations of NovaKill™ Gen2. 

Neutralization, washes and assessment of spore viability were carried out as described 

above. All treated spores were stored at 4°C prior to further analyses.

To measure PAA accumulation in a solution after a sterilization run, one sachet of reagent 

RP9703PA-100 (Masters Company, Wood Dale, IL USA) was dissolved in 10 ml water, and 

950 μl of this reagent was mixed with 50 μl of a test sample or serial dilutions of NovaKill™ 

Gen2 to produce a standard curve with absorbance measured at 550nm.

Analysis of scCO2-PAA-treated spore properties

Total DPA in spore preparations was assessed by extracting spore small molecules by 

boiling for 30 min, cooling on ice, centrifuging in a microcentrifuge, and assaying DPA in 

the supernatant fluid by its fluorescence with Tb+3 in a multi-well fluorometric plate reader 

(Molecular Devices, Sunnyvale, CA USA) (Yi and Setlow 2010). The release of DPA from 

spores upon high temperature incubations not lethal for untreated spores used spores at an 

optical density at 600 nm (O.D.600) of ~ 1.0 that were incubated in water at 85°C for 45 min, 

cooled on ice and then centrifuged in a microcentrifuge. Various amounts of the supernatant 

fluid up to 150 μl were then added to 50 μl of 200 μmol l−1 TbCl3 and 100 mmol l−1 K-

Hepes buffer (pH 7.4) and the DPA released was quantitated from the Tb-DPA fluorescence 

(Yi and Setlow 2010; Yi et al. 2011).

Spore germination with nutrient germinants was routinely carried out with spores at an 

O.D.600 of ~ 0.5 in a multi-well fluorometric plate reader (Yi and Setlow 2010). Prior to 

germination, spores were heat activated for 30 min at 70°C (valine germination), or 1 h 

(AGFK germination) and cooled on ice. While longer heat activation times might have 

given more rapid AGFK germination (Luu et al. 2015), scCO2-PAA-treated spores released 

their DPA pool at normally sublethal temperatures (see Results), leading to use of 1 h of 

heat activation prior to AGFK germination. Spores were germinated at 37°C in 200 μl of 25 

mmol l−1 K-Hepes buffer (pH 7.4), 50 μmol l−1 TbCl3, and either 10 mmol l−1 L-valine, or a 

mixture of 10 mmol l−1 L-asparagine – 10 mmol l−1 D-glucose – 10 mmol l−1 D-fructose – 

10 mmol l−1 KCl (AGFK), and spore germination was monitored by Tb-DPA fluorescence. 

The degree of spore germination was also assessed at the end of experiments by phase 

contrast microscopy, and levels of germination determined by this method agreed with 

levels determined by monitoring DPA release. Spores were also germinated as described 

above but without TbCl3, and spore germination was followed by phase contrast microscopy 
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every 30 min, with ~ 100 spores examined at each time point. For dodecylamine 

germination, spores at an O.D.600 of 0.5 were germinated at 50°C in 25 mmol l−1 K-Hepes 

buffer (pH 7.4) with 0.8 mmol l−1 dodecylamine. At various times 150 μl aliquots of the 

germination incubations were added to 50 μl of 200 μmol l−1 TbCl3, and fluorescence was 

measured.

For outgrowth spores were incubated at 37°C and an O.D.600 of ~ 1.0 in LB medium 

(Paidhungat and Setlow 2000) plus 10 mmol l−1 L-valine. At times out to four h, > 50 

individual spores/cells were examined by phase contrast microscopy to distinguish dormant 

spores (phase bright), germinated spores (phase dark), outgrowing spores (swollen and 

beginning to elongate) and growing cells. Assessment of light production in relative light 

units from the V. harveyi LuxAB proteins during spore germination and outgrowth was 

carried out as described, but with PS3379 spores at an O.D.600 of 0.1-0.2, and light 

production was corrected for the relative amounts of spores in cultures (Setlow et al. 2001).

For assessment of mutagenesis following scCO2-PAA treatment of wild-type or α−β− 

spores, 200 μl aliquots of treated and untreated spores were spread on LB medium plates 

plus kanamycin (10 mg l−1). After overnight incubation at 37°C, individual colonies were 

toothpicked onto sporulation agar plates and Spizizen's minimal medium plates without 

Casamino acids (Spizizen 1958). The plates were incubated for two to three d at 37°C, and 

colonies were scored for auxotrophic and asporogenous mutations as described previously 

(Fairhead et al. 1993).

Assessment of viability of germinated spores

Untreated and scCO2-PAA-treated spores were incubated in LB medium plus 10 mmol l−1 

L-valine as described above, but the spores were heat shocked (60 min; 70°C) prior to 

initiating germination. After 45 min, samples were incubated with the BacLight reagent 

(Thermo Fisher, Waltham, MA USA) to determine if the germinated spores were likely alive 

or dead, as live cells and live germinated spores stain green while dead cells and dead 

germinated spores stain red (Zhang et al. 2007). After incubation for ~ 15 min with the 

BacLight reagent spores were photographed on a fluorescence microscope (Murray et al. 

1998; Coleman et al. 2007). Dormant untreated or scCO2-PAA-treated spores were also 

stained with the BacLight reagent and photographed as described above. In some 

experiments, dilutions of spores were spotted on LB medium plates containing either 150 

mmol l−1 NaCl, 1 mol l−1 NaCl or 1 mol l−1 NaCl plus 10 mmol l−1 D-glucose, plates 

incubated at 30-37°C for 24-48 h, and colonies were counted.

Other tests

Untreated and scCO2-PAA-treated spores were incubated in hypertonic medium (Popham et 

al. 1996), germinated in LB medium as described above, and spotted on LB medium plates. 

In addition, at various times, lysozyme was added to 5 mg l−1 to germinated spore 

incubations that were incubated for a further 20 min, and samples were examined before and 

after lysozyme addition by phase contrast microscopy. Aliquots of these incubations were 

then spotted on LB medium agar plates made in hypertonic medium and with or without 

lysozyme (3 μg l−1), incubated overnight and colonies were counted. In another experiment, 
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unheated and treated spores were chemically decoated (Bagyan et al. 1998), treated with 

lysozyme in hypertonic medium (Popham et al. 1996), and spores examined by microscopy 

and plating as described above. Spore resistance to hypochlorite was determined as 

described previously (Young and Setlow 2003) with a hypochlorite solution of 0.15 % 

available chlorine at pH ~ 11. In a few experiments the lysozyme sensitivity of scCO2- and 

scCO2-PAA-treated spores was examined as described previously (Klobutcher et al. 2006).

To determine if scCO2-PAA-treated spores’ IM became leaky when they germinated, treated 

and untreated spores were heat activated by incubation at 70°C for 30 min, cooled on ice and 

germinated at an O.D.600 of 2.5 in 2 ml of five mmol l−1 L-valine and 10 mmol l−1 K-Hepes 

buffer (pH 7.4). After incubation for 60 min at 37°C, the mix was harvested by 

centrifugation, and the supernatant fluid dialyzed for 48 h at 4°C in SpectraPor3 dialysis 

tubing (mol wt cutoff 3500 Da) against one l of distilled water with one change, and 

lyophilized. The dry residue was dissolved in 30 μl SDS polyacrylamide gel electrophoresis 

(PAGE) loading buffer with 50 mmol l−1 dithiothreitol, the sample incubated for 30 min at 

60°C, aliquots run on SDS-PAGE (10% acrylamide), the gel stained with Coomassie Blue 

R, destained and photographed. The germinated spore pellet was suspended in 60 μl of SDS-

PAGE loading buffer plus 50 mmol l−1 dithiothreitol, incubated at 90°C for 60 min, cooled 

to 23°C, centrifuged and aliquots of the supernatant fluid run on SDS-PAGE and stained as 

described above.

RESULTS

Spore inactivation by scCO2-PAA

ScCO2 alone does not exhibit sporicidal activity (White et al. 2006). Initial screening for 

sterilant additives found that 50% H2O2 added to scCO2 lowers spore viability only by 

0.13-1.6 logs, while 5% PAA reduces spore viability by > 6.4 logs (White et al. 2006). This 

early work used 0.5 ml additive in a 600 ml prototype vessel, and was carried out at 1,500 

psi for 1 h at ~55°C.

In current work, we found that scCO2 with 1 ml NovaKill™ Gen2 reagent produced very 

rapid inactivation of wet spores at 35°C, achieving greater than 6log10 inactivation in 25 min 

(Fig. 1). While 1 ml of the sterilant should, in theory, produce 7 ppm PAA throughout the 

supercritical vessel, PAA accumulation was measured at 35 to 55 ppm in the liquid spore 

samples in the Poly-Tyvek pouches. In comparison, treatments with aqueous PAA alone at 

50 and 150 ppm resulted in minimal spore inactivation, and even 300 ppm of a PAA 

aqueous solution only achieved greater than 6log10 inactivation in 5 h (Fig. 1). Interestingly, 

scCO2-PAA inactivation required more NovaKill™ Gen2 reagent for dry spores. Thus 1 ml 

sterilant in the supercritical vessel gave only 90% spore inactivation after 4 h, although 16 

ml sterilant (and a theoretical 112 ppm PAA throughout the supercritical vessel) gave 

greater than 6log10 spore inactivation in 15 min (Fig. 1).

Given the results described above, tests were carried out to ensure that the spores were truly 

dead, and not damaged such that they might be recoverable under special conditions. Thus 

spores were plated on medium plus lysozyme to assist in spore germination, and on 

hypertonic medium plus or minus lysozyme in case damage had rendered germinated spores 
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osmotically fragile. Spores were also chemically decoated, and washed decoated spores 

were germinated artificially by lysozyme in hypertonic medium, and examined by phase 

contrast microscopy. The scCO2-PAA-treated spores were germinated well by this 

treatment, and were subsequently plated on normal or hypertonic LB medium plates. 

However, none of the methods noted above increased the recovery of viable wet or dry 

spores after scCO2-PAA treatment (data not shown).

Germination and outgrowth of scCO2-PAA-treated spores

Since scCO2-PAA-treated spore viability was not increased by artificial germinants, 

presumably the treated spores were able to germinate fairly well. Indeed, this was the case 

when spore germination via the GerA germinant receptor (GR) trigger L-valine was 

measured by monitoring DPA release or phase contrast microscopy (Fig. 2A; and data not 

shown). Notably, when wet or dry spores treated with scCO2-PAA were inactivated 90-99%, 

60-70% of the treated spores germinated with L-valine, albeit slightly slower than untreated 

spores. The germinated-treated spores also became dark in the phase contrast microscope, 

rather than the only slightly dimmer appearance if they had released their DPA but had not 

degraded their cortex peptidoglycan (Setlow et al. 2001). That cortex hydrolysis was 

complete in the germination of the treated spores was also indicated by the lack of effect of 

lysozyme in increasing recovery of scCO2-PAA-treated spores. The fact that wet spores 

inactivated 90-99% gave similar percentages of germination and germination kinetics was 

consistent with a germination defect not inactivating these spores. However, dry spores 

inactivated >99% germinated more poorly with L-valine.

While there was some effect of scCO2-PAA treatment on spore germination with L-valine, a 

previous report indicated that PAA-treatment alone of wet B. subtilis spores results in much 

larger decreases in spore germination with the AGFK mixture via the GerB plus GerK GRs 

than on L-valine germination (Leggett et al. 2015). Notably, as reported for PAA alone, 

scCO2-PAA treatment also greatly decreased AGFK germination, and much more than L-

valine germination, and this effect was seen for spores treated both wet and dry (Fig. 2B).

The germination of scCO2-PAA-treated spores with the GR-independent germinant 

dodecylamine was also examined (Fig. 2C). Dodecylamine causes spore germination by 

triggering DPA release from the spore core, likely by binding to a protein component of the 

DPA release channel in spores’ IM (Velásquez et al. 2014). Notably, rates and extents of 

dodecylamine germination of untreated spores and wet or dry spores inactivated extensively 

by scCO2-PAA were undistinguishable.

While spores inactivated >99% by scCO2-PAA germinated fairly normally with some 

agents, an obvious question is whether these spores initiate outgrowth. Consequently, wet 

spores inactivated ~ 99% by scCO2-PAA were germinated in LB medium plus L-valine, and 

were examined microscopically for evidence of outgrowth such as swelling and elongation. 

However, < two % of these germinated spores appeared to outgrow by four h, while > 95% 

of untreated spores exhibited spore swelling and elongation after 60 min (data not shown; 

and see below).
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As further evidence that scCO2-PAA-treated spores had a severe outgrowth defect, light 

production was measured during germination and outgrowth of B. subtilis spores containing 

V. harveyi LuxAB proteins, using spores that had or had not been treated with scCO2-PAA 

(Fig. 3). Light production by the V. harveyi LuxAB proteins requires FMNH2, and thus 

energy metabolism by the outgrowing spores, and as expected the untreated spores gave 

significant light production. However, with wet spores inactivated ~99% by scCO2-PAA 

there was < one % of the light production seen with untreated spores, again consistent with 

minimal if any energy metabolism in spores inactivated by scCO2-PAA.

Mechanisms of spore resistance to scCO2-PAA

Previous work has shown that Bacillus spores are much more resistant to scCO2 +/− 

additives than are growing cells. To probe the mechanisms of spore resistance to scCO2-

PAA, we examined the scCO2-PAA sensitivity of wet or dry spores of isogenic wild-type, 

cotE, recA and α−β− B. subtilis strains. As reported for spores treated with PAA alone 

(Leggett et al. 2015), the wet wild-type, recA and α−β− spores exhibited relatively similar 

scCO2-PAA sensitivity, while cotE spores were more sensitive (Fig. 4).

As seen with wet spores treated with scCO2-PAA, dry cotE spores were also more sensitive 

to this agent than dry recA and wild-type spores (Fig. 4). However, dry α−β− spores were 

more sensitive to scCO2-PAA than even cotE spores. Overall these results point to major 

roles of the coat in protection of wet or dry spores against scCO2-PAA, while α/β-type 

SASP were only significant in scCO2-PAA resistance when dry spores were treated.

Mechanisms of spore inactivation by scCO2-PAA

Five different mechanisms of spore inactivation have been identified in previous work: i) 

rupture of spores’ IM such that small molecules, in particular DPA, are released; ii) DNA 

damage; iii) damage to one or more crucial spore core proteins; iv) damage to the IM such 

that this membrane is no longer a permeability barrier when spores germinate; and v) 

destruction of some essential germination component(s) (Setlow 2006; Setlow et al. 2014). 

Results given above demonstrated that a germination defect is not how scCO2-PAA 

inactivates spores. The germination results also suggested that scCO2-PAA-treated spores 

had retained much of their DPA. This point was tested directly by analyzing DPA in wet or 

dry spores inactivated by scCO2-PAA (Table 1). Strikingly, high levels of wet or dry spore 

inactivation by this reagent resulted in < 10% loss in DPA from these treated spores.

The similar inactivation of wet wild-type and recA spores by scCO2-PAA suggested that 

scCO2-PAA was not inactivating wet spores by DNA damage, since lack of the major DNA 

repair protein, RecA, did not greatly affect spore resistance to scCO2-PAA. To test this 

spore inactivation mechanism further, we examined a large number of individual survivors 

of scCO2-PAA treatment of wet wild-type spores for mutations giving auxotrophic or 

asporogenous phenotypes (Table 2). However, there were no such mutations, while previous 

work has shown that agents that inactivate spores by DNA damage, such as UV radiation, 

give auxotrophic or asporogenous mutations in 5-10% of the survivors (Setlow 2006; Setlow 

et al. 2014). Similar to results with the inactivated wet spores, < 0.25% of the survivors of 

dry spores treated with scCO2-PAA had mutations (Table 2). In contrast, dry α−β− spores 
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treated with scCO2-PAA had undergone significant mutagenesis, as ~ 7.5% of the survivors 

of this treatment carried auxotrophic or asporogenous mutations or both. This indicates that 

dry α−β− spores were almost certainly inactivated by DNA damage, and is further evidence 

that α/β-type SASP are crucial for DNA protection in dry spores against scCO2-PAA.

A variety of tests were also carried out to examine if there was IM damage in scCO2-PAA-

treated spores. In the first, spores were given a normally innocuous heat treatment at 85°C 

and DPA release was measured (Table 1). Untreated spores released essentially no DPA, 

while wet or dry spores treated with scCO2-PAA released much of their DPA. As a further 

indication of IM damage that might be deleterious after spores were germinated, spores were 

spotted on LB plates that contained ~ 0.15 mol l−1 NaCl, and the viability on these plates 

was compared to that on LB plates with 1 mol l−1 NaCl or LB plates with 1 mol l−1 NaCl 

plus 50 mmol l−1 glucose (Table 3). The viability of the untreated spores varied less than 

50% on the various media. In contrast, wet or dry spores treated with scCO2-PAA exhibited 

> 50-fold lower viability on high salt plates, although the presence of glucose on high salt 

plates increased the treated spores’ recovery on these plates. These results were similar to 

those found previously when spores surviving treatment with a variety of oxidizing agents 

were examined for their ability to give colonies on high salt plates and with or without 

glucose (Cortezzo et al. 2004).

An additional test of IM damage was to examine the BacLight staining of dormant and 

germinated spores that had or had not been scCO2-PAA treated. The dye mixture in the 

BacLight reagent stains: i) intact dormant spores poorly and generally reddish; ii) dormant 

spores with a breached IM permeability barrier and dead germinated spores bright red; and 

iii) germinated spores that may be alive green (Coleman et al. 2007). As expected, dormant 

untreated spores stained only weakly red with BacLight (Fig. 5a; Table 4), and spores given 

a stringent autoclave treatment almost all stained bright red (Fig. 5c; Table 4). In addition, 

wet and dry spores inactivated 90% or 99%, respectively, by scCO2-PAA generally stained 

weakly, although a small percentage exhibited intermediate intensity red staining (Fig. 5b,c; 

Table 4; and data not shown). As expected ≥ 95% of germinated untreated spores stained 

green with BacLight (Fig. 5d; Table 4). However, with wet spores inactivated ~ 90% by 

scCO2-PAA, only ~ 6% of all spores stained green with BacLight while 63% stained dark 

red (Fig. 5e; Table 4), consistent with ~ 70% of these spores having germinated, as shown 

above (Fig. 1). With dry spores inactivated 99% by scCO2-PAA the level of germination 

was lower than with treated wet spores, as noted above (Fig 1). However, < 1% of the 

germinated spores stained green with BacLight, consistent with the level of spore 

inactivation in this spore preparation, with the great majority of germinated spores staining 

bright red (Fig. 5f; Table 4). Interestingly, Bacillus cereus spores in a biofilm are inactivated 

> 99.99% by treatment with scCO2 plus ethanol at 60°C, and when these treated spores are 

stained in essence with BacLight, essentially all of the spores stain dark red (Park et al. 

2013), perhaps due in part to the rather high temperature used in this work. In addition, 

growing cells of Salmonella enterica treated with scCO2 alone and again stained in essence 

with BacLight also largely stained bright red, with the level of bright red-stained cells 

paralleling the level of cell inactivation (Kim et al. 2009).
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It was also notable that many germinated scCO2-PAA-treated spores appeared somewhat 

dim in the phase contrast microscope when they germinated in either LB medium or L-

valine alone, suggesting that many of these germinated spores had lost cytoplasmic 

constituents. To test this point directly, the supernatant fluid from an L-valine germination 

of untreated and scCO2-PAA-treated spores was examined for proteins using SDS-PAGE 

(Fig. 6A,B). This analysis showed clearly that a significant amount of protein was released 

from the germinated scCO2-PAA-treated spores, while no significant amount of protein was 

released from the germinated untreated spores (Fig 6A; compare lanes a,b and d,e). This 

difference between the treated and untreated spores was seen even though while ~90% of the 

untreated spores germinated only ~25% of the treated spores germinated. In contrast, levels 

of protein in pellet fractions from germinated untreated spores and scCO2-PAA-treated 

spores were relatively similar, with perhaps more protein in the germinated untreated spores 

(Fig. 6B; compare lanes a,b and d,e). Notably, when differences in the staining intensities in 

the gels in Fig 6A and B were corrected for by the staining intensities of the mol wt marker 

bands, the germinated scCO2-PAA-treated spores were determined to have released >10% 

of their protein into the supernatant fluid.

Effects of scCO2 treatment +/− PAA on the spore coat

An obvious question about effects of scCO2-PAA on spores, in particular the large increase 

in the efficacy of scCO2-PAA inactivation of spores over that by PAA alone, is how does 

scCO2 provide this increased spore inactivation. One obvious possibility given the 

importance of the spore coat in spore resistance to PAA is that either scCO2 or scCO2-PAA 

treatments alter the spore coat, thus potentiating PAA action. To test whether the spore coat 

has been rendered more permeable by scCO2 treatment with or without PAA, the resistance 

of untreated and treated wild-type spores, as well as untreated cotE spores to sodium 

hypochlorite was tested (Fig. 7A,B). Previous work has shown that cotE spores are much 

more sensitive to hypochlorite than wild-type spores, and even spores with minor coat 

defects show significantly decreased hypochlorite resistance (Young and Setlow 2003; 

Klobutcher et al. 2006). Spores treated with scCO2 alone either wet or dry exhibited no 

differences in their hypochlorite resistance (Fig. 7A), and these spores’ viability was not 

decreased upon lysozyme treatment (data not shown). Survivors of dry spores inactivated 

~99% by scCO2-PAA also exhibited no decrease in their hypochlorite resistance, although 

there was a small decrease in the hypochlorite resistance of wet spores treated with scCO2-

PAA (Fig. 7B). However, this latter decrease was much smaller than that seen with cotE 

spores.

DISCUSSION

The work in this communication confirms reports showing that scCO2 can inactivate spores 

of Bacillus species if an appropriate additive, in this case PAA, is present. In addition, PAA 

is clearly much more effective in scCO2 than it is alone, as 50 ppm PAA alone gave < 10% 

inactivation of spores in water in 5 h while in ScCO2, there was ~ 3log10 inactivation of wet 

spores in 20 min. Dry spores were more resistant to scCO2-PAA, indicating that water 

potentiates the effect of this agent, possibly due to the measured PAA accumulation in 

solution, compared to the theoretical PAA levels in the vessel. Importantly, wet spores 
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inactivated > 90% by scCO2-PAA exhibited levels of germination with L-valine that were ≥ 

one order of magnitude higher than the levels of spore inactivation. These results indicate 

that a spore germination defect is not the reason for the inactivation of wet spores by scCO2-

PAA. Similar results were obtained with dry spores treated with scCO2-PAA, although the 

L-valine germination of dry-treated spores was decreased more by scCO2-PAA than was L-

valine germination of treated wet spores. A variety of attempts using artificial spore 

germination to recover viability of wet or dry spores that appeared dead following scCO2-

PAA treatment were unsuccessful. Thus spores apparently inactivated by scCO2-PAA are 

truly dead.

Major questions about scCO2-PAA treatment of spores then are: 1) what factors determine 

spore resistance to scCO2-PAA; 2) how does this treatment inactivate spores; and 3) do the 

answers to the first two questions vary for spores treated wet or dry. For spores treated in 

aqueous PAA, previous work shows that spore resistance to this agent is not dependent on 

DNA protection by α/β-type SASP or DNA repair in spore germination and outgrowth 

(Setlow et al. 1997; Leggett et al. 2015), and this was also true for scCO2-PAA treatment. 

However, disruption of the spore coat increased the inactivation of wet spores by scCO2-

PAA, as found for wet spores treated with PAA alone (Leggett et al. 2015). Results with 

scCO2-PAA treatment of dry spores were similar, except that the absence of the DNA 

protective α/β-type SASP sensitized dry spores to scCO2-PAA and led to significant 

mutagenesis. Overall, these results indicate that the spore coat plays a major role in the 

scCO2-PAA resistance of wet or dry spores, as found for spore resistance to many toxic 

chemicals (Setlow 2006). In addition, DNA protection was very important in protecting dry 

spores from scCO2-PAA, and these protective proteins are presumably the reason there is 

little or no lethal DNA damage caused by this agent in dry spores, as seen by the lack of 

effect of a recA mutation on dry spore sensitivity to scCO2-PAA. However, the lack of 

effect of removal of most α/β-type SASP on scCO2-PAA resistance of wet spores indicates 

that this agent does not inactivate wet spores by DNA damage, even when the DNA 

protective α/β-type SASP are absent.

The second question noted above is how scCO2-PAA inactivates spores. This is not by 

rupture of spore permeability barriers, since wet or dry spore populations inactivated 99% 

retained almost all their DPA. scCO2-PAA inactivation of wet or dry spores was also not by 

DNA damage since a recA mutation did not decrease spore resistance to this agent, and there 

was minimal if any mutagenesis in survivors of treated spores. Treated spore populations 

also exhibited significant germination, certainly higher percentages than those of surviving 

spores, so destruction of spores’ ability to germinate is not how scCO2-PAA inactivates 

spores.

It is possible that scCO2-PAA damages one or more important spore core enzymes, as no 

data were obtained that indicated this was not the case. However, a number of results 

indicated that scCO2-PAA inactivates spores by IM damage, such that germinated spores’ 

plasma membrane that is derived from the dormant spore's IM is unable to function. In 

particular, this damage appears to cause a large increase in germinated spores’ plasma 

membrane permeability such that germinated scCO2-PAA-treated spores became leaky and 

were unable to carry out proper energy metabolism. Evidence consistent with this 
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mechanism for scCO2-PAA inactivation spores is as follows: i) although DPA was retained 

by spore populations inactivated > 90% by scCO2-PAA, spore DPA was lost from these 

spores upon incubation at a temperature that has no effect on untreated spores, consistent 

with a weakened IM; ii) spores surviving scCO2-PAA treatment did not give colonies 

efficiently on medium with high salt, a phenomenon correlated with plasma membrane 

damage in bacteria and in germinated spores (Hurst 1977; Chilton et al. 2001; Seok-In and 

Pyun 2001; Cortezzo et al. 2004); iii) BacLight staining indicated that germinated scCO2-

PAA spores largely stained red, indicating these spores’ IM permeability had increased, 

perhaps because of IM damage and a lack of membrane potential due to ineffective energy 

metabolism; and iv) germinated scCO2-PAA-treated spores released significant protein as if 

they had at least partially lysed. However, the precise IM damage caused by scCO2-PAA 

treatment is unknown, although this appears to be the mechanism whereby many other 

oxidizing agents also inactivate spores (Cortezzo et al. 2004; Setlow 2006).

In addition to the evidence for scCO2-PAA acting on the spore's IM, spore germination with 

L-valine via the GerA GR was decreased somewhat with spores treated with scCO2-PAA, 

consistent with this agent damaging some component of the spore germination apparatus. 

Crucial spore germination proteins include the GRs that recognize nutrient germinants, the 

SpoVA proteins essential for DPA release, and the cortex-lytic enzymes that degrade cortex 

peptidoglycan (Setlow 2013). From the effects of scCO2-PAA on L-valine germination, one 

cannot decide which germination protein is damaged by scCO2-PAA. Notably, AGFK 

germination via the GerB and GerK GRs was decreased more than L-valine germination. 

suggesting that scCO2-PAA treatment slows spore germination by acting on GRs, with the 

GerB or GerK GRs being more sensitive than GerA. Since the GRs are in spores’ IM, 

damage to the IM itself or some GR in the IM could cause the effects of scCO2-PAA on 

spore germination. This conclusion by no means proves that scCO2-PAA inactivates spores 

by IM damage; indeed this agent does not inactivate spores by damaging the germination 

apparatus. However, this conclusion indicates that scCO2-PAA damages IM proteins and 

perhaps the IM itself, and this damage has lethal effects on spores.

Previous work (White et al. 2006), as well as the current study have shown that scCO2-PAA 

is much more effective in inactivating spores than the comparable PAA concentration alone. 

An obvious question is what scCO2 does to potentiate PAA action? While the answer to this 

question is not clear, there appear to be two possible answers. One is that scCO2 treatment 

irreversibly damages the spore coat, making PAA more effective in inactivating spores. 

Indeed, scCO2-PAA treatment of wet spores caused a slight decrease in spore hypochlorite 

resistance, against which the spore coat is a major resistance factor. In contrast, there was no 

change in the hypochlorite resistance of dry spores treated with scCO2-PAA or of spores 

treated with scCO2 alone. A second possibility is that scCO2-PAA (and perhaps even scCO2 

treatment) reversibly alters the spore coat, thus facilitating PAA movement through the coat 

and allowing PAA to access the IM. Indeed the spore coat does undergo reversible structural 

changes upon drying and rehydration (Westphal et al. 2003). Both of these possibilities 

certainly merit further study.
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Fig. 1. 
scCO2-PAA inactivation of wet and dry PS533 (wild-type) B. subtilis spores, and by PAA 

alone in water. PS533 (wild-type) spores were treated for different times at 35°C with 

several levels of PAA from NovaKill™ either alone, in liquid with scCO2 or dry with 

scCO2, and spore viability was measured as described in Methods. The symbols for the 

different treatment conditions are: □, 50 ppm PAA alone; △, 150 ppm PAA alone; and ○, 

300 ppm PAA alone; and scCO2 plus: ◇, 1 ml NovaKill™ Gen2 reagent with wet spores; ■, 

1 ml NovaKill™ Gen2 reagent with dry spores; ▲, 8 ml NovaKill™ Gen2 reagent with dry 

spores; and ●, 16 ml NovaKill™ Gen2 reagent with dry spores.
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Fig. 2A-C. 
L-valine, AGFK and dodecylamine germination of untreated and scCO2-PAA-treated 

spores. Untreated (control) and scCO2-PAA-treated PS533 spores were germinated with 

either A) L-valine, B) AGFK or C) dodecylamine, and germination was measured by Tb-

DPA fluorescence either A,B) continuously or C) by TbCl3 addition at various times, all as 

described in Methods. The symbols are: A) ○, control dry spores; ●, control wet spores; △, 

wet spores inactivated 99%; ■, wet spores inactivated 99.999%; ▲, dry spores inactivated ~ 

90%; and □, dry spores inactivated 99.5%; B) ○, control wet spores; ●, wet spores 
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inactivated 93%; △, dry spores inactivated 90%; and ▲, dry spores inactivated 99.5%; and 

C) ○, control dry spores; ●, control wet spores; △, dry spores inactivated ~ 90%; and ▲, 

wet spores inactivated 99%.
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Fig. 3. 
Light production during spore germination and outgrowth of B. subtilis spores with V. 

harveyi LuxAB proteins with or without prior scCO2-PAA treatment. Wet PS3379 (luxAB) 

spores with or without scCO2-PAA treatment giving 99% spore inactivation were 

germinated in a complete nutrient medium, and light production in relative light units was 

measured, all as described in Methods. The symbols are: ○, untreated spores; and ●, scCO2-

PAA-treated spores.
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Fig. 4. 
Inactivation of wet or dry B. subtilis spores of various strains by scCO2-PAA. Wet or dry 

spores of strains PS533 (wild-type), PS3328 (cotE), PS578 (α−β−) and PS2318 (recA) were 

treated with scCO2-PAA (1 ml NovaKill™ Gen2 reagent), and spore inactivation was 

determined as described in Methods. Data are the averages and standard deviations of 

triplicate determinations, and for dry spores have been corrected for spore recovery with no 

scCO2-PAA treatment. The symbols in the bars for the different treatment regimens are: 

horizontal lines, 20 min treatment of wet spores; black and white squares, 30 min treatment 

of wet spores; and vertical lines, 3 h treatment of dry spores.
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Fig. 5a-f. 
BacLight staining of dormant and germinated spores with or without prior scCO2-PAA 

treatment or autoclaving. Spores of strain PS533 (wild-type) either untreated, autoclaved (30 

min; 250°F) or treated with scCO2-PAA wet and inactivated ~ 90% or treated dry and 

inactivated ~ 99% were stained with BacLight and photographed by fluorescence 

microscopy as described in Methods. scCO2-PAA treated and untreated spores were also 

heat activated for 60 min at 75°C, and germinated for 45 min at 37°C in LB medium plus 10 

mmol l−1 L-valine, stained with BacLight and photographed by fluorescence microscopy. 

The various panels in the figure are: a) dormant untreated spores; b) wet dormant scCO2-

PAA treated spores; c) dormant autoclaved spores; d) germinated untreated spores; e) 

germinated spores that had been treated with scCO2-PAA as wet spores; and f) germinated 

spores that had been treated with scCO2-PAA as dry spores. The scale bar in the panel is 

five microns and all panels have the same magnification.
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Fig. 6A,B. 
Proteins released from germinated untreated and scCO2-PAA-treated spores. Untreated wet 

spores of strain PS533 (wild-type) and wet spores inactivated ~ 90% by scCO2-PAA were 

heat activated, germinated, the supernatant fluid and pellet fractions from the germinated 

spores isolated and processed as described in Methods. Aliquots of processed A) 

germination supernatant fluid and B) spore pellets were run on SDS-PAGE, and the gels 

were stained and photographed as described in Methods. In A) the samples run in the 

various lanes were: a, 20 μl untreated spores; b, 5 μl untreated spores; c, mol wt markers 

(sizes in kDa just above the appropriate bands in panel A); d, 20 μl scCO2-PAA treated 

spores; and e, 5 μl scCO2-PAA-treated spores. In B) the samples run in the various lanes 

were: a, 10 μl untreated spores; b, 3 μl untreated spores; c, mol wt markers (sizes in kDa just 

above the same bands in panel A); d, 10 μl scCO2-PAA treated spores; and e, 3 μl scCO2-

PAA-treated spores.
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Fig. 7A,B. 
Hypochlorite resistance of spores with or without treatment with scCO2 or scCO2-PAA. A) 

PS533 (wild-type) spores were either untreated or treated wet or dry with scCO2 alone for 1 

h, and the hypochlorite inactivation of the untreated and treated spores was determined as 

described in Methods. The symbols used are: ○, untreated spores; ●, treated wet spores; and 

△, treated dry spores. B) PS533 or PS3328 (cotE) spores were either untreated or treated 

with scCO2-PAA, and hypochlorite inactivation was measured as described in Methods. The 

symbols are: ○, untreated PS533 spores; ●, PS533 spores treated wet and inactivated ~ 

90%; △, PS533 spores treated dry and inactivated ~ 99%; and ▲, PS3328 untreated spores.
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Table 1

DPA level in and DPA release from untreated and scCO2-PAA treated spores
*

Spores Inactivation % Total spore DPA % of maximum DPA release @ 85°C %

Dry untreated 0 97 < 2

Wet untreated 0 100 < 2

Dry treated 95 92 80

Wet treated 99 94 63

Wet treated 99.99 91
nt

†

Wet treated 99.999 92 47

*
Dry or wet PS533 (wild-type) spores were either untreated or treated with scCO2-PAA, CO2 removed, PAA neutralized, and spore inactivation 

was measured as described in Methods. Total DPA in spores or DPA released after incubation for 45 min at 85°C was measured as described in 
Methods. The total spore DPA is expressed relative to the value in the liquid untreated spores which was set at 100%.

†
nt – not tested.
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Table 2

Mutations in untreated and scCO2-PAA treated spores
*

Numbers of mutants

Spores treated Inactivation - % aux spo aux spo

PS533 (wild-type)

Wet untreated 0 0 0 0

Dry treated 90 1 1 0

Dry treated 99.5 0 0 0

Wet treated 92 0 0 0

Wet treated 99 0 0 0

PS578 (α−β−)

Untreated 0 1 1 0

Dry treated 99.5 13 15 3

*
In each experiment colonies from 416 individual PS533 (wild-type) or PS578 (α−β−) spores either untreated or scCO2-PAA treated, were 

screened for auxotrophic (aux) or asporogenous (spo) mutants as described in Methods.
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Table 3

Effect of high salt +/− glucose on the viability of untreated or scCO2-PAA-treated spores
*

Spore viability on various plates

Spores treated Inactivation (%) LB
1 LB+NaCl LB+NaCl+glucose

Dry untreated 0 100 130 120

Wet treated 0 100 60 70

Dry treated 95 100 2 20

Wet treated 99 100 1.5 40

*
Various dilutions of untreated or scCO2-PA-treated PS533 (wild-type) spores were spotted in duplicate on normal LB medium (0.15 mol l−1 

NaCl) plates with kanamycin (10 mg l−1) and with either 1 mol l−1 NaCl, or 1 mol l−1 NaCl plus 50 mmol l−1 glucose. Plates were incubated at 
37°C for 16-72 h, and colonies were counted.

1
The viability of each spore preparation on normal LB medium plates was defined as 100%, and was measured as described in Methods.
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Table 4

Levels of various types of BacLight staining of different spore preparations
*

BacLight staining: Poorly stained Bright red Bright green Germination

Spore preparation % of spores examined

Untreated dormant (327)† 100 0 0 -

Untreated germinated (509) 6 3 91 94

Treated wet – dormant (242) 96 4‡ 0 -

Treated wet– germinated (472) 31 63 6 69§

Treated dry – dormant (380) 95 5‡ 0 -

Treated dry – germinated (890) 78 22 0.5 22§

Autoclaved – dormant (370) 3 97 0.4 -

*
Spores in the images shown in Fig. 5a-f (and data not shown) were scored for weak staining (see panel a), bright red staining (see panel c), or 

bright green staining (see panel d). The spores treated wet were inactivated 90%, and the spores treated dry were inactivated 99%.

†
Values in parentheses are the numbers of individual spores scored.

‡
These spores generally exhibited an intermediate red staining intensity.

§
These values have not been corrected for any treated dormant spores that exhibited moderate red staining intensity, so may be lower than values 

shown.
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