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Killing bacterial spores by organic hydroperoxides
B Setlow, CA Setlow and P Setlow

Department of Biochemistry, University of Connecticut Health Center, Farmington, CT 06032, USA

Killing of wild-type spores of Bacillus subtilis by t-butyl hydroperoxide, cumene hydroperoxide and peracetic acid
was not through DNA damage, as shown by the absence of mutations in the survivors and the identical sensitivity
of spores of strains with or without a recA mutation. In contrast, B. subtilis spores (termed a−b−) lacking the DNA
protective a/b-type small, acid-soluble spore proteins (SASP) were more sensitive to t-butyl hydroperoxide and
cumene hydroperoxide, and their killing was in large part through DNA damage, as shown by the high frequency
of mutations in the survivors and the greater sensitivity of a−b− recA spores. Analysis of t-butyl hydroperoxide-
treated spores showed that generation of DNA damage in a−b− spores was more rapid than in wild-type spores;
a/b-type SASP also protected against DNA strand breakage in vitro caused by t-butyl hydroperoxide. a/b-Type SASP
appeared to play no role in protection of spores from killing by peracetic acid; wild-type and a−b− spores exhibited
identical peracetic acid sensitivity and their killing by this agent appeared to be not through DNA damage.
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Introduction Materials and methods

Organic hydroperoxides such as cumene hydroperoxideSpores(cuOOH), peracetic acid (perOOH) andt-butyl hydroperox- TheB. subtilisstrains used [18] are: PS533, wild-type, car-ide (tbutOOH) kill a wide variety of bacteria [1,2,7]. The rying plasmid pUB110 (conferring kanamycin resistance);mechanism of cell killing by these agents is not clear, butPS578,a−b−, with deletions in the two genes (sspAandB)likely involves the production of damaging free radicals.coding for the two majora/b-type SASP and also carryingThese radicals then kill cells at least in part through DNApUB110; PS2318,recA260, isogenic with PS533 (exceptdamage, as a number of organic hydroperoxides are muta-for lack of pUB110) and carrying both chloramphenicolgenic in bacteria [7,11,23]. (Cmr) and erythromycin resistance (Eryr); and PS2319,In addition to killing vegetative cells, organic hydro-
a−b−recA260 (CmrEryr), isogenic with PS578 (except forperoxides also kill spores of Gram-positive bacteria suchlack of pUB110). Spores of these strains were prepared atas those of variousBacillus species [9,15,22]. Indeed, per- 37°C in 2× SG medium [13,18]; sporulation was in the darkOOH is used in some sterilization/disinfection applicationsfor recA strains. Spores were purified [13] over a period of[3]. However, killing of spores by organic hydroperoxides
|2 weeks, and were stored in water in the dark at 10°C.requires harsher treatments than does killing of the corre-All spore preparations used were free (.95%) of vegetativesponding vegetative cells. While there are data consistentcells and germinated spores. Cells were grown at 37°C inwith spore killing by organic hydroperoxides being due toLB medium (per liter, 10 g NaCl, 1 ml 1 M NaOH, 10 gfree radicals generated from these compounds, the target(s)tryptone, 5 g yeast extract) and harvested at an OD600 nmofof these radicals in spores is not clear [9,22]. In contrast,
|0.5 (mid-log phase growth).hydrogen peroxide kills spores of wild-typeB. subtilisposs-

ibly by damaging a protein(s), but not through DNA dam-
age [14,16,18]. In wild-type spores the DNA is saturatedMeasurement of killing and mutagenesis by organicwith a group of small, acid-soluble proteins (SASP) of thehydroperoxides
a/b-type that protect spore DNA from many types of dam-Treatment of cells or spores (5× 107–108 ml−1) by organicage, including hydroxyl radicals generated from hydrogenhydroperoxides was in 50 mM potassium phosphateperoxide [16,17,19,20]. Spores lacking majora/b-type (pH 7.0), except that spores treated with perOOH were inSASP (a−b− spores) are more sensitive to hydrogen per-0.2 M potassium phosphate (pH 7.0). PerOOH and tbut-oxide, and are killed in large part through DNA damageOOH were added from water solutions; cuOOH was added[16]. In this work the ability of various organic hydroperox- from dimethylsulfoxide. There was no killing of cells orides to kill wild-type anda−b− spores ofB. subtilisas well spores incubated under killing conditions without hydro-as spores of therecA derivatives of these strains has beenperoxides, nor did the dimethylsulfoxide added cause kill-examined; several different methods have also been used toing. At various times samples of cell or spore incubationsexamine the survivors of these treatments for DNA damage.were diluted either in water (spores) or LB medium (cells)

and plated to determine viable count [9,16,18,22]. At least
200 colonies from spores before or after hydroperoxide
treatment were picked onto both minimal medium andCorrespondence: P Setlow, Department of Biochemistry, University of
sporulation agar plates in order to determine the frequencyConnecticut Health Center, Farmington, CT 06020, USA
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Analysis of DNA from treated spores or treated DNA ing that recA-dependent DNA repair is not involved in

spore resistance to these agents. However, spores lackingin vitro
Spores (3–5 mg dry wt) were harvested by centrifugation the majority of the DNA protectivea/b-type SASP (a−b−

spores) were more sensitive to cuOOH and tbutOOH thanbefore or after incubation with perOOH or tbutOOH, and
their survival was determined. The harvested spores were were wild-type spores (Figure 1a,b; note lower tempera-

tures for treatment ofa−b− spores). In contrast to the resultswashed three times with water, spore coats removed, the
spores opened with lysozyme, and total spore nucleic acid with wild-type spores, the cuOOH and tbutOOH sensitivity

of a−b− spores was increased by arecA mutationwas isolated [16]. Samples of the total nucleic acid were
run on 1% agarose gel electrophoresis, the gel stained with (Figure 1a,b).

As shown above for cuOOH and tbutOOH, spores wereethidium bromide and photographed, and the nucleic acid
transferred to a Hybond-N membrane (Amersham, Arling- also more resistant to killing by 5.5 mM perOOH (90%

killing in 3 min at 28°C (Figure 1c)) than were growington Heights, IL, USA). Plasmid pUB110 sequences were
detected on the membrane by hybridization with a pUB110 cells (90% killing in 10 min at 20°C in 11mM perOOH;

. 99% killing in 3 min at 28°C in 5.5 mM perOOH (dataprobe [4,16].
Treatment of purified plasmid pUC19 with tbutOOHin not shown)). However, there was no significant difference

in the perOOH sensitivity of wild-type anda−b− sporesvitro was as described [21]. Supercoiled pUC19
(0.1 mg ml−1) was incubated in 20ml of 10 mM potassium (Figure 1c), and arecA mutation had no effect on spore

perOOH sensitivity—even ina−b− spores (data not shown).phosphate (pH 7.0) with 2 mM reduced glutathione, 10 mM
tbutOOH, and 1 mM NiCl2 with or without 500mg ml−1 of These data were consistent with cuOOH and tbutOOH kill-

ing a−b− spores but not wild-type spores through DNASspC. The latter is ana/b-type SASP which saturates
pUC19 under these conditions [4,16,19]. SspC was purified damage, and with DNA damage not being important in per-

OOH killing of both wild-type anda−b− spores.as described [12]. After incubation at 50°C for 8 h, samples
were made 25 mM in EDTA and 0.4% in N-lauroylsarcos- To obtain further information on the mechanism(s) of

spore killing by organic hydroperoxides, the survivors ofine (sarkosyl), and aliquots were run on 1% agarose gel
electrophoresis and the gel stained wtih ethidium bromide. spores treated with these agents were analyzed for aux-

otrophic and asporogenous mutations (Table 1). Survivors
of wild-type spores treated with any of the three organicResults hydroperoxides exhibited no increase in mutants. Survivors
of treatment ofa−b− spores with perOOH also exhibitedKilling and mutagenesis of spores by organic

hydroperoxides no increase in mutants as compared to untreated spores.
However,a−b− spores treated with either cuOOH or tbut-Wild-type spores ofB. subtilis were killed by 27 mM

cuOOH (|90% killing in 100 min at 60°C) and 0.73 M OOH contained at least 13–16% mutants among the sur-
vivors.tbutOOH (70% killing in 90 min at 47°C) (Figure 1a,b).

However, growing cells were more sensitive to these
agents; 5.5 mM cuOOH gave 90% killing in 5 min at 21°C, Analysis of hydroperoxide damage to DNA in vivo

and in vitrowhile 0.25 M tbutOOH gave 90% killing in 20 min at 21°C
(data not shown). The cuOOH- and tbutOOH-resistance of Since the data indicated that some organic hydroperoxide

treatments killeda−b− spores by DNA damage, the DNAotherwise wild-type spores which carried arecA mutation
resulting in loss of much DNA repair capacity was nearly from treated spores was analyzed for damage. DNA strand

breaks were analyzed, since single strand breaks result inthe same as that of wild-type spores (Figure 1a,b), indicat-

Figure 1 Killing of spores with (a) cuOOH, (b) tbutOOH, and (c) perOOH. Spores were incubated with organic hydroperoxides and spore killing was
measured as described in Methods. The conditions used for spore killing were: (a) strains (s) PS533 (wt) and (d) PS2318 (recA) – 27 mM cuOOH at
60°C; strains (n) PS578 (a−b−) and (m) PS2319 (a−b− recA) – 27 mM cuOOH at 50°C; (b) strains (s) PS533 (wt) and (d) PS2318 (recA) – 0.73 M
tbutOOH at 47°C; strains (n) PS578 (a−b−) and (m) PS2319 (a−b− recA) – 0.73 M tbutOOH at 37°C; and (c) strains (s) PS533 (wt) and (d) PS578
(a−b−) – 5 mM perOOH at 28°C.
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organic hydroperoxide treatmenta

Spores Treatment Survival Mutants (%)
treated (%)

aux spo aux spo
PS533 (wt) None 100 0 0 0

120 min, 60°C, cuOOH 4 0.5 0.5 0
90 min, 50°C, tbutOOH 9 0 0 0
4 min, 28°C, perOOH 2 0 0 0

PS578 (a−b−) None 100 0 0.5 0
120 min, 50°C, cuOOH 2 8 7 1
90 min, 37°C, tbutOOH 6 7 5 1
4 min, 28°C, perOOH 3 0 0.5 0

aSpores were treated with cuOOH (27 mM), tbutOOH, (0.73 M) or per-
OOH (5 mM) and survival determined, and the percentage of survivors
that were auxotrophic (aux) or asporogenous (spo) or both auxotrophic
and asporogenous (aux spo) mutants determined as described in Methods.
At least 200 survivors of each treatment were tested for mutations.

conversion of supercoiled plasmid to a nicked form, while
double strand breaks (or closely spaced single strand
breaks) reduce the size of chromosomal DNA and linearizeFigure 3 Analysis of plasmid pUB110 from tbutOOH-treated spores.
plasmid DNA; these changes can be assessed by agaroseThe nucleic acid samples (5mg) described in the legend to Figure 2 (lanes
gel electrophoresis. Examination of DNA from untreated1–4) from spores with or without tbutOOH treatment were run on agarose

gel electrophoresis, the nucleic acid transferred to a Hybond-N membrane,wild-type or a−b− spores on ethidium bromide-stained aga-
and pUB110 sequences detected by hybridization as described in Methods.rose gels showed that: (i) the chromosomal DNA ran as a
The samples run in the lanes are from: 1, untreated PS533 (wild-type)smear larger than the 23-kb size marker; and (ii) thespores; 2, treated PS533 spores; 3, untreated PS578 (a−b−) spores; and 4,

majority of plasmid pUB110 was in a supercoiled form, treated PS578 spores. The letters adjacent to the figure denote the
migration positions of: (a) supercoiled dimeric plasmid pUB110; (b)with small amounts of nicked circular plasmid (Figure 2,
nicked monomeric circular plasmid; (c) linear plasmid (4.5 kb); and (d)lanes 1, 3, 5, 7; Figure 3, lanes 1, 3); the amount of nicked
supercoiled monomeric plasmid.circular plasmid was higher in untreateda−b− spores as

found previously [4,16]. However, a significant amount of
the chromosomal DNA from wild-type anda−b− spores treated with tbutOOH was smaller than the chromosomal

DNA from untreated spores, with much DNA from treated
spores running as fragments smaller than 23 kb. TbutOOH
treatment also converted much of the supercoiled plasmid
into nicked circles, with more plasmid-nicking ina−b−

spores; some linear plasmid DNA was generated as well
(Figures 2 and 3; lanes 1–4). TbutOOH treatment of wild-
type spores causing less spore killing resulted in less spore
DNA damage (data not shown). In contrast to these results
obtained with tbutOOH, perOOH treatment of both wild-
type anda−b− spores resulted in no decrease in size of
bulk chromosomal DNA and generated no nicked circular
plasmid pUB110 as shown both by agarose gel electro-
phoresis and ethidium bromide staining (Figure 2, lanes 5–
8), as well as detection of pUB110 sequences by hybridiz-
ation (data not shown).

Since generation of DNA damage by tbutOOH required
harsher treatment of wild-type spores than ofa−b− spores,

Figure 2 Analysis of total DNA from tbutOOH- and perOOH-treated this suggests thata/b-type SASP protect the DNA back-
spores. Nucleic acid was extracted from spores of strains PS533 (wild-bone from attack by compounds generated by tbutOOH. To
type) (lanes 1, 2, 5 and 6) or PS578 (a−b−) (lanes 3, 4, 7 and 8) either test this point the ability of SspC, a purifieda/b-type
before (lanes 1, 3, 5, and 7) or after treatment with tbutOOH (lanes 2 and

SASP, to protect DNA from cleavage by tbutOOH in the4) or perOOH (lanes 6 and 8). The killing of wild-type anda−b− spores
presence of reduced glutathione and Ni2+ [21] was exam-with perOOH was 91% and 84%, respectively; the tbutOOH treatment

killed wild-type anda−b− spores to 99.7% and 91%, respectively. Samplesined. The plasmid pUC19 used for these experiments was
of total nucleic acid (5mg) were run on 1% agarose gel electrophoresis, predominantly in the supercoiled form (Figure 4, lanes 1
stained with ethidium bromide and photographed. The letters adjacent toand 2, compare bands labeled a and b). Incubation withthe gels denote the migration positions of: (a) nicked monomeric plasmid

tbutOOH resulted in conversion of the majority of the plas-(pUB110); (b) linearized plasmid (4.5 kb); and (c) supercoiled monomeric
plasmid. The 23 kb denotes the migration position of a 23-kb size marker.mid to a nicked circular form (Figure 4, lane 3). However,
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dependent manner [7,22, and this work]. Furthermore, tbu-
tOOH treatment induces the SOS response in growing bac-
teria [7], and induction of the SOS response is dependent
on recA. Consequently, it is likely that DNA damage is not
a significant cause of killing of wild-type spores by organic
hydroperoxides, but that cuOOH and tbutOOH killa−b−

spores in large part by DNA damage. In addition, the DNA
damage generated ina−b− spores by these agents is likely
repairable by the SOS system, which is presumably induced
during subsequent spore germination. Previous work has
shown that several treatments ofa−b− (but not wild-type)
spores result in induction of SOS repair genes during spore
germination [18].

The mechanism protecting spore DNA from cuOOH and
Figure 4 Protection of SspC against tbutOOH-induced DNA strand tbutOOH (but not perOOH, see below) appears to be the
cleavagein vitro. Supercoiled plasmid pUC19 was incubated with reducedsaturation of the DNA witha/b-type SASP, as killing of
glutathione, Ni2+ and tbutOOH with or without SspC as described in a−b− spores by cuOOH and tbutOOH was accompanied by
Methods, and samples taken before and after incubation for 8 h at 50°C.

a high frequency of mutagenesis in the survivors and wasAliquots (1mg, except 1.5mg in lane 3) of DNA were run on 1% agarose
greatly increased by arecAmutation. In addition,a/b-typegel electrophoresis, the gel was stained with ethidium bromide and photo-

graphed. The samples run in the different lanes are: 1, preincubation with-SASP protected against tbutOOH-induced DNA cleavage
out SspC; 2, preincubation with SspC; 3, incubation without SspC; andin vitro and in vivo. However, some strand cleavage of
4, incubation with SspC. The letters (a) and (b) adjacent to the figure giveDNA was induced by tbutOOH in wild-type spores, as seenthe migration positions of nicked monomers, and supercoiled monomers

previously with hydrogen peroxide [16]. Presumably, inof pUC19, respectively. The overall intensity in lane 3 has been reduced
to facilitate visualization of the differences in bands (a) and (b) in this lane.wild-type spores the tbutOOH treatment needed to obtain

DNA damage is so harsh, that the spores are already dead
due to killing mechanisms that do not involve DNA dam-
age. In a−b− spores the tbutOOH treatment needed forsaturation of the plasmid DNA with SspC protected the

majority of the DNA against tbutOOH-induced strand DNA damage is mild enough that the spores die at least in
part from the DNA damage.cleavage (Figure 4, lane 4). Previous work has shown that

SspC protects DNAin vitro against strand cleavage caused An obvious question then concerns the nature of the
DNA damage induced by cuOOH and tbutOOH ina−b−by hydrogen peroxide as well as a variety of other types

of DNA damage [4,16,17,19,20]. spores. The only DNA damage analyzed for was strand
breaks, in particular single strand breaks. While tbutOOH
causes DNA single strand breaks bothin vivo and in vitroDiscussion [8,21], this may be neither a mutagenic nor a lethal event,
and may not be the only DNA damage generated. TheKilling of wild-type spores ofB. subtilis by wet heat or

dessication is not due to DNA damage, as the saturation of major type of mutagenic DNA damage generated by tbut-
OOH has been suggested to be formation of 7,8-dihydro-spore DNA with a/b-type SASP prevents DNA damage

associated with these treatments [4,5,19]. However, in the 8-oxoguanine [10]. However, the levels of this oxidized
base were not measured and is not clear if all organic hyd-absence ofa/b-type SASP (ie ina−b− spores), wet heat

and dessication cause spore killing by DNA damage. Simi- roperoxides cause this DNA modification. Previous work
has indicated that cuOOH and tbutOOH act via generationlar results have been obtained in studies of spore killing by

hydrogen peroxide [16]; binding ofa/b-type SASP to DNA of free radical species [9,22], although the free radicals
which effect spore killing have not been identified. Indeed,also protects the DNA backbone against cleavage by

hydroxyl radicalsin vitro [16,19]. In the present study we a large number of different free radicals may be generated
from these agents [1,3,6]. As noted above the nature of thehave shown that killing of wild-type spores by cuOOH,

perOOH, and tbutOOH is: (i) not accompanied by signifi- initial DNA damage caused by these free radicals ina−b−

spores is also not known, although hydroxyl radicals cancant mutagenesis; and (ii) not increased by arecAmutation.
These findings are consistent with those made previously result in the cleavage of the DNA backbone bothin vivo

and in vitro. It is also possible that DNA strand cleavagefor killing of wild-type spores by wet heat, dessication and
hydrogen peroxide [4,5,16]. The conclusion from these is the result of a secondary reaction at some initial DNA

lesion; as noted above it is likely that there is also DNAresults is that cuOOH, perOOH and tbutOOH do not kill
wild-type spores by DNA damage. While this conclusion damage generated ina−b− spores by cuOOH and tbutOOH

other than strand cleavage.is consistent with the data, we cannot rule out the possi-
bility that the organic hydroperoxides tested do cause lethal One surprising result from this work is that perOOH kill-

ing of spores differed significantly from that by cuOOHDNA damage in wild-type spores but that the DNA dam-
age: (i) is not mutagenic; (ii) is not repaired in arecA- and tbutOOH. The identical sensitivity ofa−b− and wild-

type spores (with or withoutrecA mutations) to perOOH,dependent manner; and (iii) in the case of perOOH, causes
no strand breaks in DNA. While this is possible, DNA dam- and the lack of any notable mutagenesis or DNA damage

associated with spore killing by this agent suggests thatage to growing bacteria anda−b− spores induced by tbu-
tOOH and cuOOH is mutagenic and is repaired in arecA- perOOH does not kill spores, evena−b− spores, by DNA
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Escherichia colimutants defective in themutM, mutYor soxRSloci.kills spores by a free radical-based mechanism [9]. The free
Mutagenesis 9: 245–251.

radicals generated are not clear, although it has been sug-8 Latour I, JB Demoulin and P Buc-Calderon. 1995. Oxidative DNA
gested that they are produced inside the spore, since per- damage byt-butyl hydroperoxide causes DNA single strand breaks

which is not linked to cell lysis. A mechanistic study in freshly isolatedOOH may penetrate the spore core. Possibly the free
rat hepatocytes. FEBS Lett 373: 299–302.radical(s) generated from this agent is extremely reactive

9 Marquis RE, GC Rutherford, MM Faraci and SY Shin. 1995. Spori-with a spore target other than DNA. cidal action of peracetic acid and protective effects of transition metal
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