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Abstract

The 'Colombian Yellow' pitaya (Selenicereus megalanthus) is a crop of growing commercial interest due to its high nutritional value. However, its cultivation
faces challenges related to climatic and specific growing conditions that can affect fruit development. This study evaluated the morphological, biochemical,
and structural changes in the peel and pulp of yellow pitaya throughout five development stages (S1-55). Analyses included physical and physicochemical
parameters, antioxidant activity (f-carotene/linoleic acid system and the phosphomolybdenum complex), phenolics (Fast Blue method), total minerals, and
Scanning Electron Microscopy (SEM). Results showed significant growth in fruit dimensions and mass from S1 to S5, with longitudinal and transverse
diameters increasing from 9.36 to 14.15 cm and 4.73 to 8.73 cm, respectively, and mass rising from 106.2 to 401.57 g. Phenolic compounds and antioxidant
levels also increased. Phosphorus (P) was the most abundant macro mineral, followed by potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S). Iron
(Fe) was the most prevalent micromineral, followed by zinc (Zn), manganese (Mn), copper (Cu), and boron (B). Enzymatic activities related to cell wall
modification, such as pectinmethylesterase, polygalacturonase, and cellulase, peaked at different stages, contributing to fruit softening and cavity flaccidity.
The fruit's versatility and nutritional properties position it as a valuable option in the exotic fruit market, offering functional and health benefits. This study
provides insights into the developmental changes that influence its quality and potential market value.
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Introduction

Native to the Americas, the yellow pitaya (Selenicereus megalan-
thus [K. Schum. ex Vaupel] Moran) with spiny peel and white pulp is
a non-climacteric exotic fruit. Also known as 'Colombian Yellow'
pitaya, it belongs to the Cactaceae family and is highly valued for its
sweet flavor and smooth texturel'l. The ripe fruits are ovoid with a
peel covered by bracts and spines, which are easily removable!2.
The flowering period of S. megalanthus is longer than that of other
species, such as Selenicereus undatus. Similarly, anthesis occurs at
night, with flowers closing in the early morning, and the species is
not self-pollinatingBl. Major producers of the 'Colombian Yellow'
pitaya include Israel, Taiwan (China), and Colombial¥l. The phenolog-
ical stages and production cycle of pitayas vary depending on the
variety, cultivation practices, and edaphoclimatic conditions.
Despite its attributes, S. megalanthus is less widely cultivated than
the 'Israeli yellow Golden' pitaya or red-skinned pitayas.

Despite its high market value and consumer appeal, the commer-
cial production of Selenicereus megalanthus faces several challenges.
Cultivation requires specific climatic conditions and is vulnerable to
pests, diseases, and postharvest losses due to the presence of spines
and the need for careful handling. International demand for yellow
pitaya is rising, fueled by its exotic flavor and health benefits, but
production remains concentrated in a few countriesl'. In contrast
to red and white-fleshed pitayas (e.g., Hylocereus polyrhizus, S.
undatus), there is a clear gap in the scientific literature regarding
the biochemical dynamics and physiological processes of S.
megalanthus fruit development. Most available studies focus on
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morphometric and postharvest traits, while the integration of mor-
phological and biochemical analyses remains limited. This study
addresses that gap by combining both approaches to better under-
stand fruit quality in S. megalanthus.

During fruit development, organic matter accumulates and trans-
forms, driven by physiological and biochemical changes that in-
fluence its sensory, nutritional, and functional appeal. Photosyn-
thates, transported via the phloem, alter osmotic potential, causing
water absorption and fruit expansion until harvest. Firmness is asso-
ciated with metabolic processes and modifications in cellular com-
ponents, such as membranes, pectic substances, fibrous materials,
and water content, which maintain turgidity®l. Texture is directly
linked to cell wall integrity and composition, influenced by enzymes
like pectinase, cellulase, and hemicellulase, which degrade struc-
tural components, such as pectin and cellulose, resulting in soften-
ing during ripening. These enzymatic processes modulate fruit firm-
ness and are influenced by environmental factors, light exposure,
water availability, cultivation practices, and developmental stages,
which also affect the formation of bioactive compounds like flavo-
noids, betalains, and vitamin Cl. These antioxidants contribute to
cell protection against free radicals, reducing chronic disease risk.
The interplay between texture and bioactive compounds is com-
plex, as cell wall degradation enhances the release and bioavailabi-
lity of these compounds, improving their accessibility to the body.
Thus, both texture and antioxidant activity are shaped by enzyme-
environment interactions, directly impacting the fruit's sensory and
nutritional quality.
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Adequate nutrient availability during development is crucial for
pitaya production and quality. For instance, nitrogen is essential for
initial growth, potassium aids in carbohydrate translocation and
stomatal regulation!”), and phosphorus is vital for fruit formation,
providing energy through ATP. These physiological processes are
coordinated by cellular signaling pathways that regulate gene
expression, cell differentiation, and tissue expansion, with nucleic
acid synthesis playing a central role in supporting the transcrip-
tional and replicative mechanisms required for fruit growth and
developmentél,

Studies have helped elucidate the metabolic mechanisms in fruits
like pitaya, advancing storage and conservation techniques while
paving the way for genetic improvements. Consequently, these
advancements minimize quality loss, extend shelf life, and support
the expansion of the international market. In this context, this
unprecedented study aimed to understand the physiological and
biochemical processes influencing the quality of S. megalanthus
across five distinct developmental stages, analyzing physicochemi-
cal parameters, mineral composition, antioxidant activity, and cell
wall-degrading enzyme action.

Materials and methods

Experimental design

The experimental design used was a Completely Randomized
Design (CRD). The experiment included three replicates for each
fruit fraction (peel and pulp), with a total of ten fruits per replicate
for each developmental stage, amounting to 150 fruits throughout
the study.

Plant material

Fruits of Selenicereus megalanthus 'Colombian Yellow' were ran-
domly harvested from a two-hectare commercial production area
conducted in open field conditions at Serra da Soca farm, located in
the municipality of Ingai, Minas Gerais state, southeastern Brazil
(latitude: 21°24'24" S, longitude: 44°56'30" W). The developmental
stages were selected to represent the most distinct phases of fruit
maturation based on visible external differences and quality-related
patterns. At each stage, independent fruit samples were used as
biological replicates to ensure data reliability. The five-year-old
plants were trained on individual trellises using eucalyptus posts,
with one plant per post spaced 3 m X 3 m apart.

Spines were carefully removed using a brush to avoid fruit
injuries. It is worth noting that spines are easily removed from ripe
fruits. After harvest, the fruits were selected based on their external
appearance, discarding those with signs of pathogens, parasites, or
defects. The fruits were washed under running water and immersed
in a 1% sodium hypochlorite solution (75 mL sodium hypochlorite in
5 L of water) for 2 min, then rinsed with distilled water to remove
sanitizing residues and minimize interference in subsequent analy-
ses. The pitayas were then air-dried and classified according to
exocarp hue, measured in the equatorial region with a colorimeter
(Konica Minolta CR-400, Tokyo, Japan) in the CIE color space; titrat-
able acidity (TA,%), determined by titration with 0.1 N NaOH and
phenolphthalein as indicator according to AOACE; soluble solids
content (SS, %), was measured in fresh, undiluted pulp using a digi-
tal refractometer (ATAGO PR-100, Tokyo, Japan) as described by
AOACY); dimensions (longitudinal diameter [LD] and transverse
diameter [TD], in cm), obtained digitally from 1 c¢m scale images
using ImageJ softwarel'%, Developmental stages (Table 1) were
defined as follows: S1 — Immature 1; S2 - Immature 2; S3 - Mature
green; S4 - Early ripening; S5 - Ripe (Fig. 1). For each stage, at least
ten fruits were sampled. The peel fractions (mesocarp and exocarp)
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Table 1. Physicochemical characteristics of S. megalanthus fruit at five stages
of development.

Code Stage Description of maturity stage*

S1 Immature 1 Hue =84.48; AT = 0.83; SS = 6.34; DL = 9.36, and
DT=4.73

S2 Immature 2 Hue =113.72; AT=0.64; SS=10.3; DL=10.53, and
DT=6.48

S3 Mature green  Hue = 115.44; AT = 0.51; SS = 13.29; DL = 12.40, and
DT=7.86

S4 Early ripening Hue =112.49; AT =0.41;SS = 16.4; DL = 13.95, and
DT=8.61

S5 Ripe Hue =112.31; AT=0.28; SS =20.4; DL = 14.15, and
DT=8.73

* Peel tone (hue), titratable acidity — TA (%), soluble solids SS (%), and fruit
dimensions [longitudinal [DL] and transverse [DT]) in cm.

S1 S2 S3 S4 S5

Fig. 1 Developmental stages of S. megalanthus pitaya. ST - Immature
1; S2 — Immature 2; S3 - Mature green; S4 - Early ripening; S5 - Ripe.

and pulp (endocarp) were separated using stainless steel spoons
sanitized with 70% alcohol, homogenized using a domestic blender,
placed in low-density polyethylene bags, and stored in an ultra-
freezer at -80 °C for further analysis.

In the first stage, immature 1 (S1), the fruit was near its initial
development phase of forming fruitlets. At this stage, the endocarp,
mesocarp, and exocarp formation were noticeable, with mucilage.
In the second stage, called immature 2 (S2), the endocarp was more
developed in size and shape, with less mucilage and seed disper-
sion. In the third stage, referred to as green-mature (S3), the endo-
carp showed an increase in overall size and volume. The exocarp
coloration of the fruit became evident in the early ripening stage
(S4), though still dull and lacking a uniform yellow hue on the peel,
with smaller dimensions compared to the ripe stage. However, this
stage was distinguished by a significant production of seeds and
the characteristic more gelatinous endocarp. The peel of the fruit
during the first four stages exhibited pronounced firmness and high
mucilage content, which decreased throughout the developmental
stages. In the final stage, referred to as ripe (S5), the peel displayed
lower density, uniform yellow coloration, and a gelatinous endo-
carp characteristic of ripe fruit suitable for consumption (Fig. 1).

Analyses

Physical and physicochemical analyses

The pH of the pulp was measured using a TECNAL® pH meter, R-
TEC-7-MP (Piracicaba-SP, Brazil). Fruit mass was determined using an
analytical balance (Marte D330, Minas Gerais, Brazil), with results
expressed in grams (g). Pulp yield was calculated as the ratio of pulp
mass to total fruit mass, expressed as a percentage (%).

The color of the peel and pulp of each cultivar was assessed in
the equatorial region using a Konica Minolta CR-400 colorimeter
in the Commission Internationale de I'Eclairage (CIE) color space,
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employing the L* a* b* scale and chroma (C*). Firmness was
measured using a Stable Micro System texture analyzer (TA.XT2i)
with a 2 mm diameter probe at a test speed of 1 mm-s~! and a pene-
tration distance of 3 mm, with an HDP/90 platform as the base.
Results are expressed in Newtons (N).

Mineral profile

Minerals, including phosphorus, potassium, calcium, magnesium,
sulfur, boron, copper, manganese, zinc, and iron, were determined
according to Malavolta et al.l''l. Macronutrient results were expres-
sed in g-kg~! fresh mass, and micronutrient results in mg-kg~" fresh
mass. Daily values based on a 2,000 kcal diet (8,400 kJ) were calcu-
lated according to IN 75/2020 (% DV).

Antioxidant activity and total phenolic compounds

For bioactive compound extraction, 2 g of samples were homoge-
nized with 20 mL of 50% methanol and subjected to an ultrasonic
bath (Dubdmoff Orbital Bath, NT 230, Brazil) for 30 min. The
homogenate was then centrifuged (Hettich Rotina 380R, Germany)
for 15 min and filtered through quantitative filter paper (12.5 cm
diameter, 0.025 mm porosity). A second extraction was performed
using 20 mL of 50% acetone on the filter residue, following the same
procedure. Both extracts were combined for analysis.

Antioxidant activity was determined using two methods: the f-
carotene/linoleic acid system (% protection)!'? and the phospho-
molybdenum complex (mg ascorbic acid g=' sample)'3l. Total
phenolics (TPC) were determined using the Fast Blue method('4,
with results expressed in mg of gallic acid equivalents (GAE) per
100 g of fresh sample. Measurements were performed spectropho-
tometrically using a microplate reader (EZ Read 2000, Biochrom®),

Cell wall enzyme activity

For enzyme extract preparation, 10 g of frozen tissue was homo-
genized with 10 mL of 50 mmol-L=" Tris-HCI buffer (pH 7.0) and
centrifuged at 12,000 X g relative centrifugal force at 4 °C for 30 min.
The supernatant (crude extract) was stored at 4 °C until analysis.
Protein content in the enzyme extract, used to calculate enzymatic
activities, was determined according to the Bradford method!'>l.

Pectin methylesterase (PME) activity was measured following
Verma et al.l'®, with modifications by Wang et al.l'], Results were
expressed as one unit of enzymatic activity (U), defined as the
amount of enzyme needed to release 1 umol of carboxylic groups
per hour per gram of protein (U-g~! protein). Activities of f-galac-
tosidase (f-gal), cellulase (Cx), and polygalacturonase (PG) were
determined following Wang et al.l'”}, with adaptations by Carvalho
do Lago et al.l'8l,

For $-gal, 75 pL of acetate buffer (pH 5.5) with 0.5% p-nitrophenyl-
p-D-galactopyranoside was added to 75 pL of enzyme extract, incu-
bated at 37 °C for 30 min and stopped with 150 pL of 0.2 mol-L~!
Na,COj; solution. Absorbance was read at 400 nm. Cx and PG activi-
ties followed similar protocols, using carboxymethylcellulose and
polygalacturonic acid as substrates, with appropriate standard
curves (glucose and galacturonic acid).

Ultrastructural analysis

For cell wall morphological analysis, exocarp sections were
removed with a scalpel and placed in microtubes containing modi-
fied Karnovsky's fixative. Samples were fractured in liquid nitrogen,
dehydrated in an acetone gradient, dried using a critical point dryer
(Bal-Tec), gold-coated with a sputter coater (Bal-Tec), and observed
using a scanning electron microscope (SEM; LEO EVO 40 XVP).

Statistical analysis

Data were analyzed using analysis of variance (ANOVA), with
means compared by Tukey's test at a 5% significance level, using
Sisvar software version 5.6. Correlation analysis with hierarchical
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clustering and heatmap visualization of correlation coefficients was
performed using JMP 10 statistical software (SAS Institute Inc., USA).

Results and discussion

The results presented in Table 2 indicate significant changes (p <
0.05) in the morphological, respiratory activity, physical, and physi-
cochemical characteristics of S. megalanthus fruits throughout their
development.

As demonstrated in this study, there was a significant increase
(p < 0.05) in the pH of S. megalanthus throughout its development.
This phenomenon is commonly attributed to the reduction or
increase in the concentration of hydrogen ions derived from organic
acids, which are consumed during respiratory processes!'?. Similar
results were reported for Hylocereus polyrhizus, with pH variations
between 3.63 and 4.48 during development2%),

The acidity decreased from 0.83 (S1) to 0.28 (S5), and the solu-
ble solids content ranged from 6% to 20%. Wanitchang et al.2"
observed that red-fleshed pitayas in Malaysia reached acidity levels
below 1% and a maximum soluble solids content of 15.3% at the
ripening stage occurring 28-30 d after anthesis. Cedefo et al.22
evaluated the postharvest quality of S. undatus (Haw.). Britton &
Rosel?3], at three developmental stages after pollination and at full
maturity, reported an acidity value of 0.60% expressed as malic acid.
The acidity of S. megalanthus is directly related to its phenological
characteristics and plays a crucial role in the fruit's flavor. According
to Arivalagan et al.24, titratable acidity below 1% enhances the
perception of sweetness in the fruit, as lower acidity allows the
sugar concentration in the pulp to stand out, contributing to a more
balanced and milder flavor.

The sugar/acid ratio (also known as Brix/acid ratio) increased
markedly throughout fruit development, rising from 7.6 in S1 to 72.9
in S5. This pronounced increase reflects the decrease in acidity
combined with the accumulation of soluble sugars during matura-
tion. The high sugar/acid ratio at the ripe stage is associated with
enhanced sweetness and a more balanced flavor, contributing to
greater consumer acceptance of S. megalanthus fruits at full matu-
rity. The interaction between acidity and soluble solids is key to fruit
acceptance, as sweetness becomes more pronounced in fruits with
lower acidity. An increase in soluble solids during ripening indicates

Table 2. Morphological and physicochemical characteristics: pH, L, C, *hue;
mass (g); fruit yield (%); L, C, °hue; firmness (N); longitudinal and transverse
diameters; and exocarp thickness (cm) of S. megalanthus fruits.

Stadium* S1 S2 S3 S4 S5 VC (%)
pH 3.05e** 3.49d 3.70c 4.04b 4.67a 2.01
L* (peel) 49.80a 36.82b 27.29c 29.34c 35.26b 11.09
C* (peel) 4487a 26.11b 21.57bc 18.61cd 16.43d 13.42
L* (pulp) 7097a 69.42a 68.75a 62.95ab 53.46b 11.61
C* (pulp) 11.34a 11.25ab 11.18ab 11.09ab 8.56a 18.67
Hue (pulp) 94.00ab 92.18b 93.01ab 95.37a 91.87b  2.98
Mass (g) 106.82e 227.13d 303.14c 387.87b 401.57a 1.24
Fruit yield (%) 31.16d 45.32c 47.42bc 50.17b 72.43a 3.08
Dimension length 246d 342c 454b 433b  5.69a 8.01
(cm) (pulp)

Dimension width 230c 344b 397b 431b 5.70a 8.70
(cm) (pulp)

Diameter of the 1.16a  0.99a 0.96a 0.89a 0.68a 28.62
exocarp (cm)

Firmness (N) (peel) 89,41a 88,03a 80,11b 78.09b 54.45c 7.79
Firmness (N) (pulp) 475a 466a 2.88b 254b 2.23b 1454

* Stadium: S1 - Immature 1; S2 - Immature 2; S3 - Mature green; S4 - Early
ripening; S5 - Ripe. ** Means followed by the same letters on the same line do not
differ from each other according to Tukey's test (p > 0.05), respectively. VC (%):
Variance coefficient.
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the degradation of polysaccharides into soluble sugars. Xie et al.ll
highlighted that during the development of S. megalanthus and
'Golden Israeli' pitayas, starch accumulated mainly in the early
stages and converted to soluble sugars at S5, identifying six sugar
components (glucose, sucrose, fructose, galactose, inositol, and
sorbitol). Variations in soluble solids content depend on the ripen-
ing stage and the edaphoclimatic conditions of cultivation. Com-
pared to ripe red-fleshed pitayas (10.21%-13.3%), yellow pitaya
shows greater soluble solids variation, with S. megalanthus consi-
dered sweeter than H. polyrhizus!.

The progressive reduction in fruit firmness observed from S1 to S5
(Table 2) was accompanied by a significant increase in soluble solids
(SS), suggesting a physiological relationship between sugar accu-
mulation and cell wall disassembly. Throughout fruit development,
the hydrolysis of structural polysaccharides and starch mobilization
contributes to the release of soluble sugars, which not only enhance
osmotic potential and fruit expansion but also influence textural
changes. These processes are closely associated with the activity of
enzymes such as polygalacturonase and cellulase, which promote
cell wall loosening. The marked increase in SS from 6.34% (S1) to
20.4% (S5) indicates active carbohydrate metabolism during ripen-
ing. This behavior is consistent with the progressive conversion of
starch into glucose, sucrose, and fructose during pitaya develop-
ment, as described by Xie et al.l¥l. Additionally, fruit softening is
linked to transcriptional regulators such as ethylene response
factors (ERFs), which modulate genes involved in both sugar
metabolism and cell wall degradation!®. Therefore, the interplay
between sugar biosynthesis and enzymatic degradation of the cell
wall plays a key role in fruit softening and sensory quality in S.
megalanthus.

Higher lightness (L*) was evident in the initial stage of the peel,
followed by a gradual decrease until the early ripening stage (54), a
process common in many fruits. For instance, peel lightness tends
to increase in yellow passion fruit, while it decreases in bananas,
papayas, and pears, as also described under different ripening
conditions[?%], Despite phenotypic characteristics, the color may
darken during ripening due to pigment accumulation, such as
betaxanthins in 'Colombian Yellow' and 'Golden Israeli' pitayas!2°l.

This study also revealed a decrease in fruit color intensity
throughout development, with average values decreasing from
44.87 (S1) to 16.43 (S5) for the peel and from 11.34 (S1) to 8.56 (S5)
for the pulp. This reduction may be related to cultivar characteris-
tics and the proliferation of fertilized ovules, which increase seed
formation enveloped in mucilage. In the peel, genetic variety and
environmental conditions influence this reduction(27.28],

The hue angle, associated with tonal changes, increased from
84.48 to 115.44 between the immature (S1) and ripe (S5) stages. S.
megalanthus has a high betaxanthin content, which is responsible
for its yellow and orange hues. During ripening, chromoplasts and
their thylakoid membranes disintegrate, leading to chlorophyll
degradation and the loss of green color?, This transition from
green to yellow at S4 highlights a crucial stage for pigment changes
due to chlorophyll degradation and intensified betaxanthin
production, including vulgaxanthin | and Il, miraxanthin | and I,
portulacaxanthin,  indicaxanthin,  tyrosine-betaxanthin, and
glutamine-betaxanthin(3031],

A rapid increase in fruit dimensions was observed between stages
S1 and S3, indicating intense growth activity during the early deve-
lopmental stages. Regarding the spines, no natural detachment
was observed during maturation; however, greater ease of manual
removal was noted as the fruits reached more advanced stages,
especially at stage S5. Variables such as fruit mass, longitudinal and
transverse diameter, and fruit yield increased progressively from
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immature (S1) to ripe (S5) stages, with significant differences (p <
0.05): 106.2 to 401.57 g; 2.46 to 5.70 N; 2.31 to 5.71 N; and 31.11% to
72.44%, respectively. In S. megalanthus, tissue softening occurs as
cell wall components like cellulose, hemicellulose, and pectin
convert to water-soluble forms, coupled with water loss[24.,

A rapid increase in fruit dimensions was observed between stages
S1 and S3, indicating intense growth activity during the early deve-
lopmental phases. Variables such as fruit mass, longitudinal and
transverse diameter, and fruit yield increased progressively from the
immature (S1) to ripe (S5) stages, with significant differences (p <
0.05): from 106.2 to 401.57 g; 2.46 to 5.70 cm; 2.31 to 5.71 cm; and
31.11% to 72.44%, respectively. In S. megalanthus, tissue softening
occurs as cell wall components such as cellulose, hemicellulose, and
pectin are converted to water-soluble forms in parallel with water
loss[?4. Regarding the spines, no natural detachment was observed
during maturation; however, greater ease of manual removal was
noted as the fruits reached more advanced stages, especially at
stage S5.

Minerals confer distinctive flavor characteristics on fruits. S.
megalanthus exhibited increasing concentrations of six macro
minerals (P, Ca, K, Mg, S) and five microminerals (B, Cu, Mn, Zn, Fe)
from S1 to S5. Potassium was most abundant in the peel
(32.87-36.78 g-kg™), followed by calcium, magnesium, phosphorus,
and sulfur. The pulp similarly contained higher potassium levels
(5.69-8.12 g-kg™"), followed by magnesium, calcium, phosphorus,
and sulfur. Potassium also plays a critical role in osmotic regulation,
carbohydrate translocation, and stomatal opening and closurell,
Calcium is essential for the formation of plant cell walls and the
maintenance of fruit structural integrity321,

Micronutrients like iron (57.72-76.98 mg-kg~'), manganese, zinc,
copper, and boron also increased significantly (p < 0.05), benefiting
metabolic pathways, including chlorophyll synthesis and oxidative
stress protection. Although naturally found in small quantities, the
set of mineral salts provides important characteristics for the flavor
perception of vegetables. As noted by SerafimB3, pitaya has a
considerable mineral content, including potassium, calcium, and
iron, which play fundamental roles in proper bodily function34., In
this context, increases were observed in the concentrations of six
macro minerals (P, Ca, K, Mg, and S) and five microminerals (B, Cu,
Mn, Zn, and Fe) during the development of S. megalanthus (S1 to
S5). Potassium was the most abundant mineral in the fruit peel
(32.87-36.78 g-kg™"), followed by calcium (7.23-16.29 g-kg~'), mag-
nesium (3.61-5.21 g-kg="), phosphorus (1.63-3.18 g-kg~"), and sulfur
(1.14-2.36 g-kg™"'). Similarly, higher potassium levels were found
in the pulp (5.69-8.12 g-kg™"), followed by magnesium (1.74-
3.02 gkg™'), calcium (1.49-3.28 g+kg™'), phosphorus (1.40-
1.97 g-kg™"), and sulfur (1.02-1.45 g-kg™").

Micromineral content also increased significantly (p < 0.05)
throughout development, with iron showing the highest concentra-
tion (57.72-76.98 mg-kg™") in the peel of ripe fruit, followed by
manganese (16.73-36.90 mg-kg~'), zinc (13.12-19.03 mgkg™"),
copper (2.16-13.43 mg-kg™"), and boron (3.20-4.69 mg-kg~"). In
the pulp, iron was also the most abundant mineral (37.38-
50.81 mg-kg™"), followed by zinc (17.12-45.94 mg-kg~'), manganese
(2.20-7.86 mg-kg~"), and copper (0.17-2.52 mg-kg~"). Thus, in both
peel and pulp fractions, the most abundant micronutrients were
iron (Fe), zinc (Zn), and manganese (Mn), which are crucial for
various metabolic pathways.

Based on the daily values for a 2,000 kcal diet, consuming 100 g of
'‘Colombian Yellow' pitaya can provide approximately 28% of P, 15%
of K, 13% of Ca, 35% of Mg, 2% of Cu, 26% of Mn, 11% of Zn, and 4%
of Fe, according to Normative Instruction IN 75/2020 (Brazil, 2020).
This rich composition offers various health benefits to consumers
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due to the specific functions of each mineral. Phosphorus contri-
butes to cell growth and modification, as well as maintenance and
repairl®1. Sulfur helps reduce oxidative stress, copper reduces the
risk of Menkes diseasel3%], and manganese supports carbohydrate
catabolism and vital organ maintenancel37], Zinc aids in wound heal-
ing, protein synthesis, and immune function!38. Therefore, consum-
ing this fruit can be a valuable source of minerals that promote
consumer health and well-being.

Table 3 presents total phenolic content (TPC) and antioxidant
activity determined by the phosphomolybdenum complex (PC) and
p-carotene/linoleic acid system (f-car/LA) methods for S. megalan-
thus, comparing peel and pulp fractions during development.

After the fruit forms from the ovary of the pitaya flower, the
biosynthesis of various secondary metabolites occurs, including the
synthesis and accumulation of phenolic compounds (PC), which are
essential for the development of key derivatives involved in fruit
growthB39, PC encompasses a wide range of metabolites from the
phenylpropanoid biosynthetic pathway and performs critical roles,
such as protection against oxidation, serving as natural barriers that
reduce fruit vulnerability to fungal and bacterial infections, and
determining fruit quality due to their anti-inflammatory, cardiopro-
tective, and chronic disease risk-reducing properties6:49],

The PC content directly impacts antioxidant characteristics and
protection against biotic and abiotic stress. During S. megalanthus
development, total phenolic content varied from 139.33 (S1) to
334.80 (S5) mg GAE 100 g~ in the peel and from 101.07 (S1) to
347.63 (S5) mg GAE g~! in the pulp. Throughout development, a
possible association with tannin polymerization and a subsequent
reduction in astringency in some fruits was observed3949],

Table 3 highlights a progressive increase in phenolic compounds
in S. megalanthus peel and pulp fractions during development,
indicating the accumulation of phenolic compounds, presenting a
complex metabolic response possibly associated with environmen-
tal adaptations or fruit-specific developmental demandsl'940:41],
The values found in this study are lower than those reported by
Zitha et al.l® for the pulp of red pitaya (H. polyrhizus), which ranged
from 377.59 to 434.26 mg GAE g~' during 42 d post-anthesis. How-
ever, those authors also reported increased antioxidant activity and
total phenolics using different methods. PC composition can vary
due to analytical validation, cultivars, and cultivation practices.

Antioxidant activity and total phenolic content (TPC) varied signi-
ficantly (p < 0.05) due to the interaction between fruit fraction and
developmental stage (Fig. 2). Results showed protection ranging
from 74.08% (S1) to 83.15% (S5) in the peel fraction and from
48.40% (S1) to 87.05% (S5) in the pulp fraction, concerning free
radical inhibition during linoleic acid peroxidation, as detected by
the p-carotene/linoleic acid method. Antioxidant activity measured
by the phosphomolybdenum complex method also increased
significantly (p < 0.05) during S. megalanthus development, from
568.87 mg-100 g~ (S1) to 1,108.41 mg-100 g~ (S5) in the peel and
from 345.39 mg-100 g~' (S1) to 421.84 mg-100 g~ (S5) in the pulp.

This study reveals that S. megalanthus can be considered a fruit
with high antioxidant activity using the p-carotene/linoleic acid
method, as it exhibits a protective capacity above 70%!'242l, Addi-
tionally, using the phosphomolybdenum complex method, based
on molybdenum ion reduction to its oxidation statel*3], the fruit
demonstrates high antioxidant activity. The higher antioxidant
activity in the peel observed with both methods can be attributed in
part to the synthesis of betaxanthins, which, besides imparting the
characteristic yellow color of pitayas, have antioxidant propertiesl.

The micrographs obtained through Scanning Electron Microscopy
(SEM) provide visual insights into the structural modifications of the
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Table 3. Total phenolic compounds and antioxidant activity of dragon fruit S.
megalanthus throughout its development.

Stadium* S1 S2 S3 S4 S5 VC (%)
TPC (peel) 139.33e** 179.39d 211.39c 304.79b 334.80a 5.43
(mg GAE 100g7")
TPC (pulp) 101.07e 139.74d 178.88c 302.43b 347.63a 4.66
(mg GAE 100g7")
PC (peel) 568.87cb 459.68¢c 584.07cb 590.54b 1108.41a 14.52
(mg AA100g™")
PC (pulp) 345.39b 281.10c 290.83c 311.49ab 421.84a 841
(mg AA100g™")
[-car/LA (peel) 74.08b 77.39ab 77.20ab 80.64ab 83.15a 7.33

(% protection)

f-car/AL (pulp)
(% protection)

48.40d 71.92c 7877cb 80.79ba 87.05a 7.97

* Stadium: S1 - Immature 1; S2 - Immature 2; S3 - Mature green; S4 - Early
ripening; S5 - Ripe. ** Means followed by the same letters on the same line do not
differ from each other according to Tukey's test (p > 0.05), respectively. VC (%):
Variance coefficient.

Fig. 2 Micrographs of the cell wall of S. megalanthus peel at different
pitaya developmental stages. Stages: S1 - Immature 1; S2 - Immature 2;
S3 - Mature green; S4 - Early ripening; S5 - Ripe.

plant cell wall resulting from enzymatic degradation of the poly-
meric polysaccharide networks.

Enzymes such as f-gal, Cx, PME, and PG play central roles in
degrading cell wall components!'”], all of which showed activity
throughout the development of S. megalanthus (Table 4). f-gal plays
a critical role in cell wall biochemistry as a glycosidase, specifically
hydrolyzing sugars linked to galactose residues in polysaccharides,
hemicelluloses, and pectin(40l,

Cx contributes to tissue softening by breaking cellulose fibers,
enhancing fruit texture flexibility!*2l. Cx activity ranged from 0.01 to
0.068 U-g~! protein (p < 0.05), resulting in juicier and less fibrous
pitayas. The PME activity increased significantly throughout fruit
development, ranging from 0.0046 U-g~! protein (S1) to 0.0743 U-g™!
protein (S3).

PG exhibited the highest enzymatic activity among the analyzed
enzymes, increasing from 0.0294 U-g~' protein (S1) to 0.1551 U-g™!
protein (S4), then decreasing slightly in ripe fruit (0.1393 U.g™!
protein, S5). The S1 stage (Fig. 2a) showed well-defined and regular
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Table 4. Activity of cell wall-modifying enzymes in S. megalanthus fruit during
development.

Stadium S1 S2 S3 S4 S5 VC (%)
p-gal (U-g~" protein) 0.0015a 0.0008a 0.0011a 0.00142a 0.00085a 12.35
Cx (U-g7 protein)  0.0100b 0.0047b 0.0068b 0.0606ab 0.0923a 13.09
PME (U-g~" protein) 0.0046b 0.0096b 0.7466a 0.0300ab 0.0110b 11.46
PG (U-g7" protein)  0.0294c 0.0784b 0.0876b 0.1551a 0.1393a 15.92

* Stadium: S1 - Immature 1; S2 — Immature 2; S3 - Ripe green; S4 - Beginning of
ripening; S5 - Ripe. ** Means followed by the same letters on the same line do not
differ from each other according to Tukey's test (p > 0.05), respectively. VC (%):
Variance coefficient.

cell wall structures with a higher degree of integrity preservation
compared to later stages. As development progressed, irregularity
in cell shape and vacuole rupture intensified, culminating in signifi-
cant deformation and wrinkling in S5.

Pearson correlation analysis revealed significant relationships
between the physical, physicochemical, and biochemical variables
of S. megalanthus throughout its development (Supplementary
Tables S1-S3). Consistent with previous studies on red (Hylocereus
polyrhizus) and white-fleshed (Selenicereus undatus) dragon
fruitl620431 the results of this study reinforce the potential use of
external color as an indicator of fruit maturity and quality. A strong
correlation was observed between peel lightness (L*) and chroma
(C*), confirming that darker fruits exhibit more intense coloration.
Similarly, the transition to a ripe peel color (yellow) was associated
with an increase in soluble solids, pH, and yield, supporting the relia-
bility of external color parameters in assessing fruit ripeness. Unlike
Magalhaes et al.[*3], who found no significant correlations between
chroma in the scales and physicochemical properties, this study
identified a positive correlation between peel and pulp chroma,
emphasizing the close link between external and internal color
attributes during fruit development.

Beyond external color relationships, fruit mass showed a highly
significant correlation with longitudinal and transverse diameters,
suggesting proportional growth throughout development. The
strong correlation between fruit length, dimensions, and exocarp
diameter is consistent with previous findings in red-fleshed dragon
fruit*, where fruit length growth initially outpaced diameter
expansion, resulting in an oblong shape early in development
before transitioning to a more rounded form at full maturity. Addi-
tionally, a strong negative correlation between soluble solids and
titratable acidity highlighted the sugar-acid balance during ripen-
ing, reinforcing its role as a key quality parameter. Both longitudinal
and transverse diameters exhibited positive correlations with solu-
ble solids, suggesting that fruit enlargement is accompanied by
increased sugar accumulation, a finding that aligns with previous
reports on dragon fruit maturity indices.

This study extends previous research by integrating mineral
composition and enzymatic activity, revealing novel correlations
that help explain fruit development at a biochemical level. Positive
correlations between minerals such as calcium and magnesium and
enzymatic activities involved in cell wall modification suggest a
coordinated physiological process that influences both fruit struc-
ture and biochemical composition. In particular, polygalacturonase
(PG) activity showed a strong correlation with fruit size, indicating its
key role in cell wall remodeling and fruit expansion. Similarly, cellu-
lase activity correlated with potassium and copper, suggesting that
nutrient availability plays a role in textural modifications. These
physiological interactions were also reflected in the firmness
measurements performed for both pulp and peel fractions. These
findings highlight that fruit softening is not solely governed by
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sugar-acid dynamics but also by enzymatic regulation and mineral
interactions.

Additionally, it was found that total phenolic content (TPC) and
antioxidant activity were strongly correlated with fruit mass, sug-
gesting that larger fruits contain higher concentrations of bioactive
compounds. This is a significant finding, as it links fruit size not only
to yield potential but also to its functional and nutritional value, an
aspect not extensively discussed in previous studies. The observed
correlations between titratable acidity and fruit dimensions further
reinforce the idea that fruit maturation involves a well-regulated
interplay of physicochemical changes, supporting the use of exter-
nal parameters as reliable indicators of internal quality. Taken
together, these findings expand the understanding of S. megalan-
thus fruit development by providing a multidisciplinary perspective
that integrates physical, chemical, and biochemical processes. In
addition to its edible pulp, non-conventional parts of the fruit have
also shown potential for use in food products, supporting sustain-
ability and nutritional enhancement(#5,

It is important to note that environmental factors such as tem-
perature and humidity were not strictly controlled during fruit
development, as the study was conducted under field conditions.
In addition, seasonal variations may influence fruit composition
and quality traits. Therefore, the results presented here should be
interpreted within the context of these potential environmental
influences.

Conclusions

In summary, the biochemical and morphological changes
observed throughout the development of S. megalanthus fruits pro-
vide valuable information for optimizing harvest and postharvest
handling. Harvesting at the ripe stage (S5), characterized by uniform
yellow peel, high soluble solids, and reduced firmness, is recom-
mended to maximize sweetness and consumer acceptance for fresh
consumption. These findings can guide growers in selecting the
optimal harvest point and add value to yellow pitaya as an exotic
fruit. Future research should include sensory evaluation to directly
link fruit development to consumer preferences, as well as transcrip-
tomic studies to better understand the relationship between bio-
chemical changes and gene expression during ripening.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design: da Silva LGM, Carvalho EEN, de Barros
Vilas Boas EV; data collection: da Silva LGM, da Costa CAR; analysis
and interpretation of results: da Silva LGM, da Costa CAR, de Souza
LR, Santos IA, Lacerda VR, Carvalho EEN; draft manuscript prepara-
tion: da Silva LGM, de Abreu DJM, Pio LAS, Carvalho EEN. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

All data generated or analyzed during this study are included in
this published article and are available from the corresponding
author upon reasonable request.

Acknowledgments

The authors would like to thank the Electron Microscopy and
Ultrastructural Analysis Laboratory of the Federal University of
Lavras for technical support for experiments. This study was

da Silva et al. Technology in Horticulture 2025, 5: €030



Fruit development in Selenicereus megalanthus

financed in part by the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001.

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary information accompanies this paper at
(https://www.maxapress.com/article/doi/10.48130/tihort-0025-0026)

Dates

Received 10 March 2025; Revised 7 May 2025; Accepted 4 June
2025; Published online 8 August 2025

References

1. Valero D, Erazo-Lara A, Garcia-Pastor ME, Padilla-Gonzalez PA, Agullé V,
et al. 2025. Yellow pitahaya (Selenicereus megalanthus Haw.): the less
known of the pitahayas. Foods 14:202

2. Trindade AR, Paiva P, Lacerda V, Marques N, Neto L, et al. 2023. Pitaya as
a new alternative crop for lberian Peninsula: biology and edaphocli-
matic requirements. Plants 12:3212

3. Santos DN, Pio LAS, Faleiro FG. 2022. Pitaya: uma alternativa frutifera. 1
edition. EMBRAPA: Brasilia. (Accessed 6 Mar 2023). www.embrapa.br/
busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-
frutifera

4. Xie F, Chen C, Chen J, Yuan Y, Hua Q, et al. 2022. Metabolic profiling of
sugars and organic acids, and expression analyses of metabolism-asso-
ciated genes in two yellow-peel pitaya species. Plants 11:694

5. da Silva JP, Barbosa MLP, Vieira PHR, Rivera JGB, Moreira DR, et al. 2023.
Andlises fisicas, bromatoldgicas, fitoquimicas e toxicolégicas da Hylo-
cereus polyrhizus. Research, Society and Development 12:€83121244014

6. Zitha EZM, Magalhaes DS, do Lago RC, Carvalho EEN, Pasqual M, et al.
2022. Changes in the bioactive compounds and antioxidant activity in
red-fleshed dragon fruit during its development. Scientia Horticulturae
291:110611

7. Johnson R, Vishwakarma K, Hossen MS, Kumar V, Shackira AM, et al.
2022. Potassium in plants: growth regulation, signaling, and environ-
mental stress tolerance. Plant Physiology and Biochemistry 172:56—69

8. Li X LiB,GuS, Pang X, Mason P, et al. 2024. Single-cell and spatial RNA
sequencing reveal the spatiotemporal trajectories of fruit senescence.
Nature Communications 15:3108

9. AOAC. 2016. Official methods of analysis of the association of official
analytical chemistry international. 18 edition. Gaithersburg: Associa-
tion of Official Analytical Chemistry

10. Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25
years of image analysis. Nature Methods 9:671-75

11. Malavolta E, Vitti GC, de Oliveira SA. 1997. Avalia¢do do estado nutri-
cional das plantas: principios e aplicagées. (Accessed 27 Feb 2024).
https://repositorio.usp.br/item/001070906

12. do Socorro M Rufino M, Alves RE, de Brito ES, Pérez-Jiménez J, Saura-
Calixto F, et al. 2010. Bioactive compounds and antioxidant capacities of
18 non-traditional tropical fruits from Brazil. Food Chemistry
121:996-1002

13. Prieto P, Pineda M, Aguilar M. 1999. Spectrophotometric quantitation of
antioxidant capacity through the formation of a phosphomolybdenum
complex: specific application to the determination of vitamin E. Analyti-
cal Biochemistry 269:337—-41

14. Medina MB. 2011. Determination of the total phenolics in juices and
superfruits by a novel chemical method. Journal of Functional Foods
3:79-87

15. Bradford MM. 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. Analytical Biochemistry 72:248-54

16. Verma C, Singh RK, Singh RB, Mishra S. 2015. Biochemical and in-silico
studies on pectin methylesterase from G9 variety of Musa acuminata for
delayed ripening. The Open Biochemistry Journal 9:15—-23

da Silva et al. Technology in Horticulture 2025, 5: €030

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Technology in
Horticulture

Wang K, Li T, Chen S, Li Y, Rashid A. 2020. The biochemical and molecu-
lar mechanisms of softening inhibition by chitosan coating in straw-
berry fruit (Fragaria x ananassa) during cold storage. Scientia Horticul-
turae 271:109483

Carvalho do Lago R, Zitha EZM, de Oliveira ALM, de Abreu DJM,
Carvalho EEN, et al. 2023. Effect of coating with co-product-based
bionanocomposites on the quality of strawberries under refrigerated
storage. Scientia Horticulturae 309:111668

Lahbib K, Bnejdi F, Pandino G, Lombardo S, El-Gazzah M, et al. 2023.
Changes in yield-related traits, phytochemical composition, and antioxi-
dant activity of pepper (Capsicum annuum) depending on its variety,
fruit position, and ripening stage. Foods 12:3948

Magalhées DS, da Silva DM, Ramos JD, Salles Pio LA, Pasqual M, et al.
2019. Changes in the physical and physico-chemical characteristics of
red-pulp dragon fruit during its development. Scientia Horticulturae
253:180-86

Wanitchang J, Terdwongworakul A, Wanitchang P, Noypitak S. 2010.
Maturity sorting index of dragon fruit: Hylocereus polyrhizus. Journal of
Food Engineering 100:409—-16

Cedeno V, del Rocio S, Mendoza G, Valeria S, Garcia C, et al. 2019. Cali-
dad poscosecha de frutos de pitahaya (Hylocereus undatus Haw.) en tres
estados de madurez. Revista Espamciéncia 10:8—13

Britton NL, Rose JN. 1963. The Cactaceae: descriptions and illustrations
of plants of the cactus family. Washington: Carnegie Institution of
Washington. Volume 4. pp. 251-90. doi: 10.5962/bhl.title.46288
Arivalagan M, Karunakaran G, Roy TK, Dinsha M, Sindhu BC, et al. 2021.
Biochemical and nutritional characterization of dragon fruit (Hylo-
cereus species). Food Chemistry 353:129426

Sarra SR, de Souza Pirré LF, de Andrade Roméro M, Kawasaki JI. 2021.
llumina¢do com LEDS Para amadurecimento de peras apds a colheita/
LEDS lighting for pears ripening after harvesting. Brazilian Journal of
Development 7:40482—-500

Sanmiguel J, Andrade V, Vargas-Tierras Y, Samaniego |, Paredes-Arcos F,
et al. 2025. Physical-chemical characterization of fruit harvested at
different maturity stages of grafted yellow pitahaya (Selenicereus
megalanthus Haw.). Plants 14:178

Mendes Rabelo J, do Céu Monteiro da Cruz M, Sena CG, de Araujo
Pantoja L, dos Santos AS, et al. 2020. Potassium fertilization in the qual-
ity improvement and centesimal composition of pitaya. Emirates Jour-
nal of Food and Agriculture 32:658—65

Lacerda VR, Bastante CC, Machado ND, Vieites RL, Casas Cardoso L, et al.
2024. Supercritical extraction of betalains from the peel of different
pitaya species. Journal of the Science of Food and Agriculture
104:5513-21

Zhang H, Wang R, Wang T, Fang C, Wang J. 2019. Methyl salicylate
delays peel yellowing of 'Zaosu' pear (Pyrus bretschneideri) during stor-
age by regulating chlorophyll metabolism and maintaining chloroplast
ultrastructure. Journal of the Science of Food and Agriculture 99:4816—24
Mathiazhagan M, Chidambara B, Hunashikatti LR, Ravishankar KV. 2021.
Genomic approaches for improvement of tropical fruits: fruit quality,
shelf life and nutrient content. Genes 12:1881

llahy R, Tlili I, Siddiqui MW, Hdider C, Lenucci MS. 2019. Inside and
beyond color: comparative overview of functional quality of tomato and
watermelon fruits. Frontiers in Plant Science 10:769

Cajazeira JP, de Medeiros Corréa MC, Almeida EIB, Queiroz RF, Mesquita
RO. 2018. Growth and gas exchange in white pitaya under different
concentrations of potassium and calcium. Revista Ciéncia Agronémica
49:112-21

Serafim U. 2020. Perfil dos produtores e caracterizagéo de frutos de pitaia
vermelha produzidos no sul de minas gerais. Thesis. Universidade José do
Rosario Vellano, Alfenas

Weyh C, Kriiger K, Peeling P, Castell L. 2022. The role of minerals in the
optimal functioning of the immune system. Nutrients 14:644
Gharibzahedi SMT, Jafari SM. 2017. The importance of minerals in
human nutrition: bioavailability, food fortification, processing effects
and nanoencapsulation. Trends in Food Science & Technology 62:119-32
Avram OR, Caragea G, Varzaru CA. 2021. Copper and its role in the
human body - the importance of establishing copper concentrations in
the body. Romanian Journal of Military Medicine 124:254—60

Page 7 of 8


https://www.maxapress.com/article/doi/10.48130/tihort-0025-0026
https://www.maxapress.com/article/doi/10.48130/tihort-0025-0026
https://www.maxapress.com/article/doi/10.48130/tihort-0025-0026
https://www.maxapress.com/article/doi/10.48130/tihort-0025-0026
https://www.maxapress.com/article/doi/10.48130/tihort-0025-0026
https://doi.org/10.3390/foods14020202
https://doi.org/10.3390/plants12183212
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/1140650/pitaya-uma-alternativa-frutifera
https://doi.org/10.3390/plants11050694
https://doi.org/10.33448/rsd-v12i12.44014
https://doi.org/10.1016/j.scienta.2021.110611
https://doi.org/10.1016/j.plaphy.2022.01.001
https://doi.org/10.1038/s41467-024-47329-x
https://doi.org/10.1038/nmeth.2089
https://repositorio.usp.br/item/001070906
https://doi.org/10.1016/j.foodchem.2010.01.037
https://doi.org/10.1006/abio.1999.4019
https://doi.org/10.1006/abio.1999.4019
https://doi.org/10.1016/j.jff.2011.02.007
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.2174/1874091X01509010015
https://doi.org/10.1016/j.scienta.2020.109483
https://doi.org/10.1016/j.scienta.2020.109483
https://doi.org/10.1016/j.scienta.2020.109483
https://doi.org/10.1016/j.scienta.2022.111668
https://doi.org/10.3390/foods12213948
https://doi.org/10.1016/j.scienta.2019.04.050
https://doi.org/10.1016/j.jfoodeng.2010.04.025
https://doi.org/10.1016/j.jfoodeng.2010.04.025
https://doi.org/10.5962/bhl.title.46288
https://doi.org/10.1016/j.foodchem.2021.129426
https://doi.org/10.34117/bjdv7n4-486
https://doi.org/10.34117/bjdv7n4-486
https://doi.org/10.3390/plants14020178
https://doi.org/10.9755/ejfa.2020.v32.i9.2146
https://doi.org/10.9755/ejfa.2020.v32.i9.2146
https://doi.org/10.9755/ejfa.2020.v32.i9.2146
https://doi.org/10.1002/jsfa.13383
https://doi.org/10.1002/jsfa.9737
https://doi.org/10.3390/genes12121881
https://doi.org/10.3389/fpls.2019.00769
https://doi.org/10.5935/1806-6690.20180013
https://doi.org/10.3390/nu14030644
https://doi.org/10.1016/j.tifs.2017.02.017
https://doi.org/10.55453/rjmm.2021.124.2.20

Technology in
Horticulture

37.

38.

39.

40.

41.

42.

Avila DS, Puntel RL, Aschner M. 2013. Manganese in health and disease.
Metal lons in Life Sciences 13:199-227

Younas N, Fatima I, Ali Ahmad |, Ayyaz MK. 2023. Alleviation of zinc defi-
ciency in plants and humans through an effective technique; biofortifi-
cation: a detailed review. Acta Ecologica Sinica 43:419-25

de Miranda Monteiro G, Carvalho EEN, do Lago RC, da Silva LGM, de
Souza LR, et al. 2025. Compositional analysis of Baru (Dipteryx alata
Vogel) pulp highlighting its industrial potential. Food Research Interna-
tional 201:115548

da Costa CAR, do Nascimento SV, da Silva Valadares RB, da Silva LGM,
Machado GGL, et al. 2025. Proteome and metabolome of Annona crassi-
flora Mart. fruit and their interaction during development. Scientia Horti-
culturae 339:113809

Marcolino E, Salavarria D, da Silva LGM, Almeida A, Oliveira da Silva
FM, et al. 2024. Valorization of baobab seeds (Adansonia digitata) as a
coffee-like beverage: evaluation of roasting time on bioactive com-
pounds. Journal of Food Science and Technology 61:727-33

Gao J, Zhang Y, Li Z, Liu M. 2020. Role of ethylene response factors
(ERFs) in fruit ripening. Food Quality and Safety 4:15-20

Page 8 of 8

Fruit development in Selenicereus megalanthus

43. Magalhées DS, Ramos JD, Pio LAS, de Barros Vilas Boas EV, Pasqual M, et
al. 2019. Physical and physicochemical modifications of white-fleshed
pitaya throughout its development. Scientia Horticulturae 243:537—-43

44. Jamaludin NA, Ding P, Hamid AA. 2011. Physico-chemical and structural
changes of red-fleshed dragon fruit (Hylocereus polyrhizus) during fruit
development. Journal of the Science of Food and Agriculture 91:278—85

45, Batista GA, de Andrade Pereira M, Oliveira DCF, de Souza Miranda AL,
Bueno LO, et al. 2025. Use of pitaya (Selenicereus megalanthus) peel flour
as a functional ingredient in pirarucu (Arapaima gigas) fish Burgers from
the Brazilian Amazon. Observatdrio de la Economia Latinoamericana
23(4):9628

Copyright: © 2025 by the author(s). Published by
BY Maximum Academic Press, Fayetteville, GA. This article
is an open access article distributed under Creative Commons

Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

da Silva et al. Technology in Horticulture 2025, 5: €030


https://doi.org/10.1007/978-94-007-7500-8_7
https://doi.org/10.1016/j.chnaes.2022.07.008
https://doi.org/10.1016/j.foodres.2024.115548
https://doi.org/10.1016/j.foodres.2024.115548
https://doi.org/10.1016/j.foodres.2024.115548
https://doi.org/10.1016/j.scienta.2024.113809
https://doi.org/10.1016/j.scienta.2024.113809
https://doi.org/10.1016/j.scienta.2024.113809
https://doi.org/10.1007/s13197-023-05873-2
https://doi.org/10.1093/fqsafe/fyz042
https://doi.org/10.1016/j.scienta.2018.08.029
https://doi.org/10.1002/jsfa.4182
https://doi.org/10.55905/oelv23n4-124
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Experimental design
	Plant material
	Analyses
	Physical and physicochemical analyses
	Mineral profile
	Antioxidant activity and total phenolic compounds
	Cell wall enzyme activity
	Ultrastructural analysis

	Statistical analysis

	Results and discussion
	Conclusions
	Author contributions
	Data availability
	References

