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Daily UV-supplementation during the plant fruiting stage of tomato (Solanum lycopersicum L.) growing indoors may
produce fruits with higher nutraceutical value and better acceptance by consumers. However, it is important to ensure that
the plant's performance during this stage is not compromised by the UV supplement. We studied the impact of UV-A (1
and 4 h) and UV-B (2 and 5 min) on the photosynthesis of greenhouse-grown tomato plants during the fruiting/ripening
stage. After 30 d of daily irradiation, UV-B and UV-A differently interfered with the photosynthesis. UV-B induced few leaf-
necrotic spots, and effects are more evidenced in the stimulation of photosynthetic/protective pigments, meaning a
structural effect at the Light-Harvesting Complex. UV-A stimulated flowering/fruiting, paralleled with no visible leaf
damages, and the impact on photosynthesis was mostly related to functional changes, in a dose-dependent manner. Both
UV-A doses decreased the maximum quantum efficiency of photosystem Il (Fv/Fm), the effective efficiency of
photosystem Il (®PSIl), and gas exchange processes, including net carbon assimilation (PN). Transcripts related to
Photosystem Il (PSIl) and RuBisCO were highly stimulated by UV supplementation (mostly UV-A), but the maintenance of
the RuBIisCO protein levels indicates that some protein is also degraded. Our data suggest that plants supplemented with
UV-A activate adaptative mechanisms (including increased transcription of PSII peptides and RuBisCO), and any negative
impacts on photosynthesis do not compromise the final carbohydrate balances and plant yield, thus becoming a profitable
tool to improve precision agriculture.
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| 1. Introduction

Tomato (Solanum lycopersicum L.) is amongst the most popular and consumed crop species worldwide, with vast
agricultural and economic importance. Around 182.3 million tons of tomato fruits were produced in 2018
(www.fao.org/faostat/, accessed in September of 2020), generating a global revenue of 190.4 billion dollars &, Its
excellent acceptance by the consumers is due to its multiple gastronomic uses and other features like its taste, color, and
high nutritional value 2],

This crop is produced in open fields and indoors, including greenhouses 4. Tomato production outdoors, which is widely
used in the pulp industry, allows plants to grow so that they are naturally adapted to the solar ultraviolet (UV) radiation. In
indoor cultures (mostly dedicated to table tomato), UV-exposure is usually neglected, since greenhouse building materials
are diverse and include glass and polycarbonate, which totally or partially filter solar UV radiation. Additionally, artificial
light may be used as a supplement or as the only source of light &I, Although previous studies demonstrated that fruits
and vegetables can be grown indoors out of season, they are described as having low nutritional and organoleptic
attractiveness (€.

Nevertheless, in the last decade, a new agricultural paradigm emerged, which considers UV-supplementation as a
strategy to improve crop yield and/or quality [AEISILOIL Besides, UV-irradiation systems do not pose legal restrictions,
and some systems (e.g., UV-A, LED-UV) are easily affordable. Controlled UV-supplementation can be a powerful tool not
only to control indoors-crop pests and diseases but also to promote the synthesis of defense compounds and increase the
nutritional quality and organoleptic attributes of the edible parts, which can advance the current agriculture requirements
[LUI2]I3] However, it is also necessary to ensure that the application of these UV supplements does not compromise the
plant’'s performance (namely photosynthesis) during the fruiting stage.

For instance, plants exposed to excessive UV rays, especially UV-B, suffer biological changes, which include decreased
growth and yield, and leaf chlorosis and/or necrosis 2415 Defense mechanisms in response to harmful light (intensity or
quality) develop defense mechanisms mediated by molecular photoreceptors 3IIEI7  photoreceptors sense and
transduce light signals through distinct intracellular signaling pathways (which include the modulation of light-regulated



genes) and ultimately lead to adaptive changes at the cellular and systemic levels 18! Effects of UV-B are usually more
deleterious than a similar dose of UV-A, but high levels of UV-A may lead to responses identical to those induced by lower
levels of UV-B (19,

During maturation, fruit tissues suffer a transition from partially to true heterotrophy, meaning dramatic metabolic changes
to the plant Bl During this stage, leaf photosynthesis is crucial to export fixed carbon (mostly sucrose) to non-
photosynthetic fruit sink-tissues 2. Thus, any change in the leaf photosynthetic efficiency during the fruiting/ripening
stage will alter this “source-sink” dynamics, influencing fruit yield and quality. However, beneficial effects of small amounts
of UV radiation on crop yield, and how UV-triggers photosynthetic signals that may be used in precision
agriculture/horticulture are far less studied, being the majority of available studies on the UV impacts on photosynthesis,
and at the same time not using the crop’s fruiting/ripening stage, thus mainly focused on the negative effects of excessive
UV rather than on physiologically tolerable UV-doses [21[22123]24]125] The beneficial effects of small amounts of UV
radiation on crop yield, and how UV-triggers photosynthetic signals that may be used in precision agriculture/horticulture
are far less studied.

UV-A light that ranges between 315 and 400 nm has beneficial effects on the growth and vigor of seedlings 29. It also
increases chlorophyll and carotenoid levels and stimulates polyphenol pathways and levels 2827, thus it may be used to
improve the yield and/or quality of crops. In this line, Lee et al. 13! ysed LED UV-A to increase the biomass of kale plants.
We have shown that UV-A irradiation during the pre-harvest period is effective in increasing ripening synchronization and
the fruit's nutritional properties, potentially making these fruits more likable to buyers 141,

The way moderate doses of UV-rays (quality and quantity) modulate specific targets of the leaf photosynthesis (including
the thylakoidal electron transport chain and the Calvin cycle) during the fruiting/ripening stage remains a matter of debate.
After selecting the ideal type, dose, and period of UV supplementation to enhance the nutraceutical quality of fruits and
vegetables (reviewed by Huché-Thélier et al. [28)), we must evaluate its impact on the leaf photosynthesis, including at the
transcriptional and post-transcriptional levels.

Moreover, the plant's responses to UV are an integration of its cross-talks with both environmental factors and the
developmental stage of the plant (reviewed by Yadav et al. &), UV-B inhibited RuBisCO activity 2, but Gao et al. [24
showed that a low dose of UV-B upregulated proteins related to chloroplast structure, light reactions, oxygen-evolving
enhancer proteins, and ATP synthase. The physiological understanding of the effects to low doses of UV-A/B [23139][31]
namely regarding the photosynthetic performance and carbon metabolism, is essential to evaluate the possible
application of these irradiations in indoors crop production.

Following our previous work that showed biochemical and organoleptic benefits of UV supplementation to tomato fruit 21,
we aim to unveil how the different quality and intensity of low (physiologically tolerated) doses of UV-A and UV-B influence
the plant photosynthesis and carbon metabolism during the ripening stage of the plants, referring to physiological,
biochemical and molecular tools. By distinguishing characteristic effects associated with specific UV wavelengths, and
dose, we may be able to select only precise UV-supplementation indoors, namely in greenhouses, for precision
horticulture.

| 2. Discussion

With the paradigm of producing “more with less”, the exponential population growth, and the alarming climate changes
and pests and diseases that affect crops worldwide, the control of multiple variables in indoor production systems
represent a new era of precision agriculture and a challenge to understand the mechanisms underlying the physiological
and molecular responses of the crops to those variables. Mimicking natural conditions, including natural solar light, is a
key challenge to increase the organoleptic and nutritional value of edible parts. Greenhouses create an ideal environment
for intensive and precision crop production. However, they are usually built with UV-absorbing materials that reduce the
benefits of UV-A and UV-B on crops along their life cycle. Comparing with their outdoor growing counterparts, crops
growing indoors may have repressed metabolic pathways that are triggered by UV-A and UV-B plant sensors 2. A
previous study showed that the fruits produced indoors with the supplementation of low UV-A/B radiation had a higher
quality to the consumers (11 even so, it is necessary to ensure that this supplementation (quality and dose) is not too
deleterious to plant growth and photosynthesis during fruiting and ripening stages.

This work shows that UV-B may reduce plant length, principally with UV-B 2 min, which may indicate that at this low UV-B
level, there is already an influence in cell division and cell expansion as reported for UV-B by Bandurska et al. 23, Cell
expansion depends on variables like the leaf water content, turgor pressure, and cell extensibility. This relation may thus



support the correlation of length with %WC, shown by the PCA (Figure 1). This correlation also suggests an adjustment of
the metabolism of the UV-treated tomato plants to restrict water use, which is supported by the reduced stomata aperture
(Eigure 1).
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Figure 1. PCA analysis of functional responses of tomato fruit plants exposed to UV-A (1 and 4 h) and to UV-B (2 and 5
min) for 30 d.

The flowering and fruiting/ripening stages impose dramatic changes to the “source-sink” mobilization of photo-assimilates.
In this process, leaf photosynthesis plays a critical role in the supply of carbohydrates to flowers/fruits. Under the stimulus
of moderate UV-B, leaves shifted their metabolism to alternative secondary pathways, towards increasing, for example,
flavonoids/phenols B4BSl While this shift may enrich the edible parts with valuable secondary compounds increasing their
nutraceutical and/or sensorial value I, it also implies that the leaves may suffer a decrease in the necessary photo-
assimilates to supply the fruits.

As can be seen from the PCA, the low levels of UV-B and UV-A used here differently affect the photosynthetic parameters.
UV-B 5 min increased Chl a and Chl b, supporting that UV-B stimulates the pathways involved in chlorophyll synthesis.
Likewise, a short-term pre-harvest supplement of UV-B did not compromise the levels of Chl a, Chl b, or carotenoids
in Ocimum basilicum leaves 28, In tomato, the UV-B 5 min dose used stimulated the carotenoid pathways, supporting
investment in these UV-protecting pigments and scavengers of reactive oxygen species (ROS), towards protecting
chlorophylls from photo-oxidative damage caused by any excessive UV-B irradiation, as also proposed by Yadav et al. (2.
Phenolic compounds are also important protective compounds, associated with sensorial attributes (smell and taste). At
these doses, UV-A has little impact on pigment levels, but compromises the efficiency of PSII photochemistry, although
not significantly compromising the plant's performance, growth, or fruit yield. Mariz-Ponte et al. I used the same doses
of UV-A and demonstrated that, besides stimulating the antioxidant and antiradical activity of the fruit, and richness in
phenolic compounds (e.g., flavonoids), UV-A also led to fruits more attractive to the consumers, and thus more likable to
buyers. These beneficial aspects occur despite the negative correlation of UV-A with some photosynthetic parameters in
the same plants, as shown here. The Fv/Fm ratio is a widely used indicator of photoinhibition or other injuries at the PSII
complexes 8. However, the UV-A plants were able to maintain Fv/Fm values close to 0.8, despite the decrease in UV-A
conditions, showing a ratio characteristic of unstressed plants 24,

The profile shown by NPQ in response to UV-A (a stimulation for lower doses and a drastic decrease with the increase in
the dose, comparing to the control) suggests a hormesis effect, meaning that lower doses of UV-A promote heat
dissipation (which includes photo-protective mechanisms), while higher doses compromise this strategy. NPQ of
chlorophyll a fluorescence is an indicator of the level of non-radiative energy dissipation in the light-harvesting complex of
PSII (LHC II), which is attributed to the prevention of electron transfer chain over-reduction, preventing photodamage. The
decrease in NPQ observed at UV-A 4 h may be supported by the decrease in the light-harvesting antenna size (lowered
by Fm) and/or by other causes of PSII inactivation [28. The reaction centers, which are functionally involved in the gP, are
stimulated by the lowest dose of UV-A. Interestingly, the higher UV-A dose tested here decreased both the availability of
the reaction centers to receive photons and ®PSII, which suggests that UV-A 4 h already imposes some mild stress to



plants (Figure 2). This mild stress may be the basis for the biochemical changes observed in the fruits as previously
described . Conversely, UV-B did not induce functional stress on the fluorescence/quenching parameters, but rather
changes in the protective LHC-pigments composition, thus meaning a structural change.
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Figure 2. Major photosynthetic impacts and changes induced by moderate UV-A 4 h/day, for 30 d, in tomato flowering
plants. Overall, the PSII fluorescence is affected by the decreased efficiency of ®PSlI, although LHC-pigment (Chl/car =
chlorophyll/carotenoids) levels are not affected. This leads to fewer electrons being transported and thus a decrease in
NADPH and ATP production and availability for the Calvin cycle. This reduction is related with the decrease in the net
photosynthetic rate (Py), meaning that internal CO, concentration (Ci) is not so depleted, and the stomatal conductance
(gs) may decrease, therefore decreasing transpiration rate (E). Simultaneously, a degradation of RuBisCO may occur, but
it can be replaced by new protein due to the stimulated accumulation of its transcripts (and increase its transcription),
which overall may reset the negative impacts on the Calvin cycle, thus not having negative impacts on total amounts of
soluble sugars and starch. Solid red arrows mean a decrease and solid blue arrows an increase. Dashed red and blue
arrows mean a putative decrease and increase, respectively.

We unveil for the first time the relationship between genes involved in RuBisCO response to high doses of UV-A/B light
supplementation versus tomato plants growing without UVs. These data showed a tendency (p < 0.05) to increase the
RuBIisCO transcripts in the high doses of UV-A/B tested, contrary to that demonstrated on pea leaves under UV-B [, Uv-
A acts at the level of transcriptional regulation by increasing the transcripts of psbB, which encode for CP47. This protein
is located at the antenna pigment complex CP43-47 and binds to chlorophylls and carotenes, acting in the transfer of
energy from the LHC antenna to the photochemical reaction center. The transcript psbA encoding for the protein D1 (a
protein involved in receiving electrons in the PSII) presented a similar behavior. D1 protein has shown susceptibility to UV-
light 2249 Additionally, UV-A increased several proteins of the PSII in Taxus ssp. plants 21, Based on these findings, we
hypothesize that in UV-exposed tomato leaves, there might be a light-induced degradation of these proteins in the PSII,
compensated by an increase in transcription to synthesize new proteins. Nevertheless, the possibility, within a process
adaptive to UV radiation, that new PSII centers may be under generation to compensate the lower ®PSlI, should also be
considered.

The PCA clearly shows that UV-A 4 h has an impact in the gas exchange parameters by the negative correlation of the
vectors. While stomatal closure occurred and Py decreased, the levels of Ci remained unchanged, which together with the
increase in RuBisCO transcriptional levels may also support a higher investment on more RuBisCO protein to support
Calvin cycle dynamics (Figure 2). This is supported by the increase in both rbcL and rbcS transcripts, which show that
these high doses of UV already stimulated the synthesis of RuBisCO subunits. On the other hand, the fact that the relative
content of RuBisCO is not affected supports the idea that UV might also induce RuBisCO degradation, which is offset by
an increase in the transcript levels, allowing the maintenance of soluble sugars and/or starch in UV-supplemented leaves.

In conclusion, we have demonstrated previously that UV-A/B supplementation of tomato plants during fruiting/ripening
increases the number of fruits with a richer nutraceutical composition and their preference by consumers . Using the
same UV-supplementation conditions described by Mariz-Ponte et al. 11, we demonstrate here that both UV light quality
and dose differently target the leaf photosynthesis during the fruiting/ripening stage of the plant. UV-A had more positive
and negative effects on photosynthetic functional parameters, while UV-B acted more at the structural level (stimulating
pigment levels). The identification of targets specifically susceptible to UV quality/quantity light may provide a useful tool
to selectively use UV-supplementation to produce better fruits (increased nutraceutical and organoleptic value) without
detrimental effects on the photosynthesis of the plant, thus improving greenhouse crop production, with UV-A treatment
for 1 h presenting potential as a better supplementation for fruit quality.
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