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Abstract

Plasma sterilization is a promising alternative to conventional sterilization methods for industrial, clinical, and spaceflight purposes. Low pressure
plasma (LPP) discharges contain a broad spectrum of active species, which lead to rapid microbial inactivation. To study the efficiency and
mechanisms of sterilization by LPP, we use spores of the test organism Bacillus subtilis because of their extraordinary resistance against
conventional sterilization procedures. We describe the production of B. subtilis spore monolayers, the sterilization process by low pressure
plasma in a double inductively coupled plasma reactor, the characterization of spore morphology using scanning electron microscopy (SEM),
and the analysis of germination and outgrowth of spores by live cell microscopy. A major target of plasma species is genomic material (DNA)
and repair of plasma-induced DNA lesions upon spore revival is crucial for survival of the organism. Here, we study the germination capacity of
spores and the role of DNA repair during spore germination and outgrowth after treatment with LPP by tracking fluorescently-labelled DNA repair
proteins (RecA) with time-resolved confocal fluorescence microscopy. Treated and untreated spore monolayers are activated for germination
and visualized with an inverted confocal live cell microscope over time to follow the reaction of individual spores. Our observations reveal that the
fraction of germinating and outgrowing spores is dependent on the duration of LPP-treatment reaching a minimum after 120 s. RecA-YFP (yellow
fluorescence protein) fluorescence was detected only in few spores and developed in all outgrowing cells with a slight elevation in LPP-treated
spores. Moreover, some of the vegetative bacteria derived from LPP-treated spores showed an increase in cytoplasm and tended to lyse. The
described methods for analysis of individual spores could be exemplary for the study of other aspects of spore germination and outgrowth.

Video Link

The video component of this article can be found at https://www.jove.com/video/56666/

Introduction

A major goal of space exploration is the search for signatures of life forms and biomolecules on other planetary bodies and moons in our solar
system. The transfer of microorganisms or biomolecules of terrestrial origin to critical areas of exploration is of particular risk to impact the
development and integrity of life-detection missions on planetary bodies such as Mars and Europa1. The international guidelines of planetary
protection, established by the Committee of Space Research (COSPAR) in 1967, impose strict regulations on manned and robotic missions to
other planets, their moons, asteroids, and other celestial bodies and regulate the cleaning and sterilization of a spacecraft and critical hardware
components prior to launch in order to eliminate contaminating terrestrial microorganisms and prevent cross contamination of celestial bodies2.
Over the last decade, the application of non-thermal plasmas has gained wide attention in biomedical and nutritional research, as well as in
spaceflight applications3,4,5. Plasma sterilization is a promising alternative to conventional sterilization methods as it offers rapid and efficient
microbial inactivation6, while being gentle to sensitive and heat labile materials. Plasma discharges contain a mixture of reactive agents such as
free radicals, charged particles, neutral/excited atoms, photons in the ultraviolet (UV), and vacuum ultraviolet (VUV) spectrum which lead to rapid
microbial inactivation3. In this study, we use low-pressure plasma generated by double inductively coupled low-pressure plasma (DICP) source7,8

to inactivate Bacillus subtilis endospores distributed on glass test surface.

Gram-positive bacteria of the family Bacillaceae are widely distributed in natural habitats of soil, sediments, and air as well as in unusual
environments such as clean room facilities and the International Space Station9,10,11. The most distinct feature of the genus Bacillus is the ability
to form highly resistant dormant endospores (hereafter referred to as spores) to survive unfavorable conditions, such as nutrient depletion12.
Spores are generally much more resistant than their vegetative cell counterparts to a variety of treatments and environmental stresses, including
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heat, UV, gamma irradiation, desiccation, mechanical disruption, and toxic chemicals, such as strong oxidizers or pH-changing agents (reviewed
in references13,14) and are therefore ideal objects for testing the efficiency of microbial inactivation methods. Since genomic DNA is a major
target of the plasma treatment of bacteria15,16, the repair of plasma-induced DNA lesions (e.g. DNA double strand breaks) upon spore revival is
crucial for survival of bacteria13,17.

Thus, we study the germination capacity of spores and the role of DNA repair during spore germination and outgrowth after treating the spores
with low pressure argon plasma by following individual spores and their expression of fluorescence-labelled DNA repair protein RecA with time-
resolved confocal fluorescence microscopy. We give a step by step instruction of the preparation of B. subtilis spores in monolayers for achieving
reproducible test results, the treatment of spore monolayers with low pressure plasma for sterilization, the preparation of plasma treated spores
for ultrastructural evaluation using scanning electron microscopy (SEM), and live cell microscopy analysis at the level of individual spores in
concert with monitoring the active DNA repair processes occurring within the cell in response to plasma treatment.

Protocol

1.  Bacillus subtilis Spore Production and Purification

1. For spore production, transfer a 5 mL overnight culture of the respective B. subtilis strain, supplemented with appropriate antibiotics, to 200
mL double-strength liquid Schaeffer sporulation medium (per liter 16 g nutrient broth, KCl 2 g, 0.5 g MgSO4*7 H2O, 2 mL 1 M Ca(NO3)2, 2 mL
0.1 M MnCl2 *• 4 H2O, 2 mL 1 mM FeSO4, 2 mL 50% (w/v) glucose18) and cultivate it with vigorous aeration at 37 °C for 72 h or until > 95% of
the culture has sporulated. The spores of following strains are used: B. subtilis PY79 (wild type) B. subtilis PY79ΔrecA::neo (deficient of DNA
repair protein RecA) B. subtilis PY79 recA-yfp::cat (RecA fused with yellow fluorescent protein [YFP]19).

2. Harvest spores by centrifugation for 15 min at 3,000 x g in 50 mL tubes and purify the samples by repeated washing steps (up to 15 times)
using sterile distilled H2O and check for purity and germination status by phase-contrast microscopy. Ensure that spore suspensions consist
out of phase-bright spores (> 99%) and are free of vegetative cells (rods), germinated spores (black/ grey appearance) and cell debris,
otherwise further microscopy experiments can be disturbed. Wash the sample until desired purity is reached.

3. Determinate the spore titer by plating out 50 µL of 10-fold serial dilutions on LB-agar (i.e.: Use 30 µL sample + 270 µL sterile water for a 1:10
dilution. Take 30 µL from the particular dilution to 270 µL H2O for a 1:100 dilution and so forth) to calculate the CFU (colony forming units)
and incubate the plates at 37 °C overnight. After CFU determination, adjust the sample to 109 spores per mL by concentrating or diluting with
sterile water.

2. Sample Preparation of Aerosol-deposited Bacillus subtilis Spores

NOTE: Accumulation and overlapping of spores might lead to shadowing effects during the treatment, ultimately resulting in falsified inactivation
kinetics. To minimize this problem, prepare spore samples by an aerosol-deposition technique20. Briefly, control the high-precision two-substance
nozzle with an electric timer that regulates the liquid throughput in concert with the flow of pressurized carrier gas (here N2). Disperse the
injected liquid sample through the nozzle outlet using the nitrogen gas flow.

1. Place a sample carrier in form of sterilized microscopic slides (for survival kinetics) or round 25 mm coverslips (for fluorescent tracking of
DNA repair processes/cLSM; confocal laser scanning microscopy) inside the electrically operated aerosol spraying unit in alignment with the
nozzle. The used spore concentration needs to correspond to a hundredfold of the desired final concentration.

2. Transfer 1 mL of the spore culture to the nozzle fluid inlet and initiate the spraying process of 0.1 s at a pressure of 1.3 bar. The sprayed
spore suspension (1 x 107) forms a thin film on the microscopic slide that dries rapidly within seconds to form a uniformly distributed spore
monolayer. Store the treated sample carriers in a sterile container at room temperature.

3. Low Pressure Plasma Treatment

1. Prepare the plasma system for treatment of biological samples and operate the system at 5 Pa with argon plasma at 500 W for 5 min. By this,
all surfaces in the system are cleaned and warmed up. This reduces sticking of molecules from ambient air, namely nitrogen, oxygen, and
water, while venting the system. After the pretreatment of the system, vent the chamber and place the samples carefully in the center of the
reactor vessel with the help of glass racks.

2. Use at least three biological replicates. Close the chamber and evacuate below 2 Pa. Afterwards, fill the process gas into the chamber.
Regulate the pressure in the system to 5 Pa.

3. After the defined process time, turn off the power and gas supply, and carefully vent the system to prevent blowing the samples from the
sample holder. After ventilation, remove the samples and place the samples for the next parameter in the system. For non-plasma-treated
controls expose samples to vacuum only (5 Pa) in presence of the process gas equivalent to the longest applied plasma time.

4. Recovery and Evaluation of Spore Survival

1. Prepare a solution of autoclaved 10% polyvinyl acetate (PVA) and cover the sample carrier carefully with approximately 500 µL and let them
air-dry for 4 h. Strip off the dried PVA layer (now containing the spore sample) using sterile forceps and transfer it to a 2 mL reaction tube.
Add 1 mL of sterile water to the tube and dissolve the PVA layer via vortexing. This procedure leads to >95% recovery of spores and does not
affect their germination capability21.

2. Serially dilute the sample at 1:10 in sterile water in a 96-well plate (i.e. 270 µL sterile H2O + 30 µL sample/former dilution). Plate out 50 µL
of each dilution on Lysogeny broth nutrient agar (LB), incubate the plates at 37 °C overnight and enumerate the number of grown colonies
(CFU).
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5. Live Cell Microscopy and Tracking of DNA Repair Processes in Germinating Spores

1. For germination experiments, prepare a 1 mm thick 1.5% LB-agar pad, by boiling 700 µL medium and pipet it into a sterile microscopy petri
dish. After 10 min, cut out an 8 mm x 8 mm x 1 mm LB-agar pad with a sterile scalpel and transfer the agar carefully on top of the spore
monolayers which are resting on 25 mm glass coverslips.
 

NOTE: This step is crucial for visualization of individual spores and allow following their reaction, towards the activation of germination
induced by the nutrient agar. Thus, the LB-agar serves two purposes, (1) to fix the spores at the surface, which avoids relocalization along the
surface and out of optical focus, and (2) to activate the spore for germination.

2. After covering the sample with agar, transfer the glass coverslip quickly into an imaging chamber and microscope the samples with an
automated confocal laser-scanning microscope with inverted optics using a 63X/1.3 plane apochromatic oil immersion objective.

3. Perform imaging of fluorescence (YFP) with an excitation wavelength of 514 nm and emission can be detected between 520 and 560
nm.

1. Record bright-field images in scanning mode using one of the photo multipliers (transmitted-light path).
2. Record time-lapse series with a laser power of 2.6%, and set the confocal aperture to 5 airy units and at a sample frequency of 1 frame

per 30 s from 0 h to 5 h, depending on the experiment. It is of particular note that high doses of monochromatic laser illumination at 514
nm completely inhibit germination (Figure 1A, B).

4. Keep the samples at 37 °C (ambient air humidity) in a heating stage during the entire imaging process. Use at least three biological replicates
for each condition. In case of spore aggregation, multilayered spore distribution or contamination by dust particles, blocking of the plasma
treatment ("shadowing") might occur and enable germination of shadowed spores (Figure 1C, D).

 

Figure 1: Potential problems observed during confocal live cell fluorescence microscopy of plasma treated spores. (A, B) Inhibition
of spore germination by high doses of monochromatic (514 nm) laser illumination. (A) Overview (3 x 3 stitched frames) of B. subtilis (LAS72,
RecA-YFP) spores 180 min after initiation of germination. The frame in the middle was exposed at 30 s intervals to high doses of laser light (514
nm, 70% laser power), whereas the surrounding regions (= frames) were not illuminated (merged image of bright-field channel and RecA-YFP
fluorescence; ordered structures were caused by using 35 mm imaging dishes with an imprinted 500 µm grid). (B) demonstrates a 4X magnified
view of the border between illuminated and non-illuminated region showing that spores, which were exposed to high doses of monochromatic
laser illumination did not germinate and grow out, whereas spores in non-illuminated regions fully recover to vegetative bacteria expressing
bright RecA-YFP fluorescence (green signal). (C, D) Spores covered by contaminating particles or multiple layers of spore (arrows) seems to
protect underlying spores from inactivation by plasma treatment and allow their germination and outgrowth ("shadowing effect"). (C) Spores were
plasma-treated for 60 s and imaged 180 min after initiation of germination or in (D) for 120 s and imaged after 240 min. Please click here to view
a larger version of this figure.
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6. Scanning Electron Microscopy (SEM)

1. Use scanning electron microscopy to provide ultrastructural information about the surface morphology of plasma treated spores in
comparison to untreated controls. Coat dried spore monolayers on coverslips with gold-palladium (3 nm) by using a sputter-coater. Use a
field-emission scanning electron microscope for imaging the samples, operated at 5 kV acceleration voltage including an in-lens secondary
electron detector to reveal topography contrast.

7. Data Analysis

1. Determine the spore survival from the quotient N/N0, where N is the average CFU of treated samples and N0 is the average CFU of untreated
vacuum controls. Plot spore inactivation by argon plasma treatment as a function of time (in seconds). Express all data as averages and
standard deviations (n = 3).

2. Analyze images obtained by live cell imaging using the imaging software. Quantify the proportion of spore germination and outgrowing
after plasma treatment, count spores in representative frames at the beginning of the experiment as well as after 4 h. For significance
determination in spore survival assays, use one-way ANOVA-tests (analysis of variance) with statistical software). P values <0.05 are
considered as statistically significant.

Representative Results

Survival of plasma-treated B. subtilis spores

Plasma treatment of the B. subtilis spores used in this study show a decrease in survival with increasing duration of the plasma treatment
(Figure 2). Spores of the strain expressing the recA-gene fused to YFP showed survival curves similar to spores of the wild type strain, indicating
that the genetic modification has no significant effect on the bacterial vitality. Spores of the RecA-deficient strain exhibit a higher sensitivity
towards plasma treatment compared to spores of the wild type strain, demonstrating that the presence of the RecA gene is reducing plasma-
induced loss of vitality. Especially short plasma treatment of 15 s (P <0.003) and 30 s (P <0.004) cause a significant decrease of the vitality in
RecA-deficient strains in comparison to wild type and RecA-YFP strains. After 90 s of plasma treatment, the vitality of all strains is reduced by
approximately three orders of magnitude.

 

Figure 2: Survival of B. subtilis spores from different strains after treatment with low-pressure argon plasma. Survival (mean CFU of
plasma treated spores/mean CFU of vacuum treated spores; error bars represent standard deviation) is plotted against duration of plasma
treatment. PY79 (wild type; closed circles), LAS72 (RecA-YFP; gray circles) and LAS24 (ΔrecA; open circles). Statistical analysis showed no
significant differences in spore survivability between PY79 (unmodified RecA) and LAS72 (RecA-YFP-fusion).

Ultrastructural analysis of plasma-treated spores by SEM

To get an idea of the morphological impact of the plasma treatment on the spores, scanning electron microscopy (SEM) was used to analyze the
surface morphology of plasma treated spores in comparison to vacuum-treated spores (control). The outer surface of B. subtilis spores reveal
characteristic longitudinal ridge-like structures which are constantly visible in all treated and untreated spores (Figure 3). Plasma treatment up
to 30 s induces no significant changes of the spore surface morphology in comparison to control (Figure 3A-C). Increasing duration of plasma
treatment (60 - 240 s) leads to a more granular spore surface (Figure 3D-F) and small cracks and fissures can be observed in spores treated for
120 or 240 s. Moreover, small globules arise on spore surfaces (120 s and 240 s treatments, Figure 3E, F), which is caused by released material
from the coat, cortex or from the inner core22. These globules cover the whole spore and can be found on the vein-shaped structures as well as
on intermediate surfaces.
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Figure 3: SEM of B. subtilis (LAS72, RecA-YFP) spores sprayed on glass coverslips after low-pressure plasma treatment. Spores
exposed to vacuum only and not to plasma (control) are shown in (A). (B-F) Spores which were plasma-treated with increasing duration (15, 30,
60, 120 and 240 s). Spores which were plasma-treated 60 s or longer appear more granular at their surface than control spores or spores which
were plasma-treated for 15 and 30 s. Cracks and fissures (white arrows) are visible at the surface of spores plasma-treated for 120 or 240 s.
Please click here to view a larger version of this figure.

Live cell microscopy of plasma-treated B. subtilis spores

Live cell microscopy of reviving spores from B. subtilis strains expressing the fluorescence-labelled repair protein RecA (RecA-YFP) is performed
in order to analyze the germination capacity and the expression of RecA-YFP of individual spores in response to plasma treatment. Here,
we use time-resolved confocal laser-scanning microscopy to follow germination, outgrowth, and progression into vegetative state of plasma-
treated spores (Figure 4) with respect to potentially known issues e.g. shadowing effects or the inhibition of germination by high doses of
monochromatic laser illumination (Figure 1). Spores exposed to vacuum only (control, Figure 4A-C), exhibit few fluorescent signals during
early states of spore revival (0 - 65 min, not shown). An increase in fluorescence intensity, most probably due to accumulation of RecA-YFP, is
observed at ≥ 65 min when vegetative cells are formed and first cells start to divide. All of these cells harbor a fluorescence signal accumulated
in at least one position inside of each cell. Almost all spores (98 ± 2%; 589 ± 14, n = 4) treated with vacuum as a control germinate and develop
a rod-shaped cell morphology with a rather uniform length of individual cells (Figure 4B-C). In contrast to spores in vacuum controls, spores
treated for 15 s with plasma already show a reduced germination capacity of less than 75 ± 4% (197 ± 8 spores, n = 3, Figure 4D-F), indicating
that plasma treatment induces damage in dormant spores, which prevents germination. In addition, the morphology of outgrowing cells is
different from the morphology of cells in controls. Cells grow either into extensively long rods (longer than compared to control) or remain
small and stick in the spore coat (Figure 4G-I). Moreover, most elongated cells lyse with increasing cell size (white arrow heads, Figure 4F).
Fluorescence signals of RecA-YFP within the cells seem to be slightly increased in comparison to the signals in control cells (Figure 4C, F), but
no significant differences can be observed (not shown). Spores which were plasma treated for 30 s germinate up to 25 ± 6% (99 ± 4 spores, n
= 3) and vegetative cells are notably delayed in growth in comparison to control spores and spores after 15 s of plasma-treatment. Vegetative
cells are rather small and rod-shaped but vary in length (Figure 4G-I). However, cells of all sizes may lyse during longer incubation times as
seen for samples after 15 s of plasma-treatment. After 60 s of plasma-treatment less than 2 ± 2% (8 ± 8 spores, n = 3) spores are able to form
vegetative cells (Figure 4J-L). Spores which are plasma-treated for 90, 120 or 240 s can be analyzed, but they show no outgrowth or any
change in fluorescence levels of RecA-YFP (not shown).
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Figure 4: Confocal laser-scanning live cell microscopy of B. subtilis spores from a strain expressing RecA-YFP after plasma treatment
and initiation of germination. Spores were followed over time (one image per 30 s) and images for time-points 0, 2 and 4 h are shown. (A-
C) Spores treated with vacuum only and not with plasma (control) germinate and grow out to vegetative cells (B) and enter exponential growth
phase (C). (D-L) Spores treated for different duration with the low-pressure argon plasma show significant differences in their outgrowth in
comparison to spores of the control (see text for details). (D-F) 15 s treatment (white arrow heads represent vegetative cells, which recently
lysed), (G-I) 30 s treatment (black arrow heads visualize vegetative cells, which were small and stick in the spore coat) and (J-L) 60 s treatment
after 0 h, 2 h and 4 h spore recovery time. Please click here to view a larger version of this figure.

Discussion

Sterilization of surfaces using low-temperature, low-pressure plasma is a promising alternative to rather conventional sterilization procedures
such as treatment with ionizing radiation, chemicals (e.g. gases like H2O2 or ethylene oxide) or dry and moist heat23. Ordinary sterilization
methods mostly provide an effective sterilization, but they are known to influence the treated material and represent a potential risk for the
operator. Low-pressure plasma offers a rapid and homogeneous biological inactivation using the composition of several components such as
UV photons, free electrons, ions and exited atoms or molecules (e.g. ROS). Therefore, LPP can be applied to heat- and corrosion sensitive
materials, such as thermoplastic polymers for implants, electronic instruments or complex 3D-structures. In the present paper we demonstrate
the application of such a test system, in which monolayers of sprayed B. subtilis spores20 are treated in a particular low-pressure plasma reactor
which was described recently in detail7. Microscopic bright-field examination of plasma-treated spores may be sufficient for obtaining an overall
estimate of the sterilization efficiency. However, we are interested in targeting the underlying mechanisms of low pressure plasma and its
influence on spore inactivation on a molecular level. In combination with fluoresce-tracking microscopy it enables us to shed light on the details
of this particular molecular response in plasma-treated spores and potentially give us insights into the fundamental inactivation mechanism of low
pressure plasma.

https://www.jove.com
https://www.jove.com
https://www.jove.com
//ecsource.jove.com/files/ftp_upload/56666/56666fig4large.jpg


Journal of Visualized Experiments www.jove.com

Copyright © 2017  Journal of Visualized Experiments November 2017 |  129  | e56666 | Page 7 of 8

Here, we focus on the analysis of the plasma-treatment efficiency and effects by using live cell microscopy, which allows following individual
spores after initiation of germination. Remarkably, this particular approach reveals a couple of new results which cannot be provided by
measuring revitalization of the entire spore population using determination of cell number or CFU. First of all, plasma-treatment of spores not
only affects the capacity of outgrowth in a dose-dependent manner, as expected from the measurement of survival by determination of CFUs, but
also the morphology of vegetative cells, which often develop large rods unable to form septa according to proper cell division along with small
cells sticking in the spore (15 s of plasma-treatment) or cells at a reduced length (30 s of plasma-treatment). Observations of cells with reduced
length showed no recovery to normal cell length at later time points. Moreover, live cell imaging reveals that most of the morphologically altered
cells lyse at later stages of observation. This means that damage acquired by the spores during plasma-treatment is only effective at later stages
of spore revitalization, presumably due to DNA damage and that the machinery used for germination and outgrowth is more robust towards
plasma sterilization than the machinery needed for vegetative growth. Remarkably, expression of the DNA-repairing RecA protein seems to be
low and almost absent in spores and develops during outgrowth and vegetative phase as indicated by an increase in RecA-YFP fluorescence17.
However, even a slightly increased RecA expression in outgrowing plasma-treated spores, in comparison to control spores, does not help to
rescue cell vitality quantitatively, because most cells lyse or burst after outgrowth, especially after more than 3 h of incubation. This effect can
be visualized using live cell movies from time lapse images of germinated spores. We cannot exclude that this effect is overemphasized by the
particular cultivation condition where the cells are forced in a monolayer using a thin overlay of agar.

Another outcome of the analysis by live cell microscopy is that particulate contaminations (e.g. dust particles, other spores) on the spore
monolayer surface can shield the underlying spores from the damaging effects of the plasma. In such cases even longer plasma-treatment
seems to be inefficient. Since such contaminations are difficult to avoid completely, alternative plasma-treatment strategies should be tested,
such as using planetary rotation during plasma treatment in conjunction with extended duration of the treatment. The analysis by SEM indicates
that the spore coat is perforated with increased duration of plasma-treatment which is in line with the theory of plasma-mediated effects on
matter22,24. A prolonged exposure time (>240 s) to plasma might even perforate the contaminating particles and thus may damage and inactivate
the underlying spores.

The presented protocol for live cell microscopy of spore germination and outgrowth can be suitable for other studies as well. Covering the
spores with a thin layer of agar forces the spores in a distinct optical plane and restricts lateral movement. Both effects guarantee that spores
and outgrowing cells stay within the selected imaging frame. Similar approaches have been described before25 but provide less flexibility than
the method described here which allows choosing almost any sample carrier (e.g. a glass slide, coverslip or Petri dish). In our hands other
vegetative bacteria could be analyzed by live cell microscopy using the agar-covering method). In any case, careful control experiments should
be performed to evaluate possible effects of photo damage during live cell imaging, because we observed that high doses of monochromatic
laser light completely inhibit spore germination. Apart from shortening the illumination time, i.e. by increasing the observation intervals, this
phenomenon can be prevented by reducing the laser intensity and/or opening of the confocal aperture (pinhole).

In summary, among the techniques used for studying efficiency of plasma-treatment in the model of sprayed B. subtilis spore monolayers,
live cell microscopy provides unique insights into cellular events during spore revival and offers the possibility to analyze the dynamics
of fluorescence-labelled proteins. Moreover, the particular sample preparation, i.e. covering of spores with a thin layer of agar, could be
paradigmatic for the imaging of other microorganisms by live cell microscopy.
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