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Abstract
Ultraviolet (UV) is a component of the

solar radiation with a wavelength in the
range of 100 ≤ λ ≤ 390 nm that is almost
entirely shielded by the terrestrial atmos-
phere, but not in space. The effects of UV-C
(100 ≤ λ ≤ 280 nm) on plants mainly depend
on: i) the applied UV-C radiation dose and
quality, ii) the different plant species and
varieties used, and iii) the phenological
phase of irradiated plants. UV-C radiation
can be extremely dangerous also at low
exposition times. On the other side, consid-
ering that terrestrial plants under sunlight
are naturally exposed to low doses of UV-C,
the question is how much UV-C could be
beneficial for plants cultivated in space, in
relation to i) protection of plants from
pathogens, ii) increase of the concentration
of important dietary supplements, and iii)
regulation of some physiological processes.
The research on UV-C should be more
addressed to better evaluate the damages
and benefits in UV-C-exposed photosyn-
thetic organisms, involving plants useful for
Bioregenerative Life Support Systems
(BLSSs). 

Introduction
Ultraviolet (UV) is a component of the

solar radiation with a wavelength in the
range of 100 ≤ λ ≤ 390 nm, where the UV-
C part is that with the lower wavelength
(100-280 nm), or rather with the higher
associated energy.1,2 The UV-C radiation is
strongly absorbed by oxygen (100-200 nm)
in the whole atmosphere and from the
ozone layer (200-280) in the stratosphere
(that starts at an altitude of around 12 km
and ends at about 50 km), so that the
amount of UV-C reaching the Earth’s sur-
face, except for the peaks of the highest

mountains, is extremely low but at the same
time indispensable for some plant physio-
logical processes (Figure 1).3

The UV-C radiation has a strong and
effective germicidal action on microorgan-
isms in water, on surfaces and in the air.2
High-energy UV-C radiation, due to the free
radicals produced by its ionizing activity
and to the fact that nucleotides, RNA,
ssDNA, and dsDNA all have a peak of
absorption centered at 260 nm (within the
UV-C range), is responsible for molecular
damages in many organisms. This is partic-
ularly true for all photosynthetic organisms,
that have different types of photoreceptors
and pigments that can be easily photo-oxi-
dized by this radiation.4 Indeed, the exposi-
tion of plants to acute levels of UV-C radia-
tion induces oxidative damage, genetic
instability, DNA hypermethylation and
genetic mutations, that in turn can have
strong negative effects on plant growth,
morphology, flowering, pollination, transpi-
ration and photosynthesis.5-7 These genetic
changes can even be transmitted epigeneti-
cally,4 and/or can eventually be repaired by
specific proteins.8 At high irradiance levels
(10 to 5 kJ m−2), UV-C rays can cause cell
apoptosis and ultimately death.5,6 It is also
true that the application of relatively low
doses of UV-C radiation is often not lethal,
as it leads to the activation of protective bio-
chemical mechanisms, including increased
synthesis of polyphenols,9 emission of
volatiles compounds,7 and more generally
higher levels of UV-C absorbing pig-
ments.10

The increasing trend of UV-C flux on
Earth’s surface due to the depletion of the
stratospheric ozone protective layer makes
the study of the effect of UV-C radiation on
plants extremely relevant and urgent.3
Indeed, if the atmospheric pollution due to
chlorofluorocarbons and other halogenated
compounds will continue at this rate, in a
few decades Earth conditions will be hardly
compatible with life. Right here lies the
importance of UV-C radiation studies on
plants, as the repercussion of these experi-
ments, as often it happens with space
research, have been and will be useful for
plant crops on Earth’s surface. From a
spaceflight perspective, it is important to
understand how photosynthetic organisms –
either experimentally placed outside the
International Space Station (ISS) for simu-
lating a complete solar radiation, or grown
under environmental conditions resembling
those of planetary bodies’ surfaces –11

respond to UV-C radiation, in terms of
stress resistance, growth, morphology and
development.

Where UV-C research has
focused so far?

The effects of UV-C on plants mainly
depend on i) the applied UV-C radiation
dose and quality (e.g., exposure durations
and absorbance peaks of the incident spec-
tra), ii) the different plant species and vari-
eties used, and iii) the phenological phase of
irradiated plants.3,4,12 In most articles deal-
ing with UV-C-irradiated plants, the radia-
tion exposure durations can vary from a few
minutes to some hours, the applied average
irradiance ranges from 2 to 500 J m−2.11 In
many articles, the distance and the incident
angle of the plants from the light source,
and the basic parameters of the growing
chambers (e.g. temperature, humidity, pho-
toperiod) are not specified. This makes
often difficult to evaluate and normalize the
different effects of UV-C radiation on plant
metabolism, growth and reproduction.

The UV-C-related modifications at the
physiological, cellular, biochemical and
molecular levels have been mostly demon-
strated in the model species Arabidopsis
thaliana.5,7,8,10 The majority of the recent
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articles on UV-C radiation has been focused
on the control of the pathogens of edible
plants.13-15 Strictly related to pest control,
many studies dealt with the pre-harvest
application of UV-C radiation for improv-
ing the post-harvest quality, in terms of i)
increased levels of health-promoting com-
pounds,16-18 ii) enhancement of the enzy-
matic and non-enzymatic antioxidant
capacity of UV-C-irradiated crops,19-21 and
iii) higher product physical consistency.16,22

Finally, a few papers were focused on the
positive and promoting effects of UV-C
radiation on germination, sprouting, growth
and flowering.23,24

According to two recent studies from
our research group,25,26 wild plants (com-
mon dandelion and purple coneflower)
seem to be more tolerant to UV-C radiation
compared to cultivated ones (e.g., tomato),
even if, at high exposure times (30, 60 and
120 min with an irradiation of 3.8 J m–2 and
plants at 1-m distance from the UV-C
source), significantly short-term and long-
term (up to 120 days) negative effects have
been observed for gas exchange, chloro-
phyll content and fresh weight in all the
species examined.

UV-C and plants in space: A dis-
cussion

From a spaceflight perspective, it is
important to understand how photosynthetic
organisms – either experimentally placed
outside the International Space Station
(ISS) for simulating a complete solar radia-
tion,27,28 or grown under environmental
conditions resembling those of planetary
bodies’ surfaces –11,29,30 respond to UV-C
radiation, in terms of stress resistance,
growth, morphology and development.

The potential of photosynthetic organ-
isms in long-distance space travel or extra-
planetary habitation could be relevant for
regenerating molecular oxygen, cleaning
water and providing food useful to the
astronauts,30 that is for their bioregenerative
services. Unfortunately, as Barker and
Gilroy pointed out,12 Life in space isn’t
easy, even if you are green, especially
because radiation damage can severely
impede a sustained presence of terrestrial
organisms away from their evolutionary
home. In space, photosynthetic organisms
must face a multiple-stress environment
that negatively affects many of their physi-
ological functions, but the high radiation
level remains one of the most difficult
obstacles to overcome.30 It is always neces-
sary to keep in mind that UV-C radiation
can be extremely dangerous also at low

exposition times (few minutes).25,26 For this
reason, in space environments, UV-C radia-
tion should be adequately shielded and
plant exposure times should be properly
chosen.

On the other side, considering that
terrestrial plants under sunlight are
naturally exposed to low doses of UV-C
from sunlight, several ideas have been pro-
posed to direct solar radiation for maintain-
ing plant growth on the Lunar or Mars sur-
face. The question is how much UV-C could
be beneficial for plants cultivated in space.
Indeed, it is necessary to expose plants to
low doses of UV-C radiation for three prac-
tical purposes: i) protecting plants from
pathogens, ii) increasing the concentration
of important dietary supplements needful
for astronauts, and iii) regulating some
physiological processes, such as germina-
tion, sprouting and flowering.

Regarding the first point, one could say
that many pathogens are absent in the space
environment, but it has been recently found
that plants host many microorganisms
inside their tissues - including seed - as
endophytes.31 So, pathogens do not neces-
sarily have to come from the outside. About
the point two, recent studies have elucidated
that edible plants irradiated with UV-C
show an increased biosynthesis of second-
ary metabolites, protective against high-
energy radiation, such as vitamin E,
carotenoids (e.g., lycopene, β-carotene and
lutein), flavonoids (e.g., anthocyanins,
quercetin and kaempferol derivatives), and

phenolic acids (e.g. ferulic, coumaric and
caffeic acid derivatives), partly due to the
UV-C-induced up-regulation of the genes
encoding for their biosynthetic enzymes.16-

18 Finally, the priming effect of UV-C radi-
ation on germination, sprouting and flower-
ing, as recently observed by some
authors,23,24 could be of paramount impor-
tance for growing plants in space, allowing
to synchronize these important plant pheno-
logical phases.

So, why conducting studies on UV-C
radiation is essential for the extraterrestrial
cultivation of plants? Firstly, UV-C is the
most harmful and ionizing of the solar radi-
ations and can seriously damage plants in
space environments, where solar rays are
not filtered by any (e.g., Moon) or very rar-
efied (e.g., Mars) atmosphere. Secondly,
UV-C studies have been mainly focused on
contrasting different plant pests and on
ameliorating the quality of vegetables and
fruit, but much less on the physiology and
biochemistry of UV-C irradiated cyanobac-
teria and algae.

This latter, due to the possibility of eas-
ily growing them in small spaces and in
hydroponic conditions, could be a good
choice for providing the bioregenerative
services necessary for the permanent and
sustainable extraterrestrial habitation of
humans. First of all, cyanobacteria general-
ly resulted to have a higher degree tolerance
to UV-C radiation due to their evolutionary
history, as they originated in an atmosphere
without ozone. Indeed, the threshold of UV-
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Figure 1. Disadvantages and advantages related to the irradiation of photosynthetic
organisms to increasing doses of UV-C radiations.
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C radiation at which cyanobacteria can sur-
vive, but algae cannot, was found to be
approximately 0.09 W m‒2.32 Algae are
more prone to UV-induced chlorophyll pho-
tooxidation, that causes decreases in net
photosynthetic rates and chlorophyll effi-
ciency measured by chlorophyll fluores-
cence. Unfortunately, this clear and logical
trend has some exceptions. In two articles
of Tao et al.,33,34 UV-C irradiation at 20-200
mJ cm‒2 (particularly > 50 mJ cm‒2)
appeared to be deleterious for the toxic
cyanobacterium Microcystis aeruginosa
while neither significant suppression nor
disintegration effects on green algae were
observed. The same results on Microcystis
aeruginosa have been confirmed by Ou et
al.35 Instead, UV-C radiation at very high
doses (150-300 kJ m‒2) result to be lethal
for both cyanobacteria and algae.36,37,38

Thus, many questions and obstacles to
overcome still remain. For answering and
solving them, the research should be more
addressed to better evaluate the damages -
at physiological, biochemical and molecu-
lar levels - occurring in UV-C-exposed pho-
tosynthetic organisms. Studies on UV-C
should mainly involve plants useful for
bioregenerative life support systems
(BLSSs) and be focused on the physical and
mental well-being of the astronauts, that
only an environment rich of plants can guar-
antee. For all these reasons, my wish is to
encourage young scientists and researchers
to undertake studies in this challenging
research area.
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