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Abstract

Lamps that emit 222 nm short-wavelength ultraviolet (UV) radiation can be safely used for sterilization without harming
human health. However, there are few studies on the effects of 222 nm UVC (222-UVC) radiation exposure on plants com-
pared with the effects of germicidal lamps emitting primarily 254 nm UVC (254-UVC) radiation. We investigated the growth
inhibition and cell damage caused by 222-UVC exposure to Arabidopsis plants, especially mitochondrial dynamics, which
is an index of damage caused by UVB radiation. Growth inhibition resulted from 254-UVC or 222-UVC exposure depend-
ing on the dose of UVC radiation. However, with respect to the phenotype of 222-UVC-irradiated plants, the leaves curled
under 1 kJ m~2 and were markedly bleached under 10 kJ m~2 compared with those of plants irradiated with 254-UVC. The
cellular state, especially the mitochondrial dynamics, of epidermal and mesophyll cells of Arabidopsis leaves exposed to
254-UVC or 222-UVC radiation was investigated using Arabidopsis plants expressing mitochondrial matrix-targeted yellow
fluorescent protein (MT-YFP) under the control of Pro35S to visualize the mitochondria. 222-UVC (1 or 5 kJ m~?) severely
damaged the guard cells within the epidermis, and YFP signals and chloroplast autofluorescence in guard cells within the
epidermis exposed to 222-UVC (1 or 5 kJ m™2) were not detected compared with those in cells exposed to 254-UVC radia-
tion. In addition, 222-UVC irradiation led to mitochondrial fragmentation in mesophyll cells, similar to the effects of 254-
UVC exposure. These results suggest that 222-UVC severely damages guard cells and epidermal cells and that such damage
might have resulted in growth inhibition.

1 Introduction

Germicidal lamps that emit primarily 254 nm ultraviolet
(UV) C have been utilized for sterilization and virus inac-
tivation, because this wavelength is effective for killing
bacteria. However, it is well known to be harmful to the
skin and eyes, causing erythema and keratitis, respectively
[1-3]. In recent years, 207 nm krypton—bromine and 222 nm
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krypton—chlorine excimer lamps have attracted attention for
their ability to emit radiation that effectively inactivates a
wide range of microorganisms, including bacteria, bacte-
rial spores, and viruses, and that does not endanger human
health [4—6]. The main factor by which 254 nm UVC (254-
UVC) endangers human health is the formation of pyrimi-
dine dimers, such as cyclobutane pyrimidine dimers (CPDs)
or pyrimidine—pyrimidone (6—4) photoproducts (6—4 PPs)
[7-9]. However, UVC radiation with shorter wavelengths
does not penetrate deep into epidermal cells: for example,
222 nm UVC radiation (222-UVC) does not reach the nuclei
of murine epidermal cells (> 10 pm) but does reach bacte-
rial nuclei (<1 pm) [10, 11]. Recently, many reports have
experimentally shown that shorter wavelength UVC lamps
(those that emit 207 or 222 nm UVC) can be safely used for
sterilization without harming human health [12-14].

The leaf structure of plants varies widely among plant
species, but epidermal cells are 0.1-1 pm thick. In addition,
in some plant species, guard cells, which are important for
gas exchange, are also present among the epidermal cells
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of the leaves. Therefore, short-wavelength UVC light may
cause severe damage to leaf epidermal cells. However, little
is known about the action spectrum of plant damage and
responses at shorter wavelength UVC-irradiated region, or
the effect of irradiation of 222-UVC on the growth of or
epidermal cell damage in plants. To understand the effects
of high doses of 222-UVC irradiation on plants, we inves-
tigated the growth inhibition and cell damage caused by
222-UVC exposure. We previously demonstrated that a
high dose of UVB radiation disrupts mitochondrial func-
tion and causes mitochondrial fragmentation in the meso-
phyll cells of Arabidopsis leaves, and that the accumulation
of mitochondria damaged by UVB radiation in the cells
contributes to UVB-induced growth inhibition [15]. In this
study, to understand the effects of 222-UVC irradiation on
Arabidopsis plant, 222-UVC-induced growth inhibition and
the mitochondrial dynamics in the epidermis and mesophyll
cells of Arabidopsis were investigated, compared with that
of 254-UVC-irradiated Arabidopsis.

2 Materials and methods
2.1 Light sources

The UVC radiation used in this study was provided by a ger-
micidal lamp (254-UVC) (Toshiba GL20; Toshiba Electric,
Ltd., Tokyo, Japan) at a distance of 20 cm. The far-UVC
source used in this study was a 15 W 222 nm KrCl excimer
lamp (222-UVC) made by ORC Manufacturing Co., Ltd.
(Tokyo, Japan), and 222-UVC was provided at a distance
of 12.5 cm. The UVC irradiations were performed in an
open dark space set at 23 °C. The spectra and energy fluence
rates were measured with a spectroradiometer (USR-45DA;
Ushio, Inc., Tokyo, Japan).

2.2 UV survival assays for Escherichia coli and P1
phages

For E. coli UV survival assays, saturated cultures were used.
Wild-type E. coli (AB1157) was grown overnight at 37 °C
(~17-18 h) until saturation [10° colony-forming units (CFU)
mL~!] was reached. The cultures were subsequently diluted
in Luria—Bertani (LB) broth, and 100 pL of different dilu-
tions was plated on LB agar plates. These plates were then
exposed to UV irradiation (254 nm or 222 nm) for differ-
ent time periods. The 254-UVC and 222-UVC radiation
source provided irradiation at rates of 7.1 and 1.7J m2s7!,
respectively. The samples were exposed to 254-UVC for 7 s
(50 I m™2), 14 s (100 J m™2), and 21 s (150 J m~2), and
exposed to 222-UVC for 29 s (50 J m™2), 59 s (100 J m™),
and 88 s (150 J m™2). After UV irradiation, the plates were
covered with foil for shielding from light and placed in a
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37 °C incubator. Unexposed samples were used as control
plates. The number of CFU per milliliter was recorded the
next day.

For P1 phage UV survival assays, plaque-forming activity
was evaluated. Host bacteria (MG1655) were grown in LB
media at 37 °C to an ODyy, of 1.0. Suspensions of P1 phage
[8 x 10® plaque-forming units (PFU) mL~'] in Tris buffer
in open Petri dishes were placed on an oscillating platform
and stirred gently during irradiation. Samples were with-
drawn and assayed for plaque formation. Diluted P1 phages
were added to a culture of bacteria [multiplicity of infection
(MOI)=0.1], allowed to absorb for 20 min at 37 °C, and
then plated. After irradiation, the samples were plated in soft
agar and then incubated at 37 °C for 1 day. The number of
PFU per milliliter was subsequently recorded. Each experi-
ment was repeated three times, and the data are presented
as the means + SEs.

2.3 Plant materials and growth conditions

A transgenic Arabidopsis line in the Columbia background
harboring mitochondrial matrix-targeted yellow fluores-
cent protein (MT-YFP) driven by Pro35S was used [15].
The transgenic Arabidopsis line MT-YFP-WT was grown
vertically on Y2-strength Murashige and Skoog (MS) medium
agar plates in chambers at 23 °C under a 16 h light/8 h
dark photoperiod provided by white fluorescent lamps
(140 pmol m~2 s7!). Seven-day-old seedlings were used for
all experiments.

2.4 UV treatment and measurement of plant
growth

Seven-day-old seedlings were irradiated with a
0.15-10 kJ m~2 dose of 254-UVC or 222-UVC. Plants were
exposed to the 254-UVC for 1 min and 3 s (500 J m~2), 2 min
and 5 s (1000 J m™2), 5 min and 14 s (2500 J m~?), 10 min
and 27 s (5000 J m~2), 15 min and 41 s (7500 J m~?), 20 min
and 55 s (10,000 J m_z), and exposed to the 222-UVC for
5 min and 2 s (500 J m™2), 10 min and 4 s (1000 J m™2),
25 min and 10 s (2500 J m~2), 50 min and 19 s (5000 J m™2),
1 h, 15 min and 29 s (7500 J m_2), 1 h, 40 min and 39 s
(10,000 J m_2). After UVC irradiation, the plants were
returned to the growth chamber. The aboveground parts of
the plants were cut off, and their fresh weights (FWs) were
measured individually. At least 15 plants from three biologi-
cal replications were analyzed.

2.5 Laser-scanning confocal microscopy (LSCM)
imaging

LSCM imaging was performed using a C-Apochro-
mat LD63 X water-immersion objective (numerical
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aperture = 1.15; LSM800, Carl Zeiss, Oberkochen, Ger-
many). Fluorescence images of YFP (excitation at 488 nm;
emission at 500-550 nm) and chlorophyll autofluorescence
(excitation at 640 nm; emission at 650-700 nm) were sub-
sequently obtained [15].

2.6 Measurement of mitochondrial number
and volume

Transgenic Arabidopsis lines harboring MT-YFP were
irradiated with 254- or 222-UVC. Twenty-four hours after
UVC exposure, the plants were observed via LSCM. Fixed
image areas (212x212 x40 um each) were monitored by
changing the focus during LSCM. The Z-stack images from
LSCM were converted to three-dimensional pictures, and the
number and volume of mitochondria were measured using
Imaris microscopy analysis software (Bitplane, Zurich,
Switzerland) [15]. To determine the number and volume of
mitochondria, three plants at each timepoint were analyzed
[n=3 (>5 cells)].

3 Results and discussion

The spectra of the 254-UVC and 222-UVC light sources
used in this study are shown in Fig. 1. The 254-UVC light
emits a dominant line spectrum from 250 to 270 nm, with
a peak at 254 nm, and two small line spectra at 313 and
366 nm (Fig. 1A). The 222-UVC light source emitted a
dominant line spectrum from 200 to 230 nm, with a peak
at 222 nm, and a continuous spectrum from 230 to 265 nm,
with peaks at 238 and 258 nm (Fig. 1B). The integrating
intensity of the 235 to 265 nm UV is 9.0% of the integrating
intensity of the 235-265 nm UV. Several studies investigat-
ing the effects of 222-UVC light on biological organisms
have been performed in which light emitted from an excimer
lamp source with 235-280 nm light was removed by the use
of filters that restricted the emissions to 200-230 nm UV
[14]. In this study, the light emitted from the excimer lamp
was directly used without using a filter.

First, to confirm the characteristics of the effects of the
222-UVC radiation used in this study on biological organ-
isms, the effects on the viability of E. coli and P1 phages,
which have been widely reported thus far [16-19], were
investigated. E. coli and P1 phages were subjected to a
different dose (0150 J m~2) of 254-UVC or 222-UVC
radiation, and the survival rate of E. coli (Fig. 2A) or P1
phages (Fig. 2B) in response to each UVC radiation dose
was measured. E. coli and P1 phage survival decreased with
increasing dose of 254-UVC or 222-UVC. However, the
susceptibility of E. coli and P1 phages differed in response
to 254-UVC and 222-UVC; E. coli was more sensitive to
254-UVC than to 222-UVC, whereas P1 phages were more
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Fig.1 Spectra of the light sources used in this study. A Spectra of a
germicidal lamp (254-UVC) (Toshiba GL20; Toshiba Electric, Ltd.)
at a distance of 20 cm. B Spectra of a 15 W 222 nm KrClI excimer
lamp (222-UVC) made by ORC Manufacturing Co., Ltd. (Tokyo,

Japan), at a distance of 12.5 cm. The 254-UVC and 222-UVC radi-

ation sources emitted radiation at rates of 7.1 and 1.7 J m~2 s7,

respectively

sensitive to 222-UVC than to 254-UVC. The 99% lethal dose
(LD99) for E. coli disinfection by 254-UVC and 222-UVC
was 65 and 110 J m~2, respectively. In contrast, the LD99
for P1 phage disinfection by 254-UVC and 222-UVC was
117 and 70 J m~2, respectively. When comparing suscep-
tibility to 254-UVC and susceptibility to 222-UVC, it has
been reported that E. coli was more susceptible to 254-UVC
than to 222-UVC [16]. In contrast, MS2 bacteriophages were
more sensitive to 222-UVC than to 254-UVC and were inac-
tivated in response to a lower UV dose of 222-UVC; to reach
3log,, inactivation of MS2 bacteriophages, a more than two-
fold dose of 254-UVC (45 ] m™2) compared with 222-UVC
(20 J m~?) was needed [17]. Therefore, it was confirmed that
the effects of the UVC light sources used in this study on
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the survival and inactivation of E. coli and phages were in
accordance with the results reported thus far.

Next, using these UVC light sources, we analyzed the
effects of 222-UVC on Arabidopsis plants and compared
them with those of 254-UVC. Seven-day-old seedlings
were exposed to different doses of 254-UVC or 222-UVC
(0.1-10 kJ m™?), after which the plants were returned to
the growth chamber. The growth damage phenotypes (shoot
FW) were examined 4 days later (Fig. 3). The growth ratio,
which was calculated as the ratio of irradiated aboveground
FW to nonirradiated aboveground FW, in response to
254-UVC or 222-UVC exposure decreased depending on
the dose of UVC radiation. There was no significant dif-
ference in the growth ratio depending on the UVC dose
between 254-UVC and 222-UVC. However, with respect
to the phenotype of 222-UVC-irradiated plants, the leaves
curled under 1 kJ m~2 and were markedly bleached under
10 kJ m~2 compared with those of plants irradiated with
254-UVC. These results indicate that the effects of damage
to plants might be different between 254-UVC and 222-UVC
exposure, although there was no significant difference in the
growth ratio curves for 254-UVC and 222-UVC.

The effects of 254-UVC or 222-UVC irradiation were
observed 4 days after irradiation, but the phenotypic effects
of such damage were already visible 2 days after irradia-
tion: 2 days after UVC irradiation, the plants exposed to
222-UVC were clearly more severely impaired than were
those exposed to 254-UVC. These results indicate that 222-
UVC induced more severe damage to cells at an early stage
immediately after UVC irradiation. We previously demon-
strated that a high dose of UVB radiation led to inactiva-
tion/fragmentation of mitochondria or damaged chloroplasts,
which were removed by UVB-activated mitophagy [15] or
chlorophagy [20], respectively. In addition, we showed that
autophagy-deficient Arabidopsis thaliana mutants exhibit
a UVB-sensitive phenotype similar to that of CPD-specific
photolyase (PHR1)-deficient mutants [15, 20]. In addition to
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UVB-induced CPDs, UVB-induced damage to organelles,
mitochondria, and chloroplasts is one of the principal causes
of UVB-induced growth inhibition. Therefore, to investigate
what kind of damage occurred in the cells after each UVC
irradiation dose, the state inside the cells and the mitochon-
drial and chloroplast dynamics 24 h after each UVC irradia-
tion dose were evaluated. In this experiment, Arabidopsis
plants expressing MT-YFP under the control of Pro35S were
used to visualize the mitochondria [15]. Figure 4 shows dif-
ferential interference contrast (DIC) and fluorescence images
of the leaf epidermis via LSCM at 24 h after each UVC
irradiation dose. Guard cells are clearly observed in the epi-
dermis of non-UV-irradiated leaves and leaves irradiated
with 1 or 5 kJ m™2 254-UVC. YFP signals and chloroplast
autofluorescence were also detected in the guard cells of
non-UV-irradiated leaves and leaves irradiation with 1 or
5 kJ m~2 254-UVC. In contrast, in epidermal cells irradi-
ated with 1 or 5 kJ m™2 222-UVC, most guard cells were
deformed, and YFP signals and chloroplast autofluorescence
were not detected in these guard cells. In addition, although
mesophyll cells cannot normally be observed when epider-
mal cells are observed, YFP signals and chloroplast autoflu-
orescence of mesophyll cells were detected in the leaves irra-
diated with 1 or 5 kJ m~2 222-UVC. Taken together, these
results indicate that 222-UVC severely damages epidermal
cells, including guard cells, and disrupts their function.
Next, the state of the mesophyll cells in the leaves irradi-
ated with 254-UVC or 222-UVC was observed. We previ-
ously demonstrated that a high dose of UVB radiation can
damage mitochondria and cause mitochondrial fragmenta-
tion in the mesophyll cells of Arabidopsis leaves and that
these damaged dysfunctional mitochondria are removed by
autophagy within 24 h after UVB irradiation [15]. Therefore,
we investigated the effects of mitochondrial dynamics on
the mesophyll cells of leaves irradiated with 254-UVC or
222-UVC. Figure 5 shows fluorescence images via LSCM
of the intermediate layer of leaf mesophyll cells observed
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Fig.3 Effects of 254-UVC radiation or 222-UVC radiation on the
growth of Arabidopsis plants. A Images of 11-day-old Arabidop-
sis plants exposed to UVC radiation. Seven-day-old seedlings were
exposed to different doses of 254-UVC (@) or 222-UVC (A) (0.1-
10 kJ m™2), after which the plants were returned to the growth cham-
ber. B The growth ratio, which is the ratio of irradiated aboveground
FW to unirradiated aboveground FW, in response to 254-UVC or
222-UVC exposure

24 h after each UVC irradiation. Within the mesophyll cells
of the nonirradiated leaves, chloroplast autofluorescence
was detected inside the cell wall, and YFP signals were uni-
formly detected at the edge of chloroplasts. Comparing the
cells of the leaves irradiated with 1 kJ m~2 254 UVC or
222-UVC with the cells of nonirradiated leaves, we found
that the number of chloroplasts residing against the edge
of the cell wall is decreased. In addition, YFP signals were
often detected at a location away from the chloroplasts in
the cells. Fixed image areas were monitored by changing

7 days old

254-UVC

222-UVC

Fig.4 Arabidopsis plants and DIC and fluorescence images of the
leaf epidermis observed via LSCM 24 h after 1 or 5 kJ m™2 254-UVC
or 222-UVC radiation. Scale bars, 20 pm. The white arrowheads indi-
cate guard cells. Green or red signals indicate mitochondria or chloro-
plast, respectively

the focus during LSCM. The Z-stack images from LSCM
were converted to three-dimensional images, after which
the number and volume of YFP fluorescent dots per cell
(hereafter, “number of mitochondria”) were detected via
Imaris microscopy analysis software. Figure 6 shows the
number and volume of mitochondria in the cells exposed to
254- or 222-UVC radiation. The number of mitochondria
in the cells significantly increased at 24 h after 1 kJ m~2
254-UVC or 222-UVC exposure compared with no UVC
irradiation exposure (Fig. 6A); furthermore, the num-
ber of small mitochondria (40 pm™ or less in volume) is
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Fig.5 LSCM images of leaf
mesophyll cells in MT-YFP-
expressing Arabidopsis

seedlings (Mt-WT) that were
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significantly increased at 24 h after 1 kJ m~2 254-UVC or
222-UVC exposure. These results strongly indicate that the
shorter wavelength UVC, like UVB exposure, can damaged
mitochondria and caused mitochondrial fragmentation. On
the other hand, in cells irradiated with 5 kJ m~2 254 UVC,
the placement or number of chloroplasts or mitochondria
in cells was not uniform between cells (Fig. 5), some cells
with decreased amounts of YFP signals and chloroplast
autofluorescence were observed, and the cellular chloroplast
or mitochondrial placement and numbers in cells irradiated
with 5 kJ m~2 222-UVC were uneven compared with those
of observed cells irradiated with 5 kJ m™2 254 UVC (Fig. 5).
Comparing the number and volume of mitochondria in the
cells irradiated with 5 kJ m~2 254-UVC with those in the
cells of nonirradiated leaves, we found that the number of
small mitochondria (volume of 40 pm™ or less) in cells
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irradiated with 5 kJ m™ 254 UVC was higher than that in
nonirradiated cells, while there was no significant difference
in the number of mitochondria in cells (Fig. 6B). On the
other hand, irradiation with 5 kJ m~2 222-UVC appeared to
severely damage mesophyll cells (Fig. 6B). Although there
was no difference in the number of mitochondria in the irra-

diated cells compared to the nonirradiated cells, the num-
ber of small mitochondria (<40 pm_3 in volume) tended to
increase. We previously demonstrated that UVB treatment
(1.5 W m~2 for 1 h) increased the number of mitochondria
per cell while decreasing the volumes of individual mito-
chondria in the cells, meaning that UVB radiation led to
the inactivation and fragmentation of mitochondria [16].
Therefore, these results indicated that 222-UVC irradiation
led to the inactivation and fragmentation of mitochondria in
mesophyll cells, similar to the effects of 254-UVC exposure.
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4 Conclusion

Today, attention is being paid to the use of 222 nm low-
wavelength UV radiation (provided by 222 nm KrCl exci-
mer lamps), which has low intracellular transmittance, as
a technique for inactivating coronaviruses. A number of
reports have investigated the effects of 222 nm lamp irra-
diation on E. coli, viruses, animals, cultured human cells,
etc., and the number of reports is rapidly increasing. Since
there are many reports experimentally, showing that a short-
wavelength (222 nm) UVC lamp can be safely used for steri-
lization without harming human health, devices that use a
222-UVC lamp have been developed and are already in use.
However, there are few studies on the effects of 222-UVC
exposure on plants compared with the effects of 254-UVC

Mitochondrial volume (um?)

exposure. Our results clearly show that irradiation of plants
with 222-UVC or 254-UVC causes similar growth inhibi-
tion, although the mechanisms that cause growth inhibition
are different. In particular, 222-UVC causes severe damage
to guard cells and epidermal cells, and such damage might
have resulted in growth inhibition.

In this study, we focused on the effect of shorter wave-
length of 222-UVC irradiation on plant growth, especially
222-UVC-induced damage, negative responses. However,
UV radiation, such as 254-UVC or UVB radiation, do not
merely cause negative effects on living organisms, but
induce various positive effects and responses, such as hor-
metic dose—response phenomenon characterized by a low-
dose stimulation [21, 22]. For example, a low dose of UVC
or UVB irradiation stimulates plant-defense responses or
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improves the quality of production in fruits [23-26]. There-
fore, shorter wavelength of 222-UVC irradiation might cause
not only negative responses but also a new positive and ben-
eficial responses for living organisms. However, research
on the effects of short-wavelength UVC radiation on living
organisms, especially on plants, has just begun. To actually
use devices that use a short-wavelength UVC lamp, more
detailed analysis is required for various organisms, such as
differences in response to irradiation intensity and duration
of exposure.

Acknowledgements We thank ORC manufacturing Co., Ltd., espe-
cially Mr. Yujiro Takano, for providing a 15 W 222 nm KrCl excimer
lamp (222-UVC) module. We thank Prof. Hiroyuki Murata at Smart-
Aging Research Center, Tohoku University) for arranging this research.
This research was supported by Koshidaka Holdings Joint Research
Funding and Grants-in-Aid for Scientific Research (KAKENHI) (No.
20K06697 to KOY, and Nos. 17H01872 and 20H04330 to JH).

Declarations
Conflict of interest There are no conflicts to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Sliney, D. (2013). Balancing the risk of eye irritation from UV-C
with infection from bioaerosols. Photochemistry and Photobiol-
ogy, 89, 770-776. https://doi.org/10.1111/php.12093

2. Sterenborg, H. J., van der Putte, S. C., & van der Leun, J. C.
(1988). The dose—response relationship of tumorigenesis by ultra-
violet radiation of 254 nm. Photochemistry and Photobiology, 47,
245-253. https://doi.org/10.1111/j.1751-1097.1988.tb02722.x

3. Trevisan, A., Piovesan, S., Leonardi, A., Bertocco, M., Nicolosi,
P., Pelizzo, M. G., & Angelini, A. (2006). Unusual high exposure
to ultraviolet-C radiation. Photochemistry and Photobiology, 82,
1077-1079. https://doi.org/10.1562/2005-10-27-RA-728

4. Buonanno, M., Randers-Pehrson, G., Bigelow, A. W., Trivedi,
S., Lowy, F. D., Spotnitz, H. M., Hammer, S. M., & Brenner, D.
J. (2013). 207-nm UV light—a promising tool for safe low-cost
reduction of surgical site infections. I: In vitro studies. PLoS ONE,
8, €76968. https://doi.org/10.1371/journal.pone.0076968

5. Buonanno, M., Stanislauskas, M., Ponnaiya, B., Bigelow, A. W.,
Randers-Pehrson, G., Xu, Y., Shuryak, 1., Smilenov, L., Owens, D.
M., & Brenner, D. J. (2016). 207-nm UV light-A promising tool
for safe low-cost reduction of surgical site infections. II: In-vivo

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

safety studies. PLoS ONE, 11, e0138418. https://doi.org/10.1371/
journal.pone.0138418

Buonanno, M., Ponnaiya, B., Welch, D., Stanislauskas, M., Rand-
ers-Pehrson, G., Smilenov, L., Lowy, F. D., Owens, D. M., &
Brenner, D. J. (2017). Germicidal efficacy and mammalian skin
safety of 222-nm UV light. Radiation Research, 187, 483-491.
https://doi.org/10.1667/RR0010CC.1

Pfeifer, G. P., & Besaratinia, A. (2012). UV wavelength-depend-
ent DNA damage and human non-melanoma and melanoma
skin cancer. Photochemical and Photobiological Sciences, 11,
90-97. https://doi.org/10.1039/C1PP05144])

Kunisada, M., Sakumi, K., Tominaga, Y., Budiyanto, A., Ueda,
M., Ichihashi, M., Nakabeppu, Y., & Nishigori, C. (2005).
8-oxoguanine formation induced by chronic UVB exposure
makes Oggl knockout mice susceptible to skin carcinogenesis.
Cancer Research, 65, 6006—-6010. https://doi.org/10.1158/0008-
5472.CAN-05-0724

Kunisada, M., Kumimoto, H., Ishizaki, K., Sakumi, K., Naka-
beppu, Y., & Nishigori, C. (2007). Narrow-band UVB induces
more carcinogenic skin tumors than broad-band UVB through
the formation of cyclobutane pyrimidine dimer. The Journal of
Investigative Dermatology, 127, 2865-2871. https://doi.org/10.
1038/sj.jid.5701001

Matafonova, G. G., Batoev, V. B., Astakhova, S. A., Gomez, M.,
& Christofi, N. (2008). Efficiency of KrCl excilamp (222 nm)
for inactivation of bacteria in suspension. Letters in Applied
Microbiology, 47, 508-513. https://doi.org/10.1111/j.1472-
765X.2008.02461.x

Wang, D., Oppenlander, T., El-Din, M. G., & Bolton, J. R.
(2010). Comparison of the disinfection effects of vacuum-UV
(VUV) and UV light on Bacillus subtilis spores in aqueous sus-
pensions at 172, 222 and 254 nm. Photochemistry and Photobi-
ology, 86, 176-181. https://doi.org/10.1111/§.1751-1097.2009.
00640.x

Welch, D., Buonanno, M., Grilj, V., Shuryak, I., Crickmore, C.,
Bigelow, A. W., Randers-Pehrson, G., Johnson, G. W., & Bren-
ner, D. J. (2018). Far-UVC light: A new tool to control the spread
of airbornemediated microbial diseases. Science and Reports, 8,
2752. https://doi.org/10.1038/s41598-018-21058-w

Narita, K., Asano, K., Morimoto, Y., Igarashi, T., & Nakane, A.
(2018). Chronic irradiation with 222-nm UVC light induces nei-
ther DNA damage nor epidermal lesions in mouse skin, even at
high doses. PLoS ONE, 13, €0201259. https://doi.org/10.1371/
journal.pone.0201259

Yamano, N., Kunisada, M., Kaidzu, S., Sugihara, K., Nishiaki-
Sawada, A., Ohashi, H., Yoshioka, A., Igarashi, T., Ohira, A.,
Tanito, M., & Nishigori, C. (2020). Long-term effects of 222-
nm ultraviolet radiation C sterilizing lamps on mice susceptible
to ultraviolet radiation. Photochemistry and Photobiology, 96,
853-862. https://doi.org/10.1111/php.13269

Dunder, G., Teranishi, M., & Hidema, J. (2020). Autophagy-
deficient Arabidopsis mutant atg5, which shows ultraviolet-B
sensitivity, cannot remove ultraviolet-B-induced fragmented
mitochondria. Photochemical and Photobiological Sciences, 19,
1717-1729. https://doi.org/10.1039/COPP00479C
Bucheli-Witschel, M., Bassin, C., & Egli, T. (2010). UV-C inacti-
vation in Escherichia coli is affected by growth conditions preced-
ing irradiation, in particular by the specific growth rate. Journal of
Applied Microbiology, 109, 1733—1744. https://doi.org/10.1111/j.
1365-2672.2010.04802.x

Wang, Y., Araud, E., Shisler, J. L., Nguyen, T. H., & Yuan, B.
(2019). Influence of algal organic matter on MS2 bacteriophage
inactivation by ultraviolet irradiation at 222 nm and 254 nm. Che-
mosphere, 214, 195-202. https://doi.org/10.1016/j.chemosphere.
2018.09.065


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/php.12093
https://doi.org/10.1111/j.1751-1097.1988.tb02722.x
https://doi.org/10.1562/2005-10-27-RA-728
https://doi.org/10.1371/journal.pone.0076968
https://doi.org/10.1371/journal.pone.0138418
https://doi.org/10.1371/journal.pone.0138418
https://doi.org/10.1667/RR0010CC.1
https://doi.org/10.1039/C1PP05144J
https://doi.org/10.1158/0008-5472.CAN-05-0724
https://doi.org/10.1158/0008-5472.CAN-05-0724
https://doi.org/10.1038/sj.jid.5701001
https://doi.org/10.1038/sj.jid.5701001
https://doi.org/10.1111/j.1472-765X.2008.02461.x
https://doi.org/10.1111/j.1472-765X.2008.02461.x
https://doi.org/10.1111/j.1751-1097.2009.00640.x
https://doi.org/10.1111/j.1751-1097.2009.00640.x
https://doi.org/10.1038/s41598-018-21058-w
https://doi.org/10.1371/journal.pone.0201259
https://doi.org/10.1371/journal.pone.0201259
https://doi.org/10.1111/php.13269
https://doi.org/10.1039/C9PP00479C
https://doi.org/10.1111/j.1365-2672.2010.04802.x
https://doi.org/10.1111/j.1365-2672.2010.04802.x
https://doi.org/10.1016/j.chemosphere.2018.09.065
https://doi.org/10.1016/j.chemosphere.2018.09.065

Photochemical & Photobiological Sciences (2021) 20:1675-1683

1683

18.

19.

20.

21.

22.

Narita, K., Asano, K., Naito, K., Ohashi, H., Sasaki, M.,
Moromoto, Y., Igarashi, T., & Nakane, A. (2020). Ultraviolet C
light with wavelength of 222 nm inactivation a wide spectrum of
microbial pathogens. Journal of Hospital Infection, 105, 459—467.
https://doi.org/10.1016/.jhin.2020.03.030

Kohmura, Y., Igami, N., Tatsuno, 1., Hasegawa, T., & Matsu-
moto, T. (2020). Transient photothermal inactivation of Escheri-
chia coli stained with visible dyes by using a nanosecond pulsed
laser. Science and Reports, 10, 17805. https://doi.org/10.1038/
$41598-020-74714-5

Izumi, M., Ishida, H., Nakamura, S., & Hidema, J. (2017). Entire
photodamaged chloroplasts are transported to the central vacuole
by autophagy. The Plant Cell, 29, 377-394. https://doi.org/10.
1105/tpc.16.00637

Duarte-Sierra, A., Charles, M. T., & Arul, J. (2020). UV-C horme-
sis: A means of controlling diseases and delaying senescence in
fresh fruits and vegetables during storage. In L. Palou & J. Smi-
lanick (Eds.), Postharvest pathology of fresh horticultural pro-
duce (1sted., pp. 539-594). Boca Raton: CRC Press. eBook ISBN
9781315209180.

Vasquez, H., Ouhibi, C., Forges, M., Lizzi, Y., Urban, L., & Aar-
rouf, J. (2020). Hormetic doses of UV-C light decrease the suscep-
tibility of tomato plants to Botrytis cinerea infection. Journal of
Phytopathology, 168, 524-532. https://doi.org/10.1111/jph.12930

23.

24.

25.

26.

Urban, L., Sari, D. C., Orsal, B., Lopes, M., Miranda, R., &
Aarrouf, J. (2018). UV-C light and pulsed light as alternatives
to chemical and biological elicitors for stimulating plant natu-
ral defenses against fungal diseases. Scientia Horticulturae, 235,
452-459. https://doi.org/10.1016/j.scienta.2018.02.057
Wituszyriska, W., Szechyniska, H. M., Sobczak, M., Rusaczonek,
A., Koztowska, M. A., Witon, D., & Karpinski, S. (2015). Lesion
simulating disease 1 and enhanced disease susceptibility 1 dif-
ferentially regulate UV-C induced photooxidative stress signaling
and programmed cell death in Arabidopsis thaliana. Plant, Cell
and Environment, 38, 315-330. https://doi.org/10.1111/pce.12288
Forges, M., Vasquez, H., Charles, F., Sari, D. C., Urban, L., Lizzi,
Y., Bardin, M., & Aarrouf, J. (2018). Impact of UV-C radiation
on the sensitivity of three strawberry plant cultivars (Fragaria x
ananassa) against Botrytis cinerea. Scientia Horticulturae, 240,
603-613. https://doi.org/10.1016/j.scienta.2018.06.063

Xu, Y., Charles, M. T., Luo, Z., Mimee, B., Tong, Z., Véronneau,
P. Y., Roussel, D., & Rolland, D. (2019). Ultraviolet-C priming of
strawberry leaves against subsequent Mycosphaerella fragariae
infection involves the action of reactive oxygen species, plant hor-
mones, and terpenes. Plant, Cell and Environment, 42, 815-831.
https://doi.org/10.1111/pce.13491

@ Springer


https://doi.org/10.1016/j.jhin.2020.03.030
https://doi.org/10.1038/s41598-020-74714-5
https://doi.org/10.1038/s41598-020-74714-5
https://doi.org/10.1105/tpc.16.00637
https://doi.org/10.1105/tpc.16.00637
https://doi.org/10.1111/jph.12930
https://doi.org/10.1016/j.scienta.2018.02.057
https://doi.org/10.1111/pce.12288
https://doi.org/10.1016/j.scienta.2018.06.063
https://doi.org/10.1111/pce.13491

	222 nm ultraviolet radiation C causes more severe damage to guard cells and epidermal cells of Arabidopsis plants than does 254 nm ultraviolet radiation
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Light sources
	2.2 UV survival assays for Escherichia coli and P1 phages
	2.3 Plant materials and growth conditions
	2.4 UV treatment and measurement of plant growth
	2.5 Laser‐scanning confocal microscopy (LSCM) imaging
	2.6 Measurement of mitochondrial number and volume

	3 Results and discussion
	4 Conclusion
	Acknowledgements 
	References




