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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 f7) 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 o B~ recA spores. Analysis of t-butyl hydroperoxide-
treated spores showed that generation of DNA damage in a3~ spores was more rapid than in wild-type spores;
a/B-type SASP also protected against DNA strand breakage invitro caused by t-butyl hydroperoxide. «/f-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 hydroperoxid
(CUOOH), peracetic acid (perOOH) anbiutyl hydroperox- o 5" iilisstrains used [18] are: PS533, wild-type, car-

ide (tbutOOH) kill a wide variety of bacteria [1,2,7]. The _ . : ; X : )
mechanism of cell killing by these agents is not clear, butg'sns%glz_séﬂ'dwﬂﬁ%tllgti(()%(;nifﬁ;ﬁggtvtggaenggg'gpf:r'lﬂg?ce)’
likely involves the production of damaging free radicals.  ~. ' : y 4
These radicals then Kkill cells at least in part through DNAc%déqgiégrgggévl\lgr?C%)géﬁ gggeiﬁ;svl\:/’itﬁng§|55303c(aer;)cl:ggt

damage, as a number of organic hydroperoxides are muta- ; .
genic in bacteria [7,11,23]. gor lack of pUB110) and carrying both chloramphenicol

" L . . Cm') and erythromycin resistance yand PS2319,
In addition to killing vegetative cells, organic hydro- (a‘B‘zecAZGO (nd’iEry)’/) sooonis with (5)83‘/578 (enan Tor
peroxides also kill spores of Gram-positive bacteria Sucqack of pUB110). Spor’es of these strains were prepared at

as those of variouBacillus species [9,15,22]. Indeed, per- . : ) . .
; . e S : 2 P 37°Cin 2x SG medium [13,18]; sporulation was in the dark
OOH is used in some sterilization/disinfection appllcatlonsfor recA strains. Spores were purified [13] over a period of

[3]. However, killing of spores by organic hydroperoxides " : ;

requires harsher treatments than does killing of the correAﬁ S";’Ji?g%r:ggr;\{gﬁssjg;dvgr!ﬁ;%% /:)hgfezgkefggg
sponding vegetative cells. While there are data CO”SiSter(‘;te”S and germinated spores. Cells were arown AC3M
with spore killing by organic hydroperoxides being due to mediu?n (per liter fo g NaCI 1ml 1?\/' NaOH, 10 g
free radicals generated from these compounds, the target(lf??ptone 5 g yeast ex,tract) and hérvested atan g),;’)]of
of these radicals in spores is not clear [9,22]. In contrast,N0 5 (mi’d-lo hase growth) 0
hydrogen peroxide kills spores of wild-ty@e subtilisposs- ' gp 9 ’

ibly by damaging a protein(s), but not through DNA dam-
age [14,16,18]. In wild-type spores the DNA is saturated
with a group of small, acid-soluble proteins (SASP) of the
ol B-type that protect spore DNA from many types of dam-

age, including hydroxyl radicals generated from hydroger]qydroperoxides was in 50 mM potassium phosphate

peroxide [16,17,19,20]. Spores lacking majafB-type ; X
SASP @ spores) are more sensitive to hydrogen per_(pH 7.0), except that spores treated with perOOH were in

. . . 0.2 M potassium phosphate (pH 7.0). PerOOH and tbut-
oxide, and are killed in large part through DNA damage S
[16]. In this work the ability of various organic hydroperox- OOH were added from water solutions; CUOOH was added

ides to kill wild-type anda~B- spores ofB. subtilisas well from dimethylsulfoxide. There was no killing of cells or

o spores of thecca deratves of these sirins has been 0015 IEGLEd e ing conditons wihout hyre:

examined; several different methods have also been used ' . ! .

examine the survivors of these treatments for DNA damage".%)g' At various times samples of cell or spore incubations
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
Correspondence: P Setlow, Department of Biochemistry, University oftre"’ltmer_1t were pICked. onto both mmlm,al medium and
Connecticut Health Center, Farmington, CT 06020, USA sporulatl_on agar plates in order to determine the frequency
Received 17 December 1996; accepted 13 March 1997 of mutations [4,16].
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Measurement of killing and mutagenesis by organic
hydroperoxides
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Analysis of DNA from treated spores or treated DNA ing that recA-dependent DNA repair is not involved in 385
in vitro spore resistance to these agents. However, spores lacking

Spores (3-5mg dry wt) were harvested by centrifugation the majority of the DNA protediseype SASP & B~

before or after incubation with perOOH or tbutOOH, and spores) were more sensitive to cuOOH and tbutOOH than

their survival was determined. The harvested spores were were wild-type spores (Figure 1a,b; note lower tempera-

washed three times with water, spore coats removed, thiires for treatment o3~ spores). In contrast to the results

spores opened with lysozyme, and total spore nucleic acid  with wild-type spores, the cuOOH and tbutOOH sensitivity

was isolated [16]. Samples of the total nucleic acid wereof o B8~ spores was increased by BecA mutation

run on 1% agarose gel electrophoresis, the gel stained with (Figure 1a,b).

ethidium bromide and photographed, and the nucleic acid As shown above for cuOOH and tbutOOH, spores were

transferred to a Hybond-N membrane (Amersham, Arling- also more resistant to killing by 5.5mM perOOH (90%

ton Heights, IL, USA). Plasmid pUB110 sequences werekilling in 3 min at 28C (Figure 1c)) than were growing

detected on the membrane by hybridization with a pUB110  cells (90% killing in 10 min°& 2011 uM perOOH,;

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

vitro was as described [21]. Supercoiled pUC19in the perOOH sensitivity of wild-type and 3~ spores

(0.1 ug wl™) was incubated in 20l of 10 mM potassium (Figure 1c), and racA mutation had no effect on spore

phosphate (pH 7.0) with 2 mM reduced glutathione, 10 mMperOOH sensitivity—even i~ 8~ spores (data not shown).

tbutOOH, and 1 mM NiClwith or without 500ug mI™* of  These data were consistent with cuOOH and tbutOOH Kkill-

SspC. The latter is am/B-type SASP which saturates ing o8~ spores but not wild-type spores through DNA

pUC19 under these conditions [4,16,19]. SspC was purified damage, and with DNA damage not being important in per-

as described [12]. After incubation at®Dfor 8 h, samples OOH killing of both wild-type anda8~ spores.

were made 25 mM in EDTA and 0.4% in N-lauroylsarcos- To obtain further information on the mechanism(s) of

ine (sarkosyl), and aliquots were run on 1% agarose gedpore killing by organic hydroperoxides, the survivors of

electrophoresis and the gel stained wtih ethidium bromide. spores treated with these agents were analyzed for aux-

otrophic and asporogenous mutations (Table 1). Survivors

Results of wild-type spores treated with any of the three organic
hydroperoxides exhibited no increase in mutants. Survivors

Killing and mutagenesis of spores by organic of treatment ofa 8~ spores with perOOH also exhibited

hydroperoxides no increase in mutants as compared to untreated spores.

Wild-type spores ofB. subtilis were killed by 27 mM  However,a” 3~ spores treated with either cuOOH or tbut-
cuOOH (90% killing in 100 min at 60C) and 0.73 M OOH contained at least 13-16% mutants among the sur-
tbutOOH (70% Kkilling in 90 min at 4°C) (Figure 1la,b). vivors.

However, growing cells were more sensitive to these

agents; 5.5 mM cuOOH gave 90% killing in 5 min at’@l  Analysis of hydroperoxide damage to DNA in vivo

while 0.25 M tbutOOH gave 90% killing in20 minat 22  and in vitro

(data not shown). The cuOOH- and tbutOOH-resistance of  Since the data indicated that some organic hydroperoxide
otherwise wild-type spores which carriedr@cA mutation  treatments killede™8~ spores by DNA damage, the DNA
resulting in loss of much DNA repair capacity was nearly  from treated spores was analyzed for damage. DNA strand
the same as that of wild-type spores (Figure 1a,b), indicatbreaks were analyzed, since single strand breaks result in
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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) sSrpPSH33 (wt) and @) PS2318 (ecA) — 27 mM cuOOH at

60°C; strains ) PS578 & 37) and (A) PS2319 ¢ 3~ recA) — 27 mM cuOOH at 5%C; (b) strains ) PS533 (wt) and @) PS2318 ecA) — 0.73 M
tbutOOH at 47C; strains (\) PS578 & B87) and (A) PS2319 ¢ 3~ recA) — 0.73 M tbutOOH at 37C; and (c) strains@) PS533 (wt) and®) PS578

(”B) — 5mM perOOH at 28C.
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Table 1 Survival and mutagenesis of wild-type aadB™ spores after 1
organic hydroperoxide treatmeént

Spores Treatment Survival Mutants (%)
treated (%)

aux  spo aux spo a “
PS533 (wt)  None 100 0 0 b
120 min, 60C, cuOOH 4 5 05

0
0 0
90 min, 50C, tbutOOH 9 0 0 0
4 min, 28C, perOOH 2 0 0 0
PS578 ¢ B7) None 100 O 0.5 0
120 min, 50C, cuOOH 2 8 7 1
90 min, 37C, tbutOOH 6 7 5 1 c
4 min, 28C, 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 auxotrophi
and asporogenous (aux spo) mutants determined as described in Metho
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 stran
breaks.) reduce the size of chromosomal DNA and Imeanz?—i ure 3 Analysis of plasmid pUB110 from tbutOOH-treated spores.
plasmid DNA; these changes can be assessed by agaroge nucleic acid samples ) described in the legend to Figure 2 (lanes
gel electrophoresis. Examination of DNA from untreatedi-4) from spores with or without tbutOOH treatment were run on agarose
wild-type ora B~ spores on ethidium bromide-stained aga-gel electrophoresis, the nucleic acid transferred to a Hybond-N membrane,
rose gels showed that: () the chromosomal DNA ran as 70 PUBL10 sequences detected by ybridzation s descrbed n etrods
Smgar Iarger than the 23-kb S'Z? marker; ar,]d (”) thespores; Z?treated PS533 spores; 3, untreat’ed PSEBY) (spores; and 4,yp
majority of plasmid pUB110 was in a supercoiled form, yreated PS578 spores. The letters adjacent to the figure denote the
with small amounts of nicked circular plasmid (Figure 2, migration positions of: (a) supercoiled dimeric plasmid pUB110; (b)
lanes 1, 3, 5, 7: Figure 3, lanes 1, 3); the amount of nickedpicked monomeric cirpular pla_smid; (c) linear plasmid (4.5 kb); and (d)
circular plasmid was higher in untreateds~ spores as Supercoiled monomeric plasmid.
found previously [4,16]. However, a significant amount of
the chromosomal DNA from wild-type and 3~ 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
1 2 3 4 S 6 7 8 treatment also converted much of the supercoiled plasmid
; into nicked circles, with more plasmid-nicking in "
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 thanaoB~ spores,
Figure 2 Analysis of total DNA from tbutOOH- and perOOH-treated this suggests thai/B-type SASP protect the DNA back-
tspoerﬁl-awggliicza%da\;lvgsmeétrr%é%d7 g%(f; (Slgg;essgof4stf73i2rsldpg5;?h g/rvildbone from attack by compounds generated by toutOOH. To
g(ffore (lanes 1 3 5, and 7) or after treatment witH tb’utOOH (lanes 2 an est this point the ablllty of SspC, a purlfled/B-type
4) or perOOH (lanes 6 and 8). The killing of wild-type and3~ spores ASP, to protect DNA from _Cleavage by tbutOOH in the
with perOOH was 91% and 84%, respectively; the tbutOOH treatmenfofesence of reduced glutathione anoQ*N_'Ql] was exam-
killed wild-type anda~3~ spores to 99.7% and 91%, respectively. Samplesined. The plasmid pUC19 used for these experiments was
Stained with st promide and SSJS@%ZSEL?EGTES.21?§$£°§!I,-Z?§n‘f§fed°m‘“a”“y in the supercoiled form (Figure 4, lanes 1
the gels denote the migration positions of: (a) nicl'<ed monomeric plasmi nd 2, compare bands Iabe]ed a and b)' I.nCUbatlon with
(PUBL10); (b) linearized plasmid (4.5 kb); and (c) supercoiled monomerictoUtOOH resulted in conversion of the majority of the plas-
plasmid. The 23 kb denotes the migration position of a 23-kb size markermid to a nicked circular form (Figure 4, lane 3). However,




Spore killing by organic hydroperoxides
B Setlow et al

dependent manner [7,22, and this work]. Furthermore, tbu- 387
tOOH treatment induces the SOS response in growing bac-
teria [7], and induction of the SOS response is dependent
onrecA 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 kift3~
spores in large part by DNA damage. In addition, the DNA
damage generated w3~ 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 @f3~ (but not wild-type)
b 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
cleavagen vitro. Supercoiled plasmid pUC19 was incubated with reduced saturation of the DNA witha/B-type SASP, as killing of
glutathione, Ni* and tbutOOH with or Wlthout_ SspC_as described in o B spores by CUOOH and tbutOOH was accompanied by
Methods, and samples taken before and after incubation for 8 h°@t 50 . L .
Aliquots (1ug, except 1.5u9 in lane 3) of DNA were run on 1% agarose a high f.requency of mmagenes.'s in the Sp!’VIVOI‘S and was
gel electrophoresis, the gel was stained with ethidium bromide and photogreatly increased by eecAmutation. In additionp/g-type
graphed. The samples run in the different lanes are: 1, preincubation withPSASP protected against tbutOOH-induced DNA cleavage
out SspC; 2, preincubation with SspC; 3, incubation without SspC; andn vitro and in vivo. However, some strand cleavage of

4, incubation with SspC. The letters (a) and (b) adjacent to the figure giv . . ey
the migration positions of nicked monomers, and supercoiled monomefpl\IA was induced by tbutOOH in wild-type spores, as seen

of pUC19, respectively. The overall intensity in lane 3 has been reducedprleViOUSW with hydrogen peroxide [16]. Presumably, il’!
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-
saturation of the plasmid DNA with SspC protected theage. In o8~ spores the tbutOOH treatment needed for
majority of the DNA against tbutOOH-induced strand DNA damage is mild enough that the spores die at least in
cleavage (Figure 4, lane 4). Previous work has shown thagpart from the DNA damage.
SspC protects DNAn vitro against strand cleavage caused An obvious question then concerns the nature of the
by hydrogen peroxide as well as a variety of other typesDNA damage induced by cuOOH and tbutOOH dng-
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 bathvivo andin vitro
[8,21], this may be neither a mutagenic nor a lethal event,
Killing of wild-type spores ofB. subtilisby wet heat or and may not be the only DNA damage generated. The
dessication is not due to DNA damage, as the saturation of major type of mutagenic DNA damage generated by tbut-
spore DNA with of/B-type SASP prevents DNA damage OOH has been suggested to be formation of 7,8-dihydro-
associated with these treatments [4,5,19]. However, in the  8-oxoguanine [10]. However, the levels of this oxidized
absence ofa/B-type SASP (ie ina B~ spores), wet heat base were not measured and is not clear if all organic hyd-
and dessication cause spore killing by DNA damage. Simi- roperoxides cause this DNA modification. Previous work
lar results have been obtained in studies of spore killing byhas indicated that cuOOH and tbutOOH act via generation
hydrogen peroxide [16]; binding ef/3-type SASP to DNA  of free radical species [9,22], although the free radicals
also protects the DNA backbone against cleavage bwhich effect spore killing have not been identified. Indeed,
hydroxyl radicalsin vitro [16,19]. In the present study we a large number of different free radicals may be generated
have shown that killing of wild-type spores by cuOOH, from these agents [1,3,6]. As noted above the nature of the
perOOH, and tbutOOH is: (i) not accompanied by signifi- initial DNA damage caused by these free radiegds in
cant mutagenesis; and (ii) not increased hg@ mutation.  spores is also not known, although hydroxyl radicals can
These findings are consistent with those made previously  result in the cleavage of the DNA backboimevbath
for killing of wild-type spores by wet heat, dessication andandin vitro. It is also possible that DNA strand cleavage
hydrogen peroxide [4,5,16]. The conclusion from these is the result of a secondary reaction at some initial DNA
results is that cuOOH, perOOH and tbutOOH do not kill lesion; as noted above it is likely that there is also DNA
wild-type spores by DNA damage. While this conclusion damage generate@inspores by cuOOH and tbutOOH
is consistent with the data, we cannot rule out the possiether than strand cleavage.
bility that the organic hydroperoxides tested do cause lethal One surprising result from this work is that perOOH Kkill-
DNA damage in wild-type spores but that the DNA dam-ing of spores differed significantly from that by cuOOH
age: (i) is not mutagenic; (ii) is not repaired inracA and tbutOOH. The identical sensitivity of 3~ and wild-
dependent manner; and (iii) in the case of perOOH, causeype spores (with or withoutecA mutations) to perOOH,
no strand breaks in DNA. While this is possible, DNA dam- and the lack of any notable mutagenesis or DNA damage
age to growing bacteria an#t 3~ spores induced by tbu- associated with spore killing by this agent suggests that
tOOH and cuOOH is mutagenic and is repaired ireeA&  perOOH does not kill spores, eveiri3~ spores, by DNA

Discussion
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damage. Previous studies have suggested that peracetic acidand mutations by reactive oxygen-generating compounds in various
kills spores by a free radical-based mechanism [9]. The free Escherichia colimutants defective in theautM, mutY or soxRSloci.

. . ' Mutagenesis 9: 245-251.
radicals generated are not Clea'_’: a_lthOUgh it has b_een SU%s 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
OOH may penetrate the spore core. Possibly the free whichis notlinked to cell lysis. A mechanistic study in freshly isolated

radical(s) generated from this agent is extremely reactive rat hepatocytes. FEBS Lett 373: 299-302. . .
with a spore target other than DNA. 9 Marquis RE, GC Rutherford, MM Faraci and SY Shin. 1995. Spori-

) . cidal action of peracetic acid and protective effects of transition metal
Previous work has shown that hydrogen peroxide can jons. J ind Microbiol 15: 486—492.

result in enzyme inactivation in wild-type spores [14], and10 Michaels ML and JH Miller. 1992. The GO system protects organisms
this may also be the case for the organic peroxides studied from the mutagenic effect of the spontaneous lesion 8-hydroxyguanine

; P At (7,8-dihydro-8-oxoguanine). J Bacteriol 174: 6321-6325.
in the current work. While inactivation of a key spore 11 Muller J and S Janz. 1992. Assessment of oxidative DNA damage

enzyme could result in killing of wild-type spores, itis not ™= ;' ihe oxyRdeficient SOS chromotest straischerichia coliPQ300.
clear why different organic hydroperoxides should exhibit  Environ Mol Mutagen 20: 297-306.

such different mechanisms of killing QfB* spores. The 12 Nicholson WL, B Setlow and P Setlow. 1990. Binding of DNA
elucidation of the mechanisms Whereby these organic hyd- vitro by a small, acid-soluble spore protein and its effect on DNA

. . . - . . topology. J Bacteriol 172: 6900-6906.
roperOX|des kill spores Is an interesting SUbJeCt for futur(':‘13 Nicholson WL and P Setlow. 1990. Sporulation, germination and out-

research. growth. In: Molecular Biological Methods for Bacillus (Harwood CR
and SM Cutting, eds), pp 391-450, John Wiley and Sons, Chiches-
ter, UK.
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