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biodosimetry techniques applied to living plant organisms. Plants are particularly suitable for this purpose as
they are highly sensitive to detecting potential genotoxic agents in the environment and their use allows us to
avoid using animals in research in compliance with the 3R principle. Currently, the onion (Allium cepa) is
recognized as a valid model for the analysis of environmental pollutants but has been relatively unexplored as an
indicator of radiation exposure. In this study, analyses of the genotoxicity of X and alpha radiation were con-
ducted using the micronucleus test and mitotic index analysis. Our results indicate that Allium cepa can be
considered a valid alternative model to animal use for assessing the effects of ionizing radiation. In particular, it
was found that alpha radiation caused significant damage, as evidenced by an increased number of micronuclei,
which was 20 times higher compared to X-ray radiation. This was further confirmed through the observation of
the effective dose parameter, as determined by the analysis of various weight factors associated with different

types of radiation.

1. Introduction

Nuclear safety and protection from ionizing radiation are essential to
ensure the safe use of radiation and nuclear energy and to preserve
human health. Radiation protection aims to safeguard the health and
well-being of workers and the general population by reducing risks
associated with radiation exposure in activities involving such sources
and balancing the benefits to society and its members (ICRP, 2007). In
this context, an effective, reliable, and transparent radiation protection
system is crucial in industrialized countries to enable the safe conduct of
potentially risky activities (ICRP, 2007).

Increased risks of sudden exposure to radiation involving a large
number of people make it essential to develop systems for assessing the
effects of such radiation on cells, particularly focusing on genetic ma-
terial (Kimball, 1952; Gerhardt, 2002). This need has driven the search
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for simple, fast, and easily applicable techniques on a large number of
samples. These techniques are based on identifying cytogenetic defects,
known as endpoints, which can occur within cells following interaction
with radiation (Gerhardt, 2002). Biodosimetry is the discipline that
studies the relationship between endpoints and the absorbed dose
(World Health Organization, 2011). One of the most widely used tests in
biodosimetry is the micronucleus test (Hayashi, 2016). Its widespread
adoption is attributed to its analytical simplicity, the low need for
specialized operator skills, and the fact that the micronucleus is the most
easily detectable defect in this context (Vaijapurkar et al., 2001).

The use of biodosimetry on human models is well-documented in the
literature (Da Cruz et al., 1994; Koksal et al., 1996; Ponnaiya et al.,
2004; Senthamizhchelvan et al., 2009; Zolzer et al., 2011; World Health
Organization, 2011; Chen et al., 2014; Ludovici et al., 2021; Xavier
etal., 2021), but most data are related to analyses conducted on exposed
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workers (Koksal et al., 1996; Zolzer et al., 2011) or victims of nuclear
disasters (Da Cruz et al., 1994; Chen et al., 2014), presumably in-
dividuals who have absorbed high doses, while there is a lack of data on
the effects caused by low doses (Xavier et al., 2021; d’Errico et al., 2023;
Xavier et al., 2023).

To gain a deeper understanding of the effects of these low-effective
doses, it seems appropriate to conduct studies on realistic models,
preferably on whole organisms rather than just on cell cultures (Bonciu
et al., 2018). It is known that the response of cell cultures can differ from
that of a complete organism. Additionally, to obtain reliable data, it is
important to consider that the sample size to be studied increases
inversely proportional to the square of the effective dose (Brenner et al.,
2003). Therefore, the lower the effective dose, the larger the sample
must be to ensure the statistical accuracy of the results.

In the 1960s and 1970s, when ethical concerns were less pro-
nounced, extensive studies were conducted on animal models, such as
the “Megamouse” project (Russell and Kelly, 1982), to address sample
size challenges and gain a better understanding of the effects at low
doses. Similar studies are not acceptable today, and the search for
alternative models to animals for studying the effects of low effective
doses of radiation is a crucial and evolving theme.

The idea of the present work is based on the development and use of
a so-called “non-human biota”, a living organism of a plant nature, as an
alternative model to animal ones (Ulanovsky, 2016; Higley, 2018). In
particular, using Allium cepa, it seems possible to acquire new infor-
mation about the effects of low doses of radiation on living organisms by
conducting studies on a large number of virtually identical samples.

Interest in this organism arises from the fact that it is a diploid spe-
cies (2n = 16) with a low number of large chromosomes, making it
easier to detect DNA damage (Xavier et al., 2021). In addition, Allium
cepa is widely recognized as a universal indicator of the genotoxic effects
of environmental agents on both human health and the environment.
Studies have shown a response highly consistent with the responses
observed in mammalian cells (Grant, 1978; Leme and Marin-Morales,
2009; Palmieri et al., 2016; Reis et al., 2017). This makes Allium cepa
a valuable tool for assessing the genotoxic potential of various sub-
stances and environmental factors.

Thus, the use of Allium cepa as a model organism may provide in-
dications of potential genotoxic effects on both plant and animal cells.
This allows for conducting experimental work that applies the principle
of the 3 R s (Replacement, Reduction, Refinement), thus enabling the
replacement of animal experimentation except in cases where it is
strictly necessary (Russell and Burch, 1959).

In the scientific literature, many studies have designated the plant
model based on Allium cepa as the “gold standard” for assessing the ef-
fects of various chemical, physical, and specific categories of radiation
(Fiskesjo, 1985; Bagatini et al., 2009; Leme and Marin-Morales, 2009;
Bonciu et al., 2018; Bolsunovsky et al., 2019; Xavier et al., 2021, 2023).
However, the capacity of this plant model to provide more detailed in-
formation, responding differently to stimuli generated by radiation with
different Linear Energy Transfer (LET), is not yet clearly defined.

The LET of radiation indicates its ability to transfer energy to matter.
Radiation with high LET is characterized by high ionization density,
meaning that, interacting with the genetic material of cells, it can
generate very close interactions, potentially causing significant damage.
On the contrary, low-LET radiation has lower ionization capacity,
resulting in more diluted interactions and easily repairable damage
within the cell (Goodhead, 2006). Understanding whether the response
of Allium cepa to radiation of different LETs is different could be very
useful in defining its use as a dosimeter for different types of radiation.

Studies on the genotoxicity of X-rays (low LET) and alpha particles
(high LET) were conducted through the application of the micronucleus
test and the analysis of the mitotic index. Furthermore, the goal was set
to "engineer" one phase of the procedure, already known (Xavier et al.,
2021), used for preparing samples for microscope analysis to optimize it
and make it highly reproducible.
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2. Materials and methods
2.1. Germination of Allium cepa seeds

Following a well-established procedure (Xavier et al., 2021) onion
seeds, free of pesticides (of the round, red Tropea variety), were placed
inside a Petri dish previously prepared with two sheets of filter paper as
a culture substrate. Around 50 seeds were scattered at about 1 cm from
each other. Subsequently, the filter paper was moistened with 4 ml of
distilled water to create a sufficiently humid environment and promote
seedling growth. The plates were then sealed and held in an incubator at
a constant temperature of (25 + 1) °C for 3 days until the seedlings
reached a length of about 4-5 mm.

2.2. Irradiation

In the Nuclear Measurements Laboratory of the University of Pisa,
alpha particle irradiations were performed using a point source of 2! Am
with a nominal activity of 74 kBq (2 pCi) as of August 11, 2003, and
mean energy alpha particle emission of 5.48 MeV (Firestone, 1996). The
dose rate was calculated by MCNP Monte Carlo simulations as reported
by Xavier et al. (2021). Cylinders 5 mm long and 400 pm thick were used
to simulate the roots of Allium cepa. The dose rate of a-particles was 7.92
mGy/min at 1 cm from the source. The statistical uncertainty of the
Monte Carlo simulations was below 2% (2 SD). The delivered absorbed
doses were 20, 40, 60, and 80 mGy.

The experiment with X-rays was conducted at the San Luca Hospital
Center in Lucca using a linear accelerator to produce 6 MV X-ray pho-
tons. The dose rate was 1 Gy/min, measured with a calibrated PTW
30013 Farmer-type® ionization chamber. The absorbed doses delivered
were 150, 300, 450, and 600 mGy.

After exposure, the seedlings were placed back in the incubator for
24 h and then immersed for another 20-24 h in a Carnoy’s fixative so-
lution (3:1 absolute ethanol and acetic acid). Finally, they were trans-
ferred and stored in 70% ethanol in a refrigerator for up to 20 days
(Guerra and de Souza, 2002).

2.3. Preparation and compression of samples

Details of our sample preparation protocol are given by Barco et al.
(2024) and are summarized as follows. The protocol for sample prepa-
ration begins with placing seeds in a vial containing 1 M HCI, which is
then placed in a water bath at (60 =+ 2) °C for 5 min to hydrolyze the cell
wall, facilitating dye absorption. The seeds are then immersed in
distilled water for 10 min to hydrate and make the tissue more visible.
Subsequently, the seeds are treated with 45% acetic acid for 3 min to
help rupture the cell wall. Staining is done using 2% acetic orcein, which
binds to cellular genetic material, highlighting nuclei and micronuclei.
The sample is then covered with aluminum foil for 15 min to protect it
from light. After this period, the sprout’s apical meristem is placed on a
microscope slide, separated, and covered with a coverslip. Gentle taps
are applied to disintegrate the outer membrane and separate the cells
into a monolayer for microscopic analysis. This protocol helps in iden-
tifying mitotic cells by highlighting the distinct stages of mitosis.

In earlier studies, compression was performed by applying the
necessary pressure manually (Nefic et al., 2013; Xavier et al., 2021).
However, this lacks precise control over the applied force, which can
vary with each execution of the procedure and depends on the operator
involved, making the process quite variable. To address this issue, a
mechanical system for compression was designed and developed. This
system standardizes one of the most critical phases of the entire process,
thus allowing for the production of samples as uniformly as possible.

The device (Fig. 1) consists of a carriage on which the microscope
slide with the seedling is placed. Using two rails, the carriage is moved
under a bridge, to which the force application system is connected. The
latter consists of a roller, constrained to an adjustable spring by a screw.
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Fig. 1. Cell compression device.

The rotation of the screw allows compressing or loosening the spring,
thus adjusting the force applied by the roller on the slide during its
passage. To measure the force applied by the roller during the passage, a
scale was implemented and integrated into the system.

The system comprises a load cell containing the electronic circuitry
and positioned near the carriage. The load cell is managed by a dedi-
cated chip (HX711), connected to an Arduino Nano-compatible board,
serving as the system’s microcontroller. The board is also connected to a
display for viewing the results and a button for calibration. The system is
powered by two rechargeable 3.7 V lithium batteries.

The optimization of the force, and hence the pressure, that the roller
must apply to produce a monolayer of intact cells free of deformations
and suitable for microscopic analysis was conducted as follows. Initially,
the force exerted manually (with a thumb) to achieve the optimal
compression of the meristems was measured using a kitchen scale. The
best results were obtained with a pressure ranging between 2.5 and 4.5
kgf. Subsequently, to narrow down the estimate of the ideal force, the
previously described automated compression system was employed.
Starting from a minimum value of (2.5 + 0.1) kgf and incrementing the
force in (0.5 £ 0.1) kgf steps up to (4.5 + 0.1) kgf, multiple tests were
performed and results were evaluated in terms of monolayer quality. It
was observed that forces close to 2.5 kgf are not sufficient to obtain a
monolayer of cells suitable for the microscope, with overlapping cells
that make it difficult to determine the presence and position of micro-
nuclei. Similarly, values close to 4.5 kgf produce unusable results, as the
high pressure causes the cells to deform or even damage their walls. The
best results were obtained with (3.5 + 0.1) kgf, which allows for the
optimal formation of a monolayer of cells with correct dimensions and
shapes, and with the intact cytoplasmic membrane, facilitating the
scoring of 1000 cells which is the standard for the micronucleus test.

2.4. Sample analysis

The scoring was carried out visually under optical microscopy using
a Nikon Eclipse TS100 system with a total magnification of 400x. A
thousand cells with intact cytoplasmic membrane were counted for each
sample. The analysis was performed on five samples for each dose point,
including the negative control. Subsequently, the genotoxicity of the
radiation exposure was assessed from the frequency of the number of
cells with one or more micronuclei (Fig. 2), and the cytotoxicity from the
evaluation of the mitotic index.

Double-blind scoring was independently conducted by two in-
vestigators working in parallel. Each micronucleus was recorded as such
only when the two investigators agreed. If only one of the two operators
marked an anomaly as a micronucleus, it was discarded.

The mitotic index was calculated by counting the number of dividing
cells in the sample and dividing this value by the total number of cells
counted (in this case, 1000).

The statistical analysis was conducted by applying the Shapiro-Wilk
test and the evaluation of the Pearson linear correlation coefficient. The

Fig. 2. Examples of micronuclei, obtained with alpha irradiation at an absor-
bed dose from 20 to 80 mGy (400X magnification).

Shapiro-Wilk test was used to assess the normality of data distributions,
with a statistical significance threshold of p < 0.05. All statistical tests
were performed using the PAST 4 software (Hammer et al., 2001).

3. results

The Shapiro-Wilk test confirmed that the data follow a normal dis-
tribution. For this reason, data in our plots are represented as the mean
+ 2 standard deviations (SD), to encompass approximately 95% of the
expected data (Hazra and Gogtay, 2016). This approach is applied both
to the count of micronuclei and to the mitotic index.

The parameters considered for assessing damage as a result of irra-
diation included the number of cells with at least one micronucleus, the
number of cells with more than one micronucleus, and the mitotic index.

3.1. Alpha particles

Consistently with previous studies (e.g., Xavier et al., 2021), expo-
sure to alpha particles was found to cause a variation in the number of
micronuclei formed inside the cells. The graph illustrating this rela-
tionship (Fig. 3) shows an increase in the number of micronuclei with
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Fig. 3. Number of cells with micronuclei as a function of dose.
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increasing dose up to 80 mGy. However, at an absorbed dose of 120
mGy, a decrease in this number was observed. The behavior resembles
the results from previous studies on human lymphoblasts, where alpha
particle doses higher than 100 mGy caused a decrease in the number of
micronuclei (Ren et al., 2013).

Cells with the formation of two micronuclei were observed at doses
higher than 20 mGy, although in small numbers. Since the objective of
the study was to investigate the correlation between dose and damage,
expressed by the appearance of one or more micronuclei, the data were
reported and analyzed as the total number of cells exhibiting at least one
micronucleus (green bar in the histogram).

The Pearson linear correlation coefficient was assessed for doses
ranging from the negative control to 80 mGy, where an increasing trend
in the number of micronuclei as a function of dose was observed. A
correlation coefficient r = 0.97 was found, indicating an almost perfect
positive linear relationship. The correlation of the data within the 0-80
mGy range is therefore consistent with a linear trend, indicating the
potential use of Allium cepa as a biodosimeter within this dose range.

The analysis of the mitotic index trend (Fig. 4) indicates that, in
addition to micronuclei formation, alpha particles have a significant
impact on cellular vitality. It is evident that starting from a dose of 20
mGy, the number of dividing cells decreases drastically compared to the
negative control. However, no correlation was observed between the
increase in dose and the reduction in cellular vitality, despite the
observed decline. This result is consistent with the characteristics of high
Linear Energy Transfer (LET) radiation, whose high ionization power
increases the probability of causing more severe damage, in addition to
micronuclei formation, which can lead to cell inactivation.

These data seem to suggest a drop in the mitotic index of Allium cepa
root cells subjected to doses from 20 to 80 mGy followed by an increase
at 120 mGy, which could be linked to damage-induced disordered
proliferation (Leme and Marin-Morales, 2009). However, all data fall
within the experimental uncertainties and thus warrant further
investigation.

3.2. X-rays

Even for the case of exposure to X-rays, the decision was made to
include in the graph the number of cells that exhibited one or two
micronuclei, along with the total number of cells showing at least one
form of anomaly. This choice was made although the number of poly-
micronucleated cells turned out to be only two out of a total of
20,000 cells counted (Fig. 5).

In this case, as well, the analysis of the Pearson linear correlation
coefficient (r = 0.97), calculated among all considered dose points,
revealed an almost perfectly linear trend. The consistency of these
findings with a linear trend supports the hypothesis of a causal rela-
tionship between X-ray absorption and the occurrence of cellular dam-
age, as indicated by the formation of micronuclei. These results support
the use of Allium cepa as a biodosimeter for X-ray doses ranging from 0 to
600 mGy.

12

10

0 ] i ' ' '
0 20 40 60 80

Absorbed dose (mGy)

oo

Mitotic Index (%)
A o

N

120

Fig. 4. Mitotic index as a function of dose.
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Fig. 5. Number of cells with micronuclei as a function of dose.

Fig. 6 instead shows the trends of the mitotic index values as a
function of the dose. In this case, the cellular vitality parameter does not
undergo significant variations with varying doses. This trend was also
observed in the analysis of the mitotic index when Allium cepa sprouts
were exposed to other types of low LET radiation, such as gamma rays
(Xavier et al., 2023). The trend is consistent with the properties of this
type of radiation, where the sparse ionization density makes it difficult
to induce double-strand breaks in the DNA filament.

3.3. Comparison

Fig. 7 shows the number of cells with micronuclei varies with the
dose, both for alpha particles and for X-rays. Analyzing the results ob-
tained on the apical meristems of Allium cepa, it is observed that both in
the case of alpha particles and X-rays, the number of cells with micro-
nuclei increases with increasing absorbed dose. This suggests a depen-
dence of the number of cells with micronuclei on the absorbed radiation
dose. In the case of alpha radiation, there is a rapid increase in the
number of cells with micronuclei, concentrated in a much narrower
range of absorbed doses. In the case of X-rays, the increase is slower and
occurs over a wider range of doses.

This result agrees with the well-known fact that high Linear Energy
Transfer (LET) radiation (alpha particles) is capable of causing greater
DNA damage than low-LET radiation (X-rays).

By calculating the ratio between the angular coefficients, a value of
about 20 is obtained. This value corresponds to the ratio of radiation
weighting factors, which are tabulated based on the radiation hazard. In
the case of alpha radiation, the weighting factor is 20, while for X-rays, it
is 1. Therefore, the ratio between the factors for high and low LET ra-
diation is confirmed to be 20, in line with the observed ratio between the
slopes of the previously described lines. This strengthens the validity of
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Fig. 6. Mitotic index as a function of dose.



T. Butini et al.

«©
(=]

® Alpha Particles

(=1

X-Rays

(=]

2 y=0.68x+4.00

4

(=]

|
veesseee]
! ¥ =0.03x +4.00

S o
—a.
-

S

Number of cells with micronuclei
[\ W g wn N B

(=}
S s

200 400 600 800
Absorbed dose (mGy)

Fig. 7. Number of cells with micronuclei as a function of dose.

the results obtained.

The data related to the mitotic index also show that high-LET radi-
ation, with greater ionization power, has a higher probability of causing
damage leading to cellular inactivation and thus a decrease in the
mitotic index. This effect was not observed in the case of low-LET ra-
diation, where no significant differences were found between the
number of dividing cells in the irradiated samples and the negative
control (non-irradiated samples). As a final variable, the number of cells
containing two or more micronuclei was examined. The presence of a
greater number of DNA defects within a cell may indicate more signif-
icant damage to the genetic material. In this analysis, it is confirmed that
alpha radiation can generate a greater number of "polymicronucleate”
cells compared to X-rays. In detail, considering all the analyzed samples,
40 cells with double micronucleus (in one case even with 3 micronuclei)
were found out of a total of 20,000 cells counted in the case of alpha
particles. In the case of X-rays, however, only two cells with double
micronucleus were counted out of a total of 20,000 cells counted.

4. Conclusions

The objective of this work was to assess the use of Allium cepa as an
experimental model to investigate the effects of ionizing radiation, with
a particular focus on evaluating the response to radiation of different
Linear Energy Transfer (LET). Allium cepa is a well-established, robust
experimental model that is widely used based on several considerations
reflecting both scientific and practical considerations.

Chemical similarity between Allium cepa and water leads to a simi-
larity in the physical interactions of ionizing radiations in our model and
animal tissues. Indeed, Allium cepa has shown a response highly
consistent with the responses observed in mammalian cells (Grant,
1978; Leme and Marin-Morales, 2009; Palmieri et al., 2016; Reis et al.,
2017). This makes Allium cepa a valuable tool as its response to radiation
exposure can provide indications of potential genotoxic effects on both
plant and animal cells.

Moreover, the fact that onion plants are structured organisms pro-
vides a unique opportunity to examine the effects of radiation in a
biologically relevant and complex context. From an ethical and practical
standpoint, tests on Allium cepa require fewer approvals compared to
animal studies, making them more viable and accessible for scientific
research.

Finally, the consistency with a linear trend, observed both for alpha
particles in the dose range from 0 mGy to 80 mGy, and for X-rays in the
dose range from 0 mGy to 600 mGy, supports the use of Allium cepa as a
biodosimeter for these types of radiation within their respective dose
ranges. The ability to detect a linear relationship between dose and
biological response in these dose ranges underscores the viability of the
Allium cepa model in the assessment of radiation effects.

The results of our study confirm the viability of Allium cepa as an
experimental model, showing significant variations in the response to
radiation at different Linear Energy Transfer (LET) values, which are
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relevant for assessing the risks associated with radiation exposure.
Comparing our results with previous studies (Xavier et al., 2021, 2023),
it emerges that Allium cepa could constitute a valid alternative model to
assess the genotoxic effects of low doses of alpha radiation. Additionally,
this plant model may reveal variations in the effects induced by different
types of radiation, including X-ray radiation.

In conclusion, our investigation strongly suggests that Allium cepa
represents a valid alternative or complement to animal models for
studying the biological effects of ionizing radiations. However, extensive
additional experiments and assessment of other cytogenetic endpoints
are necessary, as well as work on standardizing and possibly automating
the experimental procedures. The latter would increase our data pro-
cessing speed and reproducibility, thus allowing for large experimen-
tation, e.g., in the analysis of low-dose effects.
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