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ABSTRACT

Raman spectroscopy and phase-contrast microscopy were used to examine calcium dipicolinate (CaDPA) levels and rates of nu-
trient and nonnutrient germination of multiple individual Bacillus subtilis spores treated with cold atmospheric plasma (CAP).
Major results for this work include the following: (i) >5 logs of spores deposited on glass surfaces were inactivated by CAP treat-
ment for 3 min, while deposited spores placed inside an impermeable plastic bag were inactivated only ~2 logs in 30 min; (ii)
>80% of the spores treated for 1 to 3 min with CAP were nonculturable and retained CaDPA in their core, while >95% of spores

treated with CAP for 5 to 10 min lost all CaDPA; (iii) Raman measurements of individual CAP-treated spores without CaDPA
showed differences from spores that germinated with L-valine in terms of nucleic acids, lipids, and proteins; and (iv) 1 to 2 min
of CAP treatment killed 99% of spores, but these spores still germinated with nutrients or exogenous CaDPA, albeit more slowly
and to a lesser extent than untreated spores, while spores CAP treated for >3 min that retained CaDPA did not germinate via
nutrients or CaDPA. However, even after 1 to 3 min of CAP treatment, spores germinated normally with dodecylamine. These
results suggest that exposure to the present CAP configuration severely damages a spore’s inner membrane and key germination
proteins, such that the treated spores either lose CaDPA or can neither initiate nor complete germination with nutrients or
CaDPA. Analysis of the various CAP components indicated that UV photons contributed minimally to spore inactivation, while
charged particles and reactive oxygen species contributed significantly.

IMPORTANCE

Much research has shown that cold atmospheric plasma (CAP) is a promising tool for the inactivation of spores in the medical
and food industries. However, knowledge about the effects of plasma treatment on spore properties is limited, especially at the
single-cell level. In this study, Raman spectroscopy and phase-contrast microscopy were used to analyze CaDPA levels and kinet-
ics of nutrient- and non-nutrient-germinant-induced germination of multiple individual spores of Bacillus subtilis that were
treated by a planar CAP device. The roles of different plasma species involved in spore inactivation were also investigated. The
knowledge obtained in this study will aid in understanding the mechanism(s) of spore inactivation by CAP and potentially facili-
tate the development of more effective and efficient plasma sterilization techniques in various applications.

mong low-temperature and nontoxic methods for micro-

organism inactivation, the application of cold atmospheric
plasma (CAP) created by electrical discharge in a gas has attracted
significant interest (1-5). CAP is a weakly ionized gas with a
roughly zero net electrical charge and usually operates under
atmospheric conditions below 40°C, with variations depending
on the type of feed gas and the equipment configuration (6). Com-
pared to conventional sterilization methods, such as wet or dry
heat, irradiation, or chemical gases, CAP has many advantages.
CAP produces neither high temperatures, as do dry and wet heat,
nor long-lived toxic gases, as do formaldehyde and ethylene oxide.
As a consequence, CAP treatments tend to only minimally alter
materials’ natural properties and are increasingly used for steril-
ization of heat-sensitive medical instruments, hard surfaces, novel
polymer packaging materials in the food industry (7, 8), and bio-
logical surfaces such as animal and human tissues (4, 5).

Spores produced by some Bacillus species are a major cause of
food spoilage and foodborne illness, as well as a number of other
serious human diseases (9, 10). These spores can remain dormant
for many years and are extremely resistant to a variety of environ-
mental stresses, including antibiotics, heat, desiccation, radiation,
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and many toxic chemicals (11-13). Spores can also rapidly return
to life by germination triggered through a variety of agents, in-
cluding specific nutrients (amino acids and sugars), cationic sur-
factants (dodecylamine), and exogenously added calcium dipico-
linate (a 1:1 chelate of Ca®>" and dipicolinic acid [CaDPA]) (11).
Nutrients trigger germination by activating specific germinant re-
ceptors (GRs) located in the spore inner membrane (IM) (11). GR
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stimulation then triggers the release of the spore core’s large depot
(~10% of spore dry weight) of CaDPA present in the spore core
and its concomitant replacement by water. In turn, CaDPA release
triggers activation of the cortex-lytic enzymes (CLEs) Cwl] and
SleB, which catalyze the degradation of spores’ large peptidogly-
can cortex, allowing the swelling and further hydration of the
spore core. Full core hydration then allows resumption of spore
core enzyme activity, followed by initiation of metabolism, mac-
romolecular synthesis, and then spore outgrowth, which leads to
resumption of vegetative growth (11, 14). Notably, spores’ resis-
tance properties are lost when spores germinate and begin out-
growth.

Much research has shown that CAP can be used to inactivate
many types of spores, and viabilities of spores of Bacillus spp. are
typically reduced 4 to 6 logs by several minutes of treatment by
different types of plasma systems (15-22). The mechanisms of
spore killing by plasma are complex (18), as UV photons, charged
particles, electric fields, and reactive oxygen species (ROS) (e.g.,
ozone, atomic oxygen, and hydroxyl radicals if water is present)
are all involved in spore killing (16, 17). UV-C is the most effective
UV component for microbial inactivation in some low-pressure,
low-temperature gas plasma sterilization processes, with DNA as
its primary target (16, 22). Changes in microbial cell walls were
also observed with a low-temperature gas plasma (7), while an-
other study found ozone and other neutral reactive species in hu-
midified air to be the main factors for sterilization (21).

Although much work has been dedicated to investigating the
details of spore inactivation mechanisms by CAP, knowledge
about the changes in spore properties following plasma treatment
is still rather limited at the single-cell level. In particular, impor-
tant questions of whether spores retain CaDPA or are able to
germinate following CAP treatments have not been thoroughly
investigated. Therefore, we have chosen to use new tools to
characterize these properties of individual bacterial spores after
CAP treatment and to obtain new information on mechanisms of
CAP inactivation of spores. Specifically, we used Raman spectros-
copy and phase-contrast microscopy to analyze the CaDPA levels
in individual spores and to examine the kinetics of nutrient- and
non-nutrient-germinant-induced germination of multiple indi-
vidual spores of Bacillus subtilis after treatment with a planar CAP
device. The roles of the different plasma species from this setup in
spore inactivation were also investigated. The knowledge obtained
in this study will aid in understanding the mechanism(s) of spore
inactivation by CAP and help facilitate the development of more
effective and efficient plasma sterilization techniques in various
applications.

MATERIALS AND METHODS

Cold atmospheric plasma system. The setup of the planar CAP device is
illustrated in Fig. la. The electrode consists of two square copper plate
electrodes (60 by 60 mm) separated by a dielectric film (0.05-mm-thick
polypropylene plastic) and an air gap of 1.5 mm. A 60-Hz sinusoidal-wave
low-frequency power supply with ~14-kV peak-to-peak high voltage is
applied to the electrodes to generate microdischarges on the dielectric
surface at atmospheric pressure (Fig. 1a). All experiments used the same
parameters. The power density of the plasma discharge at the parameters
noted above is estimated at ~35 mW/cm? (15). Exposure time was varied
from 0 to 30 min, as stated below for each experiment, and the distance
between the two electrodes was kept constant at 1.5 mm. The CAP elec-
trodes were exposed to the open air at room temperature as the feedgas,
and no large temperature increase in the sample coverslip was observed
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FIG 1 Experimental setup. (a) Schematic of the CAP apparatus with dielectric
barrier discharge. Ac, alternating current; HV, high voltage. (b) Side view of
the plasma discharge. When discharged, the SMD plasma emitted purple light
and was photographed by a camera under dim light (scale bar = 1 cm).

after the plasma treatment, as measured with an infrared thermometer. As
shown in Fig. 1b, when discharged, the surface microdischarge (SMD)
plasma emits purple light that is dominated by the excitation of nitrogen
molecules in ambient air. The optical emission spectrum of the SMD
plasma was measured with a spectrometer (TRIAX 320; Horiba Scientific,
Edison, NJ) and is shown in Fig. Sla in the supplemental material; it shows
the presence of primarily UV-A light (315 to 400 nm) and almost no
UV-C (200 to 280 nm) or UV-B (280 to 315 nm) light (15). The optical
absorbance spectra of materials used to shield spores during plasma dis-
charge were measured with a UV-visible (UV-Vis) spectrophotometer
(GENESYS 10S; Thermo Fisher Scientific, Waltham, MA). The materials
included a 0.2-mm-thick microscope coverslip, a 0.04-mm-thick plastic
bag, and a mixed cellulose ester (MCE) filter, as shown in Fig. S1b. The
plastic bag and coverslip are nearly transparent to UV-A light from 315 to
400 nm, and the MCE filter blocks UV-A light because of its optical den-
sity (OD) of >3.5 in the UV-A region (see Fig. S1b).

Bacillus strains, growth conditions, and spore preparation. Most
work in this study was carried out with spores of B. subtilis PS533, a
derivative of strain PS832 that contains plasmid pUB110, encoding resis-
tance to kanamycin (23). To examine the effects of our CAP system on
spores of concern for the food industry, we examined the effects of CAP
treatment on inactivation and CaDPA release from B. cereus spores.
Bacillus cereus strain T was originally obtained from H. O. Halvorson.
Spores of B. subtilis were prepared at 37°C on 2X Schaeffer’s glucose
medium agar plates without antibiotics, and B. cereus spores were pre-
pared at 30°C in defined liquid medium (24); spores were purified as
described previously (23). All purified spores were stored at 4°C in water
protected from light and were free (98%) from growing and sporulating
cells, germinated spores, and cell debris as observed by phase-contrast
microscopy. In order to avoid effects of high-temperature treatments on
CAP-treated spore germination and viability, heat activation treatment
was not applied prior to analyses of spore viability or germination.

CAP treatment and measurement of spore viability and germina-
tion. For CAP treatment, 10-pl volumes of suspensions containing ~ 107
spores/ml in deionized water were dried on one side of a sterile ~15-mm
by 5-mm glass microscope coverslip, giving ~10° spores/slide that were
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FIG 2 Effects of CAP treatment on B. subtilis spores. (a) Spore survival as a function of exposure time; (b) percentage of spores retaining CaDPA after CAP
treatment of various durations (>300 individual spores were counted for each treatment); (c) phase-contrast images showing phase dark (black arrows) and
phase bright (white arrows) for various CAP treatment times (scale bar = 5 wm); (d) average CaDPA levels estimated from ~50 individual spores that retained
CaDPA after various CAP treatment times (ns, no significant difference; *, significant difference with a P value of 0.05).

spread out to reduce stacking. For determination of spore viability, the
treated spores on the coverslip were put into 1 ml of sterile deionized
water and vortexed at the maximum speed for 5 min to elute spores from
the glass surface. Appropriate aliquots of the eluted spores were then
applied to a Luria-Bertani (LB) medium agar plate, colonies were counted
after 18 to 24 h of incubation at 37°C, and >95% of the spores (~10°
CFU/ml) were recovered. To assess the stress resistance of CAP-treated
spores, colony formation from untreated and CAP-treated spores was also
determined on LB medium plates with 1 M NaCl. This salt concentration
has been shown to greatly reduce recovery of spores “damaged” by treat-
ment with a variety of oxidizing agents (25). In order to further investigate
changes in spore stress resistance after CAP treatment, untreated spores
and spores eluted after only a 1-min CAP treatment were incubated at
80°C for 30 min prior to determination of spore viability as described
above. When only a small number of survivors were expected following
CAP, the pour plating method was performed (16). All spore viability
results are shown as log of CFU of survivors on the ordinate plotted
against the CAP exposure time.

To examine the influence of plasma treatment on spore germination,
CAP-treated B. subtilis spores were recovered as described above. After
centrifugation of eluted spores in a microcentrifuge at 4°C for 10 min, the
spore pellet was suspended in 10 pl of 25 mM K-HEPES buffer (pH 7.4),
and spores were prepared for germination by being allowed to adhere to a
coverslip as described above and previously (26). The coverslips were
incubated in 0.5 ml of either (i) 10 mM t-valine in 25 mM K-HEPES
buffer (pH 7.4) at 37°C, (ii) 60 mM CaDPA in 25 mM K-HEPES buffer
(pH 7.4) at 37°C, or (iii) 1.0 mM dodecylamine in 25 mM K-HEPES buffer
(pH 7.4) at 50°C. Germination of multiple individual spores adhered on
the microscope coverslip was monitored by phase-contrast microscopy,
and data were analyzed as described previously (26, 27). Most (~70%) of
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the change taking place in spore germination as observed by phase-con-
trast microscopy was due to the release of spores’ large CaDPA depot, and
the remainder was due to subsequent hydrolysis of spores’ peptidoglycan
cortex and spore core swelling and water uptake. At the end of germina-
tion incubations, the image intensity at the beginning of the incubation
(T,) was set at 1 and the intensity at the end of measurements was set at 0
as previously described (26). Average kinetic germination parameters de-
termined were as follows: T}, time when CaDPA leakage starts; T, time
after T, when fast CaDPA release begins; T,...-time when CaDPA re-
lease is complete; Ty ;,time when spore refractility becomes constant;
ATleakage’ Tlag - Tl; ATrelease’ Trelease - Tlag; and Alesis’ lesis - Trelease
(27).

Analysis of spore CaDPA content. Spore CaDPA content was deter-
mined by Raman spectroscopy using laser tweezers Raman spectroscopy
(LTRS), as previously described (27). In brief, after plasma treatment,
individual spores were suspended in water and randomly trapped at the
focus of the objective by a 780-nm laser beam. Raman scattering light
excited by the same laser beam was collected by the same objective and
recorded by a charge-coupled device (PIXIS 400, Princeton Instruments,
Trenton, NJ). A background spectrum was also acquired under the same
conditions without a spore in the trap and subtracted from the spectra of
spores. The spores’ CaDPA content was determined from the intensity of
the CaDPA-specific Raman band at 1,017 cm ™' as previously described
(27). One-way analysis of variance (ANOVA) was done to compare the
average CaDPA levels in spores for various durations of CAP treatment.

RESULTS

Effects of CAP treatment on spore viability and CaDPA content.
A CAP apparatus with a dielectric barrier discharge was designed
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FIG 3 Raman spectra of single spores of B. subtilis after various CAP treatment times. (a and b) Average Raman spectra of ~50 individual spores that did (a) or
that did not (b) retain CaDPA after CAP treatment; (c and d) Raman spectra of five individual spores that retained some CaDPA after CAP treatment for 5 (c)

or 7 (d) min. Note that Raman spectra are offset for clarity. a.u., arbitrary units.

(Fig. 1a) to investigate the effects of CAP treatment on spore kill-
ing, CaDPA loss, and germination. The discharge from this appa-
ratus generated obvious purple light from UV rays (Fig. 1b). The
results from CAP treatment of spores showed that increasing
treatment times generally increased spore inactivation. A 3-min
treatment time was sufficient to inactivate all test spores (~5.5
logs) (Fig. 2a), although >80% of the spores given a 3-min CAP
treatment retained CaDPA in their core (Fig. 2b and c). Prolong-
ing the CAP treatment time to 5, 7, or 10 min led to corresponding
decreases in the percentage of spores retaining CaDPA of ~8%,
~2%, and ~0% (within the detection limit of ~10° spores/slide),
respectively (Fig. 2b and ¢). These results suggest that these spores
incurred additional, severe damage during the prolonged treat-
ment time. LTRS analysis of multiple individual spores estimated
percentages of spores retaining CaDPA similar to the values de-
termined by phase-contrast microscopy (data not shown).
Analysis of the average intensity of the CaDPA-specific 1,017-
cm™ ' Raman band from ~50 individual spores that had retained
CaDPA after CAP treatment indicated that CaDPA levels were
slightly lower in spores given more than 3 min of CAP treatment
than in spores given 3 min of CAP treatment, and this difference
was statistically significantly different (Fig. 2d). The Raman spec-
tra of individual spores that retained CaDPA after different CAP
treatment times were similar (Fig. 3a). However, compared to
spectra of spores triggered to germinate with L-valine and thus
having released all CaDPA, spectra of individual CAP-treated
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spores without CaDPA displayed some obvious differences (Fig.
3b). In particular, as CAP treatment times increased, band inten-
sities at 621 and 782 cm ™' from nucleic acid and at 1,004 cm ™"
due to lipid increased, and band intensities at 1,245, 1,605, and
1,655 cm ™' associated with proteins also changed significantly
(Fig. 3b). The most interesting change is that some individual
spores given 5 and 7 min of CAP treatment clearly showed partial
CaDPA loss. As shown in Fig. 3¢ and d, spore 1 had not lost
CaDPA, while spores 2 to 5 showed partial CaDPA loss, as re-
flected in the height of the Raman peak at 1,017 cm ™' (Fig. 3c and
d). The phenomenon was not observed in previous work on spore
inactivation by a number of different agents (28-30).

Effects of CAP treatment on spore stress resistance. After a
1-min CAP treatment, ~1% of spores were still viable (Fig. 2a).
Previous work has shown that spores surviving a number of po-
tentially lethal treatments can be damaged and less able to resist
additional stress, such as high salt content in the spore recovery
medium or a normally sublethal heat treatment (25, 31). To ex-
amine the resistance of spores surviving 1-min CAP treatments,
the viability of CAP-treated spores was determined on LB medium
plates with or without 1 M NaCl, or on LB medium plates with and
without a heat treatment of spores at 80°C prior to plating. The
results showed that the CAP-treated spores had not become sen-
sitive to the 1 M NaCl-containing medium (100% recovery of
spores) but had become sensitive to the treatment with 80°C for 30
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min (10% recovery), which had no effects on untreated control
spores (see Fig. S2 in the supplemental material).

Germination kinetics of CAP-treated spores. As noted above,
a 3-min CAP treatment killed essentially all (105) of the test
spores, but the majority (>80%) retained CaDPA. An obvious
question is whether the treated spores that retained CaDPA are
able to germinate like untreated spores. Therefore, the responses
of multiple individual spores (untreated spores and CAP-treated
spores that had retained CaDPA) were examined with exposure to
germinants that initiate germination through different pathways.
These germinants were (i) L-valine (acts via GRs), (ii) CaDPA
(bypasses the GRs and activates the CLE CwlJ [11, 14]), and (iii)
dodecylamine (directly triggers CaDPA release [11, 14]). Notably,
with L-valine and CaDPA as germinants (Fig. 4 and 5, respec-
tively), a prior 1-min CAP treatment had almost no effect on the
observed spore germination kinetics (100% germination after 2
min). A 2-min CAP treatment, however, reduced the germination
of spores to 54% and 67% after exposure to L-valine or the non-
nutrient germinant CaDPA, respectively. A 3-min CAP treatment
almost completely abolished subsequent spore germination with
either L-valine or CaDPA (Fig. 4 and 5). Average values of T}, T,
and T, from individual spore germination curves with L-
valine also increased with increasing CAP treatment times, but
AT cakager AT releaser and ATy did not change (Table 1). Similar
results were obtained for spore germination with CaDPA, except
for T, and ATeuage Which also increased for CaDPA-triggered
germination with increasing CAP treatment times (Table 2). In-
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terestingly, while CAP treatment for 3 min abolished L-valine and
CaDPA spore germination, this CAP treatment had no effect on
spore germination triggered by dodecylamine, a germinant that
directly triggers CaDPA release (11, 14). Kinetic parameters of
dodecylamine germination were similar in untreated spores and
spores treated for 3 min with CAP (Fig. 6; Table 3).

Spore inactivation and CaDPA loss due to various CAP com-
ponents. As noted above, UV photons, charged particles, and
ROS are three important plasma components involved in micro-
bial inactivation. To distinguish how these three CAP components
contribute to spore inactivation and CaDPA loss, different meth-
ods were used to eliminate or reduce exposure of spores to UV-A
photons, charged particles, and ROS during CAP treatments. If
spores are put inside a 40-m-thick, sealed plastic bag, this plastic
bag will prevent charged particle and ROS penetration and will
also limit the amount of air inside the bag, and thus, there will
likely be less ROS produced inside the bag, although passage of
UV-A light produced by the CAP apparatus should be unaffected
(see Fig. S1b in the supplemental material). Indeed, CAP treat-
ment of spores in the plastic bag gave only an ~2.7-log reduction
in spore viability in 30 min, and the treated spores retained
CaDPA (Fig. 7a and b; note that without the bag, a 10-min CAP
treatment inactivated all spores and none retained CaDPA). In a
second test, the spores were covered by an MCE filter with 0.2-pm
pores that prevents UV-A penetration (see Fig. S1b) but likely
allows charged particles and ROS to pass through under the influ-
ence of the intense electric field between two electrodes. The result
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was that CAP spore inactivation was faster than in the plastic bag,
with complete spore inactivation (~ 5.3 logs) occurring with 15
min of CAP treatment (Fig. 7a). However, even 30 min of CAP
treatment with this filter caused only ~50% of spores to lose
CaDPA (Fig. 7¢). In a third experimental setup, the spores were
covered with a 100-pum-thick glass slide in a sandwich configura-
tion, which allowed UV-A light to pass through but not charged
particles. However, ROS generated during CAP treatment can
likely enter the gap between the glass slide and the coverslip with
spores and interact with the spores. The CAP treatment with the
glass slide shield gave the unexpected result of more spore killing
(100% in 10 min) and more CaDPA loss (100% in 30 min) than
treatment with the MEC filter (Fig. 7a and d).

Effects of CAP treatment on B. cereus spore inactivation and
loss of CaDPA. With increasing CAP treatment times, B. cereus
spore inactivation increased and a 3-min treatment inactivated all

test spores (~4.4logs) (Fig. 8a). In addition, ~90% of the B. cereus
spores given a 3-min CAP treatment retained CaDPA, 5-min and
7-min treatments caused CaDPA loss from the majority of spores,
and a 10-min treatment resulted in loss of CaDPA from all spores
examined (Fig. 8b). All these results with CAP treatment of B.
cereus spores were very similar to those with CAP treatment of B.
subtilis spores.

DISCUSSION

The work in this communication has shown that almost all B.
cereus and B. subtilis spores treated for =5 min in a CAP apparatus
were killed at a rate of =4.4 logs and lost all or almost all CaDPA.
The relative agreement between the effects of the CAP on B. cereus
and B. subtilis spores strongly suggests that the mechanism(s) of
effects of CAP on spores of these two species are likely to be sim-
ilar. In addition, that spores subjected to CAP treatment for =5

TABLE 1 Mean values and standard deviations for kinetic parameters of L-valine germination of untreated and CAP-treated B. subtilis spores”

% germination (no. of

Treatment time T, (min) T (min) AT qiage (Min) T elease (MiN) AT, 1ense (min) ATy (min) germinated spores)
0 min 16.9 = 10.9 185+ 11.2 1.5+ 1.3 22.0*11.6 35*1.1 8.9 4.1 99.9 (438)
30s 17.7 £ 12.6 19.1 £ 12.1 14£1.0 22,5+ 12.2 34*+13 8.3+ 4.1 98.7 (608)
1 min 20.1 = 16.2 22.0 = 16.4 1313 25.9 + 16.7 39+ 14 9.1 £4.0 94.5 (379)
2 min 33.7 £ 329 35.2 £33.2 1.6 = 1.5 38.9 = 33.3 3613 105+ 3.4 53.7 (144)

“ The kinetic germination parameters T}, Tiag Tretease ATieakage (Tlag = T1)» ATretcase (Tretcase — Thag)> and ATy (Thygis —

subtilis spores with and without CAP treatment as described in Materials and Methods.
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T elease) Were determined for L-valine germination of B.
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TABLE 2 Mean values and standard deviations for kinetic parameters of CaDPA germination of untreated and CAP-treated B. subtilis spores”

% germination (no. of

Treatment time T, (min) T (min) AT cakage (Min) T \etease (Min) AT, jease (min) ATy, (min) germinated spores)
0 min 16.7 = 6.9 26.1 = 10.3 94 *72 28.0 = 10.4 1.9 £ 0.9 9.8 £5.1 84.8 (476)
30s 21.4 =89 313 +*17.7 10.1 £7.6 329 * 175 1.6 = 1.0 9.1 4.6 83.4 (337)
1 min 23.7 £ 8.6 37.0 £17.9 13.3 = 11.3 38.7 £17.7 1.8 £ 1.1 9.6 =54 80.8 (177)
2 min 26.2 £9.7 39.9 = 16.5 13.7 = 10.3 41.6 = 16.4 1.7 £ 1.0 9.4 £ 5.1 66.8 (266)

“ The kinetic germination parameters Ty, Tiog Treteaser ATieakage (Tlag = T1)5 AT vetease (T,
subtilis spores with and without CAP treatment as described in Materials and Methods.

min had lost almost all CaDPA indicates that these dead spores
had accumulated some severe defect(s), as CaDPA loss from dor-
mant spores requires breakdown of spores’ IM permeability bar-
rier, which prevents CaDPA release from the spore core (13, 25).
The inability of almost all B. subtilis spores subjected to 3 min of
CAP treatment and that retained CaDPA to germinate with either
CaDPA or r-valine further indicates that one or more of the
spores’ crucial germination proteins were severely damaged in
these treated spores. Spores’ crucial germination proteins include
the SpoVA proteins that likely comprise the channel for CaDPA
efflux during germination, as well as GRs and CLEs (11, 14). How-
ever, the SpoVA protein channel does not seem to be severely
damaged, as germination by dodecylamine, which triggers germi-
nation most likely by activating the mechanosensitive SpoVAC
protein (32, 33), was normal in CAP-treated spores that retained
CaDPA. The ~2-fold increase in the T}, Tj,g, and T,jeqs. for L-va-
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retease — Tiag)> and ATy g0 (Tiygis = Trejease) Were determined for CaDPA germination of B.

line germination with increasing CAP treatment is certainly con-
sistent with CAP treatment partially inactivating the GerA GR,
which triggers L-valine germination. The minimal effects of =<2
min of CAP treatment on AT, and ATy in L-valine germi-
nation also suggest that this CAP treatment has minimal effects on
the CLEs CwlJ and SleB. Indeed, complete loss of Cwl] increases
AT, qease iIn GR-dependent germination almost 10-fold (11, 14).
Notably, CaDPA germination, which absolutely requires the CLE
CwlJ (11, 14), was inhibited less than L-valine germination, again
consistent with at least the GerA GR being the primary CAP target
that abolishes L-valine germination. It will be interesting to deter-
mine in the future if CAP inactivates GRs for other nutrient ger-
minants similarly.

The findings noted above indicate that CAP treatments of =3
min do severe damage to some B. subtilis spore structure and
germination proteins, and severe visible damage has been ob-
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FIG 6 Dodecylamine germination of spores after CAP treatment. (a) Dodecylamine kinetics after various CAP treatment times (0, 0.5, 1, 2, and 3 min; >213

spores examined); (b to d) estimated kinetic parameters (T}, Tj,g Tyeleaser aNd Tjyy;s) Of single spores (average of ~20 individual spores) after various CAP
treatment times (0, 1, and 3 min are shown).

October 2016 Volume 82 Number 19 Applied and Environmental Microbiology aem.asm.org 5781


http://aem.asm.org

Wang et al.

TABLE 3 Mean values and standard deviations of kinetic parameters of dodecylamine germination of untreated and CAP-treated B. subtilis spores”

% germination (no. of

Treatment time T, (min) Ty, (min) AT kg (Min) T elease (Min) AT, ojeqse (min) ATy (min) germinated spores)

0 min 28.9 = 18.7 30.5 + 19.1 1.6 1.9 329+ 19.1 23*0.7 1.8+ 2.1 92.3 (199)

30s 29.1 £22.3 31.3 £17.7 22%*32 33.0 £23.4 2.6 £ 1.0 2.1*46 90.9 (411)

1 min 29.6 £ 19.2 32.0 £ 23.6 24*1.0 344 *+233 24*1.0 1.6 = 1.6 87.6 (247)

2 min 29.2 169 324+ 19.0 22+ 15 355+ 18.9 21*15 1.8 £5.1 88.5 (243)

3 min 32.7 £253 35.5 £ 28.6 2.8 £ 4.1 41.6 = 16.4 26* 1.4 1.0 £ 1.6 92.2 (196)

“ The kinetic germination parameters Ty, Tiag Treleaser ATleakage (Tlag = T1)> AT retcase (Tretease — Tlag)> and ATyygs (Tiygis — Tretease) Were determined for dodecylamine germination

of B. subtilis spores with and without CAP treatment as described in Materials and Methods.

served in CAP-treated spores (7, 20, 34, 35). However, it is impor-
tant to note that B. subtilis spores given these CAP treatment times
in the current work were killed at a rate of >5 logs. Thus, the loss
of CaDPA and the ability to germinate in these CAP-treated spores
tell us little about how the particular CAP treatments used in this
work actually kill spores. Indeed, >90% of spores given a 2-min
CAP treatment retained CaDPA, and >50% of these spores ger-
minated with L-valine or CaDPA, and yet these spores had been
killed at a rate of ~4 logs. This finding indicates that these CAP
treatments do not kill B. subtilis spores by destroying either spores’
ability to germinate or spores’ IM permeability barrier. However,
while CAP undoubtedly does these types of damage, they appear
to occur only after spores are already dead due to other causes.
The precise mechanisms whereby the B. subtilis spores are
killed by the CAP generated in this work are not completely clear.
However, five possible ways that spores are killed by a variety of
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treatments have been suggested (13, 36), including (i) destruction
of spores’ IM permeability barrier, (ii) inactivation of one or more
essential spore germination proteins, (iii) damage to spore DNA,
(iv) damage to spores’ IM such that this defect becomes acute
when spores germinate, and (v) damage to one or more essential
spore proteins. Clearly, the first two killing mechanisms cannot be
significant with the CAP used in this work, as noted above. It also
seems unlikely that the CAP used in this work causes major DNA
damage, for several reasons. First, the CAP used has minimal, if
any, UV-C light, the UV wavelengths most effective in damaging
DNA. There is some UV-A, and UV-A does generate lesions in
spore DNA that can lead to mutations and spore death (37). How-
ever, when CAP components other than UV-A were removed or
minimized by CAP exposure in a plastic bag, CAP spore killing
was greatly reduced. Thus, it seems likely that the UV-A light
generated by the CAP in this work contributes only minimally to
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FIG 7 B. subtilis spore inactivation and CaDPA loss by CAP treatment with various materials shielding the spores from the different plasma components. (a)
Variations in spore inactivation kinetics with different materials; (b to d) percentages of spores retaining CaDPA after various treatment times with different
materials for shielding (>300 individual spores were analyzed for each time point).
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FIG 8 Effects of CAP on B. cereus spores. (a) Spore inactivation kinetics with CAP; (b) CaDPA loss after various CAP treatment times of 0 to 10 min (>300

individual spores were analyzed for each time point).

spore killing. In the experiment with the spores in a plastic bag,
some ROS were generated inside the bag, which was not perme-
able to ROS. Since the amount of oxygen gas inside the bag was
limited because the bag was sealed, ROS generation in the bag
decreased with time. This is consistent with the shape of spore
killing kinetics in the plastic bag (Fig. 7a), compared to the killing
curves with other shielding or no shielding. Overall, these results
suggested that ROS were the CAP component causing most spore
killing, with UV-A photons and charged particles being of lesser
importance.

It is of course possible that CAP components such as ROS and
free radicals could also damage spore DNA, as these molecular
species can cause damage to DNA in growing cells that can lead to
mutations and death (38). However, DNA in dormant spores is
very well protected against these types of damaging agents by its
saturation with spore-specific DNA binding proteins (13). In-
deed, agents such as hydrogen peroxide, organic peroxides, per-
oxynitrite, and many other oxidizing agents that are effective in
killing spores do not kill spores by DNA damage, because of
DNA’s layer of protective proteins. However, when this layer of
protective protein is removed, at least hydrogen peroxide kills
these mutant spores by DNA damage (13). Notably, several stud-
ies have shown that these DNA binding proteins are quite impor-
tant in protecting spores from several types of plasma, in particu-
lar plasma types that have high levels of UV-C (16, 35).

It is more difficult to decide whether it is through damage to
spores’ IM or a specific crucial spore protein that the CAP kills
spores. Previous work has indicated that high-temperature treat-
ment of spores in water likely kills spores by damaging one or
more essential proteins, probably in the spore core (36). This also
may be how hydrogen peroxide kills spores (13). However, for
almost all other oxidizing agents that have been used for spore
killing, the mechanisms by which these agents kill spores appear to
be by damaging the spores’ IM such that when these spore germi-
nate, the damaged IM ruptures, leading to spore death.

Currently we know much about B. subtilis spore killing by
agents other than plasma because of (i) the many mutant strains
that lack specific elements important in spore resistance, includ-
ing spore-specific DNA binding proteins and the large protein-
aceous spore coat, and (ii) ways to modify the lipid content and
composition of the spore IM. Consequently, it seems likely that a
detailed study of the effects of the CAP used in this work on spores
of various mutant strains as well as properties of spores killed only

October 2016 Volume 82 Number 19
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90 to 95%, such as their germination, outgrowth, and mutagenesis
and the strength of the treated spores’ IM barrier, could well de-
termine the precise mechanisms of spore killing by various CAP
components.
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