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Abstract

Organisms are increasingly exposed to ultraviolet (UV) rays of sunlight, due to the thinning of the ozone layer and its
widespread use in sterilization processes, especially against the SARS-CoV-2 virus. The present study was conducted
with the purpose of evaluating the damages of UV-A and UV-C radiations in Allium cepa L. roots. The effects of two
different types of UV on some physiological, biochemical, cytogenotoxic, and anatomical parameters were investi-
gated in a multifaceted study. Three groups were formed from Allium bulbs, one of which was the control group. One
of the other groups was exposed to 254 nm (UV-C) and the other to 365 nm (UV-A) UV. Growth retardation effect
of UV was investigated with respect to germination percentage, total weight gain, and root elongation, while cytog-
enotoxicity arisen from UV exposure was analyzed using mitotic index (MI) and chromosomal aberration (CA) and
micronucleus (MN) frequency. Oxidative stress due to UV application was investigated based on the accumulation of
malondialdehyde (MDA) and the total activities of superoxide dismutase (SOD) and catalase (CAT) enzymes. Also,
anatomical changes induced by UV-A and UV-C were analyzed in root meristematic cells. UV treatments caused sig-
nificant reductions in growth-related parameters. Both UV treatments caused a significant increase in MDA levels and
induction of SOD and CAT enzymes in root meristematic cells. A decrease in MI and an increase in the frequency of
MN and CAs were observed in root tip cells, indicating the cytogenotoxic effect of UV application. Anatomical dam-
ages such as epidermis cell damage, cortex cell damage, necrotic zones, giant cell nucleus, and indistinct transmission
tissue occurred in cells exposed to UV. All of the physiological, biochemical, cytogenetic, and anatomical damages
observed in this study were more severe in cells treated with UV-C compared to UV-A. This study suggested that UV
exposure triggered growth inhibition, cytogenotoxicity, oxidative stress, and meristematic cell damages in A. cepa
roots depending on the wavelength.
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Introduction

Both the thinning of the ozone layer (Bernhard et al. 2020)
and the increased use of UV in sterilization treatments cause
Responsible Editor: Ludek Blaha people to be exposed to excessive amounts of UV radia-
tion. Sterilization technology, which has an important place
for the healthy sustainability of our daily life, has gained a
much more vital importance with the recent SARS-CoV-2
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light, which has been widely used since the middle of the
twentieth century, is an effective method in sterilization and
disinfection. In addition to artificial sources such as UV-
emitting fluorescent lamps and mercury-vapor lamps, sun-
light has distinct UV classes. UV-A, UV-B, and UV-C are
types of radiations that exist in sunlight with wavelengths of
315-400 nm, 280-315 nm, and 200-280 nm, respectively
(Kaidzu et al. 2019).

UV radiation, which can be easily absorbed by intra-
cellular molecules such as amino acids, nucleic acids, and
membrane polypeptides, causes damages living organisms
in case of high exposure (Holl6sy 2002; De Jager et al. 2017;
Roy 2017). It is defined as a “complete carcinogen” due to
its non-selective deleterious properties and mutagenicity.
In addition to its oxidative damage initiating effect, it is a
definite tumor initiator and tumor promoter as a replication-,
transcription-, and translation-preventive agent (D'Orazio
et al. 2013; Roy 2017). Because 253.7-nm wavelength is the
optimal UV absorption efficiency of DNA, UV-C (254 nm
UV)-emitting UV lamps exhibit extraordinary germicidal
capacity (Coohill and Sagripanti 2008). On the other hand,
UV-A, including 365 nm wavelength, accounts for 6.3% of
solar radiation reaching the Earth and is the least injurious
component of UV radiation (Rahimzadeh et al. 2011). The
efficacy of UV-A and UV-C irradiation against SARS-CoV-2
viral stock was tested and demonstrated by applying UV
radiation directly to petri dishes containing the virus. UV-A
irradiation has a much lower efficiency in virus inactivation
(Heilingloh et al. 2020).

Excessive use of UV radiation for pathogen control
causes a gradual increase in the incidence of anomalies on
organisms after exposure. In this study, the effects of UV-C
with the shortest wavelength in the UV spectrum and UV-A
with the longest wavelength were investigated using the
Allium test. Allium test is an effective, useful, and practical
test system that is frequently used to evaluate the possible
genotoxicity and cytotoxicity of environmental pollutants
(Kalefetoglu Macar et al. 2020; Macar 2020; Oztiirk et al.
2020). An important reason for choosing the Allium test is
that this organism has excellent correlations with mamma-
lian test systems and is an important model for assessing
toxicity in eukaryotic cells (Srivastava and Singh 2020).

This study aimed to reveal the effects of UV radiation
types on Allium cepa and their mechanism of action from
various parameters. Although there are similar studies on the
effects of UV radiation in the literature, these studies gener-
ally focused on one type of radiation. The number of stud-
ies comparing the effects of UV radiation types is not very
large. Considering that UV radiation is used unconsciously,
especially for sterilization, these days when we have to live
with the COVID-19 pandemic, this study is very important
in terms of bringing the harmful effects of UV radiation back
to the agenda. In this study, the effects of UV-A and UV-C

radiations were investigated with multi-parameters using
oxidant, antioxidant, physiological, cytological, genetic,
and anatomical parameters, and the parameters were cor-
related with each other. Genotoxic potentials of UV-A and
UV-C radiations were analyzed using micronucleus (MN)
and chromosomal aberration (CA) frequencies as well as
mitotic index (MI), whereas germination rate, root elonga-
tion, and weight increase were selected as growth-related
indicators. Additionally, oxidative stress-inductive effects of
UV radiations were assessed via antioxidant enzyme activi-
ties)superoxide dismutase (SOD) (EC 1.15.1.1) and catalase
(CAT) (EC 1.11.1.6)) and malondialdehyde (MDA) content.
Investigation of the anatomical damages induced by UV also
provides new data entry to the literature.

Materials and methods
UV irradiation procedure

A. cepa bulbs purchased from a grocery store in Giresun
were cleansed from their old roots and outermost dry scales
in the laboratory. Bulbs were separated into three groups
(control, UV-C, and UV-A) of 50 individuals each after
weighing the initial weights (5.42-5.65 g). Basal plates of
bulbs in the control group were kept in contact with tap
water during the experiment. In this study, UV-A and UV-B,
which are the two extremes (the longest and the shortest
two types) of UV rays, were preferred. UV-C and UV-A
groups were irradiated with 254-nm UV and 365-nm UV
radiations, respectively. A UVGL-58 Handheld UV Lamp
was used for UV implementations. UV radiation treatments
were applied to the relevant groups (UV-C and UV-A) from
a distance of 20 cm from the top of beakers containing bulbs
that contacted with tap water. In order to ensure that the UV
reaches bulbs without being absorbed and for a sufficient
transparency, all germination processes were carried out in
quartz beakers. The experiment was carried out at room tem-
perature and ended after 72 h.

Growth parameters

Germination percentage, root length, and weight gain
parameters were used to determine the effects of UV-A and
UV-C on growth. Sprouting of adventitious roots from the
basal plate was considered as “germination” to determine
germination rates of the groups. Germination percentage
was determined using following equation:

Germination percentage (%)= Number of germinated
bulbs / Total number of bulbs x 100.

The root lengths of bulbs were measured with a mil-
limetric ruler, and the weight gains were determined by
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considering the differences between the bulb weights meas-
ured with a precision balance before and after the application
period (Yalcin et al. 2019).

Cytogenotoxicity assessment

The terminal root tips (1 cm) were used to evaluate the
cytogenotoxicity generated by UV treatments. Root tips
were kept in 1:3 ratio of acetic-alcohol solution for 1 day
following a 4-h-long saturated para-dichlorobenzene solu-
tion pretreatment (Hill and Myers 1945). Root pieces were
hydrolyzed for 14 min in a 60 °C water bath in 1 N HCI.
Following this process, the root pieces, which were thor-
oughly rinsed with tap water, were stained with Feulgen for
1.5 h at room temperature. The staining procedure was ter-
minated by washing the roots under continuously running
tap water for 10 min. Root tips were crushed in 1 drop of
acetic acid (Sharma and Gupta 1982). MI, CAs, and MN,
used as indicators of cytogenotoxicity, were scored under a
research microscope (Olympus CX41) at 500 X magnifica-
tion. A digital camera (Olympus C-5060) was utilized to
photograph the slides. For each group, totally 1000 cells
were screened to score CAs incidences including MN,
while totally 10,000 cells were taken into consideration to
score MI. CAs, MN, and MI analyses were performed by
scanning random areas from 10 different slides prepared
separately for each group. Each slide was prepared using
only one root tip. Each root tip was taken from 10 randomly
selected bulbs from each group. MI was evaluated as a
marker expressing the ratio of cells in mitosis to the total
number of cells. Criteria mentioned by Fenech et al. (2003)
were used to distinguish MN from parent cell nuclei. While
MI analysis was used to reveal cytotoxicity caused by UV
treatments, MN and CA analyses were performed to ana-
lyze genotoxicity.

Antioxidant/oxidant balance

The modified protocol of Heath and Packer (1968) was
used to evaluate the accumulation of MDA, a product indi-
cating fatty acid peroxidation in biological membranes. A
total of 0.2 g frozen roots were prepared for homogeniza-
tion in 4 ml of 5% trichloroacetic acid solution by grinding
until they became flour. The samples were then centrifuged
(15 min: 12,000 rpm: 25 °C). Two milliliters of supernatant
was mixed with 2 ml of 0.5% thiobarbituric acid prepared
in 20% trichloroacetic acid solution. The freshly prepared
mixture was heated in a water bath to allow the reaction to
take place at 96 °C for 30 min. The tubes were then moved
to the ice bath for cooling. The samples were centrifuged
(5 min: 10,000 rpm: 25 °C) and the absorbance of the super-
natant fraction at 600 nm and 532 nm was recorded through
a spectrophotometer (Shimadzu UV-Vis spectrophotometer/
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Mini-1240). The 600-nm absorbance was subtracted from
532-nm absorbance for omitting non-specific turbidity.
MDA concentrations were calculated utilizing the extinc-
tion coefficient (155 mM~" cm™).

SOD and CAT enzymes were extracted pursuant to the
same assay mentioned by Zou et al. (2012). A total of 0.5 g
segments from roots were weighed and chilled in liquid
nitrogen. Samples were crushed with ice-cold pestle in
extraction buffer (sodium phosphate buffer: 0.05 M, pH
7.5) and then centrifuged (20 min: 14,000 rpm: +4 °C). The
supernatant collected from the homogenates was used to
determine the activities of SOD and CAT enzymes.

The total SOD activity was assayed according to Beau-
champ and Fridovich (1971). A total of 0.01 ml of super-
natant was added to 1.5 ml of sodium phosphate buffer
(0.05 M: pH 7.8) previously mixed with 0.28 ml of dis-
tilled water, 0.3 ml of riboflavin (20 pM), 0.3 ml of methio-
nine (130 mM), 0.3 ml of nitro blue tetrazolium chloride
(750 pM), 0.3 ml of EDTA-Na, (0.1 mM), and 0.01 ml of
polyvinylpyrrolidone (4%). A total of 375 umol m~2 s~!
fluorescent light was exposed to the assay mixtures con-
taining SOD enzyme for 15 min. The absorbance at 560 nm
was spectrophotometrically measured (Shimadzu UV-Vis
spectrophotometer/Mini-1240).

The total CAT activity was assayed according to Zhang
et al. (2005). A total of 0.2 ml of supernatant was added to
sodium phosphate buffer (0.05 M: pH 7.8) previously mixed
with hydrogen peroxide (0.1 M) and distilled water. Decline
of the absorbance was read spectrophotometrically (Shi-
madzu UV-Vis spectrophotometer/Mini-1240) at 240 nm.
All procedures for MDA, SOD, and CAT analysis were per-
formed for three times.

Determination of meristematic cell damages

Meristematic cell damages caused by UV applications were
investigated using the cross-sections of decapitated roots.
Each root tip was taken from 10 randomly selected bulbs
from each group. 1 ml of methylene blue (1%) was utilized
to stain the cross-sections. Three slides for each bulb were
analyzed for meristematic cell integrity under a research
microscope (Olympus CX41) at 500 X magnification. A digi-
tal camera (Olympus C-5060) was utilized to photograph
the slides. The severity of the damages was classified as “no
damage,” “light damage,” “moderate damage,” and “intense
damage.”

Statistics

Data obtained from the analyses were subjected to ANOVA
and Duncan’s tests to assess the significance of differences
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(p <0.05). Tables are presented to indicate the mean and
standard deviation.

Results and discussion
Growth parameters

The first step in analyzing UV-induced growth regression
was to check germination success (Table 1). UV treatments
at 254 nm and 365 nm resulted in 40% and 31% reduction
in the germination percentages of bulbs compared to con-
trol, respectively. Root elongation levels in UV-C and UV-A
groups decreased by 87% and 53% compared to the con-
trol. UV-C and UV-A administrations inhibited the weight
gains of the groups by 81% and 52%, respectively. These
results show that UV-C has a higher inhibitory effect on
root growth compared to UV-A. Light is a crucial factor for
a healthy growth of plants, and the harmful region of solar
radiation may cause metabolic damages that can result in
devastating effects on plant growth. In general, the effects
of UV radiation differ between plant species (Teramura and
Sullivan 1994). Decreased photosynthetic activity, changes
in enzymatic reactions, abnormalities in chloroplasts, and
peroxisome activities occur in UV-treated meristematic cells
of plants (Santos et al. 2004, Qi et al., 2017, Cavusoglu et al.
2021). Depending on these changes, it is known that plant
height, dry weight, leaf area decrease, and processes such as
flowering regress (Tevini and Teramura 1989; Darras et al.
2019). The reductions observed in root length, weight gain,
and germination rate in this study can be explained by these
negative effects of UV radiation. It is reported in the litera-
ture that UV radiation retards physiological development
in plant species (Sarghein et al. 2011). Hernandez-Aguilar
et al. (2020) reported that UV-C radiation may cause tis-
sue deteriorations affecting growth of Phaseolus vulgaris
L. seedlings depending on time. In addition, Foroughbakhch
Pournavab et al. (2019) demonstrated that different regions
of UV radiation including UV-C caused remarkable dam-
ages in germination and growth in pine, soybeans, sunflower,
and wheat. Even though responses of below-ground tissues
of plants to UV remain unclear, Zhang et al. (2020) sug-
gested that UV-B radiation reduced the length of meristem
and elongation regions of Arabidopsis thaliana (L.) Heynh.

roots due to a reduction in the number of meristem cells. The
higher regression observed in growth parameters in the UV-
C-treated group in this study indicates that UV-C is more
toxic. UV light with shorter wavelengths has higher energy
and can penetrate deeper. Rahimzadeh et al. (2011) showed
that the growth inhibition effect of UV-C in Satureja hort-
ensis L. was much more severe than that of UV-A.

Cytogenotoxicity assessment

UV-radiation-induced MI, MN, and CA frequency in A.
cepa roots are given Table 2. It was observed that MI was
decreased in the UV-treated groups compared to the con-
trol. And also, MI of the group exposed to 254 nm UV
was significantly lower than that of both the control and
365 nm UV-treated group. MI has been used as a consistent
marker of cell division rate because of the mito-depressive
action of destructive factors such as toxic chemicals and UV
radiation (Siddiqui and Alrumman 2020; Yalcin et al. 2020;
Cavusoglu et al. 2021). UV causes disruption of microtu-
bules, which allow chromosomes to be pulled to the poles in
mitosis. Microtubule degradation is likely due to the direct
effect of UV on the tubulin dimer. And also, DNA dam-
ages and chromosomal aberrations induced by UV cause cell

Table 2 Effects of UV radiation on CA frequency and MI

Damages  Control UV-C UV-A

MI (%) 7.5 4.0 5.24

DCN 750.80+25.16a  400.70+12.78¢c  524.20+17.46b
MN 0.60+0.76¢ 40.10+5.13a 26.30+2.75b
FRG 0.00+0.00c 57.30+5.72a 45.40+4.81b
vC 0.00+0.00c 44.80+4.86a 31.90+3.66b
SC 0.16+0.32¢ 41.50+4.55a 30.20+3.52b
B 0.00+0.00c 30.30+3.48a 22.60+2.91b
UDC 0.00+0.00c 24.70+2.94a 17.50+2.34b
MA 0.00+0.00c 15.20+1.52a 9.60+1.16b
VN 0.00+0.00c 10.60+1.18a 5.80+£0.90b

The means shown with different letters (a—c) in the same line were
significant at p <0.05.

DCN Dividing cell number, MI mitotic index, MN micronucleus,
FRG fragment, VC vagrant chromosome, SC sticky chromosome, B
bridge, UDC unequal distribution of chromatin, MA multipolar ana-
phase, VN vacuolized nucleus.

Table 1 Effects of UV radiation

Groups Germination percentage (%) Root length (cm) Weight gain (g) (n=10)

on growth parameters (n=50) (n=10)
Control 99 6.85+1.78a +3.752 (5.50+1.58-9.25+1.96)
UV-C 60 0.92+0.53¢ +0.70c (5.65+1.60-6.35+1.77)
UV-A 69 3.24+1.22b +1.78b (5.42+1.54-7.20+1.82)

*The means shown with different letters (a—c) in the same column were significant at p <0.05.
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cycle delays (Staxén et al. 1993). As a cumulative result of
all these effects, MI decreases in cells exposed to UV. Sup-
porting our findings, Verdes-Teodor et al. (2019) showed
that UV-C radiation suppressed cell division in a time-
dependent manner in Cucurbita pepo L. root meristems. In
another study investigating the repressive effect of UV-A,
UV-B, and UV-C on mitotic activity in P. vulgaris roots, it
was shown that all three UV types reduced the frequency of
cell division in bean roots depending on the application time
(Bara and Tiganasu 2005). Mitotic activity and elongation
levels of the root cells may affect root growth rate of plants.
According to our results, the decrease in both root growth
and MI showed parallelism. De Oliveira et al. (2015) pointed
to the MI, which is an indicator of the level of cell prolifera-
tion, as a cellular parameter that could be directly related to
the root growth in plants.

Along with the change in MI, anomalies in chromosomal
integrity were also observed in UV-treated groups, and dif-
ferent types of CAs were detected. Fragments, vagrants,
bridges, sticky chromosomes, unequally distributed chro-
matins, anaphase multipolarities, and vacuolized nucleus as
well as micronuclei formation were among the CAs arisen

from UV exposure (Fig. 1). The increase in CAs frequency
observed in this study can be explained by the genotoxic
effects induced by UV application. UV light causes the
formation of pyrimidine dimers in DNA, and these dimers
induce chromosomal aberrations. UV light also decreases
the nuclease activity, which plays a role in the DNA repair
mechanism, and in this way, DNA repair is hindered. Unre-
paired dimers cause gaps and single-stranded and double-
stranded breaks after DNA replication (Cieminis et al. 1987).
Fragment was the most abundant CA type in UV-C and
UV-A. Clastogenic agents are known to induce fragment for-
mation through chromosomal breakages and ultimately MN
increase in cells (Hintzsche et al. 2017; Rubeena and Thop-
pil 2020). Vagrant and sticky chromosomes were among the
most common CAs generated from UV administrations in
Allium roots (Table 2). Vagrant formation suggests a spindle
failure (Haq et al. 2017), while stickiness occurs due to chro-
mosomal contraction, DNA condensation, and dissolution
abnormalities in nucleoproteins (Yadav et al. 2019). Data of
the present study showed that UV application caused ana-
phase bridge formation in the root cells of Allium. According
to Fenech et al. (2020), clastogenic factors induce breaks in

Fig.1 Chromosomal aberra-

tions induced by UV radiation
(a MN at interphase, b fragment
at anaphase, ¢ vagrant chromo-
some at anaphase, d vagrant
chromosome (black arrow)

and bridges (dotted arrows) at
anaphase, e sticky chromosome,
f unequal distribution of chro-
matin at telophase, g multipo-
lar anaphase, h 1 vacuolized
nucleus)

10 pm
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DNA chains, resulting in acentric chromosomes and various
chromosomal rearrangements. These rearrangements may
involve the generation of multi-centric chromosomes that
give rise to the appearance of anaphase bridges. Another
UV-provoked chromosomal anomaly was unequal distribu-
tion of chromatins. Dutta et al. (2018) stated that unequally
distributed chromatins were consequences of a failure in
disjunction of chromatins and were responsible for the rise
in vagrant formation. In our study, anaphase multipolarity
and vacuolized nucleus were the least frequent CAs induced
by UV treatments. Multipolar spindles and supernumerary
(amplified) centromeres are the primary causes of multipolar
anaphase (Vitre et al. 2020). On the other hand, vacuolized
nucleus indicates a malfunction in the synthesis of DNA
during mitosis (Sutan et al. 2014).

Plant nucleoli may also contain nucleolar spaces or vac-
uoles that are usually located within the nucleolus. These
vacuoles are temporary storage sites of some biochemi-
cal structures such as ubiquitin—proteasome and snoRNA.
These compounds, which are stored in the nuclear vacuoles,
develop depending on the specific physiological require-
ments that arise especially against stress (Kalinina et al.
2018).

Similar to our study, previous studies showed that exces-
sive UV undoubtedly induces genotoxic events in living
organisms (Wang and Wang 1999; Atienzar et al. 2000;
Molinier et al. 2005; Seven et al. 2015; Ibrahim et al. 2019).

Our study showed that UV exposure may be an appar-
ent “MN-inducer.” Although the increase in MN follow-
ing 254 nm UV applications was extremely significant,
the amount of MN caused by 365 nm UV treatment was
also remarkable. Indeed, MN frequencies of UV-C and
UV-A were approximately 66.8 times and 43.8 times the
control, respectively. UV irradiation may trigger genomic
mutations as well as cellular mutations (Najafzadeh
etal., 2011). MN is a routine test system utilized to detect
the clastogenicity and aneugenicity of the pollutants
(Hintzsche et al. 2017). While clastogenicity, known as
chromosome breakage, can occur in cells at any stage of
the cell cycle, aneugenicity (chromosome losses) can be
observed only in cells undergoing mitosis (Udroiu et al.
2018). MN, which occurs as a result of cell division abnor-
malities, spindle damage, and chromosomal breaks, indi-
cates the presence of clastogenic and aneugenic effects
in the cell. In addition, acentric fragment formation and
failures in spindle apparatus as well as chromosome
losses at anaphase, are well-confirmed mechanisms asso-
ciated with MN formation (Yasui et al. 2010; Russo and
Degrassi 2018; Fenech et al. 2021). The high frequency
of MN observed in UV-treated groups is evidence of the
genotoxic effect on the cell. In particular, large-scale MN
formation in UV-treated cells reinforces the particularly
clastogenic effect of UV (Fig. 1a).

Another important result obtained in genotoxic analyses
is that UV-C has a more toxic effect compared to UV-A.
Although the penetration ability of UV-A is much stronger
than UV-C, the reason why UV-C is more genotoxic is that
the wavelength range of UV-C is closer to the absorption
peak of DNA and RNA (Hsu et al. 2021). DNA photoprod-
ucts such as cyclobutane-type pyrimidine dimers and the
pyrimidine(6,4)pyrimidone dimer which tend to accumulate
following UV-B and UV-C absorption of the cells may lead
to mutations during replication (Holl6sy 2002).While UV
radiation is mostly absorbed by DNA in the UV-B and UV-C
regions of the spectrum, absorption in the UV-A region is
much weaker (Kiefer 2007). It is not surprising, then, that
254 nm UV had a higher capacity to reduce MI and increase
CA and MN frequency compared to 365 nm UV. In fact, the
main damage target of UV-C on cells is directly the DNA
molecule, while the mechanism of damage caused by UV-A
radiation is indirect damage of oxidative stress (Qiu et al.
2005).

Antioxidant/oxidant balance

Table 3 reflects the alterations in biochemical param-
eters related to antioxidant/oxidant balance deteriorated
by UV treatments. MDA levels in the groups UV-C and
UV-A raised to approximately 3.4 times and 2.4 times
the control, respectively. A greater increase in MDA con-
tent in the 254 nm UV-treated group compared to the
365 nm UV-treated group indicated that UV-C caused
a more serious oxidative burst in Allium root cells. As a
cytotoxic material, MDA points out both the degree of
lipid peroxidation in biological membranes caused by the
over-production of reactive oxygen species (ROS) and the
efficiency of the stress defense (Skérzynska 2007; Luo
et al. 2019). UV exposure causes ROS-mediated oxida-
tive stress and lipid peroxidation in cells. MDA formed
as a result of lipid peroxidation exhibits cytotoxic and
mutagenic changes in cells. In this context, UV exposure
directly causes lipid peroxidation and indirectly causes
mutation. Similar to our results, Luo et al. (2019) reported
a remarkable increase in MDA levels in UV-C radiation-
exposed grapes. In another study, UV-C pulses triggered

Table 3 Effect of UV radiation on biochemical parameters

Groups MDA (uM g”' FW) SOD (Umg~! FW) CAT
(ODy49 yy min
g™ FW)
Control 8.20+1.75¢ 86.50+6.84c 0.31+0.69¢c
UV-C  2820+3.16a 227.80+14.10a 0.90+1.12a
UV-A  19.40+2.83b 166.90 +09.32b 0.64+0.88b

The means shown with different letters (a—c) in the same column
were significant at p <0.05.
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significant increases in MDA contents of tobacco cal-
lus in a time-dependent manner (Zacchini and de Aga-
zio 2004). Although Tokarz et al. (2019) reported that
UV-A application did not induce a remarkable alteration
in MDA content in grass pea, our data on MDA content
showed that UV-A exposure disturbed the membrane
integrity in Allium roots.

UV-mediated oxidative stress may occur due to the
direct relation of ionizing radiation with cellular mac-
romolecules including DNA or may be induced by UV-
triggered ROS accumulation (Rastogi et al. 2010; De Jager
et al. 2017). Since UV exposure is inevitable for plants and
UV light has a strong potential for ROS production, plants
have evolved functional defense mechanisms includ-
ing antioxidant enzymes against UV-mediated oxidative
imbalance (Chen et al. 2019). SOD and CAT enzymes
are among the key members of the enzymatic antioxidant
defense system. SOD catalyzes the conversion of super-
oxide radicals to oxygen and hydrogen peroxide and is the
first step in combating ROS. However, for accomplishing
oxidative stress elimination, the increase in SOD activity
should be supported by the enhanced activities of other
enzymes such as CAT (Yal¢in et al. 2019; Ibrahim et al.
2021). CAT enzyme takes part in the decomposition of
hydrogen peroxide into water and oxygen (Foryer and
Noctor 2000). The present study showed that UV expo-
sure led to a sharp increase in the total activities of SOD
and CAT enzymes. The total SOD activities in the groups
UV-C and UV-A increased to nearly 2.6 times and 1.9
times the control, respectively. In addition, the total CAT
activities of UV-C and UV-A were 2.9-fold and 2.1-fold
of the control group. Our results demonstrating the rise
in the enzyme activities confirmed Xie et al. (2009), who
stated that SOD and CAT enzymes play important roles
against UV. On the contrary to our data, Zacchini and de
Agazio (2004) reported that CAT activity did not enhance
in tobacco callus following UV-C irradiation. On the other
hand, in another study, UV-B radiation caused an increase
in CAT activity in barley (Mazza et al. 2001). Our data
were consistent with Erkan et al. (2008), who demon-
strated that UV-C illumination significantly stimulated
SOD activity in strawberry fruits. Similarly, SOD and
CAT activities in papaya fruits were enhanced following
postharvest application of UV-C (Rivera-Pastrana et al.
2014). In our study, the increase in antioxidant enzyme
activities associated with increased MDA level clearly
revealed that UV exposure leads to the formation of ROS
that also targets lipid peroxidation. The fact that the MDA
level was higher in the UV-C-treated group compared to
the UV-A-treated group indicates that ROS formation and
oxidative damage are higher at 254 nm exposure. The anti-
oxidant enzyme activities of the 254 nm U- treated roots
in our study were much higher than 365 nm UV radiation

@ Springer

Table 4 Meristematic cell damages induced by UV radiation

Damages ECD N GCN CCD ITT
Control - - - - -
UV-C +++ ++ ++ +++ ++
UV-A ++ + + ++ +

ECD epidermis cell damage, N necrosis, GCN giant cell nucleus,
CCD cortex cell damage, /7T indistinct transmission tissue,—no
damage, +light damage, + +moderate damage, + + +intense dam-
age.

exposed group, proving that UV-C also triggered severe
levels of ROS accumulation.

Meristematic cell damages

The effects of UV exposure on the meristematic tissue
were monitored microscopically (Table 4; Fig. 2). Control
treated with tap water throughout the experiment had no
kinds of meristematic cell damages. On the other hand,
UV-exposed groups exhibited various anomaly types in
meristematic tissues including epidermis cell damage,
necrosis, giant cell nucleus, cortex cell damage, and indis-
tinct transmission tissue (Fig. 2). Epidermis and cortex
cell damages were the most frequent damage types in both
groups exposed to UV, but the degree of damage was more
severe in UV-C group. Other disorder types observed in
UV-C and UV-A were at “moderate” and “light” degrees,
respectively. In our study, it was pretty clear that 254 nm
UV had a much more destructive effect on meristematic
tissue integrity than 365 nm UV. The deeper penetration
of high-energy UV-C compared to UV-A causes intense
anatomical changes.

UV radiation induces ultrastructural changes in mer-
istematic cells, including rupture of cell membrane,
damages in cortex, expansion of the nuclear membrane,
swollen cisternae, and vesiculation (Sarghein et al.
2011). In this study, it was proved by the increase of
MDA that UV application causes oxidative damage in
meristematic cells. Oxidative damage causes abnor-
malities in many ultrastructural systems and macromol-
ecules, including the cell membrane. These abnormali-
ties cause disruption of cell dynamics and damage to
many tissues in the root, especially the epidermis layer.
Since the epidermis is a superficial tissue and trans-
mits UV rays to the lower tissues, it was not surprising
that there were severe deteriorations in cortex cells as
well as in epidermis cells. Plants increase their phyto-
chemical content to develop tolerance to UV toxicity.
In particular, the production of flavonoids and many
antioxidants from secondary metabolites increases,
and these products are stored in the cell (Mohajer et al.
2015). This deposition also causes anatomical changes,
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Fig.2 Meristematic cell damages induced by UV (a normal appear-
ance of epidermis cells, b normal appearance of cortex cells, ¢ nor-
mal appearance of cell nucleus, d normal appearance of transmis-

especially in the conduction tissue. The malformations
in the transmission bundles showed us how deep UV
radiation could penetrate tissues. Previous studies have
showed that UV-C modifies the root tissues in plants
(Kareem et al. 2019). For instance, thickening of epi-
dermal cells is one of the morpho-anatomical defense
strategies against UV radiation in plants (DeLucia et al.
1992). Our results showing necrotic zones confirmed
the suggestion of Zacchini and de Agazio (2004), who
reported that excessive doses of UV radiation lead to an
oxidative stress which in turn causes tissue necrosis and
retarded plant growth.

Conclusion

This study demonstrated the harmful effects of UV-A
and UV-C radiations commonly used in UV sterilizers
on A. cepa, a recognized model organism. Both types
of UV radiation induced growth suppression, cytog-
enotoxicity, cell membrane damage, and meristematic
cell injuries. It was noticeable that antioxidant enzyme
activities were stimulated in Allium roots to suppress
oxidative stress caused by UV exposure. Here, we report
that 254-nm UV had much more deleterious potential

sion tissue, e epidermis cell damage, f cortex cell damage, g necrotic
zones (black arrow) and giant cell nucleus (white arrow), h indistinct
transmission tissue)

than 365-nm UV. Although UV radiation is one of the
most advantageous methods for disinfecting or prevent-
ing pathogens including SARS-CoV-2, data of the pre-
sent study showed that it may still pose a danger to
non-target organisms.
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