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Introduction: Blood oranges are highly appreciated by consumers due to their
attractive peel, red-colour juice, and their antioxidant and other health-beneficial
properties. However, increased temperatures due to climate change
compromise anthocyanin biosynthesis, depreciating their market value.
Brassinosteroids (BRs) are plant hormones with important effects in plant
adaptation to environmental stresses.

Materials and methods: The present experiment aimed to evaluate the effects of
tree foliar treatments with different 24-epibrassinolide (24-BL) concentrations
(0.01, 0.1, and 1 uM) on crop yield and fruit quality properties of the “Sanguinelli”
blood oranges, with special emphasis on anthocyanin content in the peel
and juice.

Results: The results of 2-year experiments (2021-2022 and 2022-2023, carried
out in Alicante, Spain) showed that 24-BL treatments improved total crop yield.
Fruit quality properties, such as firmness, total soluble solids, and titratable
acidity, were also enhanced, as well as red colour in the flavedo and juice, due
to enhanced total and individual anthocyanin concentrations.

Discussion: The greatest improvements were recorded at the 0.1-uM 24-BL
treatment, in which the enhanced peel colour led to a 41% increase in the yield of
commercial fruits compared to control trees, which could have an important
beneficial impact on growers’ profit. In addition, the consumer acceptance of
24-BL could increase since the red colour in blood oranges is the most important
parameter valued by consumers. With the enhancement of their total
anthocyanin and phenolic contents, their health-beneficial effects are
also increased.
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Citrus sinensis, 24-epibrassinolide, anthocyanin, commercial quality, elicitation,
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1 Introduction

Blood orange is one of four groups within the sweet orange
species (Citrus sinensis L. Osbeck) and is grown in a few areas of the
Mediterranean Basin, including Spain and Italy (Habibi et al,
2022a). Spain is the main citrus-producing country in the
European Union and the sixth in the world. However, citrus fruit
production has decreased in the last two seasons in Spain, mainly
due to unfavourable climatic change events (MAPA, 2024), and
blood oranges represent only 1.1% of the total planted area of citrus
fruits in Spain, the most important grown cultivar being
“Sanguinelli”, which appeared as a spontaneous mutation of cv.
Doble Fina in the region of Almenara (Castellon) in 1929 (MAPA,
2024). The main difference between blood orange fruits and other
orange cultivars is the red colouration in the flesh and peel caused
by the synthesis of anthocyanin pigments (Habibi et al., 2021;
2022a). Anthocyanins have been reported as the major component
responsible for the antioxidant properties of blood oranges, together
with other phenolic compounds (hydroxycinnamic acids and other
flavonoids) and ascorbic acid, which are found at higher levels
compared with yellow oranges (Morales et al., 2019; Legua et al.,
2021; Habibi et al., 2022b; 2023). These compounds make the blood
orange fruit one of the most valuable citrus fruits with health-
related properties due to their effects in reducing the incidence and
evolution of some human diseases, including cancer,
arteriosclerosis, and cardiovascular diseases (Grosso et al., 2013;
Fallico et al., 2017; Chen et al., 2024).

Moreover, anthocyanin content has been considered an important
quality trait for blood orange commercialisation and is responsible for
its increased consumption due to its attractive colour for consumers
(Rapisarda et al., 2001; Habibi et al.,, 2022a). It has been demonstrated
that the pigmentation process in blood orange fruits is dependent on
cultivar, scion/rootstock combination, and environmental conditions,
such as light and temperature differences between night and day, since
larger temperature differences lead to an increase in the concentration
of total anthocyanins (Butelli et al, 2012; Continella et al, 2018).
However, the semi-arid climate area with increased temperatures in
Spain has expanded by more than 30,000 km® in the last decades,
according to data from the Spanish Government (MITECO, 2024),
affecting the southeast of Spain, the major area of blood orange
production. Blood oranges grown under these climatic conditions
have poor pigmentation, and their commercial value is negatively
affected (Habibi et al,, 2022a). Therefore, it is necessary to find new
crop strategies or treatments to overcome this problem using eco-
friendly and safe tools, ensuring safety and environmental
responsibilities within the agricultural sector. Accordingly, preharvest
or postharvest treatments with methyl jasmonate, salicylic acid, methyl
salicylate, or y-aminobutyric acid (GABA) have been reported to
increase red colour, anthocyanins, and other health-promoting
compounds in “Moro” blood oranges after cold storage (Habibi
et al, 2020; Vithana et al, 2024). However, few methods are
currently known to improve red colour pigmentation of the most
important blood oranges in Spain.

In addition, brassinosteroids (BRs) are nowadays regarded as the
sixth group of plant hormones with effects on growth, ripening, and
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quality properties of fleshy fruits when applied as preharvest or
postharvest treatments (Garrido-Aunon et al., 2024; Gutierrez-
Villamil et al., 2024). Moreover, BRs have been reported as
potential compounds to protect plants from abiotic (heat, drought,
or flooding) and biotic stresses, with positive effects on enhancing
crop yield in cereals, legumes, and even fresh fruit species and, in
turn, overcoming the detrimental effects of stress on agricultural
profits (Ali, 2017; Manghwar et al., 2022; Khan et al,, 2023; Garrido-
Aunon et al, 2024; Silva et al., 2024). Most of the experiments
reported in the previous literature have been performed with
brassinolide (BL) and 24-epibrassinolide (24-BL), which are
considered to be among the most active BRs in plants (Garrido-
Aunon et al., 2024; Lateef et al., 2023). Nevertheless, the observed
effects were dependent on fruit species, concentrations, and time of
application, and only a few studies have addressed the use of BRs as
potential elicitors in preharvest to improve crop yield and fruit quality
traits at harvest. For instance, Mostafa and Kotb (2018) showed that
spraying BL at a concentration of 1.0 mg/L increased fruit set
percentage, fruit retention, number of fruits per tree, and yield in
sugar apple trees. However, the use of 24-BL in a concentration of 0.1
mg/L was enough to obtain higher fruit production and better quality
attributes in strawberries compared to the controls (Furio et al,
2022). Accordingly, other researchers have highlighted the use of BRs
as a preharvest potential tool to improve yield and fruit quality traits
at harvest in strawberries and grapes cv. Alphonse Lavallée (Babalik
et al,, 2020; Khatoon et al., 2020). Moreover, treatment with BRs has
been reported to improve anthocyanin content in strawberries (Ayub
et al, 2018) and different red table grape cultivars (Zhou et al,, 2018;
Vergara et al., 2020). Specifically, in “Sanguinello” blood oranges, it
has been reported that postharvest treatments with 24-BL increased
total anthocyanin content and reduced symptoms of chilling injury
during cold storage (Habibi et al., 2021).

Based on some literature (Furio et al., 2022; Babalik et al., 2020;
Khatoon et al., 2020), it was hypothesised that the tree 24-BL treatment
could be a new eco-friendly tool with positive impacts on enhancing
crop yield and fruit quality traits, particularly red pigmentation in the
fruit peel and juice, of “Sanguinelli” blood orange trees, the most
important cultivar grown in Spain. Then, the 24-BL application could
mitigate the negative impact of the expansion of semi-arid climatic
conditions in the Spanish production area of blood oranges on
anthocyanin biosynthesis, enhancing the commercial value of this
citrus fruit cultivar and satisfying consumer demands since external
red colouration is the main quality parameter in blood oranges that is
highly appreciated by consumers. As far as we know, this is a new
approach since the role of BRs as a preharvest elicitor treatment in blood
orange trees to increase crop yield, anthocyanin content, and other fruit
quality traits has never been studied. Therefore, this study focused on
evaluating the effects of 24-BL applied as a foliar spray, at different
concentrations (0.01, 0.1, and 1 uM), on crop yield and fruit quality
properties of “Sanguinelli” blood orange fruits, with special emphasis on
anthocyanin content in the peel and juice. The experiments were
conducted over two growing seasons, and the expected results could
lead to an improved market value of this blood orange cultivar by
overcoming the negative impact of semi-arid climatic conditions on
crop yield and anthocyanin biosynthesis.
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2 Materials and methods
2.1 Plant materials and experimental design

The research was carried out in a commercial plot (from the
company, Las Moreras Fruits & Veggies) located at Algorfa (Alicante,
Spain, GPS coordinates 38.08369, —0.77392). Blood orange trees (C.
sinensis L.) of the “Sanguinelli” cultivar were grafted onto
“Macrophyla” rootstock in 2011, and the experiments were carried
out from October to February in two different seasons, 2021-2022 and
2022-2023, with trees being 10 and 11 years old. In both seasons, a
randomised block experimental design was set with three blocks of
three trees for each treatment. In the first season, 0.01-, 0.1-, and 1-uM
24-BL concentrations were used, and in the second season, 0.01- and
0.1-uM concentrations were used. In the first season, all treatments
improved total crop yield, yield of commercial fruits, and fruit quality
traits, with the effects being, in general, dose dependent from 0.01 to 0.1
UM, while the highest 24-BL concentration (1 uM) did not improve the
results obtained with 0.1 uM. Thus, 0.01 and 0.1 pM doses were
applied in the second season in order to prove the repeatability of the
results obtained during the first year, while the highest dose was not
used because, in practical applications, lower doses could be more cost-
effective than higher doses in obtaining similar results. 24-BL was
purchased from Sigma (Sigma-Aldrich, Madrid, Spain; CAS Number:
72962-43-7). The calculated amount of 24-BL to prepare the desired
concentration was dissolved in 15 mL of ethanol and, thereafter,
distilled water was added up to 13.5 L, with 13.5 mL of Elogium®
(Alquil-Poliglicol Ether 20% w/v, SIPCAM Iberia, Valencia, Spain) as
surfactant. Preharvest treatments were performed by foliar spray
application of 1.5 L per tree of the corresponding 24-BL
concentration using a mechanical mist sprayer, which was sufficient
to wet the entire tree canopy to the point of drip, according to previous
experiments carried out on several tree species such as sweet cherries
(Prunus avium), pomegranates (Punica granatum), lemons (Citrus
lemony), and blood oranges (C. sinensis) (Guirao et al., 2025; Badiche-El
Hilali et al., 2023; 2024; Carrion-Antoli et al., 2024; Lorente-Mento
et al, 2023). Each 24-BL dose was applied three times at three key
points of fruit development according to the colour changes in peel and
juice vesicles and the results of the study by Guirao et al. (2025): T1, at
the beginning of flavedo degreening, when chlorophyll started to
disappear; T2, when the red colour appeared at the fruit stylar end;
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and T3, 3 days before harvest (Table 1). Control trees were sprayed
with distilled water containing 1 mL/L of Elogium®. All trees were
grown under similar environmental conditions and agricultural
practices for the blood orange crop. Trees were sprayed carefully
without leaf damage, and no negative effects on the tree performance
and continuous production capacity were observed as a consequence of
the 24-BL treatments.

2.2 Determination of crop yield

Fruits were harvested when most of the fruits on the tree
reached their commercial ripening stage based on fruit size and
flavedo red colour (Table 1), that is to say, with fruit diameter
higher than 65 mm and ca. 50% of fruit surface showing red colour.
Then, all fruits harvested from each tree were weighed and counted
in the field to obtain crop yield (in kg/tree and number of fruits/
tree), and the average fruit weight of each tree was calculated. In the
2021-2022 experiment, all the harvested fruits from the nine trees
of each treatment were transported to Las Moreras Fruits & Veggies
facilities and visually separated into commercial and non-
commercial fruits, according to the commercial criteria for this
blood orange cultivar, as follows: commercial fruits having red
colour in more than 25% of their surface and non-commercial fruits
having red colour in less than 25% of their surface. In addition,
commercial and non-commercial fruits were classified into four size
categories based on equatorial diameters of 77-73, 73-70, 70-67,
and 67-64 mm. Fruit classification according to size was performed
using an ORHEA II V2.0 OPTISCAN II machine (MAF RODA,
RODA IBERICA, Alzira, Valencia, Spain). Finally, four replicates of
five fruits per treatment, homogenous in size and colour and
without visual defects, were selected at random from the second
category of commercial fruits (73-70 mm in diameter) and
transported to the laboratory within 60 min, where the following
analytical determinations were performed.

2.3 Fruit quality parameters

Fruit firmness was determined in each fruit as a force-
deformation ratio (N/mm) using a TA-XT2i Texture Analyser

TABLE 1 Treatment dates with 24-epibrassinolide (T1, T2, and T3)* and harvest dates of “Sanguinelli” blood oranges for the two different seasons.

Season T1 T2 T3 Harvest
2021-2022 13/10/2021 13/12/2021 05/02/2022 08/02/2022
2022-2023 3/10/2022 12/12/2022 22/01/2023 25/01/2023

N

{ Y
{ B |

*Photographs show the external and internal fruit appearance for T1, T2, and T3 treatments.
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(Stable Microsystems, Godalming, UK). The texture analyser was
equipped with a steel flat plate device, which, after measuring the
fruit diameter, applied a force to achieve a 5% deformation of the
fruit equatorial diameter. External colour was measured at six
equidistant points of the equatorial fruit perimeter using a
Minolta colourimeter (CRC400; Minolta, Osaka, Japan) to record
the L*, a¥, and b* coordinates in the CIE Lab system. Then, the fruits
were cut by their equatorial diameter, and internal colour was
measured at three equidistant points of the cut surface, avoiding the
albedo tissue. For firmness and colour, data are presented as the
mean * SD of four replicates, each one composed of five fruits.

Then, orange juice was obtained using an electrical squeezer,
and the juice obtained from the five fruits of each replicate was
combined to obtain four biological samples in which the following
parameters were measured. Similarly, four samples were obtained
by combining the flavedo of the five fruits of each replicate, which
were freeze-dried, ground, and stored at —80°C until anthocyanins
and phenolics were measured. Total soluble solids (TSS) were
measured in duplicate in each juice sample using a digital
refractometer (model Atago PR-101, Atago Co., Ltd., Tokyo,
Japan) at 20°C, and the results (mean + SD) were expressed as
grams per 100 g. Titratable acidity (TA) was also determined in
duplicate in each juice sample by automatic titration (785 DMP
Titrino; Metrohm, Herisau, Switzerland), with 0.1 N NaOH and pH
reaching 8.1, using 1 mL of juice in 25 mL of distilled water. The
results (mean + SD) were expressed as grams of citric acid
equivalent per 100 g fresh weight. Finally, for each replicate, 15
mL of juice was frozen at —20°C until anthocyanins and phenolics
were quantified.

2.4 Quantification of total and individual
anthocyanins and total phenolics

Flavedo and juice anthocyanin extractions and quantifications
were carried out, adapting the method reported in Habibi et al.
(2021). For the flavedo, 0.2 g of freeze-dried powder was mixed with
5 mL of methanol/hydrochloric acid/water (25:1:24, v/v/v) and was
extracted using a mortar and pestle. The extracts were centrifuged at
10,000 x g for 10 min at 4°C. Finally, total anthocyanin content was
quantified in the supernatant by reading absorbance at 520 nm
using a spectrophotometer (UNICAM Helios-0, Artisan
Technology Group, Champaign, IL, USA), and the results were
expressed as milligrams of cyanidin 3-O-glucoside equivalent per
100 g. Total anthocyanin content in the juice was measured
similarly using 2.5 mL of juice in 5 mL of the extraction mixture.
Thereafter, the supernatant from the juice was filtered through a
0.45-pm polyvinylidene fluoride (PVDF) filter (Millex-HV13,
Millipore, Bedford, MA, USA), and quantification of individual
anthocyanins was performed by high-performance liquid
chromatography (HPLC) analysis as previously reported (Garcia-
Pastor et al., 2020). Briefly, the HPLC system was equipped with a
Luna C18 column (25 ¢cm x 0.46 c¢m i.d. and 5-pum particle size;
Phenomenex, Macclesfield, UK) and a C18 column guard (4.0 mm
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x 3.0 mm) cartridge system (Phenomenex). The mobile phases were
as follows: (A) water—formic acid (99:5, v/v) and (B) acetonitrile,
running at a flow rate of 1 mL/min, with a linear gradient starting
with 8% of solvent B, reaching 15% at 25 min, 22% at 55 min, and
40% at 60 min, which was maintained up to 70 min. The injection
volume was 20 UL, and the chromatograms were recorded at 520
nm. Anthocyanin standards were cyanidin 3-(6-malonyl)-
glucoside, cyanidin 3-O-glucoside, and peonidin 3-O-glucoside
(purchased from Sigma-Aldrich, Schnelldorf, Germany). The
results are the mean + SD of measures performed in duplicate in
four replicates.

Phenolic compounds were extracted by homogenising 0.2 g of
flavedo or 5 mL of juice with 15 mL of water:methanol (2:8, v/v)
containing 2.0-mM NaF (1.5 w/v) and centrifuged as indicated
above. Then, 50 and 200 uL of the supernatant, for the juice and
flavedo, respectively, were mixed with 500-uL phosphate buffer (50
mM, pH 7.8) and 2.5 mL of water-diluted Folin-Ciocalteau (1:10)
reagent and incubated for 2.5 min at room temperature to carry out
the colourimetric reaction (Diaz-Mula et al., 2009). Then, 2 mL of
sodium carbonate (53 g/L) was added and shaken vigorously.
Thereafter, the mixture was incubated in a water bath at 50°C for
5 min and, finally, the absorbance was measured at 760 nm, with the
results expressed as milligrams of gallic acid equivalent per 100 g
fresh weight (mean + SD) using a calibration curve
previously performed.

2.5 Statistical analysis

The experimental data for each season were subjected to one-
way analysis of variance (ANOVA). Honestly significant difference
(HSD) Duncan’s test was performed to determine significant
differences among treatments at p < 0.05. All statistical analyses
were performed using the SPSS v. 22.0 software package
for Windows.

3 Results

3.1 Effect of 24-BL treatments on crop
yield

In the 2021-2022 experiment, 24-BL at 0.01- and 0.1-uM
concentrations (61.42 * 2.04, 62.49 + 2.06 kg/tree) significantly
increased crop yield compared to the control trees (56.04 + 2.18 kg/
tree) (Figure 1A). However, the highest concentration at 1 uM did
not show significant differences in the control or the other
treatments. Similar results were obtained in the 2022-2023
experiment since crop yield was also higher in 0.01- and 0.1-uM
24-BL-treated trees (57.30 + 2.12 and 58.26 *+ 2.39 kg/tree,
respectively) compared to the controls (50.70 * 2.37 kg/tree),
without significant differences in both 24-BL doses (Figure 1B).
However, there was also a positive effect of treatments on the
number of fruits harvested per tree in both seasons. Thus, in the first
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epibrassinolide (24-BL) treatments at 0.01, 0.1, and 1 uM. Data are presented as the mean + SD. Different letters show significant differences (p <

0.05) among treatments for each growing season.

season, all 24-BL treatments significantly increased the number of
harvested fruits (p < 0.05) compared to the control, and the highest
effects were found for 0.1 and 1 uM doses (Figure 1A). However, in
the second season, the 0.01 and 0.1 uM 24-BL treatments also led to
significant increases in the number of fruits harvested per tree with
respect to the controls, but no significant differences were observed
in both doses (Figure 1B). Nevertheless, when fruit weight was
calculated (in kg/tree or number of fruits/tree), no significant effects
attributed to the 24-BL treatments were observed, with values of
145-150 and 175-180 g for the 2022 and 2023 seasons, respectively.

3.2 Commercial and non-commercial crop
yield

The results of the first growing season showed that all 24-BL
treatments increased the yield of commercial fruits, with the highest
effects being observed for 0.1 uM, with a total of 35.56 + 1.10 kg/
tree, compared to 2522 + 1.05 kg/tree of commercial fruits
harvested from the control trees (Figure 2A). Consequently, the
yield of non-commercial fruits was decreased by the treatments.
Commercial and non-commercial fruits were classified into four
size categories, according to equatorial diameters of 77-73, 73-70,
70-67, and 67-64 mm. The preharvest applications of 0.01-, 0.1-,
and 1-uM 24-BL led to higher yields of commercial fruits with large
sizes (77-73, 73-70, and 70-67 mm) than in the control trees
(Figure 2B). In addition, for non-commercial blood orange fruits,
the yield of large-sized fruits was also increased for 0.01- and 0.1-
UM 24-BL, while the yield of small-sized fruits was lower in treated
trees than in controls (Figure 2C).
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3.3 Fruit quality parameters

Fruit firmness, external and internal colour, TA, and TSS are the
most important quality parameters in the “Sanguinelli” blood
orange cultivar in terms of consumer acceptance. In general, fruit
firmness was significantly increased by the 24-BL treatments in both
years, although the greatest improvements were recorded at 0.01-
and 0.1-uM doses in 2022, with values of 10.77 + 0.3 and 10.66 +
0.18 N/mm, respectively, compared to 9.80 + 0.26 N/mm in fruits
from the control trees (Figure 3A). In the 2023 harvested fruits,
similar increases in fruit firmness were observed as a consequence of
the 24-BL treatments (Figure 3B).

TSS and TA were also increased as a consequence of the 24-BL
treatments in both seasons (Figures 4A, B). Fruits treated with a
0.01-uM dose showed significantly higher TSS of 10.81 + 0.10 and
12.09 + 0.08 g/100 g for the 2022 and 2023 seasons, respectively,
compared to the controls (10.21 + 0.06 and 11.68 + 0.16 g/100 g,
respectively) (Figure 4A). Regarding TA, fruits treated with 0.1-uM
concentration showed the highest TA values, being 1.29 + 0.04 g/
100 g in the first season and 1.30 + 0.01 g/100 g in the second
season, in comparison to the controls at 1.12 + 0.01 and 1.17 £ 0.03
g/100, respectively (Figure 4B). The ripening index (RI) was
calculated as the TSS/TA ratio. According to this value, the
preharvest treatment with 24-BL at 0.1 uM significantly reduced
the RI in both seasons (Figure 4C). In addition, it is worth noting
that TSS were higher in the 2023 season than in 2022 in fruits from
both control and treated trees. This fact, together with the lower
firmness in 2023 than in 2022, could indicate that the fruits in 2023
were in a little more advanced ripening stage.
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commercial (B) and non-commercial (C) fruit yield on different categories depending on fruits’ equatorial diameters. Data are presented as the mean +
SD. Different capital and lowercase letters in panel A show significant differences (p < 0.05) among treatments for commercial and non-commercial
fruits, respectively. Different lowercase letters in panels B and C show significant differences (p < 0.05) among treatments for each fruit category.

External and internal colours are among the most important
quality parameters in blood oranges. In both seasons, all 24-BL
treatments significantly increased both external and internal colour
a* (Figure 5). In the 2022 season, fruits from the trees treated with
0.01 uM 24-BL showed the highest a* internal value (15.95 + 0.56),
while fruits from the trees treated with a 0.1-uM dose had the
highest external value (35.59 + 0.28). Control fruits showed 10.91 +
0.36 and 30.45 + 0.44 colour a* values for internal and external
colours, respectively (Figure 5A). Nevertheless, in the 2023 season,
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blood oranges from trees treated with 0.01-uM 24-BL had the
highest values compared to the rest of the treatments, 13.01 + 0.38
and 31.82 + 0.29, for internal and external a* colour, respectively
(Figure 5B). It is important to note that higher values for a* colour
mean a more intense red colouration than lower values and, in turn,
the 24-BL treatments led to fruits with increased red colour in either
peel or flesh, as can be observed in the photographs of Figures 6
and 7 in the 2022 experiment and Supplementary Figures 1 and 2 in
the 2023 experiment.
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FIGURE 3

24-BL concentration

Blood orange fruit firmness (N/mm) in two different seasons, 2022 (A) and 2023 (B), as affected by 24-epibrassinolide (24-BL) treatments at 0.01, 0.1,
and 1 uM. Data are presented as the mean + SD. Different letters show significant differences (p < 0.05) among treatments for each growing season.

3.4 Anthocyanins in juice and flavedo

Total anthocyanin content in the juice was significantly
increased for all 24-BL treatments in both years compared to the
controls. In the 2022 season, a 0.1-uM dose led to the highest total
anthocyanin content in the juice, with values of 6.79 + 0.29 mg/100
g, as well as in 2023 (7.12 * 0.15 mg/100 g), while in the control
fruits, 5.09 + 0.15 and 4.94 + 0.16 mg/100 g total anthocyanin
contents were found in 2022 and 2023, respectively (Figure 8A).
Similar effects of the 24-BL treatment were observed in the flavedo
tissue. In both seasons, blood orange fruits from trees with
preharvest treatments of 0.01- and 0.1-pM 24-BL showed
significantly higher anthocyanin levels than the controls, the
highest effects being observed for the 0.1-uM 24-BL treatment,
with concentrations of 15.69 + 0.91 and 11.31 + 0.39 mg/100 g in
the first and second seasons, respectively, while in fruits from the
controls, those values were 9.57 + 0.69 mg/100 g in the 2022 season
and 7.37 £ 0.62 mg/100 g in 2023 (Figure 6B). Anthocyanin levels
were lower in the peel of all treatments in the second season
compared to the first season (Figure 8B).

The increase in total anthocyanin content, as a consequence of the
24-BL treatments, was confirmed by the quantification of individual
anthocyanins in 2022 since the three individual anthocyanins
quantified were significantly enhanced by all 24-BL applied doses,
with the highest effects being observed for 0.1-uM concentration
(Figure 9). The major anthocyanin in blood orange juice was
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cyanidin 3-(6-malonyl)-glucoside, ranging from 2.65 + 0.05 to 3.70 +
0.06 mg/100 g in the control and 0.1-uM 24-BL preharvest treatment
(Figure 9A), followed by cyanidin 3-glucoside, with values of 1.51 *
0.11 and 2.38 + 0.07 mg/100 g in the control and 0.1-uM 24-BL,
respectively (Figure 9B); peonidin 3-glucoside was found at the lowest
concentrations, from 1.06 + 0.09 to 1.50 + 0.04 mg/100 g in the control
and 0.1-uM 24-BL, respectively (Figure 9C).

3.5 Total phenolic content in juice and
flavedo

Treatments with 24-BL also increased the content of total
phenolics compared to fruits from the control trees in both
seasons, in either the juice or flavedo (Figures 10A, B). For juice
samples, preharvest treatment with 0.1-uM concentration led to the
highest value of phenolic content (76.00 + 1.59 mg/100 g), an
increase of 34% compared to that of the controls, while in 2023,
0.01-uM 24-BL was the treatment that showed the highest value
(78.53 + 1.10 mg/100 g), 31% higher than that of the controls
(Figure 10A). For flavedo samples, the total phenolic content was
also significantly increased by the 24-BL treatments, and the highest
effect was observed for a 0.1-uM dose in both seasons, with values of
1,089.59 + 42.85 mg/100 g in the first season and 839.33 + 22.48 mg/
100 g in the second season, which were 38% and 33% higher,
respectively, than in those fruits from the control trees (Figure 10B).
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FIGURE 4

Total soluble solids (TSS); (A) titratable acidity (TA; B), and ripening index (RI; C) in blood orange fruit as affected by 24-epibrassinolide (24-BL) treatments
at 0.01, 0.1, and 1 uM. Data are presented as the mean + SD. Different letters show significant differences (p < 0.05) among treatments for each year.

4 Discussion

The 24-BL treatments, at 0.01- and 0.1-uM doses, significantly
increased crop yield, with an enhanced number of fruits harvested by
tree (Figure 1). It is worth noting that these observed effects were
similar for both growing seasons (11.5% and 15% increases for the
0.1-uM dose in 2022 and 2023, respectively), showing that the effects
of the 24-BL treatments on increasing crop yield in blood orange trees
are independent of the climatic differences that could have occurred
in both years (Supplementary Table 2). Interestingly, the yield of
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commercial fruits was also increased by the 24-BL treatments, with
the highest increase, 41%, being observed for the 0.1-uM treatment
(Figure 2A). Thus, 24-BL could have a high impact on economic
profit for growers since commercial fruits can be sold as blood
oranges for fresh consumption, while non-commercial fruits are
sold to the juice industry, and prices are higher at the fresh market
than at the juice industry market. In addition, the increase in yield
(kg/tree) was observed in commercial fruits with large size, showing
that treatments led to larger-sized fruits compared to the controls.
BRs have been reported to have different roles in plant development,

frontiersin.org


https://doi.org/10.3389/fpls.2025.1654517
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Garrido-Auiion et al.

10.3389/fpls.2025.1654517

2022 season A: External color 2022 season B: Internal color
40 1 £ZZ4 2023 season 2023 season
a
ab ) b b ab
A A - 15
c A
30 A 7 7 ;_ A
B 7
s Z ¢ "S
‘g B 10 3
© 7 o)
S 2 o7 3
-5
10 o
T T T T T T T T
\ N N N N N N N
O Q o \, O Q Q N
& o . > Q Q " 2
cP N D (% P 'V D 4
q,"‘g) N YV q’b‘fb ¥ Vv

24-BL concentration
FIGURE 5

24-BL concentration

External (A) and internal (B) colour (a* coordinate) in blood orange fruit in 2022 and 2023 seasons as affected by 24-epibrassinolide (24-BL)
treatments at 0.01, 0.1, and 1 uM. Data are presented as the mean + SD. Different lowercase and capital letters show significant differences (p < 0.05)

among treatments in 2022 and 2023 seasons, respectively.
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External fruit appearance of orange fruits at harvest in 2022 experiment as affected by 24-epibrassinolide (24-BL) treatments at 0.01, 0.1, and 1 uM.

R1-R4 mean four replicates of five fruits.
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FIGURE 7
Internal fruit appearance of orange fruits at harvest in 2022 experiment as affected by 24-epibrassinolide (24-BL) treatments at 0.01, 0.1, and 1 uM.
R1-R4 mean four replicates of five fruits.
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FIGURE 8

Juice and flavedo total anthocyanin contents in two different seasons, 2022 (A) and 2023 (B), in blood orange fruit as affected by 24-epibrassinolide
(24-BL) treatments at 0.01, 0.1, and 1 uM. Data are presented as the mean + SD. Different letters show significant differences (p < 0.05) among
treatments for each year.
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FIGURE 9

Cyanidin 3-(6-malonyl)-glucoside (A), cyanidin 3-glucoside (B) and peonidin 3-glucoside (C) concentrations in 2022 in blood orange as affected by
24-epibrassinolide (24-BL) treatment at 0.01, 0.1 and 1 uM. Data are presented as the mean +SD. Diferent letters show significant differences (p <
0.05) among treatments.
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FIGURE 10

Juice (A) and flavedo (B) total phenolic content in two different seasons, 2022 and 2023, in blood orange fruit as affected by 24-epibrassinolide (24-
BL) treatments at 0.01, 0.1, and 1 uM. Data are presented as the mean + SD. Different letters show significant differences (p < 0.05) among
treatments for each year.
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including cell division, elongation, and expansion (Manghwar et al,
2022; Silva et al., 2024), which could lead to increased fruit growth
and could explain the observed effects. In some previous papers, the
beneficial effects of BR treatments on crop yield have been reported.
For instance, 24-BL (at 0.1 mg/L) treatments in sugar apple trees,
applied weekly from anthesis to harvest, increased crop yield, with
enhanced fruit retention, number of harvested fruits per tree, and
fruit weight and size (Mostafa and Kotb, 2018). Similar results were
observed in pepper (Samira and Mansour, 2012), sweet cherry
(Ahamed et al, 2021), and strawberry plants cultivated under
normal conditions or under drought and saline stresses (Asghari
and Rezaei-Rad, 2018; Khatoon et al., 2020; Furio et al., 2022). These
effects were attributed to 24-BL’s role in increasing leaf area,
chlorophyll content, and CO, assimilation by inducing the
synthesis of ribulose-1,5-bisphosphate carboxylase/oxygenase
enzyme (Rubisco) and other enzymes of the Calvin cycle, and net
photosynthesis rate, as reported by Yu et al. (2004) and Xia et al.
(2009) in zucchini plants. Then, more photosynthates could be
available to support fruit growth and increase the observed crop
yield in blood oranges after the 24-BL treatments. However, it is
important to note that 24-BL effects on increasing crop yield depend
on the treatment concentration and the number and timing of the
applications. In fact, the present results show that 0.01- and 0.1-uM
doses were more effective than the 1-uM dose. Accordingly, Babalik
et al. (2020) reported that BR treatment at a concentration of
0.2 mg/L applied at 7 days before fruits set, veraison, and 30 days
after veraison was the most suitable treatment to increase the yield of
the “Alphonse Lavallee” grape cultivar, in a study in which 0.2, 0.4,
0.6, and 0.8 mg/L concentrations and three different periods of
application were assayed. Similarly, a 0.025-mg/L BL treatment of
blood orange trees was more effective than a 0.015-mg/L treatment in
increasing its leaf area and its content in chlorophyll and carbohydrate
contents (Lateef et al., 2023).

The increased temperatures in the southeast of Spain, in the
present scenario of climate change, have led to a decline in blood
orange quality with poor red colouration since high temperature
differences between day and night are required for the synthesis of
anthocyanins (Lo Piero, 2015). Several strategies to increase red
colouration in blood orange fruits have been developed in recent
years. For instance, Chen et al. (2022) showed that a combined
treatment of ethephon, at 2 mg/L, with a temperature of 8°C was the
most effective method to increase anthocyanin accumulation in the
“Tarocco” cultivar. Other researchers have reported the use of cold
temperatures (3°C-4°C) as a useful postharvest tool to increase
anthocyanin accumulation in blood oranges (Pannitteri et al., 2017;
Crifo et al, 2011). In addition, sorbitol, methyl jasmonate, or
thiabendazole applied as preharvest treatments led to the
improvement of the red colour in blood orange fruits (Guirao
et al., 2025; Vithana et al., 2024; Schirra et al., 2022). However, to
the best of our knowledge, this is the first evidence showing the
efficacy of 24-BL applied as a foliar spray preharvest treatment in
increasing the red colour in the flavedo and flesh of blood oranges.
In fact, a significant increase in external and internal a* colour was
observed in all 24-BL-treated fruits compared to the controls
(Figure 5) in both seasons, showing a deeper red colour, since a
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higher value of a* means a higher red colouration, as can be
observed in the photographs in Figures 6 and 7, respectively, for
the 2022 experiment, and in Supplementary Figures 1 and 2, for the
2023 experiment. Thus, 24-BL could be a useful tool with
agronomic practical application since it is recognised as a non-
toxic, eco-friendly, and naturally occurring compound (Ali, 2017;
EPSA, 2020). However, it is worth noting that blood oranges had
deeper flavedo red colour and anthocyanin content in 2022 than in
2023 (Figures 5 and 8B), which was related with the higher number
of hours below 5°C occurring in November, December, and January
in the 2021-2022 experiment than in the 2022-2023 experiment
(Supplementary Table 2).

The highest effects of the 24-BL treatments in increasing total
anthocyanin content in the flavedo and juice were found for the 0.1-
UM dose (Figure 8). Similar effects of preharvest BR treatments on
increasing red colour and anthocyanin content have been reported
in other red fruit species, such as table grapes (Xu et al.,, 2015a;
2015b; Babalik et al., 2020) and strawberries (Ayub et al., 2018;
Furio et al., 2022). These reports provide evidence on the role of BRs
in anthocyanin biosynthesis in non-climacteric fruit species, in spite
of the fact that abscisic acid was the first claimed hormone
regulating this process (Kou et al., 2021). Accordingly,
postharvest treatment by BR increased anthocyanin content in
segments of blood oranges cv. “Sanguinello” during storage
(Habibi et al., 2021), which was attributed to the enhanced
activity in phenylalanine ammonia-lyase (PAL), the first enzyme
involved in the phenylpropanoid biosynthesis pathway, as well as
chalcone synthase and chalcone isomerase. Additionally, one study
conducted on red grapes (Cabernet Sauvignon) claimed that the
exogenous application of BRs can enhance the expression of other
structural genes encoding for flavanone-3-hydroxylase, flavonoid-
3’-hydroxylase, flavonoid-3’, 5'-hydroxylase, and dihydroflavonol-
4-reductase as well as MYBAI and MYBA2 transcription factors
related to the phenylpropanoid pathway (Luan et al., 2013). Apart
from that, BRs contributed to increasing anthocyanin accumulation
by direct binding of the brassinazole-resistant (BZR 1) transcription
factor to the MYB transcription factor in Arabidopsis thaliana (Lee
et al., 2024). In concordance with these results, a recent study has
shown that the upregulated differentially expressed proteins (DEPs)
annotated using the Kyoto encyclopedia of genes and genomes
(KEGG), gene ontology (GO), and eukaryotic orthologous groups/
clusters of orthologous groups (KOG/COG) databases were
enriched in the biosynthesis and metabolism of BRs, which could
mean that BRs are involved in the regulation of cold-induced
anthocyanin accumulation in blood oranges (Chen et al., 2025).

Individual anthocyanins were also increased by the 24-BL
treatments, especially with 0.1-uM concentration (Figure 9). The
major anthocyanin in blood orange fruit was cyanidin 3-(6"-
malonylglucoside), followed by cyanidin 3-glucoside and peonidin
3-glucoside, according to previous reports on “Sanguinelli” and
other blood orange cultivars, although their concentrations depend
on the studied cultivar (Ballistreri et al., 2019; Habibi et al., 2022a).
Total phenolic content was also increased by the 24-BL treatments
in both the flavedo and juice, and the greatest improvements were
recorded at 0.1 pM for both assayed seasons (Figure 10). This effect
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has been attributed to an increase in the activity of PAL, as
commented above, or to the reduced activity of two phenolic
oxidant enzymes, polyphenol oxidase (PPO) and peroxidase
(POD) (Gao et al,, 2016; Xu et al., 2015a). Thus, preharvest
treatments with 24-BL could meet consumer demands since one
of the most important quality parameters of blood orange fruits
valued by consumers is their red colour (Simons et al,, 2019). In
addition, the enhanced phenolic content in blood oranges from 24-
BL-treated trees could improve the health benefits of blood orange
consumption since anthocyanins, flavonoids, and other phenolic
compounds are recognised phytochemicals that exhibit important
antioxidant activity and help in combatting diseases such as
diabetes, Alzheimer’s, or cancer (Raghavan and Gurunathan,
2021; Chen et al., 2024).

Other important quality parameters in fresh fruits are firmness, TSS,
and TA, which show important differences among fruit species and
cultivars and are also affected by environmental and agronomical factors,
although, in general, TSS increase with maturation, while reductions
occur in firmness and TA (Valero and Serrano, 2010; Garcia-Pastor
et al, 2024). The present results show an increase in firmness, TSS, and
TA in blood oranges for all 24-BL treatments and seasons, and the 0.1-
UM dose led to a significant decrease in RI compared to the controls.
Thus, the effect of 24-BL on modulating blood oranges on-tree
maturation does not follow a general trend for all parameters since
the increase in TSS could indicate acceleration of maturation, while the
higher values of firmness and TA could show a delay in this process. BR
treatment of strawberries led to fruits with better firmness than fruits
from control plants at harvest (Ayub et al, 2018), as well as BR
treatments in “Red Delicious” apples (Wang et al., 2024), showing an
effect in delaying the on-tree ripening process. The higher firmness of
24-BL-treated fruit trees compared to the controls (Figure 3) could reveal
a positive effect of the 24-BL treatments on the shelf life of blood oranges
during storage. This increase in firmness can be explained by the role of
BRs in promoting cell expansion through BR-regulated expression of
genes involved in cell wall modifications, ion and water transport, and
cytoskeleton rearrangements (Clouse, 2011). Higher values of TSS and
TA were also observed in “Thompson” seedless table grapes at harvest as
a consequence of BR treatments (Asghari and Rezaei-Rad, 2018).
However, Khatoon et al. (2020) reported an increased ripening index
(TSS/TA ratio) in strawberries from BR-treated plants, in agreement
with the finding of Mostafa and Kotb (2018) on sugar apples. For
postharvest BR treatments, acceleration of the ripening process has been
reported in persimmons (He et al., 2018) and tomatoes (Zhu et al., 2015),
due to increased ethylene production. Despite these different effects on
each particular maturation stage and quality traits, in general,
improvements of fruit quality have been claimed after BR preharvest
or postharvest treatments in several fruit species, according to the
present results on blood orange fruits.

5 Conclusions

The present results provide evidence regarding the beneficial
effects of the preharvest 24-BL treatments, applied as a foliar spray
at three key points of fruit development, on improving crop yield and
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fruit quality properties at harvest of “Sanguinelli” blood oranges. The
most important effects were observed for 0.1-uM 24-BL concentration,
and the most important improved quality parameter was red colour, in
the flavedo and juice, with enhanced total and individual anthocyanin
concentrations. The increase in total and commercial fruit yield could
lead to enhanced growers’ incomes since only blood orange fruits with
more than 25% of their surface with red colour can be commercialised
as blood oranges, and they reach higher prices than non-commercial
ones. Moreover, consumer acceptance could increase since red colour
is the most important parameter valued by consumers in blood
oranges, apart from enhanced health benefits by increased
anthocyanins and total phenolics. Nevertheless, more research is
needed to find out if reducing the number of treatments could reach
similar results and be more cost-efficient. In addition, applying
metabolomic analysis to detect additional nutritional components
could provide valuable information related to the fruit quality of
blood oranges and the underlying physiological mechanisms
involved; therefore, it deserves further research.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

FG: Writing - original draft, Formal analysis, Software,
Visualization, Data curation, Methodology, Investigation,
Validation. JP: Methodology, Writing — original draft, Validation,
Formal analysis, Investigation, Software, Visualization.
MG: Visualization, Methodology, Investigation, Writing — review &
editing, Software, Validation, Formal analysis. PZ: Validation,
Methodology, Formal analysis, Writing - review & editing,
Visualization, Investigation. DM: Validation, Visualization,
Investigation, Writing - review & editing, Formal analysis,
Methodology. MS: Visualization, Project administration, Resources,
Investigation, Validation, Writing - review & editing, Funding
acquisition, Supervision, Conceptualization, Formal analysis, Data
curation. DV: Supervision, Formal analysis, Funding acquisition,
Resources, Writing - review & editing, Investigation, Project
administration, Conceptualization, Visualization, Validation.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was funded
by Conselleria de Innovacion, Universidades, Ciencia y Sociedad
Digital of the Generalitat Valenciana, Spain, through the project
PROMETEOQ/2021/089 “Innovative and eco-friendly pre- and
postharvest strategies with natural compounds to improve quality
of fruits”.

frontiersin.org


https://doi.org/10.3389/fpls.2025.1654517
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Garrido-Auiion et al.

Acknowledgments

The authors thank Direccio General de Ciéncia i Investigacio of
the Generalitat Valenciana, Spain, for the financial support through
the Prometeo Program (PROMETEO/2021/089) and the company
Las Moreras Fruits & Veggies for permission to use their plots and
for their technical support. Finally, the authors thank BioRender’s
free trial for the images used in the Graphical Abstract.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

References

Ahamed, G. A., Sharma, A., and Yu, J. (2021). Brassinosteroids in plant
developmental biology and stress tolerance. Ist ed (Cambridge, MA, USA: Academic
Press). doi: 10.1016/C2016-0-04006-8

Ali, B. (2017). Practical applications of brassinosteroids in horticulture—Some field
perspectives. Sci. Hortic. 225, 15-21. doi: 10.1016/j.scienta.2017.06.051

Asghari, M., and Rezaei-Rad, R. (2018). 24-Epibrassinolide enhanced the quality
parameters and phytochemical contents of table grape. JABFQ 91, 226-231.
doi: 10.5073/JABFQ.2018.091.030

Ayub, R. A, Reis, L., Bosetto, L., Lopes, P. Z., Galvo, C. W., and Etto, R. M. (2018).
Brassinosteroid plays a role on pink stage for receptor and transcription factors
involved in strawberry fruit ripening. Plant Growth Regul. 84, 159-167. doi: 10.1007/
510725-017-0329-5

Babalik, Z., Demirci, T., and Aras, O. (2020). Brassinosteroids modify yield, quality,
and antioxidant components in grapes (Vitis vinifera cv. Alphonse Lavallée). Plant
Growth Regul. 39, 147-156. doi: 10.1007/s00344-019-09970-5

Badiche-El Hilali, F., Garcia-Pastor, M. E., Valverde, ]. M., Castillo, S., Valero, D., and
Serrano, M. (2024). Melatonin as an efficient and eco-friendly tool to increase yield and
to maintain quality attributes during lemon storage. International. J. Mol. Sci. 25,
10025. doi: 10.3390/ijms251810025

Badiche-El Hilali, F., Valverde, J. M., Diaz-Mula, H. M., Serrano, M., Valero, D., and
Castillo, S. (2023). Potential preharvest application of y-Aminobutyric acid (GABA) on
improving quality of ‘Verna’ lemon at harvest and during storage. Agriculture 13, 1397.
doi: 10.3390/agriculture13071397

Ballistreri, G., Fabroni, S., Romeo, F. V., Timpanaro, N., Amenta, M., and Rapisarda,
P. (2019). “Chapter 13: Anthocyanins and other polyphenols in citrus genus:
Biosynthesis, chemical profile, and biological activity,” in Polyphenols in plants. Ed.
Watson, (London, United Kingdom: R.R. Academic press, Elsevier Inc.), 191-215.

doi: 10.1016/b978-0-12-813768-0.00014-1

Butelli, E., Licciardello, C., Zhang, Y., Liu, J., Mackay, S., Bailey, P., et al. (2012).
Retrotransposons control fruit-specific, cold-dependent accumulation of anthocyanins
in blood oranges. Plant Cell 24, 1242-1255. doi: 10.1105/tpc.111.095232

Carrion-Antoli, A., Badiche-El Hilali,, Lorente-Mento, J. M., Diaz-Mula, H. M.,
Serrano, M., and Valero, D. (2024). Antioxidant systems and quality in sweet cherries
are improved by preharvest GABA treatments leading to delay postharvest senescence.
Int. J. Mol. Sci. 25, 260. doi: 10.3390/ijms25010260

Chen, J., Chen, ], Sun, Y., Wang, W., Zhu, Y., Chen, S,, et al. (2025). Plant hormones
mediated temperature-induced anthocyanin accumulation in blood oranges (Citrus
sinensis L. Osbeck). Food Biosci. 68, 106473. doi: 10.1016/j.fbio.2025.106473

Frontiers in Plant Science

14

10.3389/fpls.2025.1654517

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1654517/

full#supplementary-material

Chen, J., Liu, F,, Ismail, B. B, Wang, W., Xu, E., Pan, H,, et al. (2022). Effects of
ethephon and low-temperature treatments on blood oranges (Citrus sinensis L.
Osbeck): Anthocyanin accumulation and volatile profile changes during storage.
Food Chem. 393, 133381. doi: 10.1016/j.foodchem.2022.133381

Chen, J,, Liu, F.,, Wu, R. A, Chen, J., Wang, W, Ye, X,, et al. (2024). An up-to-date
review: differential biosynthesis mechanisms and enrichment methods for health-
promoting anthocyanins of citrus fruits during processing and storage. Crit. Rev. Food
Sci. Nutr. 64, 3989-4015. doi: 10.1080/10408398.2022.2137778

Clouse, S. D. (2011). Brassinosteroid signal transduction: from receptor kinase
activation to transcriptional networks regulating plant development. Plant Cell 23,
1219-1230. doi: 10.1105/tpc.111.084475

Continella, A., Pannitteria, C., La Malfa, S., Legua, P., Distefano, G., Nicolosi, E., et al.
(2018). Influence of different rootstocks on yield precocity and fruit quality of “Tarocco
Scire’ pigmented sweet orange. Sci. Hortic. 230, 62-67. doi: 10.1016/
j.scienta.2017.11.006

Crifo, T., Puglisi, I, Petrone, G., Recupero, G. R,, and Lo Piero, A. R. (2011).
Expression analysis in response to low temperature stress in blood oranges: Implication
of the flavonoid biosynthetic pathway. Gene 476, 1-9. doi: 10.1016/j.gene.2011.02.005

Diaz-Mula, H. M,, Castillo, S., Martinez-Romero, D., Valero, D., Zapata, P. J., Guillén, F,,
et al. (2009). Sensory, nutritive and functional properties of sweet cherry as affected by
cultivar and ripening stage. Food Sci. Tech. Int. 15, 535-543. doi: 10.1177/1082013209351868

EFSA (European Food Safety Authority), Anastassiadou, M., Arena, M., Auteri, D.,
Brancato, A., Bura, L., et al. (2020). Conclusion on the peer review of the pesticide risk
assessment of the active substance 24-epibrassinolide. EFSA J. 18, 6132, 16 pp.
doi: 10.2903/j.efsa.2020.6132

Fallico, B., Ballistreri, G., Arena, E., Brighina, S., and Rapisarda, P. (2017). Bioactive
compounds in blood oranges (Citrus sinensis (L.) Osbeck): Level and intake. Food
Chem. 215, 67-75. doi: 10.1016/j.foodchem.2016.07.142

Furio, R. N,, Salazar, S. M., Mariotti-Martinez, J. A., Martinez-Zamora, G. M., Coll,
Y., and Diaz-Ricci, J. C. (2022). Brassinosteroid applications enhance the tolerance to
abiotic stresses, production and quality of strawberry fruits. Horticulturae 8, 572.
doi: 10.3390/horticulturae8070572

Gao, H., Zhang, Z., Lva, X, Cheng, N., Peng, B. Z., and Cao, W. (2016). Effect of 24-
epibrassinolide on chilling injury of peach fruit in relation to phenolic and proline
metabolisms. Postharvest Biol. Technol. 111, 390-397. doi: 10.1016/
j.postharvbio.2015.07.031

Garcia-Pastor, M. E., Garrido-Aufion, F., Puente-Moreno, J., Diaz-Mula, H., Serrano, M.,
and Valero, D. (2024). “Chapter 29,” in The effects of preharvest treatments on the

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1654517/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1654517/full#supplementary-material
https://doi.org/10.1016/C2016-0-04006-8
https://doi.org/10.1016/j.scienta.2017.06.051
https://doi.org/10.5073/JABFQ.2018.091.030
https://doi.org/10.1007/s10725-017-0329-5
https://doi.org/10.1007/s10725-017-0329-5
https://doi.org/10.1007/s00344-019-09970-5
https://doi.org/10.3390/ijms251810025
https://doi.org/10.3390/agriculture13071397
https://doi.org/10.1016/b978-0-12-813768-0.00014-1
https://doi.org/10.1105/tpc.111.095232
https://doi.org/10.3390/ijms25010260
https://doi.org/10.1016/j.fbio.2025.106473
https://doi.org/10.1016/j.foodchem.2022.133381
https://doi.org/10.1080/10408398.2022.2137778
https://doi.org/10.1105/tpc.111.084475
https://doi.org/10.1016/j.scienta.2017.11.006
https://doi.org/10.1016/j.scienta.2017.11.006
https://doi.org/10.1016/j.gene.2011.02.005
https://doi.org/10.1177/1082013209351868
https://doi.org/10.2903/j.efsa.2020.6132
https://doi.org/10.1016/j.foodchem.2016.07.142
https://doi.org/10.3390/horticulturae8070572
https://doi.org/10.1016/j.postharvbio.2015.07.031
https://doi.org/10.1016/j.postharvbio.2015.07.031
https://doi.org/10.3389/fpls.2025.1654517
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Garrido-Aufion et al.

postharvest storage quality of different horticultural products. Sustainable Postharvest
Technologies for Fruits and Vegetables, 1st ed. Eds. S. Ali, S. A. Mir, B. N. Dar and S.
Ejaz (CRC Press, Oxford, United Kingdom), 442-460.

Garcia-Pastor, M. E., Giménez, M. J., Zapata, P. J., Guillen, F., Valverde, J. M,,
Serrano, M., et al. (2020). Preharvest application of methyl salicylate, acetyl salicylic
acid and salicylic acid disease caused by Botrytis cinerea through stimulation of
antioxidant system in table grapes. Int. J. Food Microbiol. 334, 108807. doi: 10.1016/
j.ijfoodmicro.2020.108807

Garrido-Aufon, F., Puente-Moreno, J., Garcia-Pastor, M. E., Serrano, M., and
Valero, D. (2024). Brassinosteroids: An innovative compound family that could
affect the growth, ripening, quality, and postharvest storage of fleshy fruits. Plants 13,
3082. doi: 10.3390/plants13213082

Grosso, G., Galvano, F., Mistretta, A., Marventano, S., Nolfo, F., Calabrese, G., et al.
(2013). Red orange: experimental models and epidemiological evidence of its benefits
on human health. Oxid. Med. Cell. Longev. 101, 157240. doi: 10.1155/2013/157240

Guirao, A., Valverde, ]. M., Solana-Guilabert, A., Diaz-Mula, H. M., Valero, D., and
Martinez-Romero, D. (2025). Impact of pre-harvest sorbitol and sorbitol-Ca complex
treatments on the quality of fresh blood oranges and their juice after storage at 8°C.
Postharvest Biol. Technol. 227, 113601. doi: 10.1016/j.postharvbio.2025.113601

Gutiérrez-Villamil, D. A., Magnitskiy, S., and Balaguera-Lopez, H. E. (2024).
Physiological and molecular functions of brassinosteroids during fruit development,
ripening, and postharvest damage of horticultural products: A review. Postharvest Biol.
Technol. 214, 112984. doi: 10.1016/j.postharvbio.2024.112984

Habibi, F., Garcia-Pastor, M. E., Puente-Moreno, J., Garrido-Aufién, F., Serrano, M.,
and Valero, D. (2022a). Anthocyanin in blood oranges: a review on postharvest
approaches for its enhancement and preservation. Crit. Rev. Food Sci. Nutr. 63,
12089-12101. doi: 10.1080/10408398.2022.2098250

Habibi, F., Guillén, F., Serrano, M., and Valero, D. (2022b). Postharvest treatment
with glycine betaine enhances chilling tolerance of blood orange fruit by increasing
antioxidant defence systems and osmoregulation during cold storage. Sci. Hortic. 305,
111352. doi: 10.1016/j.scienta.2022.111352

Habibi, F., Ramezanian, A., Guillén, F., Serrano, M., and Valero, D. (2020). Blood
oranges maintain bioactive compounds and nutritional quality by postharvest
treatments with y-aminobutyric acid, methyl jasmonate or methyl salicylate during
cold storage. Food Chem. 306, 125634. doi: 10.1016/j.foodchem.2019.125634

Habibi, F., Sarkhosh, A., Guillén, F., Serrano, M., and Valero, D. (2023). Postharvest
treatments with methyl salicylate and glycine betaine synergistically enhanced chilling
tolerance and maintained bioactive compounds of blood orange fruit subjected to cold
quarantine storage. LWT 185, 115141. doi: 10.1016/j.Iwt.2023.115141

Habibi, F., Serrano, M., Zacarias, L., Valero, D., and Guillén, F. (2021). Postharvest
application of 24-Epibrassinolide reduces chilling injury symptoms and enhances
bioactive compounds content and antioxidant activity of blood orange fruit. Front.
Plant Sci. 12. doi: 10.3389/fpls.2021.629733

He, Y. H,, Li, J., Ban, Q., Han, S., and Rao, J. (2018). Role of brassinosteroids in
persimmon (Diospyros kaki L.) fruit ripening. J. Agric. Food Chem. 66, 2637-2644.
doi: 10.1021/acs.jafc.7b06117

Khan, T. A., Kappachery, S., Karumannil, S., AlHosani, M., Almansoori, N,
Almansoori, H., et al. (2023). Brassinosteroid signaling pathways: insights into plant
responses under abiotic stress. Int. J. Mol. Sci. 24, 17246. doi: 10.3390/ijms242417246

Khatoon, F., Kundu, M., Mir, H., Nandita, K., and Kumar, D. (2020). Foliar feeding
of brassinosteriod: A potential tool to improve growth, yield and fruit quality of
strawberry (Fragaria x ananassa Duch.) under non-conventional area. IJCMAS 9, 733-
741. doi: 10.20546/ijcmas.2020.903.088

Kou, X,, Feng, Y., Yuan, S,, Zhao, X, Wu, C,, Wang, C, et al. (2021). Different regulatory
mechanisms of plant hormones in the ripening of climacteric and non-climacteric fruits: A
review. Plant Mol. Biol. 107, 477-497. doi: 10.1007/s11103-021-01199-9

Lateef, S. M., Abbas, A. J., and Majeed, M. R. (2023). “Effect of brassinolide and chitosan
on vegetative growth and some qualitative parameters of local and blood orange fruits
Citrus sinensis L,” in IOP Conference Series: Earth and Environmental Science, vol. 1158.
(Philadelphia: IOP Publishing), 042070. doi: 10.1088/1755-1315/1158/4/042070

Lee, S. H., Kim, S. H,, Park, T. K., Kim, Y. P., Lee, J. W., and Kim, T. W. (2024).
Transcription factors BZR1 and PAP1 cooperate to promote anthocyanin biosynthesis
in Arabidopsis shoots. Plant Cell 36, 3654-3673. doi: 10.1093/plcell/koae172

Legua, P., Modica, G., Porras, I, Conesa, A., and Continella, A. (2021). Bioactive
compounds, antioxidant activity and fruit quality evaluation of eleven blood orange
cultivars. J. Sci. Food Agric. 102, 2950-2971. doi: 10.1002/jsfa.11636

Lo Piero, A. R. (2015). The state of the art in biosynthesis of anthocyanins and its
regulation in pigmented sweet oranges [(Citrus sinensis) L. Osbeck]. J. Agric. Food
Chem. 63, 4031-4041. doi: 10.1021/acs.jafc.5b01123

Lorente-Mento, J. M., Valero, D., Martinez-Romero, D., Badiche, F., Serrano, M., and
Guillén, F. (2023). Preharvest multiple applications of GABA improve quality traits and
antioxidant compounds of pomegranate fruit during storage. Horticulturae 9, 534.
doi: 10.3390/horticulturae9050534

Luan, L. Y., Zhang, Z. W., Xi, Z. M., Huo, S. S., and Ma, L. N. (2013). Brassinosteroids
regulate anthocyanin biosynthesis in the ripening of grape berries. S. Afr. J. Enol. Vitic.
34, 196-203.

Frontiers in Plant Science

15

10.3389/fpls.2025.1654517

Manghwar, H., Hussain, A., Ali, O., and Liu, F. (2022). Brassinosteroids (BRs) role in
plant development and coping with different stresses. Int. J. Mol. Sci. 23, 1012.
doi: 10.3390/ijms23031012

MAPA (Ministerio de Agricultura Pesca y Alimentacion) (2024). Total orange
production in Spain. Years 2021, 2022, 2023, 2024. Available online at: https://www.
mapa.gob.es/es/ (Accessed October 20, 2024).

MITECO (Ministerio para la Transicion Ecologica y el Reto Demografico) (2024).
What is climate change? Semi-arid expansion climate. Available online at: https://www.
miteco.gob.es/es (Accessed November 4, 2024).

Morales, J., Navarro, P., Besada, C., Bermejo, A., and Salvador, A. (2019). Effect of
cold storage on fruit quality of blood oranges. Acta Hortic. 1256, 203-209.
doi: 10.17660/ActaHortic.2019.1256.28

Mostafa, L. Y., and Kotb, H. R. (2018). Effect of brassinosteroids and gibberellic acid
on parthenocarpic fruit formation and fruit quality of sugar apple Annona squamosa L.
Middle East J. Agric. 7, 1341-1351.

Pannitteri, A., Continella, L., Lo Cicero, A., Gentile, S., Malfa, E. L., Sperlinga, E. M.,
et al. (2017). Influence of postharvest treatments on qualitative and chemical
parameters of Tarocco blood orange fruits to be used for fresh chilled juice. Food
Chem. 230, 441-447. doi: 10.1016/j.foodchem.2017.03.041

Raghavan, S., and Gurunathan, J. (2021). Citrus species — A golden treasure box of
metabolites that is beneficial against disorders. J. Herb. Med. 28, 100438. doi: 10.1016/
j-hermed.2021.100438

Rapisarda, P., Bellomo, S. E., and Intelisano, S. (2001). Storage temperature effects on
blood orange fruit quality. J. Agric. Food Chem. 49, 3230-3235. doi: 10.1021/jf0100321

Samira, I. M., and Mansour, S. B. (2012). 24-epibrassinolide enhances flower and
fruit production of pepper (Capsicum annuum L.) under salt stress. J. Stress Physiol.
Biochem. 8, 224-233.

Schirra, M., Xabras, P., Angioni, A., D’Hallewin, G., and Pala, M. (2022). Residue
uptake and storage responses of Tarocco blood oranges after preharvest thiabendazole
spray and postharvest heat treatment. J. Agric. Food Chem. 50, 2293-2296. doi: 10.1021/
0114583

Silva, A. P.S. D., Alencar, A. A. D. S., Sudré, C. P, Aratjo, M.D.S.B.D., and Lobato, A.
K. D. S. (2024). Brassinosteroids: Relevant evidence related to mitigation of abiotic and
biotic stresses in plants. Agronomy 14, 840. doi: 10.3390/agronomy14040840

Simons, T. J., McNeil, C. J., Pham, V. D,, Suh, J. H., Wang, Y., Slupsky, C. M., et al.
(2019). Evaluation of California-grown blood and Cara Cara oranges through
consumer testing, descriptive analysis, and targeted chemical profiling. J. Food Sci.
84, 3246-3263. doi: 10.1111/1750-3841.14820

Valero, D., and Serrano, M. (2010). Postharvest biology and technology for preserving
fruit quality (Boca Raton, 1st ed., FL, USA: Taylor & Francis Group), 287. doi: 10.1201/
9781439802670

Vergara, A., Torrealba, M., Alcalde, J. A., and Pérez-Donoso, A. G. (2020).
Commercial brassinosteroid increases the concentration of anthocyanin in red table
grape cultivars (Vitris vinifera L.). Aust. J. Grape Wine Res. 26, 427-433. doi: 10.1111/
ajgw.12457

Vithana, M. D., Singh, Z., and Hasan, M. U. L. (2024). Pre- and post-harvest
elicitation with methyl jasmonate and salicylic acid followed by cold storage
synergistically improves red colour development and health-promoting compounds
in blood oranges. J. Plant Growth Regul. 43, 1657-1671. doi: 10.1007/s00344-023-
11212-8

Wang, Z., Asghari, M., Zahedipour-Sheshglani, P., and Mohammadzadeh, K. (2024).
Impact of 24-epibrassinoliode and methyl jasmonate on quality of Red Delcious apples.
J. Sci. Food Agric. 104, 1621-1629. doi: 10.1002/jsfa.13047

Xia, X. J., Huang, L. F., Zhou, Y. H., Mao, W. H., Shi, K., Wu, J. X,, et al. (2009).
Brassinosteroids promote photosynthesis and growth by enhancing activation of
Rubisco and expression of photosynthetic genes in Cucumis sativus. Planta 230,
1185. doi: 10.1007/s00425-009-1016-1

Xu, F.,, Gao, X, Xi, Z., Zhang, H., Peng, X., Wang, Z., et al. (2015a). Application of
exogenous 24-epibrassinolide enhances proanthocyanidin biosynthesis in Vitis vinifera
‘Cabernet Sauvignon’ berry skin. Plant Growth Regul. 75, 741-750. doi: 10.1007/
$10725-014-9976-y

Xu, F, Xi, Z. M., Zhang, H., Zhang, C. J., and Zhang, Z. W. (2015b). Brassinosteroids
are involved in controlling sugar unloading in Vitis vinifera ‘Cabernet Sauvignon’
berries during véraison. Plant Physiol. Biochem. 94, 197-208. doi: 10.1016/
j.plaphy.2015.06.005

Yu,J. Q, Huang, L. F., Hu, W. H,, Zhou, Y. H., Mao, W. H,, Ye, S. F,, et al. (2004). A
role for brassinosteroids in the regulation of photosynthesis in Cucumis sativus. J. Exp.
Bot. 55, 1135-1143. doi: 10.1093/jxb/erh124

Zhou, Y., Yuan, C, Ruan, S., Zhang, Z., Meng, J., and Xi, Z. (2018). Exogenous 24-
epibrassinolide interacts with light to regulate anthocyanin and proanthocyanidin
biosynthesis in Cabernet Sauvignon (Vitris vinifera L.). Molecules 23, 93. doi: 10.3390/
molecules23010093

Zhu, T., Tan, W. R,, Deng, X. G., and Zheng, T. (2015). Effects of brassinosteroids on
quality attributes and ethylene synthesis in postharvest tomato fruit. Postharvest Biol.
Technol. 100, 196-204. doi: 10.1016/j.postharvbio.2014.09.016

frontiersin.org


https://doi.org/10.1016/j.ijfoodmicro.2020.108807
https://doi.org/10.1016/j.ijfoodmicro.2020.108807
https://doi.org/10.3390/plants13213082
https://doi.org/10.1155/2013/157240
https://doi.org/10.1016/j.postharvbio.2025.113601
https://doi.org/10.1016/j.postharvbio.2024.112984
https://doi.org/10.1080/10408398.2022.2098250
https://doi.org/10.1016/j.scienta.2022.111352
https://doi.org/10.1016/j.foodchem.2019.125634
https://doi.org/10.1016/j.lwt.2023.115141
https://doi.org/10.3389/fpls.2021.629733
https://doi.org/10.1021/acs.jafc.7b06117
https://doi.org/10.3390/ijms242417246
https://doi.org/10.20546/ijcmas.2020.903.088
https://doi.org/10.1007/s11103-021-01199-9
https://doi.org/10.1088/1755-1315/1158/4/042070
https://doi.org/10.1093/plcell/koae172
https://doi.org/10.1002/jsfa.11636
https://doi.org/10.1021/acs.jafc.5b01123
https://doi.org/10.3390/horticulturae9050534
https://doi.org/10.3390/ijms23031012
https://www.mapa.gob.es/es/
https://www.mapa.gob.es/es/
https://www.miteco.gob.es/es
https://www.miteco.gob.es/es
https://doi.org/10.17660/ActaHortic.2019.1256.28
https://doi.org/10.1016/j.foodchem.2017.03.041
https://doi.org/10.1016/j.hermed.2021.100438
https://doi.org/10.1016/j.hermed.2021.100438
https://doi.org/10.1021/jf010032l
https://doi.org/10.1021/jf0114583
https://doi.org/10.1021/jf0114583
https://doi.org/10.3390/agronomy14040840
https://doi.org/10.1111/1750-3841.14820
https://doi.org/10.1201/9781439802670
https://doi.org/10.1201/9781439802670
https://doi.org/10.1111/ajgw.12457
https://doi.org/10.1111/ajgw.12457
https://doi.org/10.1007/s00344-023-11212-8
https://doi.org/10.1007/s00344-023-11212-8
https://doi.org/10.1002/jsfa.13047
https://doi.org/10.1007/s00425-009-1016-1
https://doi.org/10.1007/s10725-014-9976-y
https://doi.org/10.1007/s10725-014-9976-y
https://doi.org/10.1016/j.plaphy.2015.06.005
https://doi.org/10.1016/j.plaphy.2015.06.005
https://doi.org/10.1093/jxb/erh124
https://doi.org/10.3390/molecules23010093
https://doi.org/10.3390/molecules23010093
https://doi.org/10.1016/j.postharvbio.2014.09.016
https://doi.org/10.3389/fpls.2025.1654517
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Brassinosteroid preharvest treatments as a useful tool to increase crop yield and red colour in blood orange fruits
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and experimental design
	2.2 Determination of crop yield
	2.3 Fruit quality parameters
	2.4 Quantification of total and individual anthocyanins and total phenolics
	2.5 Statistical analysis

	3 Results
	3.1 Effect of 24-BL treatments on crop yield
	3.2 Commercial and non-commercial crop yield
	3.3 Fruit quality parameters
	3.4 Anthocyanins in juice and flavedo
	3.5 Total phenolic content in juice and flavedo

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


