Planta ~ (2025) 262:118
https://doi.org/10.1007/500425-025-04835-6

ORIGINAL ARTICLE r')

Check for
updates

Radiation quality matters: morphological and biochemical responses
of Brassica rapa microgreens to X-rays, C-ions, and Fe-ions

Sara De Francesco' - Chiara Amitrano' - Ermenegilda Vitale? - Giulia Costanzo? - Walter Tinganelli® -
Mariagabriella Pugliese* - Cecilia Arrichiello’ - Paolo Muto® - Marco Durante3* . Stefania De Pascale’ -
Carmen Arena? - Veronica De Micco'

Received: 25 July 2025 / Accepted: 26 September 2025
© The Author(s) 2025

Abstract

Main Conclusion Radiation type and dose distinctly modulate microgreens development, revealing trait-specific
thresholds where X-rays induce hormesis, carbon ions delay differentiation, and iron ions enhance biochemical bal-
ance with moderate anatomical disruption.

Abstract As space exploration progresses and controlled-environment agriculture becomes increasingly relevant under
extreme conditions, understanding how ionizing radiation affects plant development is crucial. lonizing radiation poses a
major constraint in space cultivation systems, also playing a role in terrestrial stress scenarios. Despite growing interest in
radiation biology, few studies have systematically compared plant responses to different radiation types with distinct linear
energy transfer (LET). In this study, seeds of Brassica rapa L. were exposed to increasing doses of X-rays (low-LET), carbon
ions, and iron ions (high-LET). Seed germination, morpho-anatomical, and biochemical traits of plants were assessed up
to the microgreens stage. Plant responses were both dose- and radiation-specific. Specifically, X-rays triggered a hormetic
response at low doses (1 Gy), with a decline in several analyzed traits at higher doses. Carbon ions increased leaf expansion
but reduced the content of pigments, proteins, and the structural investment, suggesting a delayed tissue differentiation and
low-cost acclimation mechanism under stress. Iron ions promoted a coordinated upregulation of biochemical defenses and
moderate anatomical changes. Overall, radiation quality induced distinct acclimation strategies in B. rapa, influencing the
balance between growth, structural integrity, and defense mechanisms, highlighting its notable radioresistance. Moreover,
identifying trait-specific thresholds and response patterns suggests that different radiation types could be selectively applied
to modulate specific functions (e.g., biomass or antioxidants promotion, anatomical adjustments) based on desired outcomes.
These findings provide valuable insights into how different ionizing radiation types impact plant responses, addressing a
critical gap in space-oriented research and guiding strategies to optimize plant growth in extraterrestrial environments.

Keywords Extreme environments - lonizing radiation - Leaf traits - Phytochemical countermeasures - Radiobiology - Stress
response

Abbreviations Introduction

AsA Ascorbic acid

LET Linear energy transfer Plants, as sessile organisms, have evolved complex strategies
NOEL No-observed effect level to cope with various environmental stressors, including tem-

perature fluctuations, excess or insufficient light, drought,
flooding, and salinity (Lamalakshmi Devi et al. 2017; Raza
et al. 2020; Dos Santos et al. 2022). These stressors can
trigger complex morpho-physiological and biochemical
responses aimed at maintaining homeostasis and ensuring
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of ancient Earth (i.e., before land colonization), such as
altered gravity perception (e.g., microgravity and milligrav-
ity versus buoyancy in aquatic plants, which altered the grav-
ity perception) (McGinley and Weis 2009), and increased
exposure to solar radiation (e.g., cosmic or ionizing radiation
versus high solar irradiation due to a thinner atmosphere
providing less protection) (Graham 1993). Ionizing radiation
comprises X-/gamma-rays and high-energy charged particles
capable of penetrating biological tissues, inducing molecular
damage, oxidative stress, DNA strand breaks, and altera-
tions in cellular homeostasis (De Micco et al. 2011; Arena
et al. 2014a; Reisz et al. 2014). Different radiation types are
characterized by different linear energy transfer (LET), a
parameter that profoundly influences the biological outcome
of radiation exposure. Low-LET (including X- and gamma-
rays) is more sparsely ionizing than high-LET (including
heavy ions) (Durante and Cucinotta 2011; De Micco et al.
2022; Russ et al. 2022). Both low- and high-LET radiation
can cause direct damage due to direct action of radiation
on a critical target molecule, such as DNA or proteins, and
indirect damage due to the action of reactive oxygen spe-
cies (ROS) or reactive nitrogen species (RNS) from water
radiolysis and oxygen reaction with endogenous nitric oxide.
Direct effects prevail after exposure to high-LET radiation,
while indirect effects account for approximately two-thirds
of the damage induced by low-LET radiation (Bayens et al.
2023).

Understanding plant responses to different radiation
types is critical for enabling the stepwise implementation of
manned space exploration missions (from Low Earth Orbit,
LEO, up to Mars, passing through the Moon). The Interna-
tional Space Exploration Coordination Group (ISECG) has
identified knowledge gaps that need to be filled to enable
manned exploration. Within the key areas of “Life Support
and Habitability” and “Crew Health and Performance,” the
integration of astronauts’ diet with in-situ produced food is
included (ISECG 2024). Indeed, manned missions beyond
Low Earth Orbit (LEO) will require the development of
Bioregenerative Life Support Systems, in which plants not
only contribute to water and oxygen regeneration, waste
recycling, and food production, but also serve as psycho-
logical support for the crew by helping to mitigate the stress
associated with prolonged isolation and confinement (Poulet
et al. 2016; Wheeler 2017; De Pascale et al. 2021; De Micco
et al. 2023a; Cockell et al. 2024; ESA 2024).

Evaluating ionizing radiation effects on plants is also
relevant for terrestrial radiation biology, particularly in the
context of contamination following nuclear disasters, and
for agricultural applications like crop improvement (e.g.,
mutation breeding) (Gupta and Walther 2025; Neupane
et al. 2025).
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Although plants exhibit greater tolerance to ionizing radia-
tion than mammalian cells, the underlying morpho-physio-
logical and biochemical pathways underpinning such a toler-
ance remain poorly understood, especially under the mixed
radiation fields expected during space missions (De Micco
et al. 2011; Gudkov et al. 2019; Geras’kin 2024; Volkova et al.
2022).

Ionizing radiation-induced effects in plants have so far
proven to be highly species-, cultivar-, radiation- and dose-
specific, as well as influenced by the interaction with other
environmental and cultivation factors such as gravity and light
quality (De Micco et al. 2023b). This is particularly true in the
early stages of plant development, as recently demonstrated in
a comparative screening of four microgreens species exposed
to heavy ions: distinct morphological and pigment-related
responses were observed across genotypes under identical
radiation treatments and growth conditions (Amitrano et al.
2024). These findings, along with previous research, illustrate
how radiation type and dose can lead to contrasting outcomes
even across closely related species or genotypes. For instance,
10 Gy titanium ions altered flavonoid profiles in Beta vulgaris
without affecting germination (Vitale et al. 2022), whereas
20 Gy X-rays boosted antioxidant capacity in Brassica rapa
microgreens (De Francesco et al. 2023). Similarly, Solanum
lycopersicum seeds irradiated with 25 Gy Ca-ions exhibited
reduced seedling height but increased leaf carotenoids (Arena
et al. 2019a). Dolichos melanophthalmus tolerated 10 Gy
C-ions with minimal growth penalty yet marked anatomical
changes (De Micco et al. 2021a).

To date, and to the best of our knowledge, no studies have
systematically assessed the responses of a single food crop
species exposed to multiple types of ionizing radiation with
distinct LET in the context of space-oriented research. This
represents a critical knowledge gap and highlights the need
for more comprehensive research on how radiation quality
modulates plant responses. In light of the above, in this study,
we exposed dry seeds of Brassica rapa L. subsp. sylvestris
var. esculenta to increasing doses of X-rays (0, 0.3, 1, 10, 20,
and 30 Gy), high-energy carbon ions (C-ions at 0, 0.3, 1, 10,
20, and 25 Gy) and high-energy iron ions (Fe-ions at 0, 0, 0.3,
1, 10, 20, and 25 Gy), using ground-based irradiation facili-
ties. We hypothesized that morphological, anatomical, and
biochemical traits would vary as a function of radiation type
and dose, at least differentiating between X-ray and heavy-ion
responses, leading to beneficial, harmful, or neutral effects in
B. rapa microgreens. Obtained data would help evaluate the
potential use of this species as a nutritionally valuable crop in
controlled environments and space-based cultivation systems.
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Materials and methods
Experimental design and irradiation procedure

Seeds of Brassica rapa L. subsp. sylvestris var. esculenta
were obtained from a local supplier (Bioseme s.c.a.r.l.,
Piombino, LI, Italy). Irradiation was performed on dry
seeds using three types of ionizing radiation: X-rays, car-
bon ions (C-ions) and iron ions (Fe-ions).

The X-ray exposure was conducted at the National Can-
cer Institute IRCCS Fondazione G. Pascale (Naples, Italy),
using a Synergy linear accelerator (Elekta) commonly
employed for radiotherapy. The irradiation was performed
at doses of 0.3, 1, 10, 20, and 30 Gy, using 6 MV photons
delivered at 2 Gy/min. The 3D conformal radiotherapy
(3D-CRT) technique was applied, with samples exposed
to two opposing fields, each measuring 20 x 20 cm? at the
isocenter. For each dose, the dry seeds were placed on dry
filter paper and leaned between two Perspex blocks (2.5
and 5 cm thick).

The heavy ions exposure was carried out at the SIS18
accelerator of the GSI Helmholtzzentrum fiir Schweri-
onenforschung (Darmstadt, Germany). Dry seeds were
exposed to 12C-jons (240 MeV/n) or *°Fe-ions (1 GeV/n)
at doses of 0.3, 1, 10, 20, and 25 Gy. Dosimetry proce-
dures are detailed in Luoni et al. (2020). For comparison,
the corresponding linear energy transfer (LET) in water
was approximately 0.2 keV/mm for X-rays, 15 keV/mm
for C-ions, and 147 keV/mm for Fe-ions, thus covering a
full spectrum from low to high-LET radiation.

During all irradiation treatments, a corresponding non-
irradiated control (referred to throughout the manuscript
as 0 Gy) was included to provide baseline comparisons.
Control seeds were always transported and handled under
the same conditions as the irradiated samples, ensuring
consistent environmental exposure throughout the experi-
mental procedures.

Microgreens cultivation

After irradiation, seeds were transferred to the laboratory
and sown in pots (diameter: 7.5 cm; height: 4 cm) filled
with standard gardening soil. For each irradiation type and
dose, four replicates of 400 seeds were sown. Although
irradiation was performed at different facilities and times,
during travelling, preparation for irradiation and irradia-
tion procedures, the dry seeds were handled under the
same conditions and kept at 20 +5 °C. All subsequent
cultivation steps were carried out under identical condi-
tions using the same equipment, substrate, environmen-
tal conditions, and cultivation protocol. Specifically, the

same growth chamber was used for all experiments, with
pots incubated under controlled conditions (24 +2 °C,
70+ 10% RH) for 48 h for germination. Thereafter, seed-
lings were exposed to white LED light at 200 +20 pmol
photons m~ s~! (PPFD) under a 12 h photoperiod. Four-
teen days after sowing (14 DAS), microgreens were har-
vested by cutting them above the substrate level.

Morphological assessments

At harvest, the establishment percentage was calculated
as the proportion of seedlings developed into microgreens
with two expanded leaves, as reported in De Francesco et al.
(2023). Ten microgreens per treatment were used to meas-
ure hypocotyl length and leaf area, the latter quantified by
using ImageJ (U.S. National Institutes of Health, Bethesda,
USA). Five microgreens per treatment were collected and
immediately fixed in the F.A.A. fixation solution (5 mL of
40% formaldehyde/5 mL of glacial acetic acid/90 mL of 50%
ethanol, by vol.), for microscopy analyses. For biochemical
analyses, 10 g of microgreens per treatment were harvested
and immediately frozen at - 20 °C. Remaining materials
were used to determine the fresh and dry biomass of the
whole canopy. The dry biomass was obtained after oven-
drying the samples at 60 °C until constant weight. Biomass
was quantified per unit area and reported as kg m~2 for fresh
weight (FW) and g m™2 for dry weight (DW).

Anatomical analyses

Leaf lamina subsamples (5 X6 mm) were dehydrated in
graded ethanol up to 95%, and embedded in an acrylic
resin (JB4®, Polysciences, Eppelheim, Germany). Cross-
Sects. (5 pm thick) were obtained with a rotary microtome
(pfm Rotary 3004 M, Bio-Optica, Milano, Italy), stained
with 0.5% Toluidine Blue O in water (in volume) (Feder and
O’ Brien 1968), mounted in mineral oil, and observed under
a transmitted light microscope (BX 51, Olympus, Hamburg,
Germany). Digital images were acquired with a camera
(Olympus EP50) and functional anatomical parameters ana-
lyzed with CellSens 2.3 software (Olympus, Tokyo, Japan).
The following anatomical traits were measured (Fig. S1):
total lamina thickness, adaxial and abaxial epidermis thick-
ness, palisade and spongy parenchyma thickness, percent-
age of intercellular spaces in the spongy parenchyma, and
stomatal frequency (adaxial and abaxial) quantified along
linear transects.

Biochemical analyses
Antioxidant capacity was assessed via the FRAP (Fer-

ric Reducing Antioxidant Power) assay, following George
et al. (2004), with modifications from Costanzo et al. (2020).

@ Springer



118 Page 4 of 17

Planta (2025) 262:118

Powdered microgreens (0.250 g) were extracted in 60:40
methanol:water (v/v), centrifuged (18,000 g, 15 min, 4 °C),
and incubated with FRAP reagents for 1 h in the dark.
Absorbance was read at 593 nm using a UV-VIS Cary 100
spectrophotometer (Agilent Technologies, Palo Alto, CA,
USA). Antioxidant capacity was calculated using a Trolox
standard curve and expressed as pmol Trolox equivalents
g ' FW.

Chlorophylls and carotenoids were quantified following
Lichtenthaler (1987). Powder (0.200 g) was extracted in
ice-cold 100% acetone, centrifuged (3,200 g, 5 min), and
absorbance was measured at 470, 645, and 662 nm.

Polyphenol content was determined as in Vitale et al.
(2021). Samples (0.200 g) were extracted in 80% metha-
nol at 4 °C, centrifuged (18,000 g, 5 min), mixed with 10%
Folin—Ciocalteu reagent, followed by 700 mM Na,COs.
Absorbance was measured at 765 nm, and results expressed
as mg gallic acid equivalents g~! FW.

Protein content was determined in 0.200 g powdered
samples, using the Bradford assay (Bradford 1976), with
absorbance at 595 nm, and expressed as pg BSA equivalents
g ! FW.

Ascorbic acid (AsA) content was assessed using the
Ascorbic Acid Assay Kit (MAKO074, Sigma-Aldrich) accord-
ing to Arena et al. (2019b). Frozen samples (10 mg) were
homogenized in cold AsA buffer, centrifuged (13,000 g,
10 min, 4 °C), and mixed with assay buffer. Absorbance at
570 nm was used to quantify AsA concentration (ng mL ™)
via a standard curve.

Dose-response modelling

To identify threshold responses to ionizing radiation and
compare trait sensitivity across radiation types, non-linear
dose-response analyses were performed on selected mor-
phological, anatomical, and biochemical traits, separately for
each radiation type (X-rays, C-ions, Fe-ions). Specifically,
dry weight (DW), lamina thickness, and antioxidant capac-
ity were analyzed as representative indicators of growth,
structure, and oxidative status, respectively. These traits
were selected as robust, integrative proxies of leaf develop-
ment, particularly suitable for early growth stages such as
microgreens.

For each parameter and radiation type, a four-parameter
log-logistic model (LL.4) was fitted:

f@) =c+d -0 /[l +exp® x (In(x) — In(e)))

Where b is the slope, ¢ and d represent the lower and
upper asymptotes, and e corresponds to the dose producing
a 50% response (EC50). Fitting was performed in R (package
‘drc’) and Python (scipy.optimize) and evaluated based on
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the coefficient of determination (R?) and Akaike Information
Criterion (AIC).

In parallel, the No-observed effect level (NOEL), which
indicates the highest dose with no statistically significant
difference from the control (P> 0.05), was identified via
one-way ANOVA and Tukey’s HSD test (¢ =0.05), using
the 0 Gy control as reference. Curve plots and threshold
parameters were extracted independently for each radia-
tion—trait combination.

Statistical analyses

Data were analyzed using the SPSS statistical package
(SPSS Inc., Chicago, IL, USA), separately for each radia-
tion type, as irradiation experiments were conducted at
different times due to facility availability. Each irradiation
treatment included its own control sample, transported and
handled together with the irradiated seeds. Within each radi-
ation type, data were analyzed through one-way analysis of
variance (ANOVA) with dose as a factor. The SNK (Stu-
dent—Newman—Keuls) multiple comparison test (P <0.05)
was applied as post-hoc. To check for normality, the Kol-
mogorov—Smirnov test was performed. Pearson’s linear
correlations (P <0.05) were calculated between anatomical
traits. However, for an overall integration of morphologi-
cal, anatomical, and biochemical data, multivariate analyses
were performed. Principal component analysis (PCA) was
conducted using PAST3 software, and Pearson correlation
matrices were used to explore trait interrelationships and
dose-dependent coordination across functional levels.

Results
Morphological analyses

Irradiation with increasing doses of X-rays and C-ions
did not significantly alter the establishment percentage
compared to the control group (Supplementary Fig. S2).
For X-rays, values ranged between 68 +11% (10 Gy) and
77+0.59% (0 Gy—control), while for C-ions, they varied
between 69 +3.9% (0.3 Gy) and 82+3.2% (1 Gy). In con-
trast, Fe-ions exposure led to a decreasing trend, with sig-
nificantly lower values at 20 Gy (65+1.12%) and 10 Gy
(62+2.61%) compared to control (80+3.5%).

The three irradiation treatments differently influenced
the accumulation of biomass, hypocotyl length, and leaf
area (Table 1). X-ray treatment significantly influenced
all analyzed parameters except leaf area. Fresh biomass
significantly decreased at 0.3 Gy and increased at 1 Gy
compared to the control and higher doses. This trend of
variation was not maintained in the case of dry biomass,
for which irradiation at all doses but 10 Gy caused a
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Table 1 Effect of X-ray, C-

DW biomass (g/mz)

Hypocotyl length (cm)

Leaf area (cm?)

L o X-ray
and Fe-ion irradiation on fresh
and dry weight of biomass Dose (Gy) FW biomass (kg/m?)
(FW and DW), hypocotyl
length, and leaf area of B. rapa 0 1.928+0.014 b
microgreens from the control 03 1.700+0.027 ¢
.(O) and.seedlings irradiated with 1 2.119+0.017 a
increasing doses (0.3, 1, 10, 20,
30 Gy, for X-rays; 0.3, 1, 10, 20, 10 1.908+0.022 b
25 Gy, for C- and Fe- ions) 20 1.893+0.022 b
30 1.946 +0.006 b
Sign sksk
C- ions
0 1.076 +0.060 ¢
0.3 1.695+0.120 ab
1 1.426 +0.069 b
10 1.745+0.129 ab
20 1.890+0.133 a
25 1.679+0.050 ab
Sign sokok
Fe-ions
0 2.180+0.106 a
0.3 2.100+0.028 a
1 1.889+0.056 a
10 1.824+0.166 a
20 1.846+0.034 a
25 2.037+0.086 a
Sign NS

102.6 +0.770 d
108.5+1.694 ¢
124.6 £0.990 a
103.8+1.221d
112.6 +1.306 b
108.2+0.326 ¢

skoksk

104.3+4.727 a
114.1+5.464 a
103.6+4.478 a
103.5+3.889 a
94.44+4.153 a
98.42+4.612a
NS

149.7+7.629 a
137.4+0.606 a
133.7+4.604 a
126.8+9.624 a
129.6+3.541 a
140.9+9.560 a
NS

4.375+0.250 ¢
5.036+0.222 be
6.148+0.218 a
5.536+0.211 ab
4.987+0.250 bc
4.873+£0.236 bc

skesksk

5.654+0.211b
6.529+0.164 a
5.676+0.235b
6.435+0.145 a
6.397+0.171 a
5.792+0.156 b

ok

4.656+0.154 ab
5.067+0.125 a
4.801+0.131 ab
4.409+0.132 bc
4.031+0.176 ¢
4.483+0.121 be

kkosk

1.268 +0.125 a
1.100+0.133 a
1.422+0.154 a
1.529+0.235 a
1.563+0.199 a
0.967+0.099 a
NS

0.102+0.017 b
0.198+0.028 a
0.084+0.011b
0.222+0.043 a
0.266+0.033 a
0.240+£0.044 a

sk

0.196 +0.009 ¢
0.206+0.075 ¢
0.195+0.067 ¢
0.254+0.070 b
0.302+0.091 a
0.326+0.093 a

kkosk

Mean values and standard errors are shown (n =4 for biomass; n= 10 for microgreens length and leaf area).
Different letters correspond to significant differences between irradiation doses, within each radiation type,
according to the Student-Newman—Keuls multiple comparison tests (P <0.05)

NS not significant

s

significant increase compared to the control, with a maxi-
mum value at 1 Gy. Hypocotyl length increased signifi-
cantly at 1 Gy relative to the control and all other doses
except 10 Gy. Leaf area was unaffected by irradiation dose.

C-ion treatment significantly influenced all analyzed
parameters except dry biomass. Fresh biomass increased
at all doses compared to the control, with a maximum at
20 Gy. Hypocotyl length was significantly higher at doses
of 0.3, 10, and 20 Gy compared to the control, 1 Gy, and
25 Gy. Leaf area was significantly increased by doses of
0.3, 10, 20, and 25 Gy compared to the control and 1 Gy.

Fe-ion treatment significantly influenced only hypocotyl
length and leaf area. Hypocotyl length was significantly
reduced at 20 Gy compared to the 0.3 Gy, which showed
the highest value, with control and all the other doses char-
acterized by intermediate values. Leaf area increased with
dose: plants irradiated at 20 and 25 Gy had significantly
larger leaves than those at 10 Gy, which in turn exceeded
all other treatments and the control.

, R kkE: gignificant at P <0.05, 0.01, and 0.001, respectively

Anatomical analyses

Exposure to increasing doses of X-rays, C-ions, and Fe-
ions did not result in aberrations in the organization of tis-
sues within the typical dorsiventral leaf lamina structure
(Fig. 1). Thinner and more compact lamina were occasion-
ally observed in C-ion-irradiated leaves at all doses, and in
Fe-ion-irradiated leaves at 0.3 and 20 Gy (Fig. 1 i-m, p-t)
compared to their respective controls, as possible signs of
delayed tissue differentiation. However, from a quantitative
perspective, the various irradiation treatments significantly
influenced anatomical parameters (Figs. 1, 2).

Under X-rays (Fig. 2a), the thickness of the adaxial and
abaxial epidermis remained largely unchanged across the
different doses. On the contrary, the palisade parenchyma
thickness showed notable variability, with a significant
reduction at 0.3 and 10 Gy, as well as a significant increase
at 1 Gy, compared to the control. The spongy parenchyma
was significantly thinner at 10 Gy, while thicker at 1

@ Springer
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«Fig. 1 Light microscopy images of leaf lamina cross sections of B.
rapa microgreens (a—f, h-m, o—t) grown from non-irradiated seeds
(a, h, o, control, 0 Gy) and seeds irradiated with increasing doses of
X-rays (b, 0.3 Gy; ¢, 1 Gy; d, 10 Gy; e, 20 Gy; f, 30 Gy), C-ions
@, 0.3 Gy; j, 1 Gy; k, 10 Gy; 1, 20 Gy; m, 25 Gy), and Fe-ions (p,
0.3 Gy; q, 1 Gy; r, 10 Gy; s, 20 Gy; t, 25 Gy). Images are all at the
same magnification. Bar=100 pm. Quantification of intercellu-
lar space area (%) in the spongy parenchyma (g, n, u) for each irra-
diation treatment: g, X-rays; n, C-ions; and u, Fe-ions. Values are
means +SE (n=15); different letters indicate statistically significant
differences (P <0.05)

and 30 Gy compared to the control; a similar trend was
observed in the percentage of intercellular spaces, which
were reduced at 10 Gy, while increased at 1 and 30 Gy
compared to the control (Fig. 1g). Total leaf lamina thick-
ness followed a similar trend to the spongy parenchyma.
C-ions exposure (Fig. 2b) caused a significant decrease in
epidermal thickness only at 20 and 25 Gy in adaxial epi-
dermis, while at all doses in the case of abaxial epidermis,
with minimum values at the highest doses. Both palisade
and spongy parenchyma were thinner after irradiation
treatments, with the lowest values observed particularly
at 0.3 and 25 Gy. Consistently, total leaf thickness was
significantly reduced across all doses compared to the con-
trol, with minimum values also at 0.3 and 25 Gy. Similarly,
the percentage of intercellular spaces (Fig. 1n) showed a
significant decrease at all irradiation doses, reaching the
lowest expansion at 0.3 Gy. Concerning Fe-ion irradiation
(Fig. 2c¢), the thickness of the adaxial epidermis signifi-
cantly decreased at 0.3 and 20 Gy compared to the control.
The thickness of the palisade tissue did not show signifi-
cant differences across the different doses. The spongy
tissue and abaxial epidermis showed the same trends of
variations with significantly reduced thickness at 0.3, 10,
and 25 Gy compared to the control. The total leaf thick-
ness decreased at all doses except for 25 Gy compared to
the control. In terms of intercellular spaces (Fig. 1u), no
significant differences were observed between the control
and irradiated samples. Leaf lamina thickness was signifi-
cantly negatively correlated with fresh biomass and leaf
area only for the microgreens from seeds irradiated with
C-ions (Fig. 3a, b, Table S1).

Regarding stomatal frequency, no significant changes
were observed under X-rays for either leaf surface (Sup-
plementary Fig. S3a). In contrast, high-LET irradiation
induced different dose-dependent variations: both leaf
epidermis tissues were affected under C-ions, while the
response to Fe-ions was significant only at the abaxial
epidermis (Fig. S3b, c). Significant positive correlations
between stomatal frequency and leaf lamina thickness
were found only in the case of C-ion treatments (Supple-
mentary Table S1).

Biochemical analyses

The analyzed biochemical parameters were significantly
influenced by radiation type and dose (Table 2). X-rays
exposure significantly increased antioxidant capacity from
1 Gy, with the highest values at 30 Gy. Ascorbic acid (AsA)
was significantly increased only in microgreens from 30 Gy-
irradiated seeds. Polyphenol content was not significantly
influenced by irradiation. Chlorophyll, carotenoid, and
soluble proteins contents showed a tendency to increase
with increasing doses up to 1 Gy and then to decrease again
at higher doses, although the differences were not always
significant.

In contrast, C-ion irradiation caused a general decrease
in most biochemical parameters, compared to the control.
The antioxidant capacity decreased the most at the highest
doses (20 and 25 Gy). A similar trend was found for the
AsA, which at 25 Gy was significantly lower than all the
other doses, which in turn showed still higher values than the
control. Chlorophylls showed a significant reduction only at
doses of 0.3 and 1 Gy compared to the control. Carotenoids
were significantly reduced at all irradiation doses compared
to the control. Polyphenols and soluble proteins showed a
decrease in their contents, not linearly, according to increas-
ing doses.

For Fe-ion irradiation, antioxidant capacity and protein
levels increased almost linearly with the dose. AsA levels
were significantly higher at 25 Gy than in all the other treat-
ments and the control, except for 1 Gy. Total polyphenol
concentration showed a significant increase at 0.3 Gy com-
pared to the control, followed by a decrease, with the lowest
value observed at 20 Gy. Chlorophyll and carotenoid content
significantly increased only at 20 Gy compared to all other
treatments, including the control.

The polyphenol content was negatively and significantly
correlated with fresh biomass only in microgreens treated
with C-ions (Fig. 4, Table S1).

The principal component analysis (Fig. 5) revealed that
the first two components explained a cumulative 72.4% of
total variance, with PC1 accounting for 45.4% and PC2
for 27%. The PCA scatterplot clearly separated the three
types of radiation X-rays, C-ions and Fe-ions in the first,
second and fourth quadrants, respectively. PC1 was strongly
influenced by anatomical variables such as upper epidermis
thickness (UET), lower epidermis thickness (LET), spongy
parenchyma thickness (ST), and palisade parenchyma
thickness (PT), with vectors pointing in the positive PC1
direction. PC2 was primarily associated with FW and DW.
Biochemical variables, such as AsA, chlorophyll (CHL),
carotenoids (CAR), polyphenols (POLY), and antioxidant
capacity (AC), were associated with X-ray samples, par-
ticularly at higher doses, with vectors directed towards the
bottom right quadrant.
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Fig.2 Radiation effect on the
leaf anatomical traits (adaxial
epidermis thickness, palisade
parenchyma thickness, spongy
parenchyma thickness, abaxial
epidermis thickness, total leaf
lamina thickness) in leaves of
B. rapa microgreens from the
control (0) and seeds irradiated
with increasing doses of X-rays
(a), C-ions (b), and Fe-ions (c).
Mean values and standard errors
are shown (n=45). Different
letters correspond to signifi-
cantly different values between
doses within each trait; capital
letters refer to the significance
of total lamina thickness
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Fig.3 Correlations between leaf
lamina thickness and FW bio-
mass (a) and leaf lamina thick-
ness and stomatal frequency on
the adaxial (b, red) and abaxial
(b, blue) surface in the case

of microgreens from C-ions
irradiated seeds. R? values and
equations of the fitting linear
regressions are shown
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Table2 Effect of X-ray, C-ions and Fe-ions irradiation on antioxi-
dant capacity, chlorophyll content, carotenoids, polyphenols, soluble
proteins, and ascorbic acid of B. rapa microgreens from the control

(0) and seedlings irradiated with increasing doses (0.3, 1, 10, 20,
30 Gy, for X-rays; 0.3, 1, 10, 20, 25 Gy, for C-ions and Fe-ions)

Dose (Gy) Antioxidant capac-  Ascorbic acid Polyphenols Chlorophyll Carotenoids Soluble proteins (mg
ity (ng mL™h (mg g~' FW) (mg g~' FW) (mg g~' FW) BSA equivalents g~!
(pmol Trolox FW)
equivalents g~!
FW)
X-Rays
0 1.652+0.074 ¢ 1.516+0.086 b 0.558+0.038 a 0.568+0.040bc  0.109+0.008 be 1.916+0.152 ab
0.3 1.592+0.062 ¢ 1.745+0.062 b 0.614+0.062 a 0.706+0.036ab ~ 0.132+0.008 b 1.644+0.057 b
1 2.316+0.114b 1.782+0.182b 0.586+0.031a 0.855+0.082 a 0.163+0.015a 2.272+0.132 a
10 2.199+0.063 b 1.639+0.271 b 0.504+0.030 a 0.624+0.066 bc  0.121+0.012 be 2.012+0.070 ab
20 2.326+0.087 b 1.297+0.088 b 0.627+0.039 a 0.553+0.035bc  0.109+0.006 be 1.893+0.138 ab
30 2.651+0.140 a 3.775+0.551 a 0.494+0.024 a 0.460+0.041 b 0.091+0.008 ¢ 1.603+0.088 b
C- ions
0 3.351+0.206 a 4.245+0.136 a 1.166+0.105 a 1.27+0.041 a 0.249+0.009 a 1.927+0.048 a
0.3 2.349+0.082 bc 3.207+£0.165b 0.686+0.031 be 0.975+0.037b 0.176 +£0.009 b 1.242+0.028 b
1 2.373+0.205 be 3.262+0.088 b 0.802+0.058 b 0.932+0.062 b 0.175+0.012b 1.023+0.037 ¢
10 2.645+0.205b 2.892+0.258 b 0.455+0.048d 1.068 +0.092 ab 0.163+0.009 b 1.318+0.029 b
20 2.139+0.063 ¢ 3.369+0.099 b 0.59+0.037 cd 1.076 +£0.082 ab 0.18+0.015b 0.979+0.054 ¢
25 2.081+0.040 ¢ 1.654+0.026 ¢ 0.515+0.029 cd 1.087+0.047ab  0.189+0.01b 1.058+0.044 ¢
Slgn ke skoksk skoksk % skoksk skoksk
Fe-ions
0 1.305+0.040 ¢ 2.977+0.077 b 0.651+0.072bc  0.984+0.039b 0.176+0.007 b 0.730+0.014 ¢
0.3 2.11+0.041d 2.765+0.214 b 0.895+0.060 a 0.913+0.036 b 0.174+0.007 b 0.793+0.027 ¢
1 2.397+0.041 ¢ 3.598+0.438ab  0.668+0.033 ¢ 0.968+0.036 b 0.177+0.007 b 0.774+0.014 ¢
10 3.759+0.090 a 3.180+0.176 b 0.714+0.058 b 0.949+0.057 b 0.173+0.104 b 1.230+0.087 a
20 3.730+0.162 a 3.013+0.147b 0.506+0.039 ¢ 1.272+0.133 a 0.248+0.023 a 1.051+0.031b
25 3.107+0.078 b 4.110+0.284 a 0.540+0.034 be 1.034+0.026 b 0.188+0.008 b 1.141+0.02 ab
Slgn sekesk kek ok Kk sk sk

Mean values and standard errors are shown (n=28). Different letters correspond to significant different values between irradiation doses, within
each radiation type, according to the Student—-Newman—Keuls multiple comparison tests P <0.05)

NS not significant
ok ko, significant at P <0.05, 0.01, and 0.001, respectively
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Fig.4 Correlation between polyphenols content and FW biomass in
the case of microgreens from C-ions irradiated seeds. R> value and
equation of the fitting linear regression are shown
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Dose-response modeling

Dose-response modeling revealed strong differences
across radiation types and plant traits. The LL.4 model
consistently outperformed other fits and provided inter-
pretable EC50 estimates in nearly all cases (Supplemen-
tary Fig. S4). A summary of EC50 and NOEL thresholds
is reported in Table 3, and curves are reported in Supple-
mentary Fig. S4.

Under X-ray irradiation, trait responses followed a moder-
ately sensitive pattern. The EC50 was 0.87 Gy for antioxidant
capacity, 0.59 Gy for lamina thickness, and 3.33 Gy for dry
weight, with all traits maintaining high NOEL values (30 Gy).
These results indicate a hormetic or plateau-like pattern, with
early responses detectable at low doses (low EC50), but no
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Fig.5 Principal component analysis (PCA) loading plot and scores of
morphological (FW fresh weight; DW dry weight; LA leaf area; HL
hypocotyl length) anatomical (UET upper epidermis thickness; PT
palisade parenchyma thickness; ST spongy parenchyma thickness;
LET lower epidermis thickness; 77 total leaf lamina thickness; SUE
stomata density upper epidermis; SLE stomata density lower epider-

Table3 Summary of EC50 and NOEL values extracted from log-
logistic dose-response curves for three representative traits (dry
weight, lamina thickness, antioxidant capacity) in B. rapa micro-
greens exposed to X-rays, carbon ions (C-ions), and iron ions (Fe-
ions)

Trait EC50 (Gy) NOEL (Gy)
X-Rays
Dry weight 3.33 30
Lamina thickness 0.59 30
Antioxidant capacity 0.87 30
C- ions
Dry weight 10.23 30
Lamina thickness 0.01 25
Antioxidant capacity 0.01 30
Fe-ions
Dry weight 0.17 30
Lamina thickness 26.33 25
Antioxidant capacity 0.81 30

Values highlight radiation-specific sensitivity patterns, with ana-
tomical and biochemical traits responding differently across radiation
types. NOEL values are model-derived and may exceed the maximum
experimental dose (25/30 Gy) due to extrapolation of fitted curves

mis) and biochemical data (AC antioxidant capacity; CHL chloro-
phyll; CAR carotenoids; POLY polyphenols; PROT soluble proteins;
ASA ascorbic acid) in B. rapa microgreens from the control (0) and
seedlings irradiated with increasing doses (0.3, 1, 10, 20, 30 Gy, for
X-rays; 0.3, 1, 10, 20, 25 Gy) of C-ions and Fe-ions

significant impairment until higher thresholds (high NOEL)
were exceeded.

In contrast, exposure to carbon ions resulted in sharply
divergent sensitivity profiles. Lamina thickness and antioxi-
dant capacity showed hypersensitive responses with EC50
values approaching 0 Gy (0.00 and 0.01 Gy, respectively),
while dry weight exhibited a much higher EC50 (10.23 Gy),
indicating delayed growth inhibition. The NOEL was 25 Gy
for lamina thickness and 30 Gy for the other traits.

Iron ion irradiation yielded an inverse trend compared to
C-ions. Antioxidant capacity (EC50=0.81 Gy) and dry weight
(EC50=0.17 Gy) exhibited high sensitivity, whereas lamina
thickness appeared much less sensitive (EC50=26.33 Gy),
with a lower NOEL of 25 Gy. This decoupling suggests that
biochemical responses may be activated at lower doses, while
anatomical traits like lamina thickness show more gradual or
buffered reactions to Fe-ion exposure.

Discussion
Morphogenesis and structural organization

The exposure of B. rapa seeds to low-LET (X-rays) and
high-LET (C- and Fe-ions) ionizing radiation did not impair
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the species’ ability to complete early development into
microgreens, even at high doses (25-30 Gy). The establish-
ment percentage remained unaffected by X-ray and C-ion
exposure, while Fe-ions caused a significant reduction at 10
and 20 Gy. These results confirm the species' relative radi-
oresistance and align with previous studies reporting vari-
able germination responses depending on species, genotype,
and radiation type (De Micco et al. 2014b, 2021b; Grasso
et al. 2016; Beyaz and MacAdam 2023). Notably, contrast-
ing trends have been observed in other Brassicaceae crops,
including Raphanus raphanistrum L. and Lepidium sativum
L., where carbon ion exposure showed inhibitory effects,
already evident at low doses (e.g., 0.3 Gy) and persisting up
to 25 Gy. In contrast, Fe-ion exposure either had no effect or
even stimulated germination in the same species (Amitrano
et al. 2024).

The variability in germination, lethality, and survival has
been extensively documented (De Micco et al. 2011), and
is not unexpected, particularly for heavy ion treatments; in
the latter, direct effects dominate, and the interaction with
target molecules occurs in a largely stochastic manner.
Beyond germination, this high variability of responses has
also been confirmed in morphological parameters and bio-
mass accumulation. X-rays significantly stimulated biomass
accumulation and hypocotyl elongation at 1 Gy, support-
ing the concept of radiation-induced hormesis, where mild
stress promotes growth. Similar effects have been observed
in Phoenix dactylifera L. seedlings (Al-Enezi et al. 2012)
and in our previous study on B. rapa microgreens in which
even the highest tested X-ray dose did not induce significant
changes in hypocotyl length compared to the control (De
Francesco et al. 2023). Similarly, hypocotyl length was not
significantly reduced in Vigna radiata seedlings irradiated
with X-rays and cultivated at specific light wavelengths (De
Micco et al. 2021b).

Differently, C-ion irradiation enhanced fresh biomass and
elongation at specific doses without affecting dry weight.
This decoupling suggests a modulation of water status rather
than carbon gain, mirroring responses observed in plants
under mild drought or salinity, where turgor is maintained
via osmotic adjustments without increasing dry matter
(Flexas et al. 2004; Chaves et al. 2009). This observation
supports our previous hypothesis that plants may acclimate
to altered radiation environments by modulating stress-
related signaling pathways, similar to their responses under
other mild abiotic stresses on Earth (e.g., water and salt
stress) (Amitrano et al. 2024).

In contrast, Fe-ion exposure suppressed hypocotyl elon-
gation at high doses but promoted leaf lamina expansion,
suggesting a dose-dependent developmental trade-off favor-
ing horizontal expansion over vertical stem elongation.
Such organ-specific shifts are consistent with acclimation
strategies seen in shaded environments or under nutrient
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limitation, where plants prioritize leaf area expansion to
optimize light capture or resource use efficiency under stress
(Hermans et al. 2006; Gommers et al. 2013).

Concerning plant anatomy, X-rays irradiation caused a
significant thickening of leaf lamina at 1 and 30 Gy, support-
ing the idea that radiation may induce anatomical plasticity
to maintain photosynthetic and hydraulic efficiency under
stress (He et al. 2018; Matthes et al. 2022). At 1 Gy, lam-
ina thickening was driven by palisade parenchyma expan-
sion and increased airspaces in the spongy parenchyma;
this can likely be considered a hormetic response aimed at
enhancing gas-diffusion, thus photosynthetic capacity. In
contrast, thickening at 30 Gy was only driven by spongy
parenchyma expansion and airspace percentage, possibly
facilitating internal gas diffusion, but also suggesting early
signs of structural disorganization (Amitrano et al. 2022).
Similar increase in leaf lamina thickness was observed in
S. lycopersicum after high-dose X-ray exposure, attributed
to increased cell enlargement due to altered wall properties
(De Micco et al. 2014b). The thickness of both adaxial and
abaxial epidermal layers remained relatively stable across all
X-ray doses, confirming tissue-specific responses (De Micco
et al. 2014a).

Conversely, both C- and Fe-ions consistently reduced leaf
lamina thickness across all doses (except Fe-25 Gy). This
tendency resembled adaptations seen in shade conditions,
with thin leaves characterized by large surface area (Aneja
et al. 2025). However, C-ions consistently reduced lamina
and mesophyll thickness across all doses, showing particu-
larly compact tissues and reduced intercellular spaces. This
structural simplification is reminiscent of shade acclimation,
where reduced lamina thickness is associated with greater
surface area at the expense of tissue differentiation (Aneja
et al. 2025). The negative correlation between leaf area and
lamina thickness in C-ion-treated plants, together with the
more compact mesophyll structure, the reduced intercellular
spaces, and the reduced stomata frequency, suggests a pos-
sible delayed tissue differentiation.

Fe-ions induced variable effects, with reductions in
lamina thickness at low and intermediate doses but partial
recovery at 25 Gy. This suggests a possible threshold-based
adjustment in structural investment. Interestingly, stoma-
tal frequency remained stable under X-rays, but decreased
under C-ions and varied under Fe-ions, with C-ions show-
ing a reduction proportionate to lamina thickness, likely a
water-saving mechanism under stress (Gupta et al. 2020).
Our findings align with prior work suggesting that stomatal
responses to radiation are highly species- and dose-depend-
ent (Samiyarsih et al. 2020; Albarzinji et al. 2022; De Franc-
esco et al. 2023; Sorrentino et al. 2023).

Epidermal tissues were generally less responsive, with
X-rays having no significant effect, while C- and Fe-ions
caused dose-specific changes (De Micco et al. 2014a).
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The adaxial thickness in C-ion is reduced at high doses
(10-25 Gy). The maintenance of a thickness comparable
to control at low C-ion doses (notably 0.3- 1 Gy) may rep-
resent an early defense mechanism, reinforcing the outer
tissue to protect against oxidative stress. Similar epidermal
adaptations are known under UV-B or drought stress, where
increased thickness is accompanied by cuticle deposition
and water retention (Mewis et al. 2012; Zahedi et al. 2025).
However, at higher doses, epidermal thickness decreased,
suggesting that prolonged or intense radiation may exceed
the tissue’s capacity for compensation, mirroring the con-
current reduction in mesophyll layers and stomatal density.
Fe-ion irradiation, by contrast, elicited more variable epi-
dermal responses, with dose-specific fluctuations between
the adaxial and abaxial surfaces.

Biochemical responses

X-ray and Fe-ions irradiation significantly enhanced the anti-
oxidant capacity and ascorbic acid (AsA) content of B. rapa
microgreens, particularly at higher doses. This trend is con-
sistent with the activation of oxidative stress defense path-
ways observed in other irradiated species such as Lactuca
sativa, Cichorium endivia, Eruca sativa, and Artemisia prin-
ceps (Fan 2005; Hwang et al. 2021; Sorrentino et al. 2023).
Interestingly, polyphenol content remained unchanged
across doses, with a significant increase only after 0.3 Fe-
irradiation. This suggests that antioxidant enhancement
induced by X-ray and Fe-ion may involve other pathways,
such as increased AsA biosynthesis or activation of enzy-
matic antioxidants. These findings indicate an upregulation
of antioxidant defenses under both low- and high-LET radia-
tion, likely aimed at counteracting oxidative damage and
stabilizing cellular membranes (Tattini et al. 2000; De Micco
and Aronne 2007; Lattanzio et al. 2008; De Micco et al.
2011; Arena et al. 2014b).

From a space biology perspective, the plant's ability to
boost antioxidant content has promising implications for the
development of functional foods rich in dietary antioxidants
(Jeong et al. 2006).

In contrast, C-ion irradiation caused a marked decline in
antioxidant capacity, AsA, and total polyphenols, particu-
larly at the highest doses. This reduction likely reflects rapid
depletion of antioxidant pools in the early stages of oxida-
tive stress, rather than suppression of biosynthesis pathways
(Apel and Hirt 2004; Foyer and Noctor 2005; Sharma et al.
2012). These biochemical outcomes are consistent with ana-
tomical responses observed under C-ion treatment, including
reduced lamina and mesophyll thickness. Together, these
data suggest a coordinated stress response involving both
structural simplification and biochemical resource limita-
tion, possibly driven by oxidative depletion or metabolic cost
constraints (Mittler 2002; Gill and Tuteja 2010).

Under X-ray exposure, chlorophyll, carotenoids, and solu-
ble protein levels peaked at 1 Gy before declining (returning
to near-control values). This biphasic response reflects low-
dose stimulation followed by stress-induced decline. The
found pattern is consistent with previous observations in
crops and model species, including Arabidopsis thaliana,
Capsicum annuum, and Triticum, exposed to ionizing radia-
tion such as y-rays or X-rays (Gudkov et al. 2019). The con-
current anatomical thickening of the palisade parenchyma
at 1 Gy supports a hormetic response coupling structure and
function. The increase in protein content at the same dose
likely reflects early activation of stress-responsive protein
synthesis, contributing to repair and defense mechanisms
(Bae et al. 2024; Yashaswini et al. 2024).

Conversely, C-ion irradiation consistently reduced pig-
ment content, especially at high doses, and was accompanied
by thinner leaf tissues, lower stomatal density, and increased
leaf area. This phenotype resembles shade-acclimation strat-
egies, in which plants minimize tissue investment while
maximizing surface area, to enhance light capture under
limiting or stressful conditions (Murchie and Horton 1997,
Ruberti et al. 2012; Gommers et al. 2013). The simultaneous
reduction in pigment levels and delay in tissue differentia-
tion further supports the hypothesis of a low-cost adaptation
mechanism under high-LET stress. In addition, the dose-
dependent decline in protein content suggests systemic meta-
bolic exhaustion (Inostroza-Blancheteau et al. 2016).

Fe-ion exposure preserved or enhanced pigment lev-
els, particularly at 20 Gy, and maintained a more stable
leaf anatomy compared to C-ions. This pigment preserva-
tion was paralleled by increased antioxidant capacity and
soluble protein content, indicating a more integrated bio-
chemical stress response, where functional adjustments are
maintained. This suggests a robust and metabolically active
tolerance strategy under extreme conditions (Arena et al.
2019a; Gudkov et al. 2019). This also aligns with recent
transcriptomic and proteomic evidence showing that high-
LET heavy ion beam (HIB) radiation induces the upregula-
tion of antioxidant-related genes and proteins, compared to
X-rays (XR), as a compensatory response to oxidative dam-
age (Liu et al. 2023).

A cross-comparison of dose—response thresholds (EC50
and NOEL) further supports the radiation-specific nature of
plant responses observed in this study. Traits linked to oxida-
tive stress (e.g., antioxidant capacity) consistently showed
the highest sensitivity across radiation types, while structural
traits such as lamina thickness responded in a more vari-
able and radiation-dependent manner. Notably, carbon ions
elicited immediate effects on anatomical and biochemical
traits, suggesting a low threshold of activation and potential
developmental disruption at minimal doses, which would
also explain delayed differentiation. X-rays induced moder-
ate, trait-coherent responses across all metrics, while Fe-ions
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triggered biochemical changes with minimal structural
adjustment. These findings highlight the need to consider
both trait identity and radiation quality when assessing plant
performance under ionizing stress, and they underscore the
value of quantitative thresholds for comparing crop resil-
ience across space-relevant conditions.

Conclusion

This study demonstrates that radiation type and dose signifi-
cantly influence growth, anatomical, and biochemical traits
in Brassica rapa L. microgreens, shaping their acclimation
strategies. They involve distinct trade-offs between growth,
structural integrity, and biochemical protection, though all
of them proved to be suitable in preventing detrimental out-
comes. While X-rays induced a more dose-dependent hor-
metic response, C-ions promoted structural and metabolic
suppression coupled with leaf lamina expansion. Fe-ions, in
contrast, supported a coordinated stress response preserving
pigments, antioxidants, and protein levels.

Importantly, the extraction of EC50 and NOEL thresh-
olds across key traits revealed distinct sensitivity patterns
depending on both trait type and radiation quality. Biochemi-
cal traits, such as antioxidant capacity, showed early and
dose-dependent responses across most radiation types. At
the same time, anatomical traits, particularly lamina thick-
ness, proved to be highly responsive to specific conditions,
such as carbon ion exposure, highlighting their potential as
reliable structural indicators of stress. This threshold-based
approach provides a quantitative framework for comparing
plant sensitivity across radiation environments and strength-
ens trait selection strategies for space-oriented cultivation
systems. These findings emphasize the importance of LET
in modulating plant performance and suggest that targeted
radiation treatments could be used to optimize specific traits.
Identifying dose thresholds and stress markers for each radi-
ation type is essential for selecting suitable crop candidates
in future bioregenerative life support systems. Emerging
concepts in induced mutagenesis and radiation breeding
(Kazama et al. 2008; Guo et al. 2024) suggest that targeted
use of radiation quality could become a tool for modulating
growth, stress tolerance, or metabolite enrichment in crops
of interest.

Despite the absence of severe abnormalities preventing
microgreens morphogenesis, several variations in morpho-
logical, anatomical, and biochemical traits were observed,
which were clearly radiation-type dependent, but still not
linearly related to the dose. Multivariate analysis supported
the hypothesis of radiation-specific responses, with princi-
pal component analysis clearly clustering the three radiation
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types, suggesting radiation-type-specific harmonization of
traits to allow microgreens development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00425-025-04835-6.

Acknowledgements We would like to acknowledge Cristina Illiano
and Alessandra Carli for their technical assistance in the laboratory.
The work by S.D.F. was supported by the European Space Agency
and the Italian Space Agency within the MELiSSA (Micro-Ecological
Life Support System Alternative) PhD POMP program with the project
‘Radiation effect on plants’ at the University of Naples PhD Sustainable
Agricultural and Forestry Systems and Food Security (XXXVII Cycle).

Author contributions Conceptualization: Sara De Francesco, Chiara
Amitrano, Carmen Arena, Veronica De Micco; Methodology: Sara De
Francesco, Chiara Amitrano, Ermenegilda Vitale, Giulia Costanzo,
Walter Tinganelli, Mariagabriella Pugliese, Cecilia Arrichiello, Paolo
Muto, Marco Durante, Carmen Arena, Veronica De Micco; Formal
analysis and investigation: Sara De Francesco, Chiara Amitrano,
Ermenegilda Vitale, Giulia Costanzo, Cecilia Arrichiello, Veronica
De Micco; Writing—original draft preparation: Sara De Francesco,
Chiara Amitrano; Writing—review and editing: Sara De Francesco,
Chiara Amitrano, Ermenegilda Vitale, Giulia Costanzo, Walter Tin-
ganelli, Mariagabriella Pugliese, Cecilia Arrichiello, Paolo Muto,
Marco Durante, Stefania De Pascale, Carmen Arena, Veronica De
Micco; Funding acquisition: Stefania De Pascale, Veronica De Micco;
Resources: Carmen Arena, Veronica De Micco; Supervision: Paolo
Muto, Marco Durante, Stefania De Pascale, Carmen Arena, Veronica
De Micco.

Funding Open access funding provided by Universita degli Studi
di Napoli Federico II within the CRUI-CARE Agreement. The
work was also partially carried out within the Space It Up! project
funded by the Italian Space Agency, ASI, and the Ministry of Uni-
versity and Research, MUR, under contract n. 2024-5-E.0-CUP n.
153D24000060005. This work benefited from support from the pro-
ject In situ REsource Bio-Utilization for life Support system (ReBUS),
unique project code (CUP) F74116000000005 financed by the Italian
Space Agency. Part of the results presented here is based on the experi-
ment Bio_08_DeMicco, which was performed at the SIS18 at the GSI
Helmbholtzzentrum fuer Schwerionenforschung, Darmstadt (Germany)
in the frame of FAIR Phase-0.

Data availability Data will be made available upon reasonable request
to the corresponding author.

Declarations
Conflict of interest The authors declare no conflict of interest.

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/.



Planta (2025) 262:118

Page150f17 118

References

Albarzinji IM, Anwar AM, Karim HH, Ahmed MO (2022) Photosyn-
thetic pigments and stomata characteristics of cowpea (Vigna sin-
ensis Savi) under the effect of X-ray radiation. UHD J Sci Technol
6:58-64. https://doi.org/10.21928/uhdjst.v6n2y2022.pp58-64

Al-Enezi NA, Al-Bahrany AM, Al-Khayri JM (2012) Effect of X-irra-
diation on date palm seed germination and seedling growth. Emir-
ates J Food Agric 24:415-424

Amitrano C, Rouphael Y, De Pascale S, De Micco V (2022) Vapour
pressure deficit (VPD) drives the balance of hydraulic-related ana-
tomical traits in lettuce leaves. Plants 11:2369. https://doi.org/10.
3390/plants11182369

Amitrano C, De Francesco S, Durante M, Tinganelli W, Arena C,
De Micco V (2024) Morphological and photosynthetic pigment
screening of four microgreens species exposed to heavy ions.
Plants 13:3541. https://doi.org/10.3390/plants 13243541

Aneja P, Sanyal R, Ranjan A (2025) Leaf growth in third dimen-
sion: a perspective of leaf thickness from genetic regulation
to ecophysiology. New Phytol 245:989-999. https://doi.org/10.
1111/nph.20246

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxi-
dative stress, and signal transduction. Annu Rev Plant Biol
55:373-399. https://doi.org/10.1146/annurev.arplant.55.031903.
141701

Arena C, De Micco V, Macaeva E, Quintens R (2014a) Space radiation
effects on plant and mammalian cells. Acta Astronaut 104:419—
431. https://doi.org/10.1016/j.actaastro.2014.05.005

Arena C, De Micco V, De Maio A (2014b) Growth alteration and leaf
biochemical responses in Phaseolus vulgaris exposed to diftferent
doses of ionising radiation. Plant Biol 16:194-202. https://doi.org/
10.1111/plb.12076

Arena C, Vitale E, Hay Mele B, Cataletto PR, Turano M, Simoniello
P, De Micco V (2019a) Suitability of Solanum lycopersicum L.
‘Microtom’ for growth in Bioregenerative Life Support Systems:
exploring the effect of high-LET ionising radiation on photo-
synthesis, leaf structure and fruit traits. Plant Biol 21:615-626.
https://doi.org/10.1111/plb.12952

Arena C, Vitale L, Bianchi AR, Mistretta C, Vitale E, Parisi C, De Maio
A (2019b) The ageing process affects the antioxidant defences and
the poly(ADP-ribosyl)ation activity in Cistus incanus L. leaves.
Antioxidants 8:528. https://doi.org/10.3390/antiox8110528

Bae Y, Lim CW, Lee SC (2024) Roles of stress-associated proteins
in plant abiotic stress responses. Physiol Plant 176(4):e14487.
https://doi.org/10.1111/ppl.14487

Baeyens A, Abrantes AM, Ahire V, Ainsbury EA, Baatout S, Baselet
B et al (2023) Basic concepts of radiation biology. In: Baatout S
(ed) Radiobiology textbook. Springer, Cham, pp 25-81. https://
doi.org/10.1007/978-3-031-18810-7_2

Beyaz R, MacAdam JW (2023) X-radiation of Lotus corniculatus
L. seeds improves germination and initial seedling growth. Int
J Radiat Biol 99(11):1794-1799. https://doi.org/10.1080/09553
002.2023.2204961

Bradford MM (1976) A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72:248-254. https://doi.org/
10.1016/0003-2697(76)90527-3

Chaves MM, Flexas J, Pinheiro C (2009) Photosynthesis under drought
and salt stress: regulation mechanisms from whole plant to cell.
Ann Bot 103:551-560. https://doi.org/10.1093/aob/mcn125

Cockell CS, Green DA, Caplin N, Grenouilleau J, McDonald FE,
Calvaruso M et al (2024) BioMoon: a concept for a mission to
advance space life sciences and astrobiology on the Moon. Dis-
cov Space 128(1):5. https://doi.org/10.1007/s11038-024-09558-4

Costanzo G, Iesce MR, Naviglio D, Ciaravolo M, Vitale E, Arena C
(2020) Comparative studies on different Citrus cultivars: a revalu-
ation of waste mandarin components. Antioxidants 9:517. https://
doi.org/10.3390/antiox9060517

De Francesco S, Amitrano C, Vitale E, Costanzo G, Pugliese M,
Atrrichiello C et al (2023) Growth, anatomical, and biochemical
responses of the space farming candidate Brassica rapa L. micro-
greens to low-LET ionizing radiation. Horticulturae 9:452. https://
doi.org/10.3390/horticulturae9040452

De Micco V, Aronne G (2007) Combined histochemistry and autofluo-
rescence for identifying lignin distribution in cell walls. Biotech
Histochem 82:209-216. https://doi.org/10.1080/1052029070
1713981

De Micco V, Arena C, Pignalosa D, Durante M (2011) Effects of
sparsely and densely ionizing radiation on plants. Radiat Environ
Biophys 50:1-19. https://doi.org/10.1007/s00411-010-0343-8

De Micco V, Arena C, Aronne G (2014a) Anatomical alterations of
Phaseolus vulgaris L. mature leaves irradiated with x-rays. Plant
Biol 16:187-193. https://doi.org/10.1111/plb.12125

De Micco V, Paradiso R, Aronne G, De Pascale S, Quarto M, Arena
C (2014b) Leaf anatomy and photochemical behaviour of Sola-
num lycopersicum L. plants from seeds irradiated with low-LET
ionising radiation. Sci World J 2014:428141. https://doi.org/10.
1155/2014/428141

De Micco V, De Francesco S, Amitrano C, Arena C (2021a) Compara-
tive analysis of the effect of carbon- and titanium-ions irradiation
on morpho-anatomical and biochemical traits of Dolichos mel-
anophthalmus DC. seedlings aimed to space exploration. Plants
10:2272. https://doi.org/10.3390/plants 10112272

De Micco V, Amitrano C, Vitaglione P, Ferracane R, Pugliese M,
Arena C (2021b) Effect of light quality and ionising radiation on
morphological and nutraceutical traits of sprouts for astronauts’
diet. Acta Astronaut 185:188-197. https://doi.org/10.1016/j.actaa
stro.2021.05.007

De Micco V, Arena C, Di Fino L, Narici L (2022) Radiation environ-
ment in exploration-class space missions and plants’ responses
relevant for cultivation in bioregenerative life support systems.
Front Plant Sci 13:1001158. https://doi.org/10.3389/fpls.2022.
1001158

De Micco V, Amitrano C, Mastroleo F, Aronne G, Battistelli A,
Carnero-Diaz E et al (2023a) Plant and microbial science and
technology as cornerstones to bioregenerative life support sys-
tems in space. NPJ Microgravity 9:69. https://doi.org/10.1038/
$41526-023-00317-9

De Micco V, Aronne G, Caplin N, Carnero-Diaz E, Herranz R, Hore-
mans N et al (2023b) Perspectives for plant biology in space and
analogue environments. NPJ Microgravity. https://doi.org/10.
1038/541526-023-00315-x

De Pascale S, Arena C, Aronne G, De Micco V, Pannico A, Paradiso R,
Rouphael Y (2021) Biology and crop production in space environ-
ments: challenges and opportunities. Life Sci Space Res 29:30-37.
https://doi.org/10.1016/j.1ss1.2021.02.005

Dos Santos TB, Ribas AF, de Souza SGH, Budzinski IGF, Domingues
DS (2022) Physiological responses to drought, salinity, and heat
stress in plants: a review. Stresses 2:113-135. https://doi.org/10.
3390/stresses2010009

Durante M, Cucinotta FA (2011) Physical basis of radiation protection
in space travel. Rev Mod Phys 83:1245-1281. https://doi.org/10.
1103/RevModPhys.83.1245

ESA (2024) Explore 2024, the European exploration strategy. European
Space Agency.

Fan X (2005) Antioxidant capacity of fresh-cut vegetables exposed to
ionizing radiation. J Sci Food Agric 85:995-1000. https://doi.org/
10.1002/jsfa.2057

@ Springer



118 Page 16 of 17

Planta (2025) 262:118

Feder N, O’Brien TP (1968) Plant microtechnique: some principles and
new methods. Am J Bot 55:123-142. https://doi.org/10.1002/j.
1537-2197.1968.tb06952.x

Flexas J, Bota J, Galmés J, Medrano H, Ribas-Carbé M (2004) Keep-
ing a positive carbon balance under adverse conditions: responses
of photosynthesis and respiration to water stress. Physiol Plant
122:478-488. https://doi.org/10.1111/j.1399-3054.2006.00621.x

Foyer CH, Noctor G (2005) Redox homeostasis and antioxidant sign-
aling: a metabolic interface between stress perception and physi-
ological responses. Plant Cell 17:1866—1875. https://doi.org/10.
1105/tpc.105.033589

George B, Kaur C, Khurdiya DS, Kapoor HC (2004) Antioxidants in
tomato (Lycopersicon esculentum) as a function of genotype. Food
Chem 84:45-51. https://doi.org/10.1016/S0308-8146(03)00165-1

Geras’kin S (2024) Plant adaptation to ionizing radiation: mechanisms
and patterns. Sci Total Environ 916(2024):170201. https://doi.org/
10.1007/978-4-431-54457-9

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant
machinery in abiotic stress tolerance in crop plants. Plant Physiol
Biochem 48:909-930. https://doi.org/10.1016/j.plaphy.2010.08.
016

Gommers CMM, Visser EJW, St Onge KR, Voesenek LACIJ, Pierik
R (2013) Shade tolerance: when growing tall is not an option.
Trends Plant Sci 18:65-71. https://doi.org/10.1016/j.tplants.2012.
09.008

Graham LE (1993) The origin of land plants. Wiley & Sons, New York

Grasso R, Abe T, Cirrone GA, Cuttone G, Gulino M, Musumeci F et al
(2016) Effects of ion irradiation on seedlings growth monitored
by ultraweak delayed luminescence. PLoS ONE 11:e0167998.
https://doi.org/10.1371/journal.pone.0167998

Gudkov SV, Grinberg MA, Sukhov V, Vodeneev V (2019) Effect of
ionizing radiation on physiological and molecular processes in
plants. J Environ Radioact 202:8-24. https://doi.org/10.1016/j.
jenvrad.2019.02.001

Guo X, RenJ, Zhou X, Zhang M, Lei C, Chai R et al (2024) Strategies
to improve the efficiency and quality of mutant breeding using
heavy-ion beam irradiation. Crit Rev Biotechnol 44:735-752.
https://doi.org/10.1080/07388551.2023.2226339

Gupta DK, Walther C (eds) (2025) Radionuclide uptake in food and
consequences for humans. World Scientific, Singapore

Gupta A, Rico-Medina A, Cailo-Delgado AI (2020) The physiology of
plant responses to drought. Science 368:266-269. https://doi.org/
10.1126/science.aaz7614

He N, Liu C, Tian M, Li M, Yang H, Yu G et al (2018) Variation in
leaf anatomical traits from tropical to cold-temperate forests and
linkage to ecosystem functions. Funct Ecol 32:10-19. https://doi.
org/10.1111/1365-2435.12934

Hermans C, Hammond JP, White PJ, Verbruggen N (2006) How do
plants respond to nutrient shortage by biomass allocation? Trends
Plant Sci 11:610-617. https://doi.org/10.1016/j.tplants.2006.10.
007

Hwang KE, Ham YK, Song DH, Kim HW, Lee MA, Jeong JY, Choi
YS (2021) Effect of gamma-ray, electron-beam, and X-ray irra-
diation on antioxidant activity of mugwort extracts. Radiat Phys
Chem 186:109476. https://doi.org/10.1016/J.RADPHYSCHEM.
2021.109476

Inostroza-Blancheteau C, Acevedo P, Loyola R, Arce-Johnson P,
Alberdi M, Reyes-Diaz M (2016) Short-term UV-B radia-
tion affects photosynthetic performance and antioxidant gene
expression in highbush blueberry leaves. Plant Physiol Biochem
107:301-309. https://doi.org/10.1016/j.plaphy.2016.06.019

ISECG (2024) Global exploration roadmap. National Aeronautics and
Space Administration Headquarters Washington, DC 20546—
0001, USA. Available online at http://www.globalspaceexplorati
on.org

@ Springer

Jeong WS, Jun M, Kong ANT (2006) Nrf2: a potential molecular tar-
get for cancer chemoprevention by natural compounds. Antioxid
Redox Signal 8:99-106. https://doi.org/10.1089/ars.2006.8.99

Kazama Y, Saito H, Miyagai M, Takehisa H, Ichida H, Miyazawa Y
et al (2008) Effect of heavy ion-beam irradiation on plant growth
and mutation induction in Nicotiana tabacum. Plant Biotechnol
25:105-111. https://doi.org/10.5511/plantbiotechnology.25.105

Lamalakshmi Devi E, Kumar S, Basanta Singh T, Sharma SK, Beem-
rote A, Devi CP et al (2017) Adaptation strategies and defence
mechanisms of plants during environmental stress. In: Ghor-
banpour M, Varma A (eds) Medicinal plants and environmental
challenges. Springer, Cham, pp 359-413. https://doi.org/10.1007/
978-3-319-68717-9_20

Lattanzio V, Kroon PA, Quideau S, Treutter D (2008) Plant pheno-
lics—secondary metabolites with diverse functions. Recent Adv
Polyphenol Res 1:1-35. https://doi.org/10.1002/9781444302400.
chl

Lichtenthaler HK (1987) Chlorophylls and carotenoids: pigments of
photosynthetic biomembranes. Methods Enzymol 148:350-382.
https://doi.org/10.1016/0076-6879(87)48036-1

Liu X, Du Y, Xu C, Wang F, Li X, Liu L et al (2023) Comparative
analysis of the molecular response characteristics in Platycodon
grandiflorus irradiated with heavy ion beams and X-rays. Life Sci
Space Res 38:87-100. https://doi.org/10.1016/j.1ssr.2023.07.001

Luoni F, Weber U, Boscolo D, Durante M, Reidel CA, Schuy C et al
(2020) Beam monitor calibration for radiobiological experiments
with scanned high energy heavy ion beams at FAIR. Front Phys
8:568145. https://doi.org/10.3389/fphy.2020.568145

Matthes MC, Pennacchi JP, Napier JA, Kurup S (2022) The palisade-
specific gene /QD22 enhances photosynthetic capacity by pheno-
copying 'sun leaf' architecture. bioRxiv 2022: 2022—-08. https://
doi.org/10.1101/2022.08.27.505449

McGinley M, Weis JS (2009) Differences between aquatic and terres-
trial environments. In: Cleveland CJ (ed) Encyclopedia of Earth.
Environmental Information Coalition National Council for Sci-
ence and the Environment, Washington, DC

Mewis I, Schreiner M, Nguyen CN, Krumbein A, Ulrichs C, Lohse
M, Zrenner R (2012) UV-B irradiation changes specifically the
secondary metabolite profile in broccoli sprouts: induced signal-
ing overlaps with defense response to biotic stressors. Plant Cell
Physiol 53:1546-1560. https://doi.org/10.1093/pcp/pcs096

Mittler R (2002) Oxidative stress, antioxidants and stress tolerance.
Trends Plant Sci 7(9):405-410

Murchie EH, Horton P (1997) Acclimation of photosynthesis to irra-
diance and spectral quality in British plant species: chlorophyll
content, photosynthetic capacity and habitat preference. Plant
Cell Environ 20(4):438-448. https://doi.org/10.1046/j.1365-3040.
1997.d01-95.x

Nadarajah KK (2020) ROS homeostasis in abiotic stress tolerance in
plants. Int J Mol Sci 21:5208. https://doi.org/10.3390/ijms211552
08

Neupane B, Antonious GF, Nzaramyimana T, Acharya S, Oli D, Nepal
A, Dhakal A (2025) Advancement in agriculture through radio-
isotopes: current context, challenges and future direction. J Agric
Food Res 21:101966. https://doi.org/10.1016/].jafr.2025.101966

Poulet L, Fontaine JP, Dussap CG (2016) Plant’s response to space
environment: a comprehensive review including mechanistic mod-
elling for future space gardeners. Bot Lett 163(3):337-347. https://
doi.org/10.1080/23818107.2016.1194228

Raza A, Ashraf F, Zou X, Zhang X, Tosif H (2020) Plant adapta-
tion and tolerance to environmental stresses: mechanisms and
perspectives. In: Hasanuzzaman M (ed) Plant ecophysiology and
adaptation under climate change: mechanisms and perspectives
1. Springer, Singapore, pp 117-145. https://doi.org/10.1007/
978-981-15-2156-0_5



Planta (2025) 262:118

Page170f17 118

Reisz JA, Bansal N, Qian J, Zhao W, Furdui CM (2014) Effects of
ionizing radiation on biological molecules—mechanisms of dam-
age and emerging methods of detection. Antioxid Redox Signal
21:260-292. https://doi.org/10.1089/ars.2013.5489

Ruberti I, Sessa G, Ciolfi A, Possenti M, Carabelli M, Morelli GJIBA
(2012) Plant adaptation to dynamically changing environment:
the shade avoidance response. Biotechnol Adv 30(5):1047-1058.
https://doi.org/10.1016/j.biotechadv.2011.08.014

Russ E, Davis CM, Slaven JE, Bradfield DT, Selwyn RG, Day RM
(2022) Comparison of the medical uses and cellular effects of high
and low linear energy transfer radiation. Toxics 10:628. https://
doi.org/10.3390/toxics 10100628

Samiyarsih S, Palupi D, Fitrianto N, Naipospos N (2020) The effect
of cobalt 60 gamma rays irradiation on anatomical characters and
chlorophyll content of winged-bean (Psophocarpus tetragonolo-
bus (L.) DC). IOP Conf Ser Earth Environ Sci 593:012028.
https://doi.org/10.1088/1755-1315/593/1/012028

Sharma P, Jha AB, Dubey RS, Pessarakli M (2012) Reactive oxygen
species, oxidative damage, and antioxidative defense mechanism
in plants under stressful conditions. J Bot 2012:217037. https://
doi.org/10.1155/2012/217037

Sorrentino MC, Granata A, Pugliese M, Manti L, Giordano S, Capozzi
F, Spagnuolo V (2023) Evaluation of morpho-physiological
responses and genotoxicity in Eruca sativa (Mill.) grown in
hydroponics from seeds exposed to X-rays. Peer] 11:e15281.
https://doi.org/10.7717/peerj.15281

Tattini M, Gravano E, Pinelli P, Mulinacci N, Romani A (2000) Flavo-
noids accumulate in leaves and glandular trichomes of Phillyrea
latifolia exposed to excess solar radiation. New Phytol 148:69-77.
https://doi.org/10.1046/j.1469-8137.2000.00743.x

Authors and Affiliations

Vitale E, Velikova V, Tsonev T, Ferrandino I, Capriello T, Arena C
(2021) The interplay between light quality and biostimulant appli-
cation affects the antioxidant capacity and photosynthetic traits of
soybean (Glycine max L. Merrill). Plants 10:861. https://doi.org/
10.3390/plants 10050861

Vitale E, Izzo LG, Amitrano C, Velikova V, Tsonev T, Simoniello
P et al (2022) Light quality modulates photosynthesis and anti-
oxidant properties of B. vulgaris L. plants from seeds irradiated
with high-energy heavy ions: implications for cultivation in space.
Plants 11:1816. https://doi.org/10.3390/plants11141816

Volkova PY, Bondarenko EV, Kazakova EA (2022) Radiation hormesis
in plants. Curr Opin Toxicol 30:100334. https://doi.org/10.1016/j.
cotox.2022.02.007

Wheeler RM (2017) Agriculture for space: people and places paving
the way. Open Agric 2(1):14-32

Yashaswini R, Prem Sagar SP, Kuchanur PH, Raghavendra VC, Prasad
BK, Patil A(2024) Plant proteome in response to abiotic stresses.
IntechOpen. https://doi.org/10.5772/intechopen.114297

Zahedi SM, Karimi M, Venditti A, Zahra N, Siffique KHM (2025)
Plant adaptation to drought stress: the role of anatomical and
morphological characteristics in maintaining the water sta-
tus. J Soil Sci Plant Nutr 25:409-427. https://doi.org/10.1007/
$42729-024-02141-w

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Sara De Francesco' - Chiara Amitrano' - Ermenegilda Vitale? - Giulia Costanzo? - Walter Tinganelli® -

Mariagabriella Pugliese* - Cecilia Arrichiello® - Paolo Muto® - Marco Durante3* . Stefania De Pascale’ -

Carmen Arena? - Veronica De Micco'

< Carmen Arena
carmen.arena@unina.it

< Veronica De Micco
demicco@unina.it

Sara De Francesco
sara.defrancesco @unina.it

Chiara Amitrano
chiara.amitrano @unina.it

Ermenegilda Vitale
ermenegilda.vitale @unina.it

Giulia Costanzo
giulia.costanzo2 @unina.it

Walter Tinganelli
w.tinganelli @gsi.de

Mariagabriella Pugliese
mgpuglie @unina.it

Cecilia Arrichiello
c.arrichiello@istitutotumori.na.it

1

Paolo Muto
p-muto @istitutotumori.na.it

Marco Durante
marco.durante @unina.it

Stefania De Pascale
depascal @unina.it
Department of Agricultural Sciences, University of Naples

Federico 11, Portici, 80055 Naples, Italy

Department of Biology, University of Naples Federico II,
80126 Naples, Italy

Biophysics Department, GSI Helmholtzzentrum
Fiir Schwerionenforschung GmbH, Planckstrafie 1,
64291 Darmstadt, Germany

Department of Physics “E. Pancini”, University of Naples
Federico II, 80126 Naples, Italy

3 Radiotherapy Unit, Istituto Nazionale Tumori—IRCCS—
Fondazione G. Pascale, 80131 Naples, Italy

@ Springer



