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Abstract
Prickly pear (Opuntia ficus-indica cv. Rojo Vigor) fruit is an excellent source of secondary metabolites with health-promoting
properties (i.e., betalains, flavonoids, and ascorbic acid), and thus, it is relevant to find postharvest treatments that increase their
concentration. Postharvest abiotic stresses such as wounding and ultraviolet radiation can induce the accumulation of secondary
metabolites in different horticultural crops. In the present study, the effect of ultraviolet B (UVB) radiation applied alone or
combined with wounding stress on the accumulation of betalains, phenolics, and ascorbic acid in red prickly pear was evaluated.
Whole and wounded fruit samples were treated with UVB radiation (6.4Wm−2) for 0, 15, 90, and 180 min and stored for 24 h at
16 °C. The content of bioactive compounds was evaluated before and after storage. The application of UVB radiation for 15 min
was the most adequate treatment to induce the accumulation of bioactive compounds. In this context, UVB radiation (15 min) of
the wounded tissue resulted on an immediate accumulation of betalains (33–40%) and ascorbic acid (54–58%) in the pulp and
peel of the fruit. Likewise, after storage, the pulp of irradiated whole fruits showed the highest accumulation of phenolics
(125.8%) and betalains (49.8%) as compared with the control, whereas the stored wounded tissue treated with UVB presented
accumulation of ascorbic acid in the pulp (67.2%) and peel (84.6%). The stressed tissue with enhanced concentration of
nutraceuticals could be transformed into functional processed foods or used as raw material for the extraction of compounds
with applications in health-related markets.
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Introduction

Opuntia ficus-indica (L.) Mill., commonly known as prickly
pear, is a tropical or subtropical plant belonging to the
Cactaceae family (De Cotazar and Nobel 1992). In Mexico,
the stem of Opuntia ficus-indica has been used for the treat-
ment of different health-disorders including ulcers, cancer,
high cholesterol levels, and hypoglycemia (Chauhan et al.
2010). Furthermore, recent reports indicate that compounds

present in the pulp and peel of prickly pear fruit (i.e., betalains,
flavonoids, and ascorbic acid) also exert biological activity
(Hameed-Abdel et al. 2014; Bisson et al. 2010).

The most apparent characteristic of cactus pear fruits and
flowers is the yellow and red color. This feature is exerted by
betalains, which are nitrogen-containing vacuolar pigments
that replace anthocyanins in most plant families of the
Caryophyllales (Albano et al. 2015). In addition to color,
betalains have shown antioxidant, anti-inflammatory, and
vascular-protective effects (Stintzing et al. 2005; Tesoriere
et al. 2005). Phenolic compounds are secondary metabolites
produced via the shikimate and phenylpropanoid pathways
(Cartea et al. 2010). Their presence has been detected in the
peel and pulp of cactus fruit (Yeddes et al. 2013). It has been
found that the antioxidant activity of prickly pear is mainly
attributed to quercetin, kaempferol, and isorhamnetin, which
are the main flavonoids present in the fruit (Kuti 1992).
Ascorbic acid is a water-soluble vitamin required to form
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and preserve bones, blood vessels, and skin. Cactus pear fruits
contain ascorbic acid in concentrations around 20 to 40 mg/
100 g of fresh weight (Russel and Felker 1987), content that is
higher than the values reported for apples, pears, grapes, and
bananas (Kristbergsson and Ötleş 2016).

The application of postharvest abiotic stresses [i.e.,
wounding and ultraviolet (UV) radiation] in fruits and veg-
etables has received significant attention because they allow
the accumulation of health-promoting compounds
(Cisneros-Zevallos 2003). The production of secondary me-
tabolites in plant tissue can be promoted by ultraviolet B
(UVB radiation) without concern about conflicting interac-
tions in the plant tissue matrix used itself as a food
(Schreiner et al. 2009). UVB radiation (280–315 nm) in-
duces the biosynthesis of flavonoids and phenolic acids,
capable of attenuating UV spectrum without interfering
with the absorption of active photosynthetic radiation
(Lavola 1998). Likewise, wounding stress induces the ac-
cumulation of bioactive compounds. The wound-induced
biosynthesis of plant secondary metabolites is mediated by
molecules such as reactive oxygen species (ROS), ethylene
(ET), and jasmonic acid (JA) that act as signals to activate
the phenylpropanoid pathway, producing the synthesis of
phenolic compounds implicated in the lignification process
during wounding-healing (Jacobo-Velázquez et al. 2015).
In this context, the application of abiotic stresses on prickly
pear may be an attractive strategy to increase its nutraceuti-
cal content.

Little is known on the effect of UVB radiation applied
alone or in combination with wounding stress on the accumu-
lation of phytochemicals in red prickly pear. Therefore, the
objective of the present study was to evaluate the effect of
UVB radiation and wounding stress applied alone or com-
bined on the accumulation of total phenolics, betalains and
ascorbic acid before and after storage (24 h in at 16 °C and
70% relative humidity) of red prickly pear (Opuntia ficus-
indica cv. Rojo vigor).

Materials and Methods

Chemicals

Sodium hydroxide (NaOH), ferric chloride (FeCl3), and phos-
phoric acid (H3PO4) were obtained from Desarrollo de
Especialidades Químicas (San Nicolás de los Garza, N.L.,
México). The other chemicals were obtained from Sigma-
Aldrich Co. (St. Louis, MO, USA).

Plant Material

Red prickly pears (Opuntia ficus-indica cv. Rojo Vigor) were
obtained from the agroproducer La Flor de Villanueva, Tuna y

Nopal (Puebla, Mexico) during the last week of June 2017.
After harvesting, fruits were classified by ripening stage con-
sidering the following indicators: size of fruit, external chang-
es of color from green to red, total soluble solids (TSS), total
titratable acids (TTA), firmness, and pH of the fruit. With
these parameters, minimum ripening stage was selected based
on the UC Davis Postharvest Technology Center database
(Kader 1999). The selected fruits to carry out the experiments
presented the following characteristics: external color was red
in the middle and green at the ends, fresh weight of 142.40 ±
5.30, polar length of 15.16 ± 0.28, equatorial length of 11.58
± 0.58, TSS of 13.1 ± 1.09 °Brix, TTA of 0.03%, pH of 6.10 ±
0.60, and firmness was acceptable in 22.41 ± 2.04 N.

UVB Treatments and Storage

UVB light chambers consisted of a steel framework of
60 cm (width) × 30 cm (depth) × 60 cm (height) covered
with aluminum and equipped with four 40 W UVB lamps:
Philips TL 40 W/12RS (Philips, USA). The irradiation dose
was determined before the experiment as 6.4 W m−2 using a
PMA 2106 UVB sensor (Solar Light, Glenside, PA, USA)
measuring in the spectral range from 280 to 320 nm. Fruits
were placed 45 cm below the light source. In order to ensure
uniform UVB dose, fruits were aligned in rows parallel to
the lamp tubes and inverted at the middle of the radiation
process to achieve optimum exposure on all sides of the
tissue.

Four UV treatments consisting of a single UVB exposure
for 0, 15, 90, and 180 min were carried out. These conditions
were selected based on previous reports from our research
group where UV treatments were applied in carrots and broc-
coli sprouts to induce the accumulation of different phyto-
chemicals (Surjadinata et al. 2017; Moreira et al. 2017a, b).
After washing and disinfecting the fruits with chlorinated wa-
ter (200 ppm, pH 6.5), ten whole and four wounded fruits (cut
in four pieces, with a cross and a longitudinal section, using a
commercial straight-edged knife) were selected for each UVB
treatment. In this experiment, total betalains, phenolic com-
pounds, and ascorbic acid content were evaluated before and
after 24 h of storage in the whole and wounded prickly pears
treated with UVB light.

Samples were stored for 24 h in an incubator (VWR,
Radnor, PA, USA) at 16 °C and 70% relative humidity in
darkness. Due to the quantities of tissue required for analy-
sis of tissue metabolites and the small size of our samples, it
was necessary to pool samples. The samples were obtained
from five whole fruits and two pieces from each wounded
fruit at 0 and 24 h of storage. The peel (∼ 3 mm thickness)
and pulp tissues were separated, cut in small pieces, imme-
diately frozen in liquid nitrogen, and stored at − 80 °C until
further analysis.
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Color, Firmness, TSS, and TTA Analyses

Prickly pear peel color was evaluated using a Konica
Minolta™ CM-5 (Osaka, Japan). The color was recorded
using the L*, a*, b* scale CIELAB system. Results of L*,
a*, and b* were obtained from five different red prickly pears,
in three different sites of the peel and used to calculate Chroma
(C = [(a*2 + b*2)1/2]) and Hue angle (h°) (h° = tg−1(b/a)).
Firmness was directly determined in five whole red prickly
pear fruits with a texture analyzer (TA. XT Plus,
StableMicroSystem, Godalming, UK), using a load cell of
10 kg and a speed penetration of 1 mm s−1. The puncture test
was performed using a stainless-steel probe with 5 mm of
diameter. The texture was measured as the maximum force
(expressed in Newtons, 1 N = 0.1 kg F) required to achieve
probe penetration of 10 mm at three different locations in each
sample.

pH and acidity determinations were performed in homog-
enized pulp tissue without seeds of five different red prickly
pears. pH was measured by direct immersion on the samples
with a potentiometer (Thermo Scientific Orion, Singapore).
Titratable acidity was determined at room temperature by ti-
tration of 10 mL prickly pear juice (obtained from five differ-
ent fruits) with 0.1 N NaOH solution to an endpoint of pH 8.3
and expressed as a percentage of citric acid (1 mL of 0.1 N
NaOH = 0.006404 g of citric acid). Total soluble solids deter-
mination was performed in the pulp of five prickly pears by
direct measure with a digital refractometer (ATAGO-PR-32α,
Brix 0.0 to 32.0%) and expressed in °Brix. Moisture content
was determined with five replications by the method
AACC 44-15A, using aluminum plates with sand (10 g) and
a rod each, previously placed at a constant weight. Prickly
pear samples (3 g) were weighed before and after 8 h of drying
at 110 °C.

Total Phenolics, Total Betalains, and Ascorbic Acid
Determinations

Extraction and Quantification of Total Phenolic Compounds

For the extraction of total phenolics, prickly pear sample
(250 mg fresh weight) was suspended in methanol (1 mL).
The mixture was immersed in an ultrasound bath (Branson
2510, Branson Ultrasonic Corporation, CT, USA) at room
temperature for 5 min. Centrifugation was performed at
13,000×g for 5 min at 4 °C. After that, the supernatant
(200 μL) was diluted with methanol (800 μL) and shacked
during 10 s on a vortex mixer (VWR Digital Vortex Mixer,
USA). Total phenolics were determined by the Folin-
Ciocalteu colorimetric method described by Swain and
Hillis (1959) adapted to 96-well microplate format
(Sánchez-Rangel et al. 2013). Gallic acid was used as stan-
dard, and the total phenolic content was expressed as

milligrams of gallic acid equivalents (GAE) per 100 g of
prickly pear dry weight (DW).

Extraction and Quantification of Total Betalains

Quantification of betalains was performed with a colorimetric
method stated by Stintzing et al. (2005). Briefly, the prickly
pear sample (250 mg fresh weight) was mixed with distilled
water (1 mL) and immersed into the ultrasound bath for 5 min.
The extracts were then clarified by centrifugation at 13,000×g
for 5 min at 4 °C (Eppendorf AG Centrifuge 5417R), and the
supernatant was diluted (1:1 v/v) with water.

Betacyanins and betaxanthins content were reported asmil-
ligrams of equivalent of betanin and indicaxanthin per 100 g
of prickly pear DW, respectively. Betacyanins were detected at
535 nm and betaxanthins at 483 nm, according to the follow-
ing equation proposed by Sumaya-Martínez et al. (2011) with
some modifications:

Betacyanins or betaxanthins content
mg

L

h i

¼ A� DF�MW� 100

E� B

� �

where A = absorbance at 535 or 483 nm, DF = dilution factor,
MW = molecular weight, E = extinction coefficient, and B =
width of the spectrophotometer well. The method was opti-
mized for a 96-well plate with a truncated cone formula, and
the calculated width was 5.335 mm. For betacyanins the ex-
tinction coefficient was 60,000 L/(mol cm) and MW= 550 g/
mol, whereas for betaxanthins, the extinction coefficient was
48,000 L/(mol cm) and MW= 308 g/mol.

Determination of Ascorbic Acid

Ascorbic acid analyses were determined using the method
reported by Gillespie and Ainsworth (2007). Extractions were
performed at room temperature and under dark conditions.
Prickly pear sample (1 g fresh weight) was homogenized with
trichloroacetic acid (TCA, 6%, 5 mL) and centrifuged at
13,000×g for 20 min at 4 °C. For total ascorbic acid, the
extract (100 μL) was mixed with DDT solution (32 mM,
50 μL) and incubated for 10 min at room temperature in the
dark. Then, N-ethylmaleimide (NEM) solution (12 mM,
50 μL) was added to the mixture and incubated for 30 s. On
the other hand, reduced ascorbic acid was determined by
adding distilled water (100 μL). Subsequently, a mixture of
TCA (10%, 250 μL), H3PO4 (43%, 200 μL), α,α′-bipyridyl
(4%, 200 μL), and FeCl3 (3%, 100 μL) solutions was added to
both reactions (total and reduced). After incubation at 37 °C
for 60 min, the reactions (200 μL) were placed in a 96-well
microplate, and absorbance readings were recorded at 525 nm.
Absorbance values were compared against an ascorbic acid
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standard curve (0.10–3 mM) prepared in TCA (6%). Results
were expressed as milligrams of ascorbic acid per 100 g of
prickly pear DW.

Statistical Analysis

Statistical analyses of phytochemical analyses were per-
formed using five treatment repetitions. Data represent the
mean values of samples and their standard error. A full-
factorial design was applied to study the main effects and
interactions of the variables evaluated. Analyses of variance
(ANOVA) were conducted using JMP software version 13.0
(SAS Institute Inc., Cary, NC, USA) and mean separations
performed using the LSD test (p < 0.05).

Results and Discussion

Effects of UVB Treatments (0, 15, 90, and 180 min),
Wounding Stress, and Storage Time (0 and 24 h)
on Total Phenolics

Total phenolic content before and after 24 h of storage of red
prickly pear subjected to different UVB light doses
(6.4 W m−2 for 0, 15, 90, and 180 min) is shown in Fig. 1.
As observed, the peel showed 285.3% higher content of total
phenolics than the pulp. These results are in agreement with
Jiménez-Aguilar et al. (2014) and Yeddes et al. (2013), who
reported that the concentration of total phenolics in the peel is
220–300% higher than the pulp in different varieties of prickly
pear. Likewise, Fernández-López et al. (2010) reported values
from 1266 to 1683 mg GAE per 100 g in extracts from whole
fruits, including pulp and peels, in different species of red-
skinned prickly pears, which are in accordance with the results
presented herein.

The application of different UVB treatments did not induce
an immediate significant change in the phenolic content of red
prickly pear fruit pulp and peel when the whole fruit was
subjected to different UVB light exposure times. On the other
hand, for the wounded fruit pulp, the content of total phenolic
increased by 52.5%, 101.8%, and 38.8%, in samples treated
with UVB for 15, 90, and 180 min, respectively, as compared
with the control, whereas the phenolic content in the wounded
peel was not affected by UVB radiation. The immediate in-
crease in the concentration of phenolic compounds in the
wounded pulp can be attributed in part to changes in the per-
meability of the cell membrane induced by the wave of free
radical produced by wounding stress and UV light that derives
from peroxidation within the lipid bilayer of the tissues
(Surjadinata et al. 2017). The free radical reaction may lead
to ruptured cell membranes, which may allow a higher release
of phenolic compounds mainly at 90 min of UVB light expo-
sure. When the fruit was exposed to UVB light for a more

extended period, a degradation effect of the phenolic com-
pounds was observed as compared with 90 min UVB-treated
wounded fruit pulp. Results suggest that the whole fruit was
protected with UVB-filtering compounds present in the peel,
which impeded the production of free radicals in the pulp,
inhibiting the release of phenolic compounds from the plant
cell of pulps (Surjadinata et al. 2017).

After storage, the effect of UVB and wounding stress on
the content of phenolic compounds was tissue-dependent
(Fig. 1). No significant increment in the phenolic content of
untreated whole red prickly pear fruit pulp and peel was de-
tected after 24 h of storage time. On the other hand, wounding
stress alone induced a significant increment (27.7%) in the
content of phenolic compounds in the pulp after storage,
whereas the phenolic content in the wounded peel was not
affected. Previous reports have shown that wounding is an
effective stress that allows the accumulation of phenolics in
different horticultural crops such as potatoes (Torres-
Contreras et al. 2014a, b), broccoli (Villarreal-García et al.
2016; Torres-Contreras et al. 2017), and carrots (Jacobo-
Velázquez et al. 2011, 2015). The wound-induced accumula-
tion of phenolics in plants is triggered by extracellular ATP
(eATP) produced at the site of injury, which diffuses and binds
to ATP receptors of adjacent cells. Upon eATP binding to
receptors, the production of reactive oxygen species (ROS)
is triggered, which are the central signaling molecules in-
volved on the wound-induced biosynthesis of phenolic com-
pounds in plants (Jacobo-Velázquez et al. 2011, 2015).

The application of UVB for 15 and 90 min in the whole
fruit induced increases in phenolic content after storage, which
showed 125.8–101.5% and 33.8–28.2% higher levels in the
pulp and peel, respectively, as compared with the control
stored for 24 h. However, the highest effect was observed in
samples treated with UVB light for 15 min, whereas no accu-
mulation of phenolic compounds was detected in samples
treated with 180 min of UVB. The UVB-induced production
of phenolic compounds in horticultural crops has been previ-
ously reported in different tissues such as carrot (Surjadinata
et al. 2017), broccoli sprouts (Moreira-Rodríguez et al. 2017a,
b) and lemons (Interdonato et al. 2011). Phenolic compounds
selectively absorb light in the UVB region of the spectrum,
while not decreasing penetration of photosynthetic radiation
(Jansen et al. 2008). Thus, it is likely that red prickly pear is
producing phenolics as a mechanism to filter the high-
intensity radiation of UVB light to which it was subjected.
The accumulation of phenolic compounds was repressed in
red prickly pear treated with 180min of UVB light. This result
suggests that prolonged radiation induced a failure in the
plant’s repair mechanism, inhibiting the synthesis of phenolic
compounds.

The combination of both stresses only induced accumu-
lation of phenolics when the wounded tissue was treated
with 15 min of UVB light. In these samples, the application
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of UVB light increased the concentration of phenolics in the
pulp and peel, by 17.7 and 19.2%, respectively, as com-
pared with wounded control samples after storage. As indi-
cated by the results, the accumulation of phenolics was
favored in the whole fruit treated with UV-light for
15 min as compared with the wounded fruit. Besides, the
wounded pulp treated with UVB for 90 and 180 min
showed a decrease of − 12.6 and − 32.6%, respectively, in
the content of total phenolics. These results indicate that
wounding stress exerts an antagonistic effect on the UVB
induced accumulation of phenolics in the pulp. This antag-
onistic effect can be attributed to the presence of oxidative
enzymes such as po lypheno l ox idase which i s
decompartmentalized after cutting the tissue and uses as
substrate phenolic compounds (Tomás-Barberán et al.
1997). Likewise, the wounded tissue is highly exposed to

oxygen, which is an additional substrate required for oxi-
dative enzymatic reactions.

Effects of UVB Treatments (0, 15, 90, and 180 min),
Wounding Stress, and Storage Time (0 and 24 h)
on Total Betalains

The content of betalains before and after 24 h of storage of red
prickly pear exposed to different UVB light doses (6.4 W m−2

for 0, 15, 90, and 180 min) is shown in Fig. 2. As observed,
the pulp showed a 10.9% higher content of total betalains than
the peel. The betalain content determined in this study was
similar to values previously reported for Sicilian and San
Martín cultivars (Butera et al. 2002; Aparicio-Fernández
et al. 2017).

Fig. 1 Concentration of total phenolics before and after storage (24 h at
16 °C) of whole and wounded red prickly pear (a) pulp and (b) peel
treated with UVB light (6.4 W m−2) for 0, 15, 90, and 180 min. (c) Full
factorial analyses of variance showing the main effects and interactions of
the variables evaluated. Bars are means of five replicates ± standard error.
Different letters among bars indicate statistical difference between

treatments using the LSD test (p < 0.05). Asterisks indicate that main
effects and interactions are significantly different by analyses of
variance (ANOVA). NS non-significant, *p < 0.05, **p < 0.01,
***p < 0.001. Results are expressed as milligrams of equivalents of
gallic acid per 100 g of sample in dry weight basis
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The application of UVB light for 15 min did not induce
an immediate effect on the concentration of total betalains
in the whole red prickly pear. However, UVB treatments of
90 and 180 min induced an immediate decrement in the
betalain content of the pulp (12–17%) and peel (19–24%).
The wounded fruit presented the same behavior, showing
decreases in the betalain content of the pulp (13–21%) and
peel (17–14%) exposed to 90 and 180 min, whereas UVB
light exposure for 15 min did not induce changes in the
betalain concentration. The degradation of betalains
observed in samples treated with 90 and 180 min of UVB
light can be attributed to cellular alkalization due to
degradation of the membrane by the presence of reactive
oxygen species and the influx of ions produced.
Alkalization may induce the hydrolysis of aldimine bond

in the betalain structure, resulting in the production of a
phenolic acid (Herbach et al. 2006).

After storage, the betalain content of untreated whole red
prickly pear fruit pulp and peel did not change. On the other
hand, at 24 h of storage, the wounded pulp and peel showed
13.6 and 13.2%, respectively, higher levels of total betalains
as compared with the stored whole fruit. As discussed for
phenolics, these results suggest that betalains may play a role
in the defense mechanism of prickly pear against wounding
stress. Previous reports suggest that ROS produced by
wounding could also serve as signaling molecules to induce
the biosynthesis of betalains in plants, mainly as a defense
response because betalains may act as ROS scavengers, lim-
iting the damage caused by wounding stress (Sepúlveda-
Jiménez et al. 2004). Although little is known about the

Fig. 2 Concentration of total betalains before and after storage (24 h at
16 °C) of whole and wounded red prickly pear (a) pulp and (b) peel
treated with UVB light (6.4 W m−2) for 0, 15, 90, and 180 min. (c) Full
factorial analyses of variance showing the main effects and interactions of
the variables evaluated. Bars are means of five replicates ± standard error.
Different letters among bars indicate statistical difference between
treatments using the LSD test (p < 0.05). Asterisks indicate that main

effects and interactions are significantly different by analyses of
variance (ANOVA). NS non-significant, *p < 0.05, **p < 0.01,
***p < 0.001. Results are expressed as milligrams of equivalents of
betanin per 100 g of sample and milligrams of equivalents of
indicaxanthin per 100 g of sample in dry weight basis for betacyanins
and betaxanthins, respectively
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wound-induced biosynthesis of betalains, these results agree
with a previous report in beets (Sepúlveda-Jimenez et al.
2005). The authors reported that ROS act as a signal to induce
BvGT expression, which encodes for a glucosyltransferase
related to betacyanin synthesis.

The application of UVB alone induced a significant incre-
ment in betalains after storage of whole fruit pulp (49, 36, and
29%) irradiated for 15, 90, and 180 min with UVB. Likewise,
betalain content in the whole peel increased by 17.9% with
UVB for 15 min, as compared with the control. Vogt et al.
(1999) have previously reported similar results in the synthe-
sis of betacyanin, induced as a consequence of UVA and UVB
exposure inMesembryanthemum crystallinum. Accumulation
of betalains in UVB-treated plant tissues could be due to their
high molar absorption coefficients, which allow them to func-
tion as protectors against UV radiation (Clement and Mabry
1996). Also, betalains accumulate in the vacuoles (Tanaka
et al. 2008), acting as a potential sink for excess H2O2 pro-
duced in the chloroplast due to UVB and wounding, alleviat-
ing the photo-oxidative damage in the plant (Kytridis and
Manetas 2006). Besides, the greater accumulation was ob-
served at 15 min of exposure, indicating that longer exposures
begin to saturate the absorption capacity of the betalain mol-
ecules and a photo-bleaching process was activated.

The combination of both stresses (UVB + wounding) in-
duced a significant increase of 39.6%, 25.6%, and 16.2% in
the concentration of betalains after storage of the pulp treated
with 15, 90, and 180 min of UVB radiation, respectively, as
compared with the wounded control, whereas the peel showed
increments of 33%, 19%, and 11% in samples treated with 15,
90, and 180 min of UVB radiation, respectively. UVB and
wounding stress showed a synergistic effect in the accumula-
tion of betalains. Besides, this effect was dose-dependent,
where higher UVB light doses resulted in a lower accumula-
tion of betalains in the wounded tissue. As earlier explained
for the whole tissue treated with UVB, prolonged UVB expo-
sures times may result in a photo-bleaching process of
betalains in wounded samples treated with 90 and 180 min
of radiation.

Effects of UVB Treatments (0, 15, 90, and 180 min),
Wounding Stress, and Storage Time (0 and 24 h)
on Ascorbic Acid Content

The ascorbic acid content at 0 and 24 h of storage of red
prickly pear exposed to different UVB light is shown in
Fig. 3. As observed, the content of ascorbic acid is similar in
the pulp and the peel. Similar values of ascorbic acid content
have been previously reported in different species of prickly
pear (Butera et al. 2002).

The application of UVB treatment induced an immediate
significant increment in the ascorbic acid content of red prick-
ly pear fruit pulp when the whole fruit was subjected to 90min

(37.4%) of radiation, whereas the whole pulp treated for 15
and 180 min did not show significant changes. For the whole
fruit peel, the content of ascorbic acid did not change in sam-
ples treated with 15 min of UVB light; however, it showed a
decrement in samples treated for 90 (− 15.4%) and 180 min
(− 15.1%) of radiation as compared with the control. Ascorbic
acid (vitamin C) is the most abundant antioxidant in plants
(Smirnoff et al. 2001) and has a role in redox signaling.
Ascorbate peroxidase (APX) mediates the scavenging of
H2O2 by ascorbate. Therefore, the ascorbic acid should be
accumulated in the presence of UVB as a defense mechanism
against ROS production and for the regeneration of α-
tocopherol (Niki 1987; Akram et al. 2017).

On the other hand, the wounded pulp treated with UVB for
15 and 90 min showed an increment in the content of ascorbic
acid of 54.1% and 37.5% as compared with the control, re-
spectively, whereas the wounded peel presented significant
increments of 58.4%, 38.9%, and 29.1% for the 15, 90, and
180 min treatments, respectively. In accordance with these
results, it has been reported that UVB exposure induces the
accumulation of ascorbic acid in Landsberg erecta, as well as
its redox state compared to control plants (Kovácsa and
Keresztesb 2002). This immediate increase in ascorbic acid
levels could be related with a defense mechanism of the plant
in the detoxification of ROS production after UV radiation.
However, 15 min of radiation is the adequate time, since
prolonged radiation resulted in a lower accumulation of ascor-
bic acid. Interestingly, the wounded tissue showed higher ac-
cumulation of ascorbic acid when exposed to UVB as com-
pared with the whole tissue. It is likely that the skin partially
filtered UVB radiation, and thus, lower oxidative stress was
generated in the whole tissue as previously reported for carrot
(Surjadinata et al. 2017), resulting in lower accumulation of
ascorbic acid.

After storage, the application of UVB alone induced a sig-
nificant increment in ascorbic acid content in the whole fruit
pulp irradiated with UVB for 15 (41.4%) and 90 min (46.2%),
whereas the pulp of whole tissue treated with 180 min of UVB
did not show significant difference in ascorbic acid concentra-
tion after storage as compared with time 0 h control samples.
Furthermore, after storage, the ascorbic acid content in the
peel of whole fruits treated with UVB increased by 23.4%
and 13.3% in samples irradiated for 15 and 90 min, respec-
tively, as compared with the untreated stored sample, whereas
peel of fruits treated with 180 min of UVB showed a signifi-
cant decrement (− 23.1%) in ascorbic acid content as com-
pared with the stored whole control. Castagna et al. (2013)
obtained similar results; the authors reported an increase in
the total ascorbic acid concentration of 34–41% for the flesh
of tomato after 10 d of storage of fruits treated for 1 h of UVB
(1.69 W/m2) as compared with the control. As earlier men-
tioned, UV radiation produces ROS in the plant tissue, and
thus, ascorbic acid biosynthesis during storage would be
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acting as an antioxidant to neutralize free radicals. The de-
creases in the concentration of ascorbic acid detected in the
pulp of whole fruit, treated with 180 min of UVB, can be
related with a higher rate of degradation (Kd) to neutralize free
radicals than the rate of UVB-induced biosynthesis (Kb).

When the two stresses were combined (wounding + UVB
light), a significant increase was detected in the concentration
of ascorbic acid after storage of samples treated with 15
(67.5%) and 90 min (40.4%) of UVB as compared with
wounded control samples. Likewise, the wounded peel treated
with 15, 90, and 180 min of UVB light showed a significant
increase of ascorbic acid of 84.5%, 54.5%, and 19.3%, respec-
tively, as compared with the wounded control stored for 24 h.
In previous reports, non-significant changes in ascorbic acid
content due to wounding stress was found in different plants
including sweet potato, radish and red cabbage (Reyes et al.

2007). However, to the best of our knowledge, the combined
effect of wounding stress and UVB on ascorbic acid in horti-
cultural crops had not been previously studied.

UVB and wounding stress presented a synergistic effect on
the elicitation of ascorbic acid biosynthesis. This synergistic
effect could be attributed to the combination of signaling path-
ways that activates the biosynthesis of vitamin C. UVB in-
duces the monomerization and accumulation of UVR8 photo-
receptor, which initiates a sequence of metabolic events lead-
ing with the expression of genes related with the synthesis of
secondary metabolites (Tilbrook et al. 2013); likewise, UVB
induces the generation of ROS, enhancing the wound-induced
production of ROS, which also are important signaling mole-
cules involved in the production of antioxidants in plants
(Jacobo-Velázquez et al. 2011, 2015; Surjadinata et al.
2017). Likewise, it has been reported that wounding stress

Fig. 3 Concentration of ascorbic acid before and after storage (24 h at
16 °C) of whole and wounded red prickly pear (a) pulp and (b) peel
treated with UVB light (6.4 W m−2) for 0, 15, 90, and 180 min. (c) Full
factorial analyses of variance showing the main effects and interactions of
the variables evaluated. Bars are means of five replicates ± standard error.
Different letters among bars indicate statistical difference between

treatments using the LSD test (p < 0.05). Asterisks indicate that main
effects and interactions are significantly different by analyses of
variance (ANOVA). NS nonsignificant, *p < 0.05, **p < 0.01,
***p < 0.001. Results are expressed as milligrams of equivalents of
ascorbic acid per 100 g of sample in dry weight basis
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leads to the generation of methyl jasmonate (Jacobo-
Velázquez et al. 2015), a signaling molecule that has been
strongly linked with the activation of ascorbic acid biosynthe-
sis in different plants (Sasaki-Sekimoto et al. 2005; Wolucka
et al. 2005).

Conclusions

In the present study, results showed that the application of
UVB light and wounding stress can induce the accumulation
of secondary metabolites in red prickly pear. From the differ-
ent conditions tested, UVB radiation (6.4 W m−2) for 15 min
before 24 h of storage (at 16 °C and 70% relative humidity)
was the most adequate treatment to accumulate phenolics
(125.8%), betalains (49.8%), and ascorbic acid (84.6%).
Depending on the target compound to accumulate, the com-
bination of UVB radiation and wounding stress showed either
a synergistic or antagonistic effect on its biosynthesis. Data
presented would help prickly pear producers to add value to
the crop, by selecting appropriate postharvest treatments to
increase the content of specific compounds. The stressed tis-
sue with enhanced concentration of bioactive compound
could be used as raw material to produce processed foods or
for the extraction of nutraceuticals with applications in health-
related markets. Further experiments should be focused into
the optimization of UVB conditions that achieve the highest
accumulation of phytochemicals in prickly pear. Likewise, it
will be relevant to design experiments that could increase our
understanding on the physiological and molecular mecha-
nisms involved on the accumulation of secondary metabolites
in prickly pear treated with UVB alone or combined with
wounding stress.
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