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Abstract

Introduction: Ultraviolet type B (UV-B) radiation
effects on medicinal plants have been recently investi-
gated in the context of climate change, but the modifica-
tions generated by UV-B radiation might be used to
increase the content of antioxidants, including phenolic
compounds.

Objective: To generate information on the effect of
exposure to artificial UV-B radiation at different high-
doses in the antioxidant content of damiana plants in an
in vitro model.

Methods: Damiana plantlets (tissue cultures in Muras-
hige-Skoog medium) were irradiated with artificial UV-B
at 3 different doses (1) 0.5 £ 0.1 mW cm(high) for 2 h
daily, (2) 1 = 0,1 mW cm? (severe) for 2 h daily, or (3) 1 +
0.1 mW cm? for 4 h daily during 3 weeks. The concentra-
tion of photosynthetic pigments (chlorophylls a and b,
carotenoids), vitamins (C and E) and total phenolic
compounds, the enzymatic activity of superoxide dismu-
tase (SOD, EC 1.15.1.1) and total peroxidases (POX, EC
1.11.1), as well as total antioxidant capacity and lipid
peroxidation levels were quantified to assess the effect of
high artificial UV-B radiation in the antioxidant content
of in vitro damiana plants.

Results: Severe and high doses of artificial UV-B radia-
tion modified the antioxidant content by increasing the
content of vitamin C and decreased the phenolic
compound content, as well as modified the oxidative
damage of damiana plants in an in vifro model.

Conclusion: UV-B radiation modified the antioxidant
content in damiana plants in an in vifro model, depending
on the intensity and duration of the exposure.
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RESPUESTA ANTIOXIDANTE EN DAMIANA
(TURNERA DIFFUSA WILLD) EXPUESTA A
RADIACION ULTRAVIOLETA (UV) ARTIFICIAL
EN UNMODELO IN VITRO; PARTEII;
RADIACIONUV-B

Resumen

Introduccion: Los efectos de la radiacién ultravioleta
tipo B (UV-B) sobre las plantas medicinales se han investi-
gado recientemente en el contexto del cambio climatico,
pero las modificaciones que genera la radiacion UV-B
podrian emplearse para modificar el contenido de com-
puestos antioxidantes, incluyendo los compuestos fendlicos.

Objetivo: Generar informacion sobre el efecto de una
alta exposicion a UV-B artificial en el contenido antioxi-
dante de damiana (Turnera diffusa, Willd) en un modelo
in vitro.

Método: Plantulas de damiana en cultivo de tejidos
(medio Murashige-Skoog) fueron irradiadas con UV-B
artificial en 3 diferentes dosis: (1) 0,5 + 0,1 mW cm? (alto)
por 2 h diarias, (2) 1 + 0,1 mW cm? (severa) por 2 h dia-
rias, o0 (3) 1 = 0,1 mW cm? durante 4 horas diarias por 3
semanas. Se cuantificé la concentracion de pigmentos
fotosintéticos (clorofilas a y b, carotenoides), vitaminas (C
y E) y compuestos fendlicos totales, la actividad enzima-
tica de la superodxido dismutasa (SOD, EC 1.15.1.1) y las
peroxidasas totales (POX, EC 1.11.1), asi como la capaci-
dad antioxidante total y la peroxidacion de lipidos para
evaluar el efecto de la alta radiaciéon UV-B artificial en el
contenido antioxidante de damiana in vitro.

Resultados: Dosis altas y severas de radiacion UV-B
artificial modificaron el contenido antioxidante incre-
mentando el contenido de vitamina C y disminuyendo el
contenido de compuestos fenolicos totales, ademas de
modificar el dafio oxidativo de plantas de damiana en un
modelo in vitro.

Conclusion: La radiaciéon UV-B modifica el contenido
antioxidante en damiana en un modelo in vitro, depen-
diendo de la intensidad y el tiempo de exposicion.

(Nutr Hosp. 2014;29:1116-1122)
DOI:10.3305/nh.2014.29.5.7092
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Abbreviations

DPPH: 2,2-diphenyl-2-picrylhidrazyl.

BCS: Baja California Sur.

GAEAC: Gallic acid equivalent antioxidant capacity.
HPLC: High-performance liquid chromatography.
ROS: Reactive oxygen species.

SOD: Superoxide dismutase.

TBARS: Thiobarbituric acid-reactive substances.
UV: Ultraviolet radiation.

UV-B: Ultraviolet type B.

Introduction

Plants are naturally exposed to all components of
sunlight, including ultraviolet (UV) radiation. UV radi-
ation is divided, based on wavelength range, in UV-A
(315-400 nm), UV-B (280-315 nm) and UV-C (100-
280 nm). Climate changes due to natural and anthro-
pogenic causes increase UV-B radiation levels on
Earth’s surface'. UV-B radiation possesses high energy
levels and induces a wide variety of physiological and
morphological responses, most of which are only occa-
sionally beneficial, in terrestrial organisms?. In plants,
UV-B radiation has different effects on growth and de-
velopment, metabolic processes such as photosynthe-
sis, morphology and biochemistry (concentrations of
secondary metabolites and other compounds)*¢. In ad-
dition, UV radiation generates an increase in the pro-
duction of reactive oxygen species (ROS) potentially
causing oxidative stress’ and, likely, decreasing the
yield and quality of plants®. As a mechanism to prevent
oxidative damage due to increased ROS production in-
duced by UV-B radiation the plant’s antioxidant de-
fenses change; depending on the species, exposure to a
small to moderate UV-B dose may increase, while lar-
ger UV-B doses may overwhelm the antioxidant de-
fenses*!°. This is an especially interesting alternative for
medicinal plants because they constitute an important
source of molecules with pharmaceutical and economic
value''"'2, as reflected in the growing number of studies
addressing UV-B radiation effects in the production of
secondary compounds in wild medicinal plants and
herbs!®!1*15, Phenolic compounds, such as flavonoids,
are expected to increase in response to UV-B radiation
given their effectiveness in absorbing UV-B radiation
and antioxidant properties®. Recently, Kumari and
Prassad' suggested the importance of UV-B treatment
on medicinal plants to increase natural compounds as an
alternative to pharmacological manufacture.

Damiana (Turnera diffusa, Willd) plants are used for
medicinal purposes and in the elaboration of diverse
dietary products'. These shrubs grow wild in arid and
semiarid climates, such as those prevalent in Baja Cali-
fornia Sur (BCS), Mexico ', where plants are subject to
elevated intensity of solar radiation (maximum 7 kWh
m?day" in Summer)". Therefore, damiana is exposed
naturally to high UV radiation levels; elevated antioxi-

dant compound content was observed recently in damia-
na plants from BCS'®", and previous results suggest
differences in antioxidant content between damiana
plants grown in different regions with similar environ-
mental conditions but different natural solar radiation
levels®. This medicinal plant has a large antioxidant
potential, perhaps due to the environmental conditions
and exposure to naturally elevated UV-B radiation®.
Studies on the effect of UV-B radiation suggest that ex-
posing plants to artificial UV radiation can be an alter-
native to increase phytochemicals of interest. There-
fore, the objective of this study was to analyze the
effect of exposure to artificial UV-B radiation at diffe-
rent high-doses in the antioxidant content of damiana
plants in an in vitro model.

Materials and methods
Plant material and experimental setup

Damiana (7. diffusa) plantlets were grown aseptica-
Ily in tissue culture in Murashige-Skoog (MS) medium
following the method described by Alcaraz-Melendez
et al.®. Damiana plants were grown for 4 weeks (to
reach 7.5 cm of size) prior to being irradiated with arti-
ficial UV-B (UV-B Lamp F875, 315 nm, BioRad, Her-
cules. CA, USA). Lamps were placed 25 cm above the
top of the plants maintaining this distance constant
throughout the experiment. Aluminum strips were
placed on top of the lamps and plants were placed in-
side a box, fully covered with aluminum foil, to in-
crease UV-B reflection. Treatments were as follows; 1)
control, plants grown in white light (fluorescent light to
100 uE m? sec!) at 25 + 2°C without exposure to UV-
B; 2) plants exposed to 0.5 £ 0.1 mW UV-B cm?for 2 h
per day and 22 h of white light at 25 + 2°C; 3) plants ex-
posedto 1 +0,1 mW UV-B cm?for 2 h perday and 22 h
of white light at 25 + 2°C; 4) plants exposed to 1 + 0,1
mW UV-B cm?for 4 h per day and 20 h of white light at
25 + 2°C. A radiometer (ultraviolet intensity meter,
General Tools and Instruments, NY, USA) was used to
quantify UV-B radiation below and above the tops of
the experimental damiana plants within each container.
Samples were collected after the first irradiation treat-
ment and subsequently every week, during 3 weeks.
Plants collected at the onset of the experiment were la-
beled as day zero and newly irradiated as day one.
Leaves were separated from stems, samples were im-
mersed in liquid nitrogen, and stored at -80°C until ana-
lyzed.

Chlorophylls a and b, and total carotenoids

Prior to pigment quantification using the method of
Lichtenthaler and Wellburn?', damiana leaves (250 mg)
were extracted with water:methanol:acetone (2:3:5) at
4°C in the dark. Pigment content in each sample was
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determined at 666, 653 and 470 nm by using a mi-
croplate reader (BioRad™ 550, Japan) as previously
described'®". Chlorophyll a, chlorophyll b, and total
carotenoid content are expressed in ug g of fresh
weight. The variability coefficients calculated for the
methodologies employed to quantify chlorophyll a,
chlorophyll b, and total carotenoid content were 4.8,
5.8, and 21.8, respectively.

Superoxide dismutase activity

Damiana leaves were homogenized in phosphate
buffer (KHPO,, 0.1 M, pH 6.8) with polyvinylpyrroli-
done (PVP), and centrifuged at 3,000 x g for 20 min at
4°C. Supernatant was used immediately to assess total
superoxide dismutase (SOD, EC 1.15.1.1) activity fo-
llowing the method of Suzuki®? at 560 nm (Beckman
Coulter DU-800, CA, USA) as previously described's"*
Results are expressed in units of SOD activity mg! pro-
tein. One unit of SOD activity is defined as the amount
of enzyme necessary to cause 50% inhibition of the
maximum rate of NBT reduction at 560 nm. The varia-
bility coefficient for this method was 14.2.

Peroxidase activity

Leaf samples (250 mg) were homogenized in phos-
phate buffer (KHPO,, 0.1 M, pH 6.8) with PVP, cen-
trifuged at 3,000 x g for 20 min at 4°C. Reaction mix-
ture containing hydrogen peroxide (H,0,, 50 uM),
pyrogallol (50 uM), and plant extract was incubated for
1 min at 25°C. Reaction was stopped by adding 0.5 mL
of H,SO, (5%, v/v), following the method described by
Kar and Mishra® as previously described'*". Total per-
oxidases (POX, EC 1.11.1) activity was detected spec-
trophotometrically at 420 nm in a Beckman Coulter DU
800 (USA) spectrophotometer. Results are expressed in
units of POX activity mg™ protein. One unit of POX ac-
tivity is defined as the amount of POX enzyme required
to increase the absorbance by 0.1. The coefficient of
variability was 11.7 for this methodology.

Vitamin C

Vitamin C (L-ascorbic acid) content was quantified
using high-performance liquid chromatography (HPLC,
Waters, Milford, MA, USA). Conditions and methods
used to assess vitamin C content in damiana leaves were
previously described'®. Leaves (0.2 g), metaphosphoric
acid (3% w/v), acetic acid (8% w/v), and EDTA (0.01
M) were mixed and incubated for 40 min at 4°C in the
dark. The homogenate was centrifuged at 23,895 x g for
15 min, and filtered with cellulose acetate filters. Sam-
ples (10 uL) were injected into an HPLC and two mobile
phases were employed, acidified deionized water (pH
2.4 with H.SO,) and acetonitrile (HPLC grade 100%) in

a BDS hypersyl C8 column as previously described'* .
The internal standard method and a calibration curve of
L-ascorbic acid (5-200 ng pL') at 245 nm were used to
calculate vitamin C content in damiana leaves. Results
are expressed as mg vitamin C g fresh weight; the varia-
bility coefficient was 0.3.

Total phenolic compound content and antioxidant
capacity

Leaf extracts were obtained using acetone-
methanol-water (5:3:2 respectively, v/v) and were used
for determinations of total phenolic compound content
and total antioxidant capacity. Total phenolic com-
pound content in leaf samples was determined follo-
wing the method of Singleton and Rossi** in a mi-
croplate reader (BioRad™ 180 550, CA, USA) at 750
nm and was calculated from a standard curve of gallic
acid (0-350 ug mL"') as previously described'".
Briefly, samples (10 pL) were mixed with Folin-Cio-
calteureagent (1:1, v/v diluted with water) and incubat-
ed for 1 min with sodium carbonate (2% v/v); then
sodium hydroxide (0.4% w/v) was added and the mix-
ture was allowed to incubate for another 20 min at
room temperature in the dark. Results are expressed as
mg gallic acid equivalents (GAE) g' fresh weight. The
coefficient of variability was calculated to be 9.9.

Total antioxidant capacity of damiana leaves was
quantified in a microplate reader (BioRad™ 550, CA,
USA) at 515 nm by using the method of Brand-
Williams et al.* and using the commercial free radical
2,2-diphenyl-2-picrylhidrazyl (DPPH) as previously
described'®". A standard curve of gallic acid (50-300
ug mL"') was employed to calculate total antioxidant
capacity in damiana leaves. Results are expressed as
uM gallic acid equivalent antioxidant capacity
(GAEAC) g fresh weight. The coefficient of variabili-
ty for this method was 7.5.

Lipid peroxidation

The concentration of thiobarbituric acid-reactive
substances (TBARS) was quantified as an indicator of
lipid peroxidation, at 535 nm with correction at 600 nm
(Beckman Coulter DU 800), following the method of
Persky et al.*. Samples were homogenized with phos-
phate buffer (K.HPO,, 50 mM, pH 6.8) and centrifuged
at 2,200 x g 20 min at 4°C. The homogenate was incu-
bated with trichloroacetic acid (20% w/v in HC1 1 M),
and thiobarbituric acid (TBA, 1 % w/v) at 90°C for 30
min. The reaction was stopped on an ice-bath and cen-
trifuged at 3,000 x g for 15 min at 4°C as previously
described'®". Samples and standard curve (1-bis tetrae-
toxipropane TEP, 0-20 nmoles mL"') were quantified
spectrophotometrically. TBARS levels are expressed
as nmol of TBARS mg! protein; the variability coeffi-
cient for this method was 10.5.
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Total protein content

To standardize the results for antioxidant enzyme
activities and lipid peroxidation levels, total soluble
protein content was determined following the method
of Bradford?’, modified for use with a microplate reader
(BioRad™), and using a standard curve of bovine
serum albumin (BSA, 5-400 ug mL") as previously
described'®". Results are expressed as mg protein g
fresh weight.

Statistical analyses

All samples (the pool of all leaves from 5 plantlets in
each treatment, n = 5) were analyzed in triplicate, and
data are expressed as mean + standard error. Data were
tested for normality and homoscedasticity of variance.
Analysis of variance (ANOVA) and post-hoc tests
(Tukey) were used to determine significant differences
between treatments. Statistical significance was con-
sidered when p < 0.05. All statistical analyses were run
with Statistica 6 software (StatSoft, Inc., 2001).

Results and discussion

Chlorophyll a and b content in damiana (7. diffusa)
leaves increased significantly during the first day of
treatment with high and severe UV-B doses compared
to control plants (p = 0.001, table I). Chlorophyll a and
b levels remained constant in control plants throughout
the experimental period (table I). In contrast, from ex-
perimental day 7, chlorophyll a and b levels decreased
in damiana plants irradiated with UV-B in comparison
with control plants (p < 0.001, p = 0.022, respectively,
table I). Carotenoid content was not affected by UV-B
treatment (p = 0.322, table I). The amount of UV radia-
tion used may be too severe and may produce loss of
photosynthetic pigments in damiana (7. diffusa) plants
in a dose-dependent manner (table I). Similar decrease
in the chlorophyll content was reported by Mohammed
and Tarpley® in rice leaves as a result of high UV-B
levels, which generate chlorophyll degradation.
Katerova et al.” suggest that exposure to UV-B and
UV-C radiation damages photosynthetic pigments due
to the fact that UV radiation has enough energy to des-
troy chemical bonding of biomolecules. Hideg® pro-
posed that exposure to UV-B increases light sensor
pigments, but excessive radiation can generate pho-
toinhibition as well as structural and functional damage
to photosystems and photosynthetic pigments since
they are sensitive to UV-B radiation***!. UV-B radia-
tion can modify chlorophyll content directly or indi-
rectly by binding proteins to chlorophylls or affecting
the chlorophyll biosynthesis pathways?. Therefore, it is
possible that UV-B radiation affects damiana plants ei-
ther via photoinhibition or the synthesis of photosyn-
thetic pigments.

In the present study, damiana SOD (EC 1.15.1.1) ac-
tivity increased following exposure to UV-B radiation,
mainly at severe dose treatments (UV-B severe 2 h and
UV-B severe 4 h) (p < 0.05, table I). The response
appears to be immediate, since plants showed a signifi-
cant increase in SOD activity when compared to non-
irradiated controls after the first exposure to severe
UV-B doses for 2 h or4 h (p <0.05, table I). No signifi-
cant differences were observed in POX (EC 1.11.1) ac-
tivity between control damiana plants and those ex-
posed to UV-B radiation (p = 0.547, table I). A similar
increase in SOD activity after exposure to supplemen-
tary UV-B doses was observed in sweeflag, Acorus
calamus L.**; Ravindran® observed increased SOD and
POX activity in true indigo (Indigofera tinctoria, L.)
seedlings, and Hassan et al.® in bean (Vicia faba L.)
plants exposed to supplementary UV-B radiation. Ry-
bus-Zajac and Kubis® reported that UV-B radiation in-
duces increased SOD, guaiacol peroxidase and sy-
ringaldazine peroxidase activities in cucumber
seedlings. Hagh ef al.* described an increase in guaia-
col peroxidase and ascorbate peroxidase activities in
roots and shoots of sunflowers plants. Recently,
Ramya and Balakrishnan® observed increased POX
activity (84%) in sola pith (Aeschynomene aspera)
plants irradiated with different doses of UV-B radia-
tion for 9 days, this increase along with the other an-
tioxidant enzymes generate protection to the plant du-
ring the oxidative stress produced by increased UV-B
radiation. The increase in SOD activity in damiana (7.
diffusa) plants after exposure to UV-B radiation may
be due to increased ROS production. UV-B radiation
increases ROS production, which activates both enzy-
matic and non-enzymatic antioxidant responses in
plants®.

Vitamin C content was 0.8 + (.18 mg ascorbic acid g'!
FW in control damiana (7. diffusa) plants (table I). UV-
B radiation increased vitamin C levels in damiana
leaves to 1.4 = 0.04 mg ascorbic acid g' FW at 0.5 mW
cm? 2 h of UV-B radiation treatment for 21 days (table
I). The content of vitamin C, translated to the same
units as those reported in the present study, is in the
range of 25 to 46.76 mg ascorbic acid g in acerola
(Malpighia glabra) fruits, 0.506 mg ascorbic acid g' in
orange pulp®, and 0.135 to 0.149 mg ascorbic acid g' in
tomato fruits*. Therefore, the content of vitamin C in
damiana (7. diffusa) is within the range reported for
fruits and vegetables considered rich in vitamin C.
Furhter, exposure to UV-B radiation increased the vita-
min C content in damiana. Nasibi and Kalantari®’ re-
ported increased vitamin C content in plants of Brassi-
ca napus in response to UV-B radiation (5.8 Wm?).
However, Kumari et al.** reported the lack of an effect
of supplementary UV-B radiation (1.8 kI m?d"' and 3.6
kJ m?d") on vitamin C levels in A. calamus plants. It is
possible that increasing levels of ascorbic acid, perhaps
via the glutathione-ascorbate cycle, aids damiana
plants to counteract the increased ROS production pre-
sumably induced by UV-B radiation.
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Kumari and Prasad' suggested the relevance of
studying the effects of UV-B radiation as an alternative
to increase the content of molecules that are important
to the plant s metabolism, or have nutraceutical proper-
ties and, thus, commercial value, such as phenolic
compounds. Levels of phenolic compounds, including
flavonoids, increase in response to UV-B radiation®. In
this study, the phenolic compound content in damiana
plants decreased significantly following exposure to
UV-B radiation in all treatments in comparison to con-
trol plants (p < 0.05, table II); such decrease could be
due to reduction in photo-assimilation at high UV-B ra-
diation doses. Similar decrease in phenolic compound
content was reported by Mohammed and Tarpley® in
rice leaves exposed to 10 kJ UV-B radiation. Thus, ex-
posure to moderate or severe UV-B radiation could be
an alternative mechanism to increase the content of
phytochemical compounds of interest in damiana.

In T. diffusa, carotenoid and phenolic compound
content decreased in response to high UV-B doses,
suggesting that either this plant is sensitive to UV-B ra-
diation or that the amount of UV-B radiation supplied
was beyond the tolerance limit of damiana plants. The
treatments used in this study only considered UV-B ra-
diation without photosynthetically active radiation.
Exposure of plants directly to UV-B radiation without
visible-light may not provide the energy needed for the
plant to synthesize the response-elements to protect it-
self. Caldwell®* mentioned that the photoreactivation
mechanism is initiated by UV-A radiation and visible-
light (blue spectrum), but plants irradiated with mono-
chromatic radiation (UV-B radiation only) cannot in-
duce repair mechanisms.

At high UV-B doses (UV-B high 2 h), total antioxi-
dant capacity of damiana (7. diffusa) plants increased
significantly compared to non-irradiated control plants
(p < 0.05, table IT) during the first 7 days of treatment;
at severe UV-B doses (UV-B severe 2 h and 4 h) total
antioxidant capacity of damiana plants decreased
(table IT) during 7 days of irradiation. Oxidative dama-
ge, quantified as lipid peroxidation levels (TBARS),
increased in damiana plants irradiated with UV-B as
compared to non-irradiated plants (p < 0.05, table II).
Hassan et al.® reported an increase of 40% in bean (Vi-
cia faba L.) plants in response to UV-B radiation. UV-
B radiation increases ROS production, which can cause
oxidative damage to lipids, proteins and DNA!"*%,
Plants vary in their ability to withstand UV radiation
based on the increase in ROS production® and their ca-
pacity to synthesize compounds that prevent or reduce
oxidative damage?.

Damiana plants irradiated with UV-B showed dose-
dependent changes in both enzymatic and non-enzy-
matic antioxidants. The loss of phenolic compounds
(table IT) and photosynthetic pigments (table I) in res-
ponse to UV-B exposure suggest that either antioxidant
defenses in damiana plants are not sufficient to provide
protection against artificial UV-B irradiation, that
damiana in BCS may be near its maximal capacity to

induce antioxidant defenses, or that the UV-B dosage
used in this study exceeds the tolerance capacity of this
plant. Ramya and Balakrishnan'> mentioned that plants
have different sensibility to UV-B radiation, depending
on treatments and intensity of radiation. In a previous
study'®, the antioxidant content in wild and cultivated
damiana plants from BCS, naturally exposed to high
solar radiation, was reported. In wild and cultivated
damiana plants the phenolic compound levels are lo-
wer than in in vitro damiana irradiated with UV-B in
this study. Yet, wild and cultivated damiana had lower
lipid peroxidation levels than damiana irradiated in
vitro with UV-B. The results from this study suggest
that artificial UV-B radiation decreases the defense ca-
pacity, decreases the antioxidant content, and increases
oxidative damage in leaves of damiana plants. Even so,
photosynthetic pigments and vitamin C content in-
creased in damiana irradiated in vitro with UV-B.

Conclusion

Antioxidant defense mechanisms, such as SOD ac-
tivity and vitamin C, are activated by artificial UV-B
radiation to protect damiana plants in vitro. At high
UV-B doses (UV-B high 2 h), total antioxidant capaci-
ty of damiana plants increased while at severe UV-B
doses (UV-B severe 2 h and 4 h) total antioxidant ca-
pacity of damiana plants decreased significantly com-
pared to non-irradiated control plants. At severe doses,
UV-B exposure increased SOD activity, photosynthet-
ic pigments (chlorophylls), vitamin C content and lipid
peroxidation. Phenolic compound content in damiana
plants decreased significantly following exposure to
UV-B radiation in all treatments.
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