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Ethyl methanesulfonate (EMS) killed wild-type Bacillus subtilis spores as rapidly as spores lacking small,
acid-soluble proteins (SASP) of the a/b type (a2b2 spores), and 20% of the survivors had obvious mutations.
A recA mutation increased the EMS sensitivity of wild-type and a2b2 spores similarly but reduced their
mutagenesis; EMS treatment of dormant spores also resulted in the induction of RecA synthesis during spore
germination. EMS generated similar levels of alkylated bases in wild-type and a2b2 spore DNAs, in purified
DNA, or in DNA saturated with a/b-type SASP. Ethylene oxide (EtO) also generated similar levels of base
alkylation in wild-type and a2b2 spore DNAs. These data indicate that EMS and EtO kill spores at least in
part by DNA damage but that a/b-type SASP, which protect DNA against many types of damage, do not protect
spore DNA from base alkylation.

Spores of Bacillus species are much more resistant than their
corresponding growing cells to a variety of treatments, includ-
ing heat, UV radiation, and oxidizing agents (7, 11). A major
factor contributing to spore resistance to these treatments is
the saturation of spore DNA with a group of proteins termed
small, acid-soluble proteins (SASP) of the a/b type (25, 26).
These DNA binding proteins alter spore DNA UV photo-
chemistry, thus contributing to spore resistance to UV radia-
tion, and greatly slow DNA depurination as well as hydroxyl
radical-induced DNA backbone cleavage, thus contributing to
spore resistance to heat and oxidizing agents (25, 26). The
effects of a/b-type SASP on DNA properties in spores gener-
ally are quite similar to the effects of purified a/b-type SASP
on DNA properties in vitro (5, 12, 21). Studies of alkylation of
DNA by dimethyl sulfate have indicated that a/b-type SASP
do not significantly protect against this type of DNA damage in
vitro (24). However, the effects of these proteins on DNA
alkylation in spores have not been studied. Since DNA-alky-
lating agents, in particular ethylene oxide (EtO), are used for
the sterilization of some types of materials (16, 17), we decided
to examine the role of a/b-type SASP in the protection of
DNA in spores against alkylation.

The alkylating agent we chose to use in most work was ethyl
methanesulfonate (EMS), because of both its ease and its
relative safety of use and the large amount of knowledge on its
mechanism of action (1). The wild-type Bacillus subtilis strain
(PS832) used for most experiments was a derivative of strain
168; the isogenic strain lacking the genes coding for the ma-
jority of spore a/b-type SASP was PS356 (12) (referred to as
a2b2). Vegetative cells were prepared by growth at 37°C in
23YT medium (21) to an optical density at 600 nm (OD600) of
;1.0; spores of various strains were prepared at 37°C in 23SG
medium and purified as described previously (15). Incubation
of vegetative cells at 30°C in 0.4 M KPO4 (pH 7.0) with 0.45 M
EMS resulted in .99% killing in 5 min; similar incubation

without EMS resulted in ,50% killing (data not shown). In
contrast, incubation of wild-type B. subtilis spores with EMS
under these conditions resulted in only ;93% killing in 15 h at
30°C (Table 1); even at 37°C there was only 98% killing in 4 h
(Fig. 1). Removal of spore coats as described previously (21)
had no obvious effect on spore EMS resistance (data not
shown). Spores of strain PS356, which lack ;75% of total
a/b-type SASP and which are much more sensitive than wild-
type spores to heat, UV radiation, and oxidizing agents (5, 12,
21), exhibited EMS resistance essentially identical to that of
wild-type spores (Fig. 1).

EMS killing of wild-type and a2b2 spores occurred at least
in part through DNA damage, as there was a high percentage
of mutants among the survivors (Table 1), as observed previ-
ously (9, 14). A recA mutation decreased the EMS resistance of
wild-type and a2b2 spores by similar amounts (Fig. 1), and the
percentage of mutants among the survivors of EMS treatment
of recA spores, whether a2b2 or otherwise wild type, de-
creased more than sevenfold (Table 1). A recA mutation also
decreases the EMS resistance and mutagenesis of Escherichia
coli, and these findings have been interpreted to indicate that
some of the EMS resistance and much of the mutagenesis are
due to the repair of alkylation damage by error-prone DNA
repair, such as is induced during the SOS response (2, 6, 10,
19).

To obtain further evidence relative to this interpretation, we
used spores of strain PS2271 (prepared as described above),
which carry a recA-lacZ fusion but are otherwise wild type (23).
Spores treated or not treated with EMS (2 h, 37°C) as de-
scribed in Table 1 were germinated at 37°C to an initial OD600
of ;0.5 to 0.6 in 25 ml of Spizizen minimal medium (28) with
tryptophan (25 mg/ml) and Casamino Acids (0.1%) plus 4 mM
L-alanine to stimulate spore germination. In this medium,
.90% of spores had initiated germination after 30 min. L-[U-
3H]leucine (10 mCi; 50 mCi/mmol) was also added to the me-
dium to allow the measurement of protein accumulation dur-
ing germination and outgrowth. At various times after the
addition of spores to the medium, aliquots (500 ml) were re-
moved for quantitation of the incorporation of 3H-leucine into
protein (23). Samples (2 ml) were also harvested by centrifu-
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gation, and pellets were frozen for eventual assay of b-galac-
tosidase with o-nitrophenyl-b-D-galactoside (23). The specific
activity of b-galactosidase in the germinating and outgrowing
spores was expressed as the ratio of the change in the OD420
per minute per milliliter of culture to the percentage of total
leucine incorporated into protein per milliliter of culture (23).

EMS treatment of dormant spores resulting in ;50% killing
caused no notable decrease in the rate or extent of subsequent
initiation of spore germination, as measured by the initial re-
duction in the OD600 of the germinating spore culture (Fig. 2).
However, this EMS treatment resulted in a large induction of
recA-lacZ during subsequent spore germination (Fig. 2, com-
pare specific activities with and without EMS treatment). Thus,
EMS treatment of dormant spores almost certainly induces the
SOS response during spore germination and outgrowth. Pre-
vious work showed that a number of other treatments of dor-
mant B. subtilis spores that cause DNA damage result in the
induction not only of recA but also of other DNA damage-
inducible genes during subsequent spore germination and out-
growth (23). DNA repair has also been shown to be an impor-
tant component of spore resistance to other agents that kill
spores by causing DNA damage (23).

The data discussed above strongly suggested that EMS kills
dormant spores at least in part by DNA damage and that
a/b-type SASP play no role in the protection of spore DNA
from this DNA damage. To test this latter point directly, we
analyzed DNA from EMS-treated spores for alkylation dam-
age. EMS can cause alkylation of DNA in a number of posi-
tions, including the N3 of adenine, the O6 and N7 of guanine,
and the backbone phosphate, with by far the most abundant
product being N7-ethylguanine (1). Treatment of DNA with 1

M piperidine at 90°C for 30 min cleaves DNA at sites of
alkylguanines; consequently, such cleavage can be used as a
test for the presence of these modified bases. For these anal-
yses, we used spores of the wild-type (PS533) and a2b2

(PS578) strains, which also carry plasmid pUB110, conferring
kanamycin resistance. Spores of these strains were prepared as

FIG. 1. EMS resistance of wild-type and a2b2 spores with or without a recA
mutation. Spores of various strains were incubated at an OD600 of ;1 and 37°C
in 0.4 M KPO4 (pH 7.0)–0.45 M EMS. At various times, aliquots were diluted
;100-fold in 2.4 ml of 0.1 M Na2S2O3 and then diluted further in 50 mM KPO4
(pH 7)–0.1 M NaCl prior to analysis of viable counts on LB medium plates (4).
Symbols: E, PS832 (wild type); ‚, PS356 (a2b2); F, PS2318 (recA); Œ, PS2319
(a2b2 recA). Essentially identical results were obtained in a replicate experi-
ment.

FIG. 2. Level of expression of recA-lacZ during germination of spores with or
without prior EMS treatment. Spores of strain PS2271 (recA-lacZ::amyE) were
germinated as described in the text with or without prior treatment with EMS.
This treatment resulted in ;50% killing. At various times during spore germi-
nation, samples were taken for analysis of the level of recA-lacZ expression
relative to protein accumulated during spore germination and outgrowth as
described in the text. Symbols: E and F, OD600; ‚ and Œ, recA-lacZ specific
activity; E and ‚, no EMS treatment; F and Œ, EMS treatment.

TABLE 1. Survival and mutagenesis of spores after treatment
with alkylating agents

Strain Treatment Survival
(%)

% of survivors with the
following mutation(s)c:

aux spo aux spo

PS832 (wild type)a —d 100 ,0.5 ,0.5 ,0.5
EMS 3 2.9 11.5 4.8

PS356 (a2b2)a — 65 ,0.5 ,0.5 ,0.5
EMS 5 9.7 8.7 3.4

PS2318b (recA)a — 90 ,0.5 ,0.5 ,0.5
EMS 1 ,0.5 ,0.5 ,0.5

PS2319 (a2b2 recA)a — 95 ,0.5 1 ,0.5
EMS 1.2 ,0.5 3 ,0.5

PS832b — 30 1 2.9 1.6
EtO 0.5 7.9 9.2 4.8

a Spores were incubated in 0.4 M KH2PO4 (pH 7.0) with or without 0.45 M
EMS. Spores of strains PS832 and PS356 were incubated for 15 h at 30°C, and
spores of strains PS2318b and PS2319 were incubated for 2 h at 37°C. In all cases,
spores were diluted at least 200-fold into 2.4 ml of 0.1 M Na2S2O3 and then
diluted further for analyses of survival on LB medium plates (5, 23). Survivors (at
least 200) were picked onto minimal medium or sporulation medium plates to
test for the presence of auxotrophic (aux) or sporulation (spo) mutations as
described previously (5).

b Spores of strain PS832 were treated with or without EtO for 5 min at 55°C
and 60% relative humidity in a Joslyn EO Gas Biological Indicator Evaluator
Resistometer Vessel (Joslyn Sterilization Corporation, Farmington, N.Y.).

c The values for the percentage of survivors with the indicated mutations in a
replicate of these experiments were essentially identical (620%) to those shown
here, and values for spores not treated with EMS were also essentially identical
to values reported previously (5, 21).

d —, no EMS treatment.

VOL. 64, 1998 BASE ALKYLATION OF B. SUBTILIS SPORES 1959



described above, and ;8 mg (dry weight) was incubated at
30°C in 0.5 ml of 0.4 M KPO4 (pH 7.0)–0.45 M EMS for
various times. To stop the reaction, 0.5 ml of 5% Na2S2O3 was
added, and the spore pellet was harvested by centrifugation
and washed twice with 1 ml of water. The final spore pellet was
suspended in 0.5 ml of 50 mM Tris-HCl (pH 8)–1% sodium
dodecyl sulfate–8 M urea–50 mM dithiothreitol–10 mM
EDTA, incubated for 90 min at 37°C to remove spore coats,
and washed extensively by centrifugation (5). The final spore
pellet was suspended in 3.5 ml of Quiagen buffer B1 plus
RNase as described by Qiagen Inc. (15a) for preparations of
bacterial DNA, and DNA was purified on Qiagen columns
according to the manufacturer’s instructions. Aliquots of the
final DNA were dissolved in 10 mM Tris-HCl (pH 8)–1 mM
EDTA or directly in 1 M piperidine. Samples in piperidine
were incubated for 30 min at 90°C, and piperidine was re-
moved by repeated lyophilization. Aliquots of the DNA (1 to 2
mg) were electrophoresed on agarose gels after denaturation
with glyoxal (5), DNA was transferred to Hybond N mem-
branes (Amersham), and pUB110 sequences were detected by
hybridization (21).

Analysis of DNA from spores treated with 0.45 M EMS at
30°C for up to 12 h did not reveal any obvious damage to either
bulk chromosomal DNA or pUB110 when the spore DNA was
analyzed without piperidine cleavage (data not shown). How-
ever, EMS treatment of spores for as little as 20 min resulted
in an increase in piperidine-sensitive sites in pUB110, with the
number of piperidine-sensitive sites increasing with increasing
time of EMS treatment (Fig. 3). There was no obvious differ-
ence in the rate of generation of piperidine-sensitive sites in
DNA upon EMS treatment of wild-type or a2b2 spores (com-
pare Fig. 3A and B). While piperidine treatment resulted in
significant cleavage of DNA from EMS-treated spores, NaOH
treatment (0.5 M, 1 h, 37°C) resulted in only minimal DNA
cleavage (data not shown). Since the conditions used for
NaOH treatment lead to DNA cleavage at alkyl phosphotri-
esters (27), the lack of NaOH cleavage of DNA from EMS-

treated spores indicates that most of the piperidine-sensitive
sites in this DNA were not alkyl phosphotriesters.

We also analyzed the effect of saturating levels of a purified
a/b-type SASP, termed SspC, on the ability of EMS (50 mM in
20 mM KPO4 [pH 7.0], 8 h, 37°C) to generate piperidine-
sensitive sites in plasmid pUC19 in vitro. Previous work has
shown that in vitro saturating levels of SspC protect pUC19
DNA against damage caused by a number of agents (5, 21, 26).
However, SspC resulted in no detectable protection against
DNA ethylation in vitro (data not shown), confirming earlier
work in which SspC did not protect the N7 of guanine in DNA
against methylation in vitro (24).

As noted above, EMS also alkylates the phosphate backbone
of DNA, forming phosphotriesters; these phosphotriesters are
susceptible to alkaline cleavage (27). We might have expected
a/b-type SASP to protect the DNA backbone against alkyla-
tion, as their binding protects the DNA backbone against many
other types of damage (24). However, the level of all DNA
phosphotriesters formed by EMS is generally ,20% the level
of alkylation at the N7 of guanine (1), and hot alkaline treat-
ment only results in backbone cleavage at about one-third of
total phosphotriesters (27). In addition, phosphotriesters are
not thought to be mutagenesis-promoting lesions (18). Conse-
quently, it appears likely that phosphotriester formation in
DNA by EMS makes at most a small contribution to the
deleterious effects of EMS on spores—even a2b2 spores.

Initially, we had planned to carry out extensive analyses of
the effect of a/b-type SASP on EtO alkylation of spore DNA,
as EtO is both lethal and mutagenic for spores (16, 29). In
initial work, we found that EtO killed spores at least in part by
DNA damage, as there was a high level of mutants among the
survivors of EtO treatment of wild-type spores (Table 1), al-
though the mock-treated spores also underwent some mu-
tagenesis. Unfortunately, the conditions used for EtO treat-
ment, in particular the low relative humidity and elevated
temperature, resulted in a very large degree of killing of the
a2b2 spores, even without EtO treatment (data not shown).
This result was not totally unexpected, as previous work has
shown that a2b2 spores are quite sensitive to killing by des-
sication and dry heat (4, 22). However, the main DNA alkyla-
tion product with EtO is N7-hydroxyethylguanine (20), a mod-
ification that sensitizes the DNA backbone to piperidine
cleavage. Consequently, we were able to assess the EtO-de-
pendent generation of piperidine-sensitive sites in DNA from
wild-type and a2b2 spores carrying plasmid pUB110 essen-
tially as described above for EMS treatment.

As found previously (4), dessication alone caused some frag-
mentation of the DNA in a2b2 spores (Fig. 4A, lanes 1 and 4;
DNA from untreated a2b2 spores looked like that from des-
sicated wild-type spores) and resulted in significant (;80%)
killing. The mock EtO treatment also caused significant frag-
mentation of wild-type and a2b2 spore DNAs and generated
a large number of piperidine-sensitive sites in DNA (Fig. 4,
lanes 2 and 5). This mock treatment killed ,25% of wild-type
spores but .99% of a2b2 spores. Consequently, under these
conditions, spore killing may not be due to the generation of
piperidine-sensitive lesions in DNA. A 2-min EtO treatment
which killed ;95% of wild-type spores increased spore DNA
fragmentation slightly (Fig. 4A, lanes 3 and 6) and also in-
creased the number of piperidine-sensitive sites (Fig. 4B, lanes
3 and 6). However, the increase in the number of piperidine-
sensitive sites generated by EtO treatment appeared similar in
both wild-type and a2b2 spores (Fig. 4B, compare lanes 2 and
3 and lanes 5 and 6). Thus, a/b-type SASP also did not block
EtO alkylation of spore DNA.

The data in this communication allow a number of conclu-

FIG. 3. Analysis of piperidine-sensitive sites in plasmid pUB110 from EMS-
treated wild-type and a2b2 spores. Spores of strain PS533 (wild type) (A) and
PS578 (a2b2) (B) were incubated at 30°C in 0.4 M KPO4 (pH 7) with (lanes 1,
2, 3, and 4) or without (lane 5) 0.45 M EMS. Spore DNA was isolated, treated
with piperidine, denatured with glyoxal, and electrophoresed on agarose gels; the
DNA was transferred to Hybond N membranes; and pUB110 sequences were
detected as described in the text. Lanes: 1, 2, 3, and 4, incubated with EMS for
20 min, 90 min, 6 h, and 12 h, respectively; 5, incubated without EMS for 12 h.
The positions of size markers of 3.5 and 1 kb are shown on the left. The two
bands in the doublet seen at the top of the gel are circular pUB110 (upper band)
and linear pUB110 (4.5 kb).
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sions to be drawn about the killing of B. subtilis spores by
alkylating agents. First, spores are much more resistant than
cells to EMS. This result seems likely to be due largely to the
very low permeability of spores to hydrophilic compounds (8).
The barrier to these compounds seems likely to be a spore
membrane, most likely the spore inner membrane, as decoated
spores had essentially the same EMS resistance as untreated
spores. In contrast, spores are often not more resistant than
growing cells to small lipid-soluble gaseous disinfectants such
as EtO (16). Second, the killing of spores by EMS and EtO
appears to be due in large part to DNA damage, as evidenced
by (i) the high degree of mutagenesis accompanying spore
killing by these agents, (ii) the increased EMS sensitivity of
recA spores, and (iii) the DNA damage accompanying spore
killing. Third, the treatment of spores with EMS and EtO
results in the generation of piperidine-sensitive sites in spore
DNA. The major alkylation products generated in DNA by
EMS and EtO are N7-alkylguanine residues, which are piper-
idine-sensitive lesions. However, alkylating agents generate a
variety of other lesions in DNA, in particular O6-alkylguanine,
which is an extremely mutagenic lesion in other systems (1, 20).
If O6-ethylguanine is indeed the major mutagenesis-promoting
lesion generated in spores by EMS, then the formation of this
lesion is not slowed appreciably by the binding of a/b-type
SASP to DNA. In other organisms, alkylation damage to DNA
is repaired by alkyltransferase(s) and excision repair processes
(2, 6, 19), and B. subtilis has both of these repair activities (13,
23). Excision repair, which can be error prone, does operate
early in spore germination (23), but there is no information on
whether alkyltransferases act in this period of development.
The decreased survival and mutagenesis of recA spores follow-
ing EMS treatment strongly suggest that some of the EMS-
induced lesions in dormant spore DNA are repaired in an
error-prone process during spore germination and outgrowth.

Indeed, we found that EMS treatment of dormant spores in-
duces the SOS response during spore germination, which can
lead to error-prone repair (6). Presumably, during the germi-
nation of recA spores, EMS lesions are repaired only by a more
error-free pathway, possibly via alkyltransferase(s) (2, 19).
Fourth, the data in this communication clearly show that a/b-
type SASP do not protect spore DNA from agents that attack
either the O6 or the N7 of guanine. Clearly, the structure of the
complex between a/b-type SASP and DNA does not hinder
access to these two positions, which are both in the major
groove of DNA, while at the same time blocking access to the
DNA backbone and the glycosylic bond (5, 24) and altering
DNA structure and DNA photochemistry (26). It is hoped that
detailed analysis of the a/b-type SASP–DNA complex will
clarify the mechanisms for these latter changes and the lack of
effect of a/b-type SASP on the reactivity of DNA with alkylat-
ing agents.

This work was supported by a grant from the Army Research Office
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