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ABSTRACT This study examined the microbicidal activity of 222-nm UV radiation
(UV,,,), which is potentially a safer alternative to the 254-nm UV radiation (UV,s,)
that is often used for surface decontamination. Spores and/or growing and stationary-
phase cells of Bacillus cereus, Bacillus subtilis, Bacillus thuringiensis, Staphylococcus au-
reus, and Clostridioides difficile and a herpesvirus were all killed or inactivated by
UV,,, and at lower fluences than with UV,.,. B. subtilis spores and cells lacking the
major DNA repair protein RecA were more sensitive to UV,,,, as were spores lacking
their DNA-protective proteins, the «/B-type small, acid-soluble spore proteins. The
spore cores’ large amount of Ca2*-dipicolinic acid (~25% of the core dry weight)
also protected B. subtilis and C. difficile spores against UV,,,, while spores’ protein-
aceous coat may have given some slight protection against UV,,,. Survivors among
B. subtilis spores treated with UV,,, acquired a large number of mutations, and this
radiation generated known mutagenic photoproducts in spore and cell DNA, primar-
ily cyclobutane-type pyrimidine dimers in growing cells and an a-thyminyl-thymine
adduct termed the spore photoproduct (SP) in spores. Notably, the loss of a key SP
repair protein markedly decreased spore UV,,, resistance. UV,,,-treated B. subtilis
spores germinated relatively normally, and the generation of colonies from these
germinated spores was not salt sensitive. The latter two findings suggest that UV,,,
does not kill spores by general protein damage, and thus, the new results are con-
sistent with the notion that DNA damage is responsible for the killing of spores and
cells by UV,,,.

IMPORTANCE Spores of a variety of bacteria are resistant to common decontamina-
tion agents, and many of them are major causes of food spoilage and some serious
human diseases, including anthrax caused by spores of Bacillus anthracis. Conse-
quently, there is an ongoing need for efficient methods for spore eradication, in par-
ticular methods that have minimal deleterious effects on people or the environment.
UV radiation at 254 nm (UV,s,) is sporicidal and commonly used for surface decon-
tamination but can cause deleterious effects in humans. Recent work, however, sug-
gests that 222-nm UV (UV,,,) may be less harmful to people than UV,., yet may
still kill bacteria and at lower fluences than UV,.,. The present work has identified
the damage by UV,,, that leads to the killing of growing cells and spores of some
bacteria, many of which are human pathogens, and UV,,, also inactivates a herpes-
virus.

KEYWORDS Bacillus, decontamination, spores, ultraviolet radiation

pores of bacteria of Bacillus and Clostridium species are of major concern in the
food, medical product, and health care industries as a consequence of spores’
ubiquity in the environment, their dormancy, their extreme resistance, and the ability
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of spores of some species to cause food spoilage and human disease (1-3). Because of
these spore properties, there is continuing interest in methods to inactivate spores in
a safe manner while minimizing damage to either the environment or materials with
which spores are associated (4-6). The need for such decontamination methods is
further exacerbated by the increased prevalence of antibiotic-resistant bacteria as well
as the potential use of spores of some strains of Bacillus anthracis as agents of
bioterrorism or biowarfare.

Two decontamination agents that have had long use are +y-radiation and UV
radiation at 254 nm (UV,s,) (1, 2, 6, 7). However, y-radiation has disadvantages, needing
specialized and expensive equipment, and there is often consumer concern about
v-irradiated foods. UV, is also used for surface decontamination as it can kill dormant
spores as well as growing cells, although spores are more resistant. Until recently,
almost all UV decontamination was done with UV,.,, a specific emission band of
mercury that coincides approximately with the maximal wavelength for UV absorption
by DNA. This radiation kills bacterial spores and cells through the generation of specific
DNA damage (1-3, 6-8). In growing or stationary-phase cells, this damage is predom-
inantly the generation of pyrimidine dimers, including cyclobutane pyrimidine dimers
(CPDs) between adjacent pyrimidines as well as some pyrimidine(6-4) photoproducts
(6-4PPs). However, in more UV-resistant spores, UV,., generates minimal amounts of
CPDs or 6-4PPs in DNA but rather generates a spore-specific photoproduct, SP (a-
thyminyl-5,6-dihydrothymine), between adjacent thymine residues (1, 2, 7, 8). These
types of UV,s,-mediated damage in DNA can be repaired by a variety of enzymes,
although some of these lesions can be mutagenic. The mutagenic effects of UV,g,,
which arise from the miscoding properties of pyrimidine dimers, are thus of potential
concern when people are exposed to this radiation; indeed, UV radiation can cause
DNA damage and skin cancer in animals (8).

Given the concerns about UV,., noted above, there is increasing interest in using
222-nm UV radiation (UV,,,) for decontamination (9-19). Importantly, while UV,,, is
absorbed well by nucleic acids, it is also well absorbed by proteins, which are much
more abundant in cells than nucleic acids, and kills bacteria and spores, reportedly
more rapidly than UV,s, (12, 13). However, there have been no definitive studies on
how UV,,, kills growing bacteria and spores, and the factors that are important in
allowing cells and spores to resist the effects of this radiation have not been identified.
In this work, we have investigated (i) the UV,,, killing of growing cells and spores of
multiple species and Bacillus subtilis with and without specific proteins important for
UV,s, resistance; (i) the role of spores’ huge depot of a 1:1 chelate of Ca2*™ and
dipicolinic acid (CaDPA) (~25% of the spore core dry weight) in spore UV,,, resistance,
as CaDPA is involved in spore UV,, resistance; and (iii) DNA photoproducts generated
in spores and cells by UV,,,. B. subtilis spore killing by UV,,, was compared to the
killing of spores of Bacillus cereus and Bacillus thuringiensis Al Hakam, an accepted
surrogate for B. anthracis spores (20); spores of Clostridioides difficile, an emerging
human health problem (21); growing and stationary-phase cells of B. subtilis and
methicillin-resistant Staphylococcus aureus (MRSA); and herpes simplex virus (HSV). (i)
Analysis of UV,,, mutagenesis in B. subtilis growing cells and spores, (ii) identification
of the DNA damage generated by UV,,, in growing cells and spores, (iii) analysis of the
effects of the loss of specific DNA repair proteins or protective spore components on
cell or spore resistance to UV,,,, and (iv) analysis of the germination and outgrowth of
UV,,,-irradiated spores have together indicated that this radiation likely kills growing
cells and spores by damage to DNA.

RESULTS

Killing and mutagenesis of spores and cells by UV,,,. As expected (12, 13,
22-24), UV,,, irradiation killed wild-type spores of a number of species, and we found
that B. cereus spores were the least resistant and that C. difficile spores were the most
resistant (Fig. 1). UV,,, killing of B. thuringiensis Al Hakam spores, an accepted surrogate
for B. anthracis spores, was slower than that of B. subtilis spores. Importantly, the
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FIG 1 UV,,, killing of spores of different species. Spores of different species were treated with UV,,,, and
spore survival was measured, all as described in Materials and Methods. Symbols: O, B. subtilis PS533
(wild type); @, B. thuringiensis Al Hakam; A, B. cereus T; A, C. difficile 43593; [J, C. difficile JIR8094. Data
shown are averages from duplicate determinations = standard deviations in one experiment. This
experiment was repeated 3 times, and the same relative rates of killing of spores of different species were
seen.

relative rates of killing of B. subtilis spores at concentrations of ~10° spores/ml to 108
spores/ml (optical densities of 0.01 to 1) by either UV,,, or UV,, were relatively similar,
although UV,,, was more effective (Fig. 2 and see below). The latter result showed that
even with 108 spores/ml, there was minimal shielding of either UV,,, or UV,.,. Given
the higher light scattering of spores than the equivalent levels for growing or
stationary-phase cells, there is most likely no shielding of any cells or spores at the
concentrations used in all these irradiations. The use of L broth agar plates with 1 M
NaCl for the determination of wild-type B. subtilis spore viability after UV,,, treatment
gave the same level of spore killing as a function of UV,,, fluence as did the use of L
broth agar plates with the usual 0.15 M NaCl (data not shown). This finding suggests
that UV,,, does not kill spores by damage to one or more essential spore proteins, as
this type of spore damage often makes spores’ return to vegetative growth, termed
spore outgrowth, salt sensitive (25, 26).

Analysis of the UV,,, killing of B. subtilis spores with and without components
involved in spore resistance to different agents found that the loss of a moderate
amount of the spore coat in cotE spores had no effect on spore resistance to UV,,,, and
the loss of almost all of the spore coat in cotE gerE spores perhaps decreased spore
UV,,, resistance slightly, while the loss of the DNA-protective a/B-type small, acid-
soluble spore proteins (SASPs) or the important DNA repair protein RecA decreased
spore UV,,, resistance markedly (Fig. 3). CaDPA-less spores of two B. subtilis strains that
cannot either synthesize DPA (strain FB122) or take up CaDPA into the spore core (strain
PS3406) exhibited slightly lower UV,,, resistance than wild-type spores, although

-
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FIG 2 Killing of different concentrations of B. subtilis spores by UV,,, and UV,,. B. subtilis PS533 spores
at an ODgy, of 1 (@ and O), 0.1 (A and A), or 0.01 (M and [J) were irradiated with UV,,, (@, A, and W)
or UV,, (O, A, and [J), and duplicate samples of various dilutions were spotted onto L broth agar plates
to determine spore survival as described in Materials and Methods. Data shown are averages of duplicate
determinations = standard deviations in one experiment. This experiment was repeated twice, with the
same relative rates of killing of spores seen at different concentrations and with different wavelengths
of UV radiation.
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FIG 3 UV,,, killing of spores of strains of B. subtilis with defects in possible protective components.
Spores of isogenic B. subtilis strains were treated with UV,,,, and spore survival was measured as
described in Materials and Methods. Symbols: O, PS533 (wild type); @, PS3328 (cotE); A, PS578 (e~ B7);
A, PS2318 (recA); B, PS4150 (cotE gerE); L], FB122 (spoVF sleB), prepared with DPA. Data shown are
averages from duplicate determinations = standard deviations in one experiment. This experiment was
repeated twice, with the same relative rates of killing of spores of different species seen.

FB122 spores sporulated with exogenous DPA, which accumulated wild-type levels of
DPA (data not shown), exhibited UV,,, resistance identical to that of these wild-type
spores (Fig. 3 and Fig. 4A). DPA-less C. difficile spores were also more UV,,, sensitive
than wild-type C. difficile spores (Fig. 4B). Surprisingly, dpaAB-complemented C. difficile
spores were more UV,,, resistant than wild-type spores (Fig. 4B). Although the reason
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FIG 4 Effects of loss of DPA on B. subtilis and C. difficile spore UV resistance. (A) Purified spores of strain
PS832 (wild type) (@) and DPA-less spores of strains FB122 (spoVAF sleB) (A) and PS3406 (spoVA sleB) (H)
were irradiated with UV,,,, and spore survival was determined as described in Materials and Methods.
(B) Purified spores of C. difficile JIR8094, either the wild type (O and @), its dpaAB derivative (A and A),
or the complemented dpaAB derivative (LJ), were irradiated with UV,,, (O, A, and [J) or UV,., (® and
A), and spore survival was determined as described in Materials and Methods. Data shown are averages
from duplicate determinations * standard deviations in one experiment. This experiment was repeated
twice, and the same relative rates of killing of spores of different species/strains were seen.
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FIG 5 UV,,, killing of log- and stationary-phase cells of various species and strains. Log-phase and
stationary-phase cells of various species and strains were isolated and UV,,, treated, and cell survival was
measured, all as described in Materials and Methods. Symbols: O, log-phase cells of B. subtilis PS533 (wild
type); @, stationary-phase cells of B. subtilis PS533; [J, log-phase cells of B. subtilis PS2318 (recA); A,
log-phase cells of S. aureus; A, stationary-phase cells of S. aureus. Data shown are averages from duplicate
determinations * standard deviations in one experiment. This experiment was repeated twice, and the
same relative rates of killing of cells of different species were seen.

for the latter finding is not clear, the mutant spores prepared with dpaAB comple-
mented on the chromosome had ~25% more DPA than did the wild-type spores (data
not shown).

Previous studies have shown that log-phase cells of B. subtilis are more sensitive to
UV,s, than are dormant spores (2). Consistent with those studies, we observed that
growing B. subtilis cells were more sensitive to UV,,, than dormant spores (compare
Fig. 5 with Fig. 1). The UV,,, killing of stationary-phase B. subtilis cells was also slightly
faster than that of log-phase cells (Fig. 5), and as found with B. subtilis spores, log-phase
recA B. subtilis cells were much more UV,,, sensitive than were wild-type cells (Fig. 5).
Growing and stationary-phase MRSA cells were more UV,,, sensitive than B. subtilis
cells, with MRSA stationary-phase cells being the most UV,,, sensitive (Fig. 5). Com-
parison of B. subtilis spore and cell killing by UV,,, and UV, found that UV,,, killing
was ~2-fold more effective (Fig. 6A), and this was also the case with C. difficile spores
(Fig. 4B). Notably, UV,,, also inactivated HSV, again more efficiently than UV,, (Fig. 6B).

UV,s, not only kills B. subtilis spores and cells but also generates high levels of
mutants in the survivors (27, 28). Consequently, large numbers of individual survivors
of UV,,, treatment giving 93 to 96% killing of growing cells and spores of wild-type B.
subtilis PS533, as well as PS578 spores lacking the great majority of the DNA-protective
o/ B-type SASPs (these spores are termed a~ B7), were tested for the acquisition of
mutations giving rise to auxotrophy (aux) or asporogeny (spo) (Table 1). As expected,
untreated wild-type growing cells or spores had a minimal level of aux or spo mutants,
while untreated o~ B~ spores had a slightly higher level of such mutants, as seen
previously (29). Notably, the growing cells or spores surviving UV,,, irradiation had
acquired a high level of aux, spo, or both mutations (Table 1), similar to what has been
seen previously with growing cells or spores treated with many DNA-damaging agents,
including UV,, (27, 29).

Identification and quantitation of damage in DNA from UV,,,-treated B. sub-
tilis cells and spores and importance of repair of one lesion in spore UV,,,
resistance. The results described above strongly suggested that UV,,, kills B. subtilis
cells and spores by DNA damage. To determine if UV,,, treatment of cells or spores
generates specific photoproducts, DNA from untreated B. subtilis wild-type and a— B~
spores and wild-type log-phase cells as well as cells and spores killed to various levels
by UV,,, were isolated, and photoproducts in the irradiated DNA were identified and
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FIG 6 UV,,, and UV,,, killing of wild-type B. subtilis spores and growing cells and HSV inactivation.
Dormant spores and log-phase growing cells of wild-type PS533 B. subtilis (A) or HSV (B) was irradiated
for various times, and spore and growing cell survival and HSV inactivation were measured as described
in Materials and Methods. Results for HSV inactivation are averages from two independent experiments.
Symbols: O and A, irradiated with UV,,,; ® and A, irradiated with UV,.,; O and @, spores or HSV; A and
A, growing cells. Data shown are averages from duplicate determinations = standard deviations in one
experiment. This experiment was repeated twice, and the same relative rates of killing of spores, cells,
and virus, and at both wavelengths, were seen.

quantitated (Table 2) (note that DNA was extracted from both dead and live cells and
spores in populations). Almost all of the UV,,, photoproducts found in this work were
those previously found to be generated by UV,, (2, 29). These were almost exclusively
SP in B. subtilis wild-type spores and a mixture of SP and CPDs in B. subtilis o= B~
spores, with CPDs and 6-4PPs being the only bipyrimidine photoproducts found in
growing wild-type cells. We also examined UV,,,-treated cell and spore DNA for an
increase in strand breaks. These experiments used B. subtilis PS533 that carries the
high-copy-number plasmid pUB110 (30). However, analysis of DNA from UV,,,-treated
cells and spores revealed minimal, if any, strand breaks in either the chromosomal or
plasmid DNA (Fig. 7 and data not shown).

With photoproducts generated by UV,,, in spore and cell DNA identified, it was
then possible to examine the effects of the loss of a DNA repair protein important for
the repair of the most abundant of the photoproducts formed in spores (2, 31, 32). The
specific DNA repair protein targeted was Spl, which monomerizes SP in spore DNA. As
expected, the loss of Spl from spores resulted in a significant increase in the rate of

TABLE 1 Mutagenesis and killing of Bacillus subtilis cells and spores by UV,,,¢

No. of mutants

Level of No. of colonies Total proportion

Sample type killing (%) examined aux spo aux spo of mutants (%)
Growing PS533 wild-type cells 0 400 0 1 0 0.3

Growing PS533 wild-type cells 95 290 11 10 2 8

Wild-type PS533 spores 0 400 1 0 0 0.3

Wild-type PS533 spores 96 400 10 15 3 7

o~ B~ PS578 spores 0 400 2 2 0 1

a~ 3~ PS578 spores 93 400 18 17 5 10

9Log-phase cells and dormant spores of B. subtilis strains were or were not UV,,, irradiated, and levels of cell/spore killing were determined as described in Materials
and Methods. Large numbers of colonies from survivors of the irradiation were obtained on L broth agar plates and toothpicked onto Spizizen’s minimal medium
and sporulation plates for assessment of mutants that were auxotrophic (aux) or asporogenous (spo) or that had both mutations, all as described in Materials and
Methods.
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TABLE 2 Levels of photoproducts in UV,,,-irradiated B. subtilis spores and growing cells?

Applied and Environmental Microbiology

No. of molecules/10° bases®

Sample type UV fluence (mJ/cm?) TT-CPD TT-6-4PP TC-CPD TC-6-4PP CT-CPD CC-CPD SP

WT cells 0 ND ND ND ND ND ND ND
WT cells 8.4 25 1.3 ND 4.5 ND ND ND
WT cells 17 64 1.2 2.2 5.2 23 ND ND
o~ B~ spores 0 ND ND ND ND ND ND ND
o~ B~ spores 8.4 78 ND ND ND ND ND 831
o~ B~ spores 17 144 0.6 ND ND ND ND 1,521
WT spores 0 ND ND ND ND ND ND 102
WT spores 8.4 0.8 0.1 0.1 ND ND ND 10,878
WT spores 17 43 0.8 6.1 3 3.1 0.9 67,036

aB. subtilis PS533 (wild-type [WT]) log-phase cells and PS533 and PS578 (a~ ™) spores were or were not UV,,, irradiated, DNA was isolated and hydrolyzed, and

photoproducts were analyzed and quantitated as described in Materials and Methods.
®ND, not detectable and <0.1 molecules/106 bases.

killing of the mutant spores by either UV,,, or UV,.,, the latter as reported previously
(31, 32) (Fig. 8).

Germination of UV,,,-irradiated spores. Spores clearly lose viability upon UV,,,
irradiation. However, it is formally possible that UV,,, could damage one or more
proteins essential for spore germination, and spores that cannot germinate will not
appear viable. To test this possibility, untreated wild-type B. subtilis spores as well as
UV,,,-treated spores killed ~99%, as assessed by the ability of spores to form colonies
on an L broth agar plate, were germinated with L-valine, which triggers germination
through a specific spore germinant receptor, with further completion of germination
also requiring the SpoVA channel for DPA as well as cortex-lytic enzymes (CLEs) that
degrade spores’ peptidoglycan cortex during spore germination (33) (Fig. 9). The results
of this experiment showed clearly that the great majority of spores killed ~99% by
UV,,, both released DPA and completed germination when exposed to a germinant
receptor (GR)-dependent germinant, and the rate of germination of the UV,,,-
irradiated spore population was only slightly lower than that for the unirradiated

M No UV UVa22

FIG 7 Agarose gel electrophoretic analysis of DNA from untreated or UV,,,-treated B. subtilis wild-type
spores. Total DNA was purified from ~6 mg (dry weight) of B. subtilis PS533 (wild-type) spores that were
either untreated or UV,,, irradiated, giving 98% spore killing, as described in Materials and Methods.
Approximately 1 ug of each purified DNA was run on an agarose gel plus ethidium bromide alongside
2 ng of DNA size markers, with their sizes shown in kilobases, and the gel was photographed. The
samples run in the various lanes are DNA size markers (M), untreated spores’ DNA, and UV,,,-treated
spores’ DNA. The arrow to the right denotes the migration position of supercoiled plasmid pUB110.
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FIG 8 UV,,, and UV, killing of wild-type and sp/ B. subtilis spores. Isogenic wild-type and sp/ spores
were irradiated with UV,,, and UV,,, and spore survival at various times was determined as described
in Materials and Methods. Symbols: A and O, wild type; A and @, sp/; O and @, UV, irradiated; A and
A, UV,,, irradiated. Data shown are averages from duplicate determinations = standard deviations in
one experiment. This experiment was repeated twice, and the same relative rates of killing of spores of
all strains and at the two wavelengths were seen.

spores. Note that it is well established that spore populations killed to high degrees
with a variety of agents, including UV radiation and wet heat, are still able to germinate;
however, they never go on to begin vegetative growth (25, 30).

DISCUSSION

The work in this communication leads to a number of conclusions about (i) the
effects of UV,,, on spores, cells, and viruses; (ii) how cells and spores are inactivated by
UV,,,; and (iii) what is involved in spore and cell resistance to UV,,,. These conclusions
about UV,,, were also compared with those made previously about UV,,. First, as is
the case for UV,,, UV,,, also inactivates spores and growing cells of all species tested
as well as at least one virus. Indeed, as found previously (11-13), UV,,, was more
effective in killing growing bacteria or spores than UV,,. Notably, a number of known
human pathogens, including HSV, MRSA, and spores of a B. anthracis surrogate and C.
difficile, were all killed or inactivated by UV,,, at lower fluences than with UV,,. Thus,
UV,,, could be a useful addition to the overall decontamination arsenal.

Second, the available evidence indicates that the lethal damage generated in

4000

3000

2000

RFU —a.u.

1000

0 T T T
0 30 60 90 120

Time in minutes

FIG 9 Germination of untreated and UV,,,-killed B. subtilis wild-type spores. Spores of B. subtilis PS533
(wild type), either without or after UV,,, irradiation giving ~99% killing, were germinated with L-valine,
and spore germination was monitored by the fluorescence in relative fluorescence units (RFU) of released
DPA with Th3*. Symbols: O, unirradiated spores; ®, UV,,,-irradiated spores. Analysis of the spores by
phase-constant microscopy at the end of the experiment showed that >85% of both types of spores had
germinated completely (data not shown). a.u., arbitrary units.
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growing cells and spores by UV, is, like that by UV,.,, DNA damage. This is indicated
by the large number of mutations in B. subtilis cells and spores surviving UV,,,
treatment; the increased UV,,, sensitivity of cells and spores that lack the major DNA
repair protein RecA; the increased UV,,, sensitivity of B. subtilis spores that lack the
DNA-protective a/B-type SASPs; the generation of known lethal and mutagenic DNA
damage by UV,,,, including SP in dormant spores and CPDs in growing cells and o™
B~ spores; and the decreased UV,,, resistance of spores deficient in SP repair. That
UV,,, is not killing spores by massive protein damage is indicated by the lack of
high-salt sensitivity of spores surviving UV,,, treatment, as spores surviving treatments
by agents that damage proteins, such as wet heat, are sensitized to high salt concen-
trations in recovery media (25, 26). In addition, a spore population killed ~99%
germinated almost as well as untreated spores, indicating that there is minimal, if any,
major damage to crucial germination proteins, including CLEs in spores’ outer layers,
the CaDPA channel in the spore’s inner membrane, and the low-copy-number nutrient
GRs also in the inner membrane. Spores killed >95% by UV, also germinate relatively
normally (30). It must be noted, however, that while the experiments in this work found
no evidence that general damage to protein is involved in UV,,, killing of spores, it is
certainly possible that damage to one or more DNA repair proteins or DNA damage
responses might be important in the ultimate death of spores by lethal DNA damage
(see below). While experimental analysis of the latter possibility was beyond the scope
of this work, it is notable that there is evidence that the initial UV and +y-radiation
damage that leads to cell and perhaps spore killing is to one or more crucial proteins
involved in DNA repair (34-37) (see below).

A third conclusion is that spore protection against UV,,, involves both «/B-type
SASPs in dormant spores as well as the repair of DNA damage when spores germinate
and outgrow. Again, this is what has been found for dormant-spore resistance to UV,
with a major factor in the effects of a/B-type SASPs on spore UV, resistance being the
conversion of spore DNA from the normal B conformation of growing and sporulating
cell DNA to the A-like conformation of spore DNA when the DNA is saturated with these
DNA binding proteins (2, 38). This conformational change alters the «/B-type SASP-
saturated spore DNA’s photochemistry such that SP is by far the major UV,, photo-
product and not the CPDs and 6-4PPs generated in growing cells. Indeed, the same
major photoproducts were found in UV,,,-irradiated growing cells and dormant wild-
type spores in this work, with less SP and significant CPDs in UV,,,-irradiated o= B~
spores, as seen previously (39). The loss of almost all spore coat protein in cotE gerE
(PS4150) spores also perhaps increased spore UV,,, sensitivity slightly; presumably, the
large amount of UV,,,-absorbing coat protein in wild-type spores shields DNA in the
spore core, while UV,., is much less well absorbed by coat protein relative to these
wavelengths’ absorption by DNA. Notably, B. cereus spores that have minimal pigment
in the spores’ outer layers were the most UV,,, sensitive of all the wild-type spores
tested.

As noted above, a major conclusion from this work was that UV,., and UV,,,
generate the same major photoproducts in wild-type spores and growing cells, al-
though the relative efficacies of these two wavelengths in photoproduct generation in
spores were not rigorously examined. This similarity in UV,,, and UV,., photoproduct
generation was not surprising since previous work showed that UV at wavelengths well
below 254 nm generates SP in dormant Bacillus spores and CPDs and 6-4PPs in growing
cells (23, 24). More quantitative comparisons were made in cell-free DNA, where an
action spectrum from 220 to 365 nm showed that the efficiencies of the formation of
CPDs and 6-4PPs were similar at 222 and 254 nm (40). Another study comparing 195-
and 245-nm radiation reached a similar conclusion for CPDs (41). Interestingly, the same
work showed that the yield of strand breaks was ~40 times higher at the lower
wavelength as the result of photoionization. This is in contrast to our present obser-
vation of the lack of obvious strand breaks in UV,,,-exposed spores. In addition, we also
failed to observe any significant increase in the level of the oxidized DNA base
8-ox0-7,8-dihydroguanine in spores, which is a known ionization product of DNA (42).
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The latter two results suggest that there is strong protection against radical formation
and oxidative stress damage in spores, which may be related to spores’ known
radioresistance and the minimal levels of water in the spore core, where the spore DNA
is located. Collectively, our data demonstrate that UV,,, can induce DNA lesions similar
to those induced by UV,., and kills a range of infectious agents, including vegetative
cells, bacterial spores, and viruses, regardless of their drug sensitivity.

One surprising result in this work concerned the role of the spore core’s huge CaDPA
depot, ~25% of the core dry weight, in UV,,, resistance. Previous studies showed that
spore CaDPA sensitizes spores to UV,.,, perhaps by the absorption of this radiation by
CaDPA and the transfer of the energy to DNA (43). However, the present work found
that the loss of CaDPA actually decreased B. subtilis UV,,, resistance slightly and C.
difficile spore UV,,, resistance even more so. Importantly, one possible explanation for
the higher effectiveness of spore killing by UV,,, is based on the higher absorption of
DPA at 222 nm than at 254 nm, which suggests that this absorbed energy is transferred
to pyrimidine bases in DNA to increase the formation of potentially lethal photoprod-
ucts in spores (12, 13, 37, 43). While this rationale is not unreasonable, the lower UV,,,
resistance of CaDPA-less B. subtilis and C. difficile spores is not consistent with this
explanation, nor will this rationale explain the more effective UV,,, inactivation of
growing cells and viruses, which lack DPA. A second, and perhaps more plausible,
explanation for the overall greater cidal activity of UV,,, than of UV,, is based on the
facts that (i) the absorption of UV,,, by proteins is greater than that of UV,., and (ii)
UV radiation can cause significant damage to protein (35-37). Thus, damage to one or
more crucial proteins important in DNA damage repair will potentially be greater with
UV,,, than with UV,.,; perhaps, this protein damage is the initiating event leading to
increased levels of unrepaired lesions in cell, spore, or virus DNA, and the increased
DNA damage then leads to cell and spore killing and HSV inactivation. The second
explanation is certainly logical and has been suggested previously (12, 13, 35, 36) but
will need further work to determine if there is indeed a causal connection between the
cidal activity of UV,,, and specific protein damage, as has also been suggested for
UV,s, (35, 36).

MATERIALS AND METHODS

Bacterial strains and virus used. Seven of the Bacillus strains used in this work are isogenic with
strain PS832, a laboratory 168 wild-type strain. These strains are (i) PS533 (30), also termed the wild type
but carrying plasmid pUB110 giving resistance to kanamycin (10 ug/ml); (i) PS578 (30), identical to PS533
but with deletions of the sspA and sspB genes encoding ~85% of spores’ DNA-protective «/f-type SASPs
(these a~ B~ spores are invariably much more sensitive to many DNA-damaging agents than are
wild-type spores) (2, 3); (iii) PS2318 (30), identical to PS533 but lacking an intact recA gene controlling
much of the DNA repair activity; (iv) PS3328 (44), identical to PS832 but lacking the cotE gene, the
product of which is important for the assembly of some layers of the spore coat (45); (v) PS4150 (46),
identical to PS832 but lacking the CotE and GerE proteins crucial for the assembly of almost all of the coat
layers of B. subtilis spores which contains ~50% of the total spore protein as well as a number of
pigments (45); (vi) FB122 (44), identical to PS832 but lacking the spoVF operon essential for the synthesis
of dipicolinic acid (DPA) in the mother cell compartment of the sporulating cell as well as the sleB gene
encoding one of B. subtilis spores’ two redundant CLEs (33); and (vii) PS3406 (47), identical to PS832 but
lacking the products of the spoVA operon essential for DPA uptake into the developing spore as well as
SleB. DPA is synthesized in the mother cell compartment of the sporulating cell by the SpoVF DPA
synthase and is taken up by the developing spore as a 1:1 complex with Ca2* (CaDPA) (1) by the SpoVA
protein complex to ~25% of the spore core dry weight. While CaDPA-less B. subtilis spores that retain
SleB very rapidly germinate spontaneously, CaDPA-less spoVF sleB and spoVA sleB spores are stable and
can be isolated and purified (33, 44, 47). Two additional B. subtilis 168 strains are congenic with each
other, BP130, lacking the spl gene for the SP lyase important for SP repair after spores germinate, and its
wild-type 168 counterpart (31, 32). The spores of the latter two strains were prepared and purified as
described previously (31). Bacillus cereus strain T (Bacillus Genetic Stock Center code 6A1) and B.
thuringiensis Al Hakam (20) were also used, as were wild-type C. difficile strains JIR8094 (630 Aerm) and
43593. Two C. difficile JIRB094 derivatives were also used, which have an erm cassette replacing the
dpaAB operon encoding DPA synthase. One of these strains carries plasmid pMTL84151 (dpaAB deletion
mutant), while the other carries pMTL84151 with the intact dpaAB operon (dpaAB-complemented strain)
in the pyrE locus (48); only the complemented strain accumulates CaDPA. Unlike the situation with
CaDPA-less spores of B. subtilis, CaDPA-less C. difficile spores do not germinate spontaneously (33, 48).
The S. aureus strain used was 43300 (49, 50) and is resistant to methicillin. The HSV strain used was HSV-1
KOS, obtained from P. A. Schaeffer, which was originally isolated from a lip lesion (51).
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Preparation and purification of spores, log- and stationary-phase cells, and HSV. Spores of
Bacillus strains were routinely prepared on 2X Schaeffer’s glucose (SG) medium agar plates at 37°C in the
absence of exogenous DPA, harvested after 2 to 3 days, and purified as described previously, including
centrifugation through high-density solutions of 50% (wt/vol) HistoDenz for CaDPA-replete spores and
45% HistoDenz for CaDPA-less spores, since the latter spores have a lower core wet density than
CaDPA-replete spores (52-54). All Bacillus spore preparations used were >98% free of growing and
sporulating cells, germinated spores, and cell wall debris, as seen by phase-contrast microscopy, and
were stored in water at 4°C, protected from light.

C. difficile sporulation induction and spore purification were performed according to a previously
described protocol, with some modifications (48). To induce sporulation, 2.5 ml of brain heart infusion
(BHI) medium (Becton, Dickinson and Co., Franklin Lakes, NJ) was inoculated with C. difficile grown on BHI
agar with 1.9 mM taurocholic acid (TA) and 0.1% L-cysteine in screw-cap test tubes. After 4 to 5 h of
incubation at 37°C in an anaerobic cabinet (Coy Laboratory Products, Grass Lakes, MI), where anaerobic
conditions were achieved using a gas of 85% N,, 5% CO,, and 10% H,, the culture was diluted 1:50 into
2.5 ml of fresh BHI broth. These cultures were incubated anaerobically at 37°C until they reached an
optical density at 600 nm (ODg,) of 0.35 to 0.75, when 120 ul was spread onto agar plates prepared with
a mixture of 70% sporulation medium and 30% BHI broth (63 g/liter Bacto peptone, 3.5 g/liter protease
peptone, 11.1 g/liter BHI medium, 1.5 g/liter yeast extract, 1.06 g/liter Tris base, 0.7 g/liter NH,SO,, 15
g/liter agar) (55). Plates were incubated anaerobically for 3 days at 37°C in an anaerobic chamber. Prior
to harvesting of spores, a sample of the bacterial lawn was collected in a microcentrifuge tube,
suspended in 100 ul of autoclaved water, and fixed with 100 ul of 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) (Fisher Scientific, Waltham, MA). Following fixation, the sample was
pelleted by centrifugation at 15,000 rpm for 3 min, the supernatant fluid was removed, and the pellet was
suspended in 100 ul of PBS. An aliquot of the latter suspension was examined by phase-contrast
microscopy to verify that sporulation and spore release from sporangia were largely complete.

C. difficile spores were harvested using sterile inoculation loops and suspended in 1 ml of 4°C water
in a 2-ml microcentrifuge tube, and spores from two plates were combined in one microcentrifuge tube.
Following incubation on ice for =1 h, cell debris and spores were pelleted by centrifugation at
14,000 rpm at 4°C for 5 min, the supernatant fluid was discarded, the pellet was suspended in 4°C water,
and this procedure was repeated seven times. Spores were then incubated at 4°C overnight, and spores
and cell debris were washed in 4°C water three more times. Following these washes, spores were treated
with 27.2 Kunitz units of DNase | (Qiagen, Germantown, MD) at 37°C for 30 to 60 min in DNase | buffer
(10 mM Tris-HCl, 2.5 mM MgCl,, and 0.5 mM CaCl, [pH 7.6]). Following DNase | treatment, the samples
were pelleted by centrifugation, washed once in T ml of 4°C water, and purified on high-density solutions
of HistoDenz (Sigma-Aldrich, St. Louis, MO). For spores of C. difficile ATCC 43593, C. difficile JIR8094, and
the C. difficile dpaAB mutant complemented with dpaAB (complemented strain), spores at an ODg, of
~25 were suspended in 100 ul of 20% HistoDenz, and this suspension was layered on 900 ul of 50%
HistoDenz in a microcentrifuge tube. For the CaDPA-less dpaAB mutant spores, which are reported to be
less dense than spores that are CaDPA replete (48), spores were suspended in 450 ul of 20% HistoDenz
and layered on 500 ul of 45% HistoDenz. The gradients were centrifuged at 15,000 rpm at 4°C for 10 min,
the supernatant was discarded, and the pellet was washed three times with 4°C water. The purity of the
final spores was determined by phase-contrast microscopy of PFA-fixed spores as detailed above and
was >98%. DPA was extracted from C. difficile spores in boiling water and assayed in the extracts by the
addition of TbCl; and measurement of Th3*-DPA fluorescence as described previously (56).

Cells of Bacillus strains and S. aureus were grown at 37°C in liquid L broth medium (10 g/liter tryptone,
5 g/liter yeast extract, 10 g/liter NaCl) with good aeration to mid-log phase (ODg,, = 1.0) (log-phase cells)
or for 14 h (stationary-phase cells). There was no apparent sporulation in B. subtilis stationary-phase
cultures. Culture volumes of 1 to 2 ml were centrifuged in a microcentrifuge for ~5 min, washed twice
with 1 to 2 ml of sterile PBSa (25 mM KPO, buffer [pH 7.4]-0.15 M NaCl), and suspended in a volume of
PBSa to give cells at an ODy,, of ~1.0 just prior to UV irradiation. C. difficile strains were routinely grown
anaerobically on prereduced brain heart infusion medium with 1.5% agar plus 1.9 mM TA and 0.1%
(wt/vol) L-cysteine (BHI-TA plates) (48).

HSV was propagated in Vero cells as follows. A confluent monolayer of Vero cells on a 225-cm? dish
was inoculated with KOS at a multiplicity of infection (MOI) of 0.005 PFU/ml in 5ml of serum-free
Dulbecco’s modified Eagle medium (DMEM) (Gibco, Fisher Scientific). After 1 h of virus absorption at
37°C, the inoculum was removed, and 20 ml DMEM supplemented with 2.5% fetal bovine serum was
added to the flask. Infected cells were incubated at 37°C for 2 to 3 days, until 100% of the cells displayed
a cytopathic effect (CPE). Cells and media containing virus were collected and centrifuged at 125 X g for
5 min. The cell pellet was freeze-thawed 2 times and sonicated in a cup horn sonicator at 50% amplitude
3 times for 20 s each. The medium containing virus was combined with the sonicated cell pellet and
centrifuged for 15 min at 1,000 X g, and the supernatant fluid containing the virus was aliquoted and
stored at —80°C.

Irradiation with UV,,, or UV,,, and determination of spore or cell viability and virus recovery.
Spore and cell irradiation with UV,,, were performed at 23°C with a CARE222 lamp (Ushio America,
Cypress, CA), as shown in Fig. S1 in the supplemental material. The outputs of this lamp at wavelengths
above 235 nm, including at 254 nm, were =1% of those at 222 nm (data not shown). Cells were in 1.5 ml
of PBSa (cells) or PBSb (virus) (9 g/liter NaCl, 0.144 g/liter KH,PO,, 0.795 g/liter Na,HPO, [pH 7.4]), and
spores were in 1.5 ml of water in a round, sterile, 35-mm-diameter petri dish; the 1.5 ml covered the
whole bottom of the petri dish. Spores and cells were routinely irradiated with UV,,, and UV,, at an
ODyg,, of ~1, although similar killing curves were obtained with spores at ODg,, values of 0.1 and 0.01,
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indicating that there is minimal shielding, at least of spores, during the irradiations (Fig. 2). The UV,,,
lamp was routinely 6.5 cm above the surface of the liquid, and the radiation intensity at the surface of
the liquid was 140 uW/cm?, as measured with a recently calibrated Unimeter SNKOO5 meter (Ushio
America). UV, irradiation was performed with a UVG-11 lamp (Ultraviolet Products, San Gabriel, CA) that
was routinely 11.1 cm above the surface of the liquid, and the radiation intensity was 290 uW/cm?, as
measured with a recently factory-calibrated J225 Blak-Ray UV meter (Ultraviolet Products). UV, irradi-
ation was also done 14.5cm above the surface of the liquid, where the radiation intensity was
170 pW/cm?, and this treatment gave the same relative spore viability-versus-fluence results as with a
radiation intensity of 290 wW/cm? (data not shown). For spore and cell analyses, samples (routinely 50 ul
but 25 ul for C. difficile spores) were taken from the petri dish at various times and serially diluted 1/10
in either sterile PBSa (cells) or water (spores). For samples taken at time zero, the viable counts obtained
were invariably those expected based on the viable counts in the spore or cell inocula (data not shown),
indicating that there was minimal spore or cell adhesion to the petri dish in which irradiation was carried
out. For determination of the viability of spores and all B. subtilis or S. aureus cells after irradiation,
duplicate aliquots (10 ul) of various dilutions obtained as described above were spotted in duplicate
onto L broth agar plates (Bacillus species and S. aureus) or prereduced BHI plates as described above (C.
difficile spores), plates were incubated at 30°C or 37°C until no more colonies appeared (14 to 24 h),
colonies were counted, and values for duplicates were averaged. However, CaDPA-less spores of B.
subtilis strains FB122 and PS3406 do not germinate with nutrient germinants since they lack the CLE SleB
as well as the CaDPA needed to activate the other redundant CLE, CwlJ (33, 44, 47). Therefore, aliquots
of these irradiated spores were diluted 1/10 in 50 mM CaDPA at pH 7.4, incubated for 2 h at 23°C to
germinate these spores (44, 47), and then further diluted; duplicate aliquots were spotted onto L broth
agar plates; the plates were incubated; and the counts were averaged as described above. The spore/cell
inactivation experiments in Fig. 1 to 5 and Fig. 6A were carried out at least twice, and the same
relative rates of spore/cell inactivation were seen in all experiments (data not shown). In duplicate
experiments, in which we examined if the outgrowth of UV, -irradiated spores was salt sensitive,
dilutions of UV,,,-irradiated wild-type B. subtilis spores and growing cells were also spotted in
duplicate onto LB agar plates containing 1 M NaCl, and plates were incubated and colonies were
counted as described above.

For HSV irradiation, the KOS viral stock propagated in Vero cells was diluted in PBSb to a concen-
tration of 1 X 108 PFU/ml. A total of 1.5 ml of diluted virus was added to a sterile 35-mm petri dish and
exposed to UV light, and 20-ul samples were taken at various times during irradiation. Tenfold serial
dilutions were prepared in DMEM and plated onto a monolayer of Vero cells in 24-well plates. After
30 min of incubation at 37°C, DMEM containing 2.5% fetal bovine serum and 2% human serum was
added, and plates were incubated for 72 h at 37°C. Plates were then fixed with 8% formaldehyde and
stained with 1% crystal violet, plaques were counted, and viral yields were calculated. All HSV work was
done in a class Il biological safety cabinet in a biosafety level 2 (BSL-2)-approved facility.

Assessment of mutagenesis and DNA damage in UV, -irradiated B. subtilis cells or spores. For
determination of the levels of mutagenesis caused by UV,,,, appropriate dilutions of log-phase cells or
spores of B. subtilis PS533 (wild type) that were either not irradiated or inactivated to various degrees by
UV,,, were spread onto L broth agar plates with kanamycin (10 ug/ml) to obtain 100 to 300 colonies per
plate, and plates were incubated overnight at 37°C. A total of 290 to 400 colonies from the latter plates
were then toothpicked onto 2X SG sporulation medium and Spizizen’s minimal medium (57) agar plates,
and the plates were incubated at 37°C for ~3 days. Auxotrophic (aux) mutants were identified on the
minimal medium plates as colonies that grew on 2X SG plates but not on minimal medium plates, and
asporogenous (spo) mutants were identified by their colonies’ translucent appearance on 2X SG medium
plates, in contrast to the opaque, crusty appearance of well-sporulated colonies (29).

DNA was isolated from chemically decoated dormant spores or growing cells, with or without prior
UV,,, irradiation, as described previously (39, 40) but using Qiagen Genomic-Tip 20/G columns (Qiagen).
Purified DNA samples of 1 to 3 ug were then hydrolyzed, and photoproducts were analyzed and
quantitated by high-performance liquid chromatography coupled with tandem mass spectrometry,
essentially as described previously (58). Analyses of strand breaks in DNA of UV,,,-irradiated spores and
log-phase cells were performed using strain PS533. Total DNA was isolated from unirradiated
and UV,,,-irradiated spores and cells, purified, and run on an agarose gel, and the gels were stained and
photographed, all as described previously (59).

Measurement of germination of unirradiated and UV,,,-irradiated spores. B. subtilis spores at an
ODyg,, of 0.5 with or without UV,,, irradiation giving ~99% spore killing were germinated at 37°C with
the germinant L-valine (33) in 200 ul of a solution containing 25 mM K-HEPES buffer (pH 7.4), 10 mM
L-valine, and 50 uM TbCl,, as described previously (56). Germination was done in a multiwell fluorometer,
and spore germination was monitored by the fluorescence of released DPA with Th3* as described
previously (56). Aliquots of the germination incubation mixtures were also examined by phase-contrast
microscopy to be sure that germinated spores not only had released DPA but also had undergone cortex
peptidoglycan hydrolysis and thus had completed the germination process (33).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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