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A B S T R A C T

Plants developed receptors for solar UV-A/B radiation, which regulate a complex network of functions through
the plant’s life cycle. However, greenhouse grown crops, like tomato, are exposed to strongly reduced UV ra-
diation, contrarily to their open-field counterparts. A new paradigm of modern horticulture is to supplement
adequate levels of UV to greenhouse cultures, inducing a positive mild stress necessary to stimulate oxidative
stress pathways and antioxidant mechanisms. Protected cultures of Solanum (cv MicroTom) were supplemented
with moderate UV-A (1 h and 4 h) and UV-B (1 min and 5 min) doses during the flowering/fruiting period. After
30 days, flowering/fruit ripening synchronization were enhanced, paralleled by the upregulation of blue/UV-A
and UV-B receptors’ genes cry1a and uvr8. UV-B caused moreover an increase in the expression of hy5, of HY5
repressor cop1 and of a repressor of COP1, uvr8.While all UV-A/B conditions increased SOD activity, increases of
the generated H2O2, as well as lipid peroxidation and cell mebrane disruption, were minimal. However, the
activity of antioxidant enzymes downstream from SOD (CAT, APX, GPX) was not significant. These results
suggest that the major antioxidant pathways involve phenylpropanoid compounds, which also have an im-
portant role in UV screening. This hypothesis was confirmed by the increase of phenolic compounds and by the
upregulation of chs and fls, coding for CHS and FLS enzymes involved in the phenylpropanoid synthesis. Overall,
all doses of UV-A or UV-B were beneficial to flowering/fruiting but lower UV-A/B doses induced lower redox
disorders and were more effective in the fruiting process/synchronization. Considering the benefits observed on
flowering/fruiting, with minimal impacts in the vegetative part, we demonstrate that both UV-A/B could be used
in protected tomato horticulture systems.

1. Introduction

Solanum lycopersicum L., tomato, is among the crops most widely
produced and consumed. Nowadays, the production of this crop is di-
versified, ranging from open-field to protected horticulture (Martínez-
Blanco et al., 2011). In protected horticultural systems (which include
glass/plastic greehouses) it is possible to produce in season and off-
season with or without supplemental light (Bian et al., 2014). However,
crops produced off-season often have an inferior reputation regarding
sensorial atributes and chemical composition, when compared to open
field products (Muñoz et al., 2007).

Solar ultraviolet (UV) radiation, namely the UV-A and UV-B, is a
natural environmental stressor and plants have evolved UV-

photoreceptors and adaptive mechanisms to cope with UV- stress (Lin
and Todo, 2005; Suchar and Robberecht, 2015; Yokawa et al., 2015).
On the one hand, most plant studies in the last decades have been fo-
cused on the harmful impacts of excessive UV radiation, which include
damages on cell structures and metabolism eg., photosynthesis and
increased oxidative stress, that ultimately may compromise plants’
productivity and lifespan (Nawkar et al., 2013). On the one other hand,
protected horticulture is an example of how UV-deficiency may have
detrimental impacts on crops performance and productivity (Wargent
and Jordan, 2013). Crops growing in protected systems are not exposed
to natural doses of UV-radiation (Kumar and Poehling, 2006) thus not
benefiting from the impacts that moderate UV-radiation may have on
fruit production, sensorial attributes and chemical quality (Kasim and
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Kasim, 2015; Carvalho et al., 2016). So, it is crucial to establish a
compromise between the UV- intensity and duration of exposure to get
a positive mild stress – “eustress” – which may increase yield and/or
fruits nutritional value, and may therefore be useful in agro-industry
(Hideg et al., 2013).

Photoreceptors modulate the expression of hundreds of light-regu-
lated genes, which leads to adaptive changes at the cellular and sys-
temic levels (Major et al., 2017). Blue light (400–500 nm) and UV-A
radiation (315–400 nm) are perceived by phototropins (PHOT), cryp-
tochromes (CRY) and LOV/F-box/Kelch-domain proteins (Yu et al.,
2010). Besides CRY, UV resistant locus 8 (UVR8) is also an important
receptor to lower wavelength UV-A and to UV-B (280–315 nm) (Rizzini
et al., 2011). Four CRY genes expressed in response to UV-A and blue
light were identified in tomato cultivars such as “Moneymaker” (Facella
et al., 2016). These genes unleash multiple responses during the dif-
ferent plant developmental stages (Liu et al., 2011). There are two types
of CRY1 genes (CRY1a and CRY1b), one CRY2 gene and one CRY3 gene.
CRY1 mostly controls photomorphogenesis in young plants, anthocya-
nins pathways and plant development (Facella et al., 2016). CRY2 is
involved in flowering and fruit quality (Kharshiing and Sinha, 2015).
Giliberto et al. (2005) showed that CRY2 overexpression increases
pigment contents, stimulating an overproduction of anthocyanins and
chlorophylls in leaves and of flavonoids and lycopene in fruits. CRY3
has a DNA repair and protective role, occurring mostly in mitochondria
and chloroplasts (Facella et al., 2016).

PHY and CRY control the Constitutive Photomorphogenic 1 (COP1)
repressor, which promotes the degradation of the transcription factor
(TF) elongated hypocotyl 5 (HY5) (Heijde and Ulm 2012). Most data
refer to blue or UV-B effects and little is known about UV-A modulation,
being assumed it is similar to the blue one. UV-B radiation promotes the
separation of the UVR8 dimer and the resulting UVR8 monomers in-
teract with COP1 blocking HY5 proteasomal degradation, and allowing
this TF to promote the transcription of several genes involved in pro-
tection against UV. Some of the proteins coded by these genes include
Chalcone Synthase (CHS), Chalcone Isomerase (CHI) and Flavonol
Synthase (FLS) that are involved in phenylpropanoid biosynthesis
(Heijde and Ulm, 2012).

Phenols resulting from the phenylpropanoid pathway are important
antioxidants, pointed out as contributing to the efficient control of re-
active oxygen species (ROS) (Agati et al., 2012; Martinez et al., 2016).
ROS are free radicals, a typical by-product of the photo- excitation in
thylakoidal photosystems I and II compounds (Anjum et al., 2014). ROS
levels are commonly increased by biotic and abiotic factors (including
UV radiation), changing the redox-homeostasis necessary for the reg-
ulation of cellular bioactivity (Yokawa et al., 2015). As reported above,
blue/UV-A radiation leads to an overexpression of CRY and PHOT
proteins. This increase affects gene transcription and triggers molecular
responses that include changes in the biosynthesis of secondary meta-
bolites, including polyphenols (Müller-Xing et al., 2014). Several
polyphenols, of which flavonoids (eg, anthocyanins, flavonols) re-
present a major family, result from the phenylpropanoid pathway, and
not only may scavenge and/or inhibit the generation of ROS (Brunetti
et al., 2013; Zoratti et al., 2014) but also may selectively absorb UV-A
and UV-B wavelengths (Agati and Tattini, 2010).

UV radiation also enhanced the transcription, translation and ac-
tivity of antioxidant enzymes (Kumari et al., 2010). These enzymes are
responsible for scavenging the excess of ROS molecules, such as O2.−,
H2O2, 1O2, HO2

.−, OH., ROOH, ROO., and RO.. Superoxide Dismutase
(SOD) family acts in the first step of ROS scavenging by catalyzing the
O2

.− dismutation to H2O2 and O2. The following step involves de de-
composition of H2O2 catalyzed by various enzymes, e.g. catalase or
peroxidases such as Catalase (CAT), Ascorbate Peroxidase (APx) and
Peroxidases that use guaiacol as substrate (GPx) (Choudhury et al.,
2013; Das and Roychoudhury, 2016). While it is well described that
UV-rays are perceived by photoreceptors and also increase oxidative
stress, several aspects remain to unveil related with the distinctive

modulation of UV-A vs UV-B, and the pathways involved in the sti-
mulation of antioxidant enzymes as well as their contribution through
exposure time. For example, it was demonstrated that nitric oxide is
involved in the signaling pathway that up-regulates specific isoforms of
antioxidant enzymes protecting against UV-B-induced oxidative stress
(Santa-Cruz et al., 2014). Also, Kumari et al. (2010) demonstrated in
Acorus calamus, that UV-B stimulation of antioxidant enzymes activities
(SOD, CAT, APX, GR) was observed at initial growth period but CAT
and SOD activities decreased at later age of sampling.

The aim of this work is to functionally understand how moderate
supplementation of UV-A or UV-B on protected tomato cultures in-
creases oxidative eustress, which defense mechanisms are activated,
and if this supplementation may improve protected cultured tomato
yield, and favour agronomic traits. With this work, we will also be able
to distinguish UV-A and UV-B specific mechanisms of oxidative stress
and defense strategies.

2. Material and methods

2.1. Plant growth conditions and UV treatments

Seeds of Solanum lycopersicum L. cv. MicroTom (Just Seed, UK) were
soaked in distilled water and germinated on 0.3 L plastic pots with
Peat:Perlite (2:1) substrate. Germinated plants were grown in a growth
chamber with a photosynthetic photon flux density (PPFD) of
200 μmol·m−2

&#1 83;s−1 provided by fluorescent light lamps (OSRAM L 30W/77
FLUORA) and a photoperiod of 16 h:8 h light:dark. Relative humidity
(RH) and temperature were maintained at 45 ± 5% and 23 ± 2 °C,
respectively. Pots were irrigated twice a week with Hoagland medium
(Sigma, USA), with pH adjusted to 5.70 ± 0.05. At the 90th day, the
first flower buds emerged and after 10 days (100-day-old plants) a high
synchronization in flowering was observed. Between days 100 and 130
(i.e., during fruiting and fruit ripening), plants were randomly divided
in five groups, and each group exposed to a different UV condition:
Control Group (C): plants were maintained under the same irradiation
conditions, with no UV supplementation; UV-A 1 h Group: plants were
exposed for 1 h per day to 0.8 J/m2 UV-A supplied by black light lamps
(F20T12/BLB – 20W T12 (T10)) Fluorescent Blacklight Blue (Supra
Life®, Italy), with a peak wavelength at 368 nm (the intensity of light at
wavelengths below 368 nm was close to 0 W/m2); UV-A 4 h Group:
plants were exposed for 4 h per day to 0.8 J/m2 UV-A, supplied by the
same blacklight lamps; UV-B 2 min Group: plants were exposed for
2 min per day to 2.94 J/m2 UV-B, supplied by six 312 nm TFP-M/WL
8W lamps (Vilber, Germany), which have an irradiation of wavelengths
below 312 nm close to 0 W/m2); UV-B 5 min Group: plants were ex-
posed for 5 min per day to 2.94 kJ/m2 UV-B, supplied by the same UV-B
lamps. UV-A and UV-B irradiance was measured by Sensor Meters
Philip Harris (serial number: 4375 model SEL240) and International
Light INC (Newbryport, Massachusetts, model: 01950, IL1400A), re-
spectively. Irradiation values are the mean of the irradiance measured
at the top mature-leaves in the first and last days of exposure. These
leaves receiving the measured irradiance (and with similar age and
size) were sampled for the biochemical and transcriptional analyses.

2.2. Plant morphology and productivity evaluation

Thirty days after UV exposure, plant morphological characteristics,
including shoot length, leaf chlorosis, and necrosis were evaluated.
Plant productivity and nitrogen metabolism were evaluated using the
glutamine synthase (GS) activity (Thomsen et al. (2014). GS activity
was evaluated according to Pinto et al. (2014) with some modifications.
Leaf samples (0.1 g) were homogenized in 1.5 mL extraction buffer
containing 0.1 M phosphate buffer (pH 7.0), 0.5 M ethylenediamina-
tetracetic acid disodium salt (Na2EDTA), 1% polyvinylpyrrolidone
(PVP), 1 mM phenylmethylsulphonyl fluoride (PMSF), 0.2% triton X-
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100 (v/v) and 2 mM of dithiothreitol (DTT). The homogenate was
centrifuged at 12000xg for 15 min. GS activity was measured after
30 min of reaction in a mixture containing the supernatant, sodium
arsenate and activity solution. After adding the stop solution, the colour
change was measured at 500 nm and the protein concentration was
presented as nKats per mg of total soluble protein.

2.3. Fruiting and fruit ripening

During the experiment, the number of fruits was quantified and
distributed by 4 developmental categories. The development stages
were according to the scale in Yin et al. (2009). Immature green, ma-
ture green, yellow and red fruits were selected by age and mature stage.

2.4. Antioxidoxidant enzyme activities

Total soluble proteins (TSP) were extracted from frozen leaves
(100 mg) ground with liquid N2 and with 1.5 mL extraction buffer
containing 0.1 M phosphate buffer (pH 7), 0.5 M Na2EDTA, 1% PVP,
1 mM PMSF, 0.2% triton X-100 (v/v) and 2 mM DTT. The samples were
centrifuged at 8000xg for 15 min at 4 °C. Protein concentration was
determined using the Bradford Reagent (Sigma, USA) and bovine serum
albumin (Sigma, USA) as standard. The supernatant obtained for the
TSP assay was used to quantify CAT, APx, GPX activities.

CAT activity was assayed by following the initial rate of H2O2 de-
gradation for 120 s (recording 10 in 10 s), monitored at 240 nm.
Enzyme activity was determined according to Azevedo et al. (2005)
with some modifications, using 135 μL extraction buffer, 60 μL of su-
pernatant and 50 μL H2O2 (0.083 M) mixture, and considering the ex-
tinction coefficient (39.4 mM−1cm−1) for H2O2.

APX was determined by spectrophotometry according to the oxi-
dation rate of AsA at 290 nm during 70 s. (Azevedo et al., 2005) and
using the extinction coefficient 2.8/mM/cm for AsA.

GPX activity determination was according to Azevedo et al. (2005)
with some modifications, the reaction solution contained the enzyme
extract (100 μL), 100 mM phosphate buffer (pH 7.0), 3 mM of H2O2 and
15 mM guaiacol. The increase in absorbance at 470 nm resulted by
guaiacol oxidation was followed by 1 min. The activity was calculated
using the extinction coefficient of the tetraguaicol (26600 M−1cm−1).

For SOD analyses, frozen leaves were ground with liquid N2 and
extracted with a buffer containing 100 mM phosphate buffer (pH 7.8),
0.5 mM Na2EDTA, 1% PVP, 1 mM PMSF, 0.2% triton X-100 (v/v) and
2 mM DTT. The homogenate was centrifuged at 15,000xg, for 15 min at
4 °C. The SN was used to quantify SOD activity by measuring its ability
to inhibit the photochemical reduction of nitroblue tetrazolium (NBT)
(Giannopolitis and Ries, 1977). One unit of SOD activity is defined as
the amount of enzyme required to cause 50% inhibition of the reduc-
tion of NBT read at 560 nm and the results expressed as nKat.mg−1 of
fresh mass (FM).

2.5. Gene expression

Leaf total RNA was isolated using PureZOL™ RNA Isolation (Bio-
Rad), following the manufacturer’s instructions. For Reverse
Transcriptase-PCR, total RNA samples were treated with DNAse I,
Amplification Grade (Invitrogen™); then, first-strand cDNA was syn-
thesized from 1 μg total RNA using NZY First- Strand cDNA Synthesis
Kit, no oligos (NZYTech™), using random hexamers (NZYTech™) and
subsequently treated with 1 μL NZY RNase H, diluted with Milli-Q
water and stored at −20 °C. To normalize gene expression data, two
previously described primers (Dzakovich et al., 2016; Løvdal and Lillo,
2009) specific for the housekeeping genes elongation factor 1alpha
(ef1) and ubiquitin (ubi) were used (Table 1). Gene expression analysis
of photoreceptors, oxidative stress enzymes and defence signal com-
pounds production was evaluated using the following genes: uv-b re-
sistance 8 (uvr8), constitutive photomorphogenic 1 (cop1), elongated

hypocotyl 5 (hy5), cryptochrome 1a (cry1a), catalase 1 (cat1), glu-
tathione reductase of cytosol (grcyt), flavonol synthase (fls) and chal-
cone synthase (chs1) (Table 1). The RT- qPCR reactions were performed
using CFX96™ Real-Time PCR Detection System (BioRad, USA) and iTaq
Universal SYBR Green Supermix (BioRad, USA), according to manu-
facturer. The amplification conditions were as follows: 95 °C for 1 min
followed by 60 cycles of 3 s at 95 °C and 30 s at 60 °C and melting curve
generation. iQ5 Optical System Software was used for calculation of the
cycle threshold (CT) and primers efficiency.

2.6. Cell membrane stability (CMS)

Leaves of similar age (fresh mass ∼100 mg) were collected and
incubated in 10 mL deionized ultrapure water at 25 °C with slight
agitation. After 24 h the water electric conductivity (L1) was measured.
The samples were then autoclaved for 10 min at 120 °C, and the electric
conductivity (L2) measured again. Results were presented as a per-
centage of membrane damage, %MD = (L1/L2) × 100 (Araújo et al.,
2016).

2.7. Concentration of malondialdehyde (MDA)

For malondialdehyde (MDA) quantification, fresh leaf samples
(100 mg) were macerated in 1.5 mL of 0.1% (w/v) trichloroacetic acid
(TCA), and centrifuged for 10 min at 10000xg at 4 °C. Negative and
positive reaction tubes were prepared with 1 mL of 20% TCA and with
1 mL of 20% TCA + 0.5% thiobarbituric acid (TBA), respectively. A
volume of 250 μL of SN was added to each tube, these were incubated
for 30 min at 95 °C and quickly placed on ice for 10 min. After cen-
trifugation at 10000 x g for 10 min at 4 °C, the SN absorbance was
determined at 532 and 600 nm (Araújo et al., 2016). MDA concentra-
tion was calculated from the difference of the absorbance between
Abs+ = (Abs 532+ − Abs 600+) and Abs− = (Abs 532− − Abs
600−), where + denotes positive and − denotes negative. MDA
equivalents (nmol mg−1FM) were calculated as (Abs+ − Abs−)/
157000) × 109.

Table 1
Primers used for gene expression analysis after 1 month of exposure to
moderate UV-A and UV-B supplement. The following primers were used for
molecular analysis: Housekeeping genes used: elongation factor 1alpha (ef1)
and ubiquitin (ubi).; light and antioxidant responses: uv-b resistance 8 (uvr8),
constitutive photomorphogenic 1 (cop1), elongated hypocotyl 5 (hy5), crypto-
chrome 1a (cry1a), catalase 1 (cat1), cytosolic glutathione reductase (grcyt),
flavonol synthase (fls) and chalcone synthase 1 (chs1). Forward primer (F) and
reverse primer (R).

gene Primer (5' → 3')

ubi F: GGACGGACGTACTCTAGCTGAT
R: AGCTTTCGACCTCAAGGGTA

ef1 F: TGGCCCTACTGGTTTGACAACTG
R: TGGCCCTACTGGTTTGACAACTG

uvr8 F: CTGCTATGGTCAAGCGGCTA
R: AGCATGCATCAGTCAGCACT

cop1 F: ACGGGCTTGGAGTGTTGATT
R: CCTGCTTCGTGCACCAAACT

hy5 F: AAGCAAGGGTGAAGGAATTG
R: ACAATCCACCCGAAACTAGC

cry1a F: TCGAACCAATGCTACCCCAC
R: TCGAACCAATGCTACCCCAC

cat1 F: GTTGGAACCTGAATAAGTTCACAG
R: TCTTCAAGCACCAAAGTGAACA

grcyt F: GCAAAGAATTATGGATGGGA
R: CACAGCACGCTTTGGTAA

fls F: ATAGCTCCACAACCAGGTGC
R: TCCATTTGGCCTCACCACTC

chs1 F: ACCAACAAGGTTGCTTTGCC
R: GAGATTCACTGGGTCCACGG
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2.8. H2O2 content

The H2O2 concentration in leaves was measured according to Dias
et al. (2014). Fresh samples (100 mg) were homogenized with 1 mL of
0.1% (w/v) TCA. The homogenates were vortexed and centrifuged at
12000xg for 15 min at 4 °C. To determine the H2O2 content, 500 μL of
the supernatant was added to 500 μL phosphate buffer 0.1 M
(pH ∼ 7.0) and 1 mL of KI 1 M. After 1 h of incubation in dark, ab-
sorbance was measured at 390 nm. H2O2 concentration (mmol.g−1FM)
was calculated from of a standard curve.

2.9. Total phenols and free radical scavenging activity

Total hydrosoluble phenol content (TPC) was quantified according
to the methodology reported by Dewanto et al. (2002) with some
modifications. Fresh sample leaves (100 mg) were homogenized in
1.67 mL of deionized water, then filtered (by membrane filters,
Whatman®) and centrifuged at 2500 rpm for 10 min. The reaction so-
lution contained 500 μL of deionized water, 125 μL of extract and
125 μL of Folin–Ciocalteu reagent. After 6 min, 1250 μL of 7% Na2CO3

was added and the final volume adjusted to 1 mL with deionized water.
After 90 min of reaction, the samples were measured by reading the
absorbance of 760 nm. A standard curve was made using gallic acid
(GA). TPC was expressed as gallic acid equivalents per mL of volume
solution (μgGAE.mL−1).

The antiradical activity of phenols was measured according to
Harkat-Madouri et al. (2015) with some modifications. Fresh leaves
(100 mg) were homogenized in pure methanol (1.67 mL). The homo-
genate was centrifuged at 2500xg for 10 min. A solution reaction was
made with different dilutions of the extract (0, 4%, 8%, 10% and 30%)
for 250 μL and 1.250 mL of DPPH 0.1 mM and after 30 min read at
absorbance 517 nm. Data were expressed as DPPH SA (%) = [(AC −
AS)/AC] × 100, where AC and AS are the control (0%) and sample ab-
sorbances, respectively. IC50 values were determined by the volume of
extract necessary to cause 50% reduction of DPPH.

2.10. Statistical analysis

Experiments used ∼7–10 top mature leaves (with similar age) from
different plants, which were treated as biological replicates and/or as
pools, with at least 3 independent technical replicates. Presented values
are the mean ± standard deviation. Comparisons between all treat-
ments and the control were made using One Way ANOVA test. When
data was statistically different, the Dunnett Comparison Test
(p < 0.05) was also applied. Multivariate analyses for data correlation
used Principal Component Analysis and were performed with CANOCO
for Windows v4.02 programme.

3. Results

At the end of the UV-exposures (30 days), UV-A irradiated plants
showed (more evidently at the lowest dose) growth and morphology
similar to those of the control. These plants looked healthy and leaves
showed no significant chlorosis nor necrotic spots. UV-B plants pre-
sented a slight increase in the number of necrotic spots. Similarly to
what was described elsewhere on the negligible effects of UV on carbon
metabolism (Ponte et al., 2017), also all UV-A and UV-B irradiation
doses had no negative impacts in GS activity, a parameter often used to
assesss the status of plant nitrogen metabolism and productivity, and
also related with stress (Fig. 1a).

3.1. Leaf enzymatic antioxidant mechanism to UV exposure

Plants exposed to UV-A or UV-B for 30 days, in general, have sti-
mulated their first antioxidant enzymatic battery (Fig. 1b–e). In parti-
cular, depending on the stimulus, SOD activity increased 431–503%

compared to control (Fig. 1b). Contrarily to this, CAT activity was not
significantly affected by the UV-A/B irradiation used (Fig. 1c), while
APx activity only increased in leaves exposed to the lowest UV-B dose
(2 min; Fig. 1d). GPx activity was, in general, reduced by UV-A/B
treatments compared to control, showing significant decrease for UV-A
4 h (Fig. 1e). TSP did not show significant differences, but its amount
tendentially increased in plants supplemented with UV-A/B (Fig. 1f).

A non-significant increase in cat1 expression was observed for UV-A
(4 h) and UV-B (5 min) exposur (Fig. 2a). Contrarily, the transcript le-
vels of the grcyt gene increased for UV-supplementation conditions,
particularly at UV-B 5 min (Fig. 2b).

3.2. Leaf non-enzimatic antioxidant mechanism to UV exposure

The TPC increased with UV- supplementation, with significant
changes for UV-A 1 h, UV-B 2 min and UV-B 5 min (Fig. 3a). Radical
scavenging activity of phenols in UV-treated leaves was higher, as the
volume of sample extract necessary to reduce 50% of DPPH sig-
nificantly decreased in those leaves (Fig. 3b).

Relative expression of cry1a gene was significantly increased in
response to UV-A 4 h and to UV-B 5 min (Fig. 2c). The urv8 photo-
receptor and hy5 transcripts increased in both conditions, particularly
for UV-B condition (Fig. 2d–e). In addition, also cop1 was upregulated
by UV-B. Similarly, the relative expression of chs1 and fls increased at
UV-B 5 min (Fig. 2f–h).

3.3. H2O2 content and stability of membranes

The amounts of H2O2 in leaves supplemented with UV-A 1 h and
UV-B 2 min remained statistically unchanged compared with those of
the control, and increased in both UV-A/B higher exposures being
statistically significant for UV-B 5 min (Table 2). MDA levels overall did
not change significantly with any UV supplementation (Table 2). Si-
milarly, cell membrane stability was not affected, i.e. no increase in
electrolyte leakage was found (Table 2).

3.4. Fruiting and productivity

The total production of fruits, and their distribution considering
four different ripening categories (immature green, mature green,
yellow and red fruits), was significantly influenced by the UV-A/B
supplementation. Overall, while all treatments showed a tendency to
increased all classes of ripening, the effects were more evident for UV-A
4 h and UV-B 2 min in immature green fruits, and for UV-A 1 h to red
fruits (Table 3).

3.5. Multivariate approach

Principle component analysis showed a clear separation between
control and UV-B treatments (Fig. 4). PC1 explained 41.9% of the
variance and PC2 28.5% of the variance. Regarding the PCA analysis,
three distinct groups are identified: 1) the control (the only population
positioned in the right half) associated with GPX; 2) the populations of
UV-A 1 h and UV- B 2 min, both at the left upper quadrant, scoring
associated for fruit ripening; and the two higher UV-A/B doses (UV-A
4 h and UV-B 5 min) positioned at the left lower quadrant with similar
scores regarding the oxidative impact and antioxidant responses (par-
ticularly H2O2 and CAT). All UV groups positioned at the left half also
correlated with SOD and total phenolic compounds.

4. Discussion

To advise horticulture producers regarding the best UV-lamp
sources and irradiation programs, there is a need to ensure that the
applied UV-A/B dose does not induce deleterious impacts on the cul-
tures (eg., necrosis, oxidative stress disorders and compromised
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photosynthesis), while leading to beneficial impacts (eg., increased
flowering/fruiting synchronization, maturation, nutritional value)
(Perez et al., 2008; Mewis et al., 2012; Sakalauskaitė et al., 2013;
Bernal et al., 2015; Brazaitytė et al., 2015). We have recently demon-
strated in MicroTom cultures that moderate UV-A and UV-B increased
fruit phenols’ profiles (data not shown) and stimulated plant yield,
while inducing minor/negligible impairments in carbon metabolism
(Ponte et al., 2017). These data are in line with the stimulation of fruit
production and maturation, paralleled by an increased synchronization
of flowering and fructification, observed in the MicroTom irradiated
plants, particularly for the lower UV-A and UV-B doses as demonstrated
by the PCA analyses (Fig. 4). This UV-control of fruit maturation/syn-
chronization represents an additional tool for producers to better

schedule their harvest campaigns in order to place in the market the
fruits at an optimal maturation stage and richer in nutritionally valu-
able compounds.

The observed UV-A/B control on flowering/fruting may be an ulti-
mate result of the cascade of events triggered by blue/UV-A or UV-B
photoreceptors. The fruit synchronization observed in the UV-B irra-
diated MicroTom plants may ultimately result from the photoreceptor
UVR8. However, the results of physiological response to UVR8/UV-B
seems not consensual, depending on species and UV-B dose (reviewed
by Huché-Thélier et al., 2016). For example, in Limnanthes alba and in
Phacelia campanularia exposed for 5 h/day to high UV-B doses ranging
from 3 to 15 kJ/m2 (much higher than the doses used in the present
study) L. alba plants showed a decrease in flowering and P.

Fig. 1. GS and enzymatic scavenging of ROS activities, after 1 month of exposure to moderate UV-A and UV-B supplementation. Enzyme activities were quantified for: (a) glutamine
synthetase (GS); (b) superoxide dismutase (SOD); (c) catalase (CAT); (d) ascorbate peroxidase (APX); and (e) guaiacol peroxidase (GPX). Total soluble protein was also measured. FM
(Fresh Mass) and TSP (Total soluble Protein). Compared with the control, in each UV condition, * and **** mean significant differences for p≤ 0.05 and 0.0001 respectively. The bars
represent the standard deviation.

N. Mariz-Ponte et al. Journal of Plant Physiology 221 (2018) 32–42

36



campanularia delayed flowering (Sampson and Cane 1999). In other
experiments, Malcomina maritima plants growing under solar light with
blocked UV-B irradiation had impairments in flowering/fruiting com-
pared to plants growing with unfiltered solar radiation (Petropoulou
et al., 1995). The results of beneficial effects of blue/UV-A light seems

more consensual and may ultimately derive from the cascade of events
triggered by the photoreceptors for blue/UV-A that include the FLAVIN
BINDING KELCH REPEAT, F-BOX 1 (KF1) (Song et al., 2012), which
together with cryptochromes (CRY1 and CRY2), is deeply involved in
flowering, and consequently determine fruit production (reviewed by

Fig. 2. Transcriptional analysis of enzymatic/non-enzymatic battery and polyphenol biosynthesis after 1 month of exposure to moderate UV-A and UV-B supplementation. The relative
normalized expression regarding the control is presented: transcripts related with oxidative stress: (a) catalase 1 (cat1); (b) glutathione reductase of cytosol (grcyt). Transcripts related
with non-enzymatic antioxidant pathways: (c) cryptochrome 1a (cry1a) and (d) uv-b resistance 8 (uvr8); transcriptor factor: (e) elongated hypocotyl 5 (hy5) and repressor: (f) constitutive
photomorphogenic 1 (cop1). Transcripts related to polyphenol biosynthesis: (g) chalcone synthase 1 (chs1) and (h) flavonol synthase (fls). Transcripts were assessed for control, UV-A 4 h
and UV-B 5 min conditions. For the same control condition, ** and *** mean significant differences for p≤ 0.01 and 0.001 respectively. The bars represent the standard error of the mean
(SEM).
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Huché- Thélier et al., 2016).
UV rays are also known to induce changes in the ROS levels/profiles

and therefore influence the cell redox balance, affecting cell functional
changes. The cell will respond in order to regain its normal homeostatic
balance and function, reducing ROS levels through enzymatic and non-
enzymatic mechanisms (Gill and Tuteja, 2010; Hasanuzzaman et al.,
2012). It is well documented that the leaf anti-oxidant enzymatic bat-
tery (eg., SOD, APX, CAT and GPX) is increased by solar and artificial
exposure to UV rays (Alexieva et al., 2001; Abdel-Kader et al., 2007;
Mishra et al., 2009; Inostroza-Blancheteau et al., 2016). In the Mi-
croTom irradiated leaves, we demonstrate that the activity of SOD is
highly stimulated by both moderate UV-A/B supplementation, which
indicates that there is a high imbalance on ROS homeostasis particu-
larly with the increase of superoxide, which is converted into H2O2 by
SOD. The PCA analysis clearly demonstrates that these changes in the
redox status are particularly evident for the higher UV-A and UV-B

doses. Thus, even considering an acclimation period and that despite
protective mechanisms the UV reaching the mesophyll, the UV-reaching
the mesophyll cells was sufficient to induce some oxidative stress.

Interestingly, for other UV-exposures and species (Costa et al.,
2002) the formed H2O2 is removed by CAT, APX and GPX, but for the
UV-A/B doses used in MicroTom, these enzymes showed a modest sti-
mulation The analysis of transcripts, namely cat1, also validates that
this enzymatic battery does not play a major role in MicroTom response
to UV radiation. On other hand, the increase of grcyt in UV-B exposed
leaves (contrarily to UV-A irradiated ones) also suggests differences in
the cell responses to different UV wavelengths, probably with a higher
recruitment of the GR enzyme in the UV-B exposed leaves. Younis et al.
(2010) also showed that both UV-A and UV-C stimulated GR activity
(together with other enzymes) in bean, as well as, Costa et al. (2002) in
sunflower seedlings.

The modest contribution of the enzymatic antioxidant battery, and
the low increaments on the H2O2 produced by the high increments of
SOD suggest that for this moderate UVA/B supplementation, the plant
responds trigering an alternative efficient antioxidant capacity to de-
grade the formed H2O2. To address this hypothesis, we evaluated the
phenol content and the antiradical activity. Phenol compounds (eg.,
flavonoids) have a capacity to scavenge H2O2, 1O2 and/or OH−, in
cytosol and vacuoles (Agati et al., 2013; Das and Roychoudhury, 2016).
Phenolic compounds result from plant secondary metabolism, and play
a major role in antioxidant activities, being able to act as the first
barrier in ROS scavenging or suppress/complement the antioxidant-
enzymatic battery to control excessive ROS (Agati et al., 2012). The
overall increases of antiradical activity and TPC under both UV-A/B
conditions (evident in the PCA analysis) and demonstrate that phenols
play a major antioxidant protective role in UV-irradiated MicroTom
leaves. This is in line with the findings of Brazaitytė et al. (2015) who
showed that microgreens exposed to moderate UV-A (1.26 and 2.49 J/

Fig. 3. Non-enzymatic antioxidant capacity after 1 month of exposure to moderate UV-A and UV-B supplementation. Total phenolics content (μgGAE.mL−1) and antiradical activity
[mgFM.mL−1 of extract to reduce 2,2-diphenyl-1- picrylhydrazyl (DPPH) in 50% (%IC50)] after 30 day of UV-A and UV-B supplementation. FM (Fresh Mass) and GAE (Gallic Acid
Equivalents). All parameters were measured to control, UV-A 1 h, UV-A 4 h, UV-B 2 min and UV-B 5 min. For the same control condition, *, ** and *** mean significant differences for
p ≤ 0.05, 0.01 and 0.001 respectively. The bars represent the standard deviation.

Table 2
Quantification of MDA, H2O2 and membrane damage (cell membrane stability, CMS),
after 1 month of exposure to moderate UV-A and UV-B supplementation. Leaves of tomato
plants were used to quantify the percentage (%) of membrane damage (MD),
Malondialdehyde (MDA) and H2O2. MDA was measured (MDA equivalents) to assess the
lipid peroxidation and hydrogen peroxide (H2O2) was quantified using a standard curve. *
represents significant differences for p ≤ 0.05, when compared with the control, in each
condition. Values are expressed as mean ± standard deviation.

Treatment H2O2 MDA CMS
mmol gFM−1 MDA equivalents

(nmol mL−1 mgFM−1)
%MD

control 1.925 ± 0.200 270.446 ± 40.109 5.154 ± 0.517
UV-A 1h 1.178 ± 0.203 262.420 ± 27.154 3.902 ± 0.676
UV-A 4h 2.154 ± 0.432 233.631 ± 20.636 5.790 ± 0.884
UV-B 2 min 1.639 ± 0.265 242.548 ± 14.967 3.362 ± 0.698
UV-B 5 min 2.908± 0.252 * 238.089 ± 21.237 5.224 ± 0.400

Table 3
Production and maturation of fruits after 1 month of exposure to moderate UV-A and UV-B supplementation. The number of fruits in each plant of each condition was distributed by four
different developmental stages (immature green, mature green, yellow and red) (Yin et al., 2009). The percentage (%) of differences to control situation were calculated, positive (+) and
negative (−). All data were measured for control, UV-A 1 and 4 h and UV-B 2 and 5 min * and ** represent significant differences for p≤ 0.05 and 0.01, respectively, when compared
with the control, in each condition. Values are expressed as mean ± standard deviation. The percentage (%) of variation in relation to the control is expressed in brackets.

Treatment Immature green Mature green Yellow Red

control 4.3 ± 4.22 3.1 ± 2.99 1.0 ± 1.25 6.2 ± 3.19
UV-A 1h 11.7 ± 6.72 (+155.8) 3.9 ± 3.57 (+25.8) 2.9 ± 2.38 (+190.0) 12.8 ± 3.55**(+106.5)
UV-A 4h 13.1 ± 9.99* (+204.7) 1.7 ± 1.42 (−45.2) 1.3 ± 1.49 (+30.0) 9.7 ± 2.83 (+56.5)
UV-B 2 min 14.2 ± 9.31* (+230.2) 3.8 ± 2.25 (+26.7) 2.5 ± 2.72 (+150.0) 10.3 ± 6.02 (+66.1)
UV-B 5 min 7.7 ± 5.64 (+79.1) 3.7 ± 2.00 (+19.4) 1.2 ± 0.92 (+20.0) 9.7 ± 3.83 (56.5)
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m2) increased their antiradical activities and phenol content. The same
increase was demonstrated by Ghasemzadeh et al. (2016) in Ocimum
basilicum growing under three moderated UV-B doses (2.3, 3.6 and
4.8 J/m2) for 4–10 h.

The phenylpropanoid pathway is among the multiple pathways in-
fluenced by photoreceptors blue/UV-A and UV-B photoreceptors.
Transcriptional analysis of some related genes, namely the photo-
receptors cry1a and uvr8, the transcription factor hy5 and its repressor
cop1 support the functional and biochemical changes observed in ir-
radiate MicroTom plants, and their consequent cascade of events is
proposed in Fig. 5. These genes have been associated with upregulation
of genes associated to UV light, promoting a photoprotective me-
chanism, namely by inducing a largely family of polyphenol through
increase on the phenylalanine pathway, particularly the flavonoid
pathway (Gruber et al., 2010; Singh et al., 2014). In MicroTom, the
stimulus of this polyphenols pathway was confirmed by the upregula-
tion of chs and fls, respectively upstream and downstrean the flavonoids
pathway. This increase in relative gene expression strongly supports the
increase of TPC and antiradical activities of the same irradiated plants.
Other studies showed that chs (Jenkins and Brown, 2007; Favory et al.,
2009) and fls (Liu et al., 2014) were upregulated after UV-A or UV-B
exposure (Müller-Xing et al., 2014). Considering the results of the en-
zymatic pathway, one may propose that besides their antioxidant role,
another major function of phenylpropanoid compounds could have
been screening of UV radiation.

As we demonstrated previously (Ponte et al., 2017), the UV-doses
used here do not induce significant morphological changes, except for
an occasional increase of some necrotic spots in UV-B irradiated leaves.
This fact, together with the activation of the antioxidant non-enzymatic
machinery and the low levels of H2O2, support the lack of significant
increases of cell damage measured by the CMS. The membrane is a
major target of the increase of free radicals and uncontrolled increase of

oxidative stress (Anjum et al., 2014). The tropical species Moringa
oleifera exposed to supplemental UV-B, showed an increase of MDA and
CMS but these increased were reverted after a few days recovery period,
supporting also that plants may trigger recovery strategies to repair
oxidative damages.

5. Conclusion

In conclusion, while the vegetative growth was not impaired (shown
by the morphological analyses and by the normal GS activity) by the
supplementation of moderate UV-A/B irradiation, plantś flowering and
fruit ripening synchronization was enhanced. An integrative functional
model, comparing the effects induced by UV-A and UV-B regarding the
antioxidant enzymatic vs non enzymatic strategies is outlined in Fig. 5.
From this functional model, and from the PCA analyses it is evident that
UVA/B- irradiation increased ROS production (most probably super-
oxide, converted to H2O2 by SOD), then neutralized by phenylpropa-
noid pathways. Interestingly, and as demonstrated by the PCA analyses
the minimum and maximum doses of UV-A paralleled the minimum and
maximum effects of UV-B respectively. As clearly shown by the PCA,
the lower doses of UV-A or UV-B induced the best effect ts on flow-
ering/fruiting with lowest redox disorders, thus fitting the requirements
for an “eustress” condition. Finally, considering the benefits observed
on flowering/fruiting, with minimal impacts in the vegetative part, we
demonstrate that both UV-A/B could be used in protected tomato
horticulture systems, making these systems closure to the open field UV
radiation often observed in eg, Mediterranean open fields. Considering
the overall benefits here demonstrated, the economic aspects for the
producer (eg., the cost of UV-A and UV-B lamps) and the risks to the
operator inherent to UV-B radiation, we suggest that UV-A would be
more suitable in large scale production.

Fig. 4. PCA analysis of functional responses of to-
mato fruiting plants exposed to UV-A (1 and 4 h) and
to UV-B (2 and 5 min) for 30 days. Abbreviations:
F.Yel (Yellow Fruit); F.Red (Red Fruit); F.ImGr
(Immature Green Fruit); F.M Gr (Mature Green
Fruit). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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