
Citation: Shameena, S.; Lekshmi,

P.R.G.; Gopinath, P.P.; Gidagiri, P.;

Kanagarajan, S. Dynamic

Transformations in Fruit Color,

Bioactive Compounds, and Textural

Characteristics of Purple-Fleshed

Dragon Fruit (Hylocereus costaricensis)

Across Fruit Developmental Stages

Under Humid Tropical Climate.

Horticulturae 2024, 10, 1280.

https://doi.org/10.3390/

horticulturae10121280

Academic Editor: Hui Yuan

Received: 6 November 2024

Revised: 27 November 2024

Accepted: 29 November 2024

Published: 1 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Dynamic Transformations in Fruit Color, Bioactive Compounds,
and Textural Characteristics of Purple-Fleshed Dragon Fruit
(Hylocereus costaricensis) Across Fruit Developmental Stages
Under Humid Tropical Climate
Sajitha Shameena 1 , Prabhakaran Radhamma Geetha Lekshmi 1,*, Pratheesh Pradeep Gopinath 2 ,
Praveen Gidagiri 1 and Selvaraju Kanagarajan 3,4,*

1 Department of Postharvest Management, College of Agriculture, Kerala Agricultural University, Vellayani,
Thiruvananthapuram 695 522, India; shameena.s@kau.in (S.S.); praveen-2021-22-007@student.kau.in (P.G.)

2 Department of Agricultural Statistics, College of Agriculture, Kerala Agricultural University, Vellayani,
Thiruvananthapuram 695 522, India; pratheesh.pg@kau.in

3 Department of Plant Breeding, Swedish University of Agricultural Sciences, P.O. Box 190,
234 22 Lomma, Sweden

4 School of Science and Technology, The Life Science Centre, Orebro University, 702 81 Orebro, Sweden
* Correspondence: geetha.lekshmi@kau.in (P.R.G.L.); selvaraju.kanagarajan@slu.se (S.K.);

Tel.: +91-9446178477 (P.R.G.L.); +46-40415240 (S.K.)

Abstract: Purple-fleshed dragon fruit is gaining popularity worldwide due to its distinctive charac-
teristics and health benefits. This climbing cactus, introduced to humid tropical climates, presents
challenges in assessing fruit quality. The dynamic transformations in fruit color, bioactive compounds,
and textural attributes across 11 developmental stages from 10 to 32 days after flowering under humid
tropical conditions were studied. Color analysis revealed significant intensification of red-violet
hues, with L* values decreasing by 14.74% and a* values increasing from −8.14 to 32.96. The color
transformation is initiated in the pulp at 25 days and the peel at 27 days after flowering. Betalain
synthesis commenced after 20 days with rapid accumulation between 25 and 32 days, correlating
with color development. Antioxidant activity increased from 79.38% at 10 days to 86.76% at 20 days,
followed by a steady decline. Phenolic content peaked at 121.40 mg gallic acid equivalent per 100 g
at 25 days before declining, while the flavonoid content decreased with the advancement of fruit
development. Concurrent reduction in peel thickness and fruit firmness was also observed. These
findings show that purple-fleshed dragon fruit can adapt well to humid tropical conditions, with a
32-day developmental cycle, offering vital insights into quality and maturation phases.

Keywords: dragon fruit; fruit development; color values; hue angle; betalains; bioactive compounds;
firmness; peel characters

1. Introduction

Dragon fruit, popularly known as Pitaya, is a climbing cactus belonging to the Hy-
locereus genus of the Cactaceae family. This genus comprises 16 species, primarily distin-
guished by their peel and pulp colors. The four most cultivated species [1] are (i) Hylocereus
undatus (white-flesh with pink skin), (ii) Hylocereus polyrhizus (red-flesh with pink skin),
(iii) Hylocereus costaricensis (purple-flesh and pink skin) and (iv) Hylocereus (Selenicerus)
megalanthus (white-flesh with yellow skin) [2,3].

Dragon fruit is renowned for its anti-inflammatory, anti-spasmodic, and radioprotec-
tive effects [4] and antioxidant, anti-microbial, anti-cancer, and anti-diabetic activities [5].
This has led to growing global interest and expanding its cultivation into non-traditional
areas with suitable climatic conditions. Although native to Central Mexico and South Amer-
ica [6], it is now successfully cultivated in South Asian tropical countries, including the
Indian continent, which offers diverse agroclimatic conditions conducive to its growth [2].
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The fruit’s ability to adapt to various growing conditions and its high economic return
further contribute to its increasing popularity and economic value [7,8]. Among the various
colored pitaya fruits, the dark pink/purple-fleshed species (Hylocereus costaricensis) has
emerged as a particularly intriguing subject of study, owing to its attractive, vibrant color,
unique exotic appearance, refreshing taste, and promising content of bioactive compounds,
most notably betalains, which contribute to its distinctive coloration and antioxidant
properties [9].

As a non-climacteric fruit, dragon fruit poses challenges in determining optimal har-
vest timing, necessitating precise evaluation to ensure fruit quality, consumer acceptance,
and extended shelf life. The spectrum of color changes occurring in the fruit peel and
pulp during growth and maturation is a critical indicator of fruit development [10] and
is closely linked to consumer acceptance [11]. These visual cues are intricately associated
with the underlying biochemical transformations, particularly the accumulation of bioac-
tive compounds such as phenolics, flavonoids, and betalains. The metabolic profiles can
vary significantly among cultivars, underscoring the necessity for cultivar-specific data in
distinct climatic contexts [12]. Previous studies have emphasized the substantial impact
of edaphoclimatic conditions on dragon fruit development, highlighting the necessity of
region-specific investigations [13–16]. These findings underscore the importance of conduct-
ing region-specific investigations when introducing exotic crops into new environments to
ensure optimal fruit quality and market acceptance.

The purple-fleshed dragon fruit (Hylocereus costaricensis) is a relatively recent intro-
duction to humid tropical climates, where edaphoclimatic conditions potentially influence
the fruit’s developmental patterns, fruit and pulp color transition, bioactive compound
accumulation, and overall quality. A comprehensive investigation of these transformations
throughout the fruit’s development will provide crucial information on its nutritional
value, bioactive compounds, antioxidant capacity evolution, and color dynamics, which
are essential for determining optimal harvest maturity to maximize health benefits. The
betalain accumulation trajectory, closely linked to the fruit’s signature purple-red pulp
color, could serve as a visual maturity indicator.

Understanding the changes in bioactive compounds also supports the fruit’s potential
applications in functional foods and as a natural colorant source. Hence, this study aims
to comprehensively examine the dynamic changes in fruit and pulp color, bioactive com-
pounds, and fruit physical and textural attributes of purple-fleshed dragon fruit grown in
humid tropical climates. By tracking transformations from early fruit growth to full matu-
rity, we seek to provide insights into fruit maturation stages, potential quality indicators,
and adaptation to new environmental conditions.

2. Materials and Methods
2.1. Experimental Site

Fruits from three-year-old, purple-fleshed dragon fruit (Hylocereus costaricensis), planted
on a single-pole system (four plants per pole) at 10 × 9 feet spacing and which started
flowering 15 months after planting, were used for the study. The fruit species identification
was confirmed based on a comprehensive morphological characterization method [3,17].
The commercial orchard was located in the Thiruvananthapuram district of the Kerala
state, India, situated at 8◦39′18.5′′ N latitude, 76◦57′43.2′′ E longitude, and an altitude of
177 m above mean sea level. The climate of the site is humid tropical, with an average
annual rainfall of 1665 mm with 74–90% relative humidity. The yearly temperature ranged
from 24 ◦C to 31 ◦C, with 7–8 h of sunshine during the summer. The fruits were collected
and analyzed at various growth and development stages at 5 day intervals, starting from
10 days after flowering (DF) until 25 DF (10, 15, 20, 25 DF). After 25 DF, daily observations
were recorded (26, 27, 28, 29, 30, 31, and 32 DF) due to rapid changes in peel and pulp color
and other physico-chemical attributes. The experiment period was limited to 32 DF due to
the onset of fruit splitting. The flowers were labeled individually with metallic tags on the
day of flowering to track their developmental stages. The study was conducted from May
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2023 to June 2024. At each growth stage, the fruits were hand-harvested in the morning
at their respective growth stages, and fifteen fruits as replicates were used to analyze the
fruit characteristics.

2.2. Fruit Weight Estimation

Fruit weight was determined by weighing the individual fruits with a top pan elec-
tronic weighing balance (CyberlabTM, capacity 600 g, accuracy 0.01 g) and expressed in
gram [13].

2.3. Fruit and Pulp Color Estimation

The color of dragon fruit and pulp during the various maturation stages was quantified
using a Hunter-Lab Colorimeter (Lovibond, The Tintometer Group, Salisbury, UK). The
color was assessed based on the L*, a*, and b* parameters [18], and the color values were
expressed as CIE Lab* coordinates where L* denotes Lightness (scaled from 0 for black to
100 for white), a* represents redness (positive values indicate redness, while negative values
indicate greenness), and b* indicates yellowness (positive values indicate yellowness, while
negative values indicate blueness). Fruit color measurements were recorded in triplicate for
each fruit from the fruit’s middle section, excluding bracts, and averaged for accuracy. Pulp
color values were recorded from the middle of longitudinally cut halves of each fruit. The
determination of color intensity, chroma (C*), and hue angle (hue◦) were further computed
from CIE a*b* values. Chroma (C*) was calculated using the formula C* = (a2 + b2)½, and
hue angle (hue◦) that provides insights into color perception by consumers was calculated
using the formula hue◦ = tan1 (b/a) [19].

2.4. Betalain Estimation

The betalains content in dragon fruit samples was estimated using the spectropho-
tometric method [20]. The fruit sample (1 g) was homogenized with 10 mL of distilled
water, centrifuged, and the supernatant was diluted. The absorbance of the diluted aque-
ous extract was measured at 538 nm using a spectrophotometer. Total betalains content
was calculated using the formula: Total betalains content (mg betacyanin equivalent per
100 g−1 FW) = (A × 535 × 10 × DF × 1000)/(60,000 × 1 × 1) × 100, where A is the
absorbance at 538 nm, DF is the dilution factor, and 535 and 60,000 are the molecular weight
and molar extinction coefficient of betacyanin, respectively. Results were expressed as mg
betacyanin equivalents per 100 g (mg BE 100 g−1) fresh weight of dragon fruit.

2.5. Antioxidant Activity Estimation

The total antioxidant activity of the dragon fruit samples was assessed via a DPPH
(2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay [21]. Fruit samples were extracted
(1:10 w/v) in 80% methanol, and extract aliquots were reacted with DPPH solution (1:2
v/v). Absorbance measurements at 517 nm following 30 min dark incubation were used to
calculate the inhibition percentage.

2.6. Phenol Estimation

The dragon fruit sample (1 g) was extracted with 10 mL of 80% ethanol, followed by
centrifugation. The supernatant was collected, the residue was re-extracted with 5 mL of
80% ethanol, centrifuged again, and the resulting supernatants were combined. The pooled
supernatant was evaporated using a water bath. The dried residue was dissolved in 5 mL
of distilled water, and a 200 µL aliquot of this solution was used to estimate the total phenol
content using the Folin-Ciocalteau spectrophotometric method [22]. Absorbance was mea-
sured at 760 nm against a reagent blank. The phenol content was calculated by comparing
the sample’s absorbance with a standard curve plotted using varying concentrations of
gallic acid, and the results were expressed as mg of gallic acid equivalents (GAE) per gram
of fresh weight of the fruit sample (mg GAE 100 g−1).



Horticulturae 2024, 10, 1280 4 of 18

2.7. Flavonoid Estimation

The total flavonoid content of the dragon fruit pulp was determined using the alu-
minum chloride colorimetric method [23]. The dragon fruit sample was extracted as per
the procedure outlined for phenol estimation (Section 2.6). From the extracted solution,
200 µL aliquot was taken for analysis. The absorbance of the reaction mixture was mea-
sured at 510 nm against a blank using a spectrophotometer (Systronics (India) Ltd., Gujarat,
India). The flavonoid content was calculated by plotting a standard curve with absorbance
values from different concentrations of quercetin and were expressed as milligrams of
quercetin equivalent (mg QE) per 100 g of the fruit (mg QE 100 g−1).

2.8. Fruit Firmness and Pulp Firmness

The fruit and pulp firmness of individual fruits at different developmental stages were
evaluated using a texture analyzer (TA. HD plus, Stable Microsystems, Godalming, Surrey,
UK) as per the procedure outlined by American Society of Agricultural Engineers (ASAE)
Standards [24], with some modifications. A 2.5 mm stainless steel needle (P/2N) probe
was used to puncture the fruits, and the required pressure was measured and expressed in
kg cm−2. To determine fruit firmness, the whole fruit and pulp firmness and the fruit with-
out peel were analyzed at three equidistant points on the radial axis to ensure standardized
and precise firmness measurement across different stages of development.

2.9. Estimation of Fruit Peel Characteristics

Peel thickness and peel percentage were analyzed to determine the fruit peel char-
acteristics. Peel thickness was measured using a Vernier Caliper (Mitutoyo Corporation,
Kawasaki, Kanagawa, Japan 150 mm, resolution 0.02 mm) to record thickness in millime-
ters [13]. Measurements were taken at different growth and developmental stages to
capture changes in peel thickness over time. Peel percentage, representing the proportion
of peel weight relative to total fruit weight, was calculated as Peel (%) = (Peel weight/Fruit
weight) × 100 [13] to provide insights into the relative contribution of peel in the overall
fruit structure.

2.10. Statistical Analysis

The experiment employed a completely randomized design (CRD) with growth stages
(10, 15, 20, 25, 26, 27, 28, 29, 30, 31, and 32 days after flowering [DF]) as treatments, each
with 15 replications. Data were subjected to analysis of variance (ANOVA), and treatment
means were compared using Fisher’s Protected Least Significant Difference (LSD) test at
p < 0.05. Critical Difference (CD) values were calculated for pairwise comparisons between
treatment means. Linear relationships between measured parameters were evaluated using
Pearson correlation coefficients (r) at p < 0.05. All statistical analyses, including ANOVA
and correlation computations, were performed using R 4.4.2 version software with the
grapesAgri1 package [25].

3. Results
3.1. Fruit Weight

Fruit weight of purple-fleshed dragon fruit (Hylocereus costaricensis) exhibited signifi-
cant variations across different developmental stages from 10 to 32 days after flowering
(DF) (Table 1). The initial fruit weight at 10 DF was 167.51 g, which progressively in-
creased throughout the developmental period. A substantial increment in fruit weight was
observed between 20 and 25 DF, where the weight increased from 212.28 g to 255.30 g, rep-
resenting a 20.3% increase during this five-day interval. As evident from Table 1, the most
rapid phase of weight accumulation occurred between 25 and 27 DF, during which the fruit
weight increased from 255.30 g to 312.83 g, demonstrating a 22.5% increase in just two days.
After 27 DF, the rate of weight gain gradually decreased, although it continued to show
statistically significant differences between successive stages (p < 0.05). The progressive
weight gain reflected the fruit’s active growth phase, and the highest percentage increase
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observed between 25 and 27 DF indicated the critical stage of fruit development. The final
fruit weight recorded at 32 DF was 370.16 g, representing a total increase of 120.9% from
the initial weight at 10 DF.

Table 1. Changes in fruit and pulp color in purple-fleshed dragon fruit during fruit maturation.

DF
Fruit Weight

(g)

Fruit Color Pulp Color

L* a* b* C* L* a* b* C*

10 167.51 ± 6.70 k 42.46 ± 1.22 d −8.14 ± 0.73 g 15.76 ± 1.03 ab 17.74 ± 0.88 ef 92.85 ± 0.72 b 1.20 ± 0.12 g 13.19 ± 0.73 b 13.24 ± 0.88 f

15 185.47 ± 8.84 j 42.92 ± 1.14 cd −7.5 ± 0.74 fg 15.89 ± 1.14 ab 17.57 ± 0.58 ef 96.04 ± 0.74 a 2.09 ± 0.31 f 19.46 ± 0.74 a 19.57 ± 0.74 e

20 212.28 ± 8.15 i 43.75 ± 1.34 c −7.87 ± 0.68 fg 15.22 ± 1.34 a 17.13 ± 0.73 fg 57.83 ± 0.68 c 3.46 ± 0.35 e 2.39 ± 0.68 c 4.21 ± 0.35 d

25 255.30 ± 7.72 h 45.86 ± 1.20 b −8.11 ± 0.30 f 16.03 ± 1.18 b 17.96 ± 0.74 e 40.78 ± 0.62 d 15.89 ± 0.58 d −6.6 ± 0.63 g 17.21 ± 0.73 c

26 283.32 ± 3.66 g 48.00 ± 1.18 a −8.56 ± 0.58 f 14.46 ± 1.20 c 16.80 ± 0.58 g 27.00 ± 0.58 e 26.63 ± 0.73 c −7.72 ± 0.74 h 27.73 ± 0.58 b

27 312.83 ± 4.17 f 39.19 ± 1.02 e 10.41 ± 0.65 e 11.57 ± 1.02 d 15.56 ± 0.88 h 22.53 ± 0.66 f 27.01 ± 0.88 c −5.47 ± 0.65 f 27.56 ± 1.08 b

28 335.76 ± 3.78 e 37.73 ± 1.03 f 20.05 ± 0.74 d 7.79 ± 0.72 e 21.51 ± 0.74 d 22.44 ± 0.58 f 29.43 ± 1.32 b −5.44 ± 1.08 f 29.93 ± 1.32 a

29 348.23 ± 4.46 d 37.59 ± 1.10 f 25.08 ± 1.08 c 7.65 ± 0.64 e 26.22 ± 1.08 c 21.75 ± 0.62 g 29.64 ± 1.08 a −4.43 ± 1.37 e 29.97 ± 1.33 a

30 357.17 ± 9.16 c 37.43 ± 1.32 f 29.16 ± 1.32 b 6.93 ± 0.68 f 29.97 ± 1.32 b 21.30 ± 0.68 g 30.19 ± 0.74 ab −4.37 ± 0.58 e 30.50 ± 1.52 a

31 363.61 ± 8.35 b 37.14 ± 1.35 a 32.83 ± 1.37 a 4.65 ± 0.63 g 33.16 ± 1.52 a 20.19 ± 0.74 h 30.10 ± 1.52 ab −4.47 ± 1.32 e 30.43 ± 0.74 a

32 370.16 ± 7.58 a 36.20 ± 1.10 a 32.96 ± 1.06 a 4.42 ± 0.48 g 33.26 ± 0.74 a 20.25 ± 0.72 h 30.08 ± 1.42 ab −2.8 ± 0.64 d 30.21 ± 1.42 a

SE (±m) 1.78 0.31 0.24 0.26 0.24 0.17 0.24 0.24 0.38
CD (0.05) 4.98 0.86 0.66 0.71 0.67 0.48 0.68 0.66 0.75

Different letters in the column for each parameter denote significant differences among treatments at p < 0.05, as
per the Least Significant Difference (LSD) test.

3.2. Fruit Color

The color parameters of H. costaricensis fruit demonstrated a complex transformation
during fruit development (Table 1). The L* value, a metric quantifying light reflectance,
provides insight into color tones, with higher values indicating lighter shades and lower
values representing darker tones. In this study, the fruit’s L* values exhibited a non-linear
progression: an initial increase from 42.46 at 10 DF to a peak of 48.00 at 26 DF, followed
by a progressive decline to 36.20 at 32 DF (Table 1). The reduction in L* values starting at
27 DF marked the onset of pigmentation and transition of color from green (light shades)
to red (darker shades) (Figure 1). Further reduction in L* value during later developmental
stages reflected the progression of pigmentation.
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The a* values, which reflect the shift from green (negative) to red (positive) values,
significantly increased throughout fruit growth and maturation stages. The a* values
increased from −8.14 at 10 DF to 32.96 at 32 DF (Table 1), and a notable transition from
negative to positive occurred between 26 DF (−8.56) and 27 DF (10.41), indicating the critical
point when the fruit color shifted from green to red. This red pigmentation continued to
intensify until maturity. In contrast, the b* values of the fruit, which indicate the transition
from yellow (+) to blue (−), exhibited a decreasing trend from 15.76 at 10 DF to 4.42 at 32 DF.
Meanwhile, the chroma values representing color intensity and purity increased from 17.74
at 10 DF to 33.26 at 32 DF (Table 1), indicating greater intensity and purity of the color as
the fruit matured. The comprehensive analysis of the above fruit color parameters revealed
a progressive reduction in light reflection, the transition from green to red coloration, and
a shift from yellow to blue tones, with the first appearance of color on the fruit occurring
at 27 DF (Figure 1), followed by progression of pigmentation, intensification of color,
and the emergence of a purplish-red hue, providing a visual representation of the fruit’s
maturation trajectory.

3.3. Pulp Color

The assessment of pulp color parameters in purple-fleshed dragon fruit illustrated
a progressive change from creamy white to purple during fruit growth and maturation.
The L* value of the pulp exhibited a substantial decline, decreasing from 92.85 at 10 days
after flowering (DF) to 20.25 at 32 DF (Table 1). A marked reduction in pulp L* values was
evident between 15 and 25 DF, signifying a loss of luminosity during the fruit’s maturation
phase, with the purple color becoming distinctly visible at 25 DF, as depicted in Figure 1.

In contrast to L* values, the a* values, representing the intensity of redness, exhibited
a significant increase, rising from 1.2 at 10 DF to 30.08 at 32 DF (Table 1), indicating a
pronounced intensification of red coloration during maturation. The most substantial
relative change in a* values, coupled with the sharp reduction in L* values, occurred
between 20 and 25 DF. This period represented a critical point marking the transition from
whiteness to redness in the fruit pulp (Figure 1).

The b* values representing yellowness demonstrated a declining trend throughout
the maturation process. The values were initially positive up to 20 DF (2.39) and became
negative at 25 DF (−6.60) (Table 1), reflecting a shift from yellow to darker tones. Addition-
ally, the C* values, which indicate color intensity, increased from 17.74 at 10 DF to 30.21 at
32 DF (Table 1). This reflected the intensification and progression of pulp pigmentation.
The hue angle (hue◦), which indicates the color’s position on a 360◦ color wheel, also
displayed remarkable changes, with hue◦ decreasing consistently throughout the growth
and maturation stages.

The comprehensive analysis of pulp color parameters illustrated a progressive chro-
matic transformation from creamy white to purple, characterized by a substantial decline
in lightness, significant intensification of redness, a shift from yellow to blue tones, and a
consistent reduction in hue angle. This revealed the complex color evolution during fruit
maturation from 10 to 32 days of flowering, with the first visible appearance of purple color
at 25 DF (Figure 1).

Overall, the analysis of fruit and pulp color parameters (L*, a*, b*, C*, and hue◦)
indicated a clear transition in color characteristics. There was a noticeable decrease in L*
(luminosity), b* (yellowness), and hue◦ values, alongside an increase in a* (redness) and C*
(color intensity) values. This transition demonstrated the evolution of the fruit’s color from
green to a purplish-red hue and the transition of pulp color from creamy white to purple
during the maturation stages. Importantly, the color changes in the pulp were observed
earlier than in the fruit, occurring at 25 DF compared to 27 DF for the fruit (Figure 1).

3.4. Betalain

The betalains synthesis and accumulation in purple-fleshed dragon fruit revealed a
distinct developmental pattern throughout fruit maturation (Table 2). During the early
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stages of fruit development (10–20 DF), the betalains content was undetectable. The ini-
tial betalains synthesis was observed at 25 DF (0.86 mg BE 100 g−1), and the highest
accumulation occurred between 25 and 26 DF, where levels rose from 0.86 to 5.08 mg BE
100 g−1. This rapid accumulation continued with an 85.43% increase from 26 to 27 DF
(9.41 mg BE 100 g−1), followed by a 34.58% increase from 28 DF (10.56 mg BE 100 g−1) to
29 DF (14.21 mg BE 100 g−1), and a final 7.31% increase to reach peak content at 30 DF
(15.25 BE 100 g−1). After reaching this maximum, a slight decline of 8.46% was observed
in the final stages (31–32 DF), with values stabilizing around 14 mg BE 100 g−1 (14.12 and
13.96 mg BE 100 g−1, respectively). This progressive accumulation of betalains was accom-
panied by visible changes in pulp coloration, transitioning from creamy white to purple,
reflecting the fruit’s maturation (Figure 1). The period between 25 DF and 30 DF repre-
sented the critical phase of pigment synthesis in H. costaricensis, characterized by intense
betalains buildup that reflected the fruit’s maturation process. Statistical analysis revealed
significant differences (p < 0.05) between developmental stages, except for measurements
at 31 and 32 DF.

Table 2. Changes in fruit weight, betalains, and total phenol and flavonoids in purple-fleshed dragon
fruit during fruit maturation.

DF Betalains
(mg BE 100 g−1)

Antioxidant Activity
(%)

Total Phenol
(mg GAE 100 g−1)

Total Flavonoids
(mg QE 100 g−1)

10 0 79.38 ± 1.77 d 116.95 ± 1.58 c 85.07 ± 3.33 a

15 0 84.45 ± 1.14 b 120.13 ± 0.93 b 84.82 ± 3.83 a

20 0 86.76 ± 1.20 a 111.48 ± 1.16 d 83.28 ± 3.20 ab

25 0.86 ± 0.12 g 82.75 ± 1.68 c 121.40 ± 1.18 a 81.48 ± 3.30 b

26 5.08 ± 0.31 f 76.36 ± 1.63 e 94.98 ± 0.83 e 57.89 ± 4.86 c

27 9.42 ± 0.32 e 70.28 ± 0.99 f 93.40 ± 1.52 f 53.79 ± 4.26 d

28 10.56 ± 0.30 d 69.49 ± 1.84 f 88.68 ± 0.93 g 52.25 ± 4.71 d

29 14.21 ± 0.37 b 69.26 ± 1.10 f 86.32 ± 0.79 h 52.00 ± 4.02 d

30 15.25 ± 0.30 a 62.30 ± 1.31 g 82.31 ± 0.81 i 51.23 ± 3.48 d

31 14.12 ± 0.26 bc 53.99 ± 1.90 h 78.72 ± 1.09 j 45.84 ± 4.93 e

32 13.96 ± 0.28 c 50.83 ± 1.37 i 72.71 ± 0.09 k 39.43 ± 3.90 f

SE (±m) 0.06 0.38 0.29 1.04
CD (0.05) 0.18 1.07 0.80 2.91

Different letters in the column for each parameter denote significant differences among treatments with a standard
deviation of p < 0.05, as per the Least Significant Difference (LSD).

3.5. Antioxidant Activity

Antioxidant activity, measured by DPPH radical scavenging, demonstrated a bell-
shaped pattern with an initial increase from 79.38% at 10 DF to 86.76% at 20 DF, followed
by a steady decline through the later stages of fruit development. (Table 2). The maximum
free radical scavenging activity recorded at 20 DF represented an optimal point in fruit
development for antioxidant capacity. The most pronounced decrease occurred between
25 and 26 DF, where values dropped from 76.36 to 70.28%. The activity stabilized tem-
porarily between 27 and 29 DF, maintaining values between 69 and 70%, before continuing
to decline. By 32 DF, the antioxidant activity had reached its lowest point at 50.83%, rep-
resenting a 41.4% reduction from the peak value observed at 20 DF. Statistical analysis
revealed significant differences (p < 0.05) between developmental stages, except during the
stabilization period of 27–29 DF.

3.6. Phenol

Total phenolic compounds in purple-fleshed dragon fruit exhibited a biphasic distribu-
tion pattern during fruit development (Table 2). The initial phenol content was substantial
at 10 DF (116.95 ± 1.58 mg GAE 100 g−1), which fluctuated during early development
before attaining its maximum concentration at 25 DF (121.40 mg GAE 100 g−1). Notably,
two distinct phases were observed: an early accumulation phase (10–25 DF) characterized
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by elevated phenolic levels above 110 mg GAE 100 g−1 and a subsequent reduction phase
(26–32 DF). The transition point occurred at 26 DF, where phenolic content decreased
sharply by 21.8% to 94.98 mg GAE 100 g−1. This marked the beginning of a systematic
reduction in phenolic compounds throughout the remaining developmental period. The
rate of decline was particularly evident between 26 and 28 DF, where levels decreased from
94.98 to 88.68 mg GAE 100 g−1. By the final developmental stage (32 DF), the phenolic
content had diminished to 72.71 mg GAE 100 g−1, representing a 40.1% reduction from the
peak value at 25 DF.

3.7. Flavonoid

Analysis of total flavonoid content in purple-fleshed dragon fruit revealed a distinc-
tive pattern during fruit development. The flavonoid levels were highest during early
developmental stages (85.07 mg QE 100 g−1 at 10 DF) and maintained relatively stable
concentrations until 25 DF (81.48 mg QE 100 g−1), followed by a sharp decline of 28.95%
between 25 and 26 DF, decreasing to 57.89 mg QE 100 g−1. Subsequently, flavonoid content
decreased gradually, stabilizing between 27 and 30 DF (ranging from 53.79 to 51.23 mg QE
100 g−1). The final developmental stages (31–32 DF) showed a further reduction, reaching
the lowest concentration of 39.43 mg QE 100 g−1 at 32 DF, representing a total decrease of
53.65% from initial levels (Table 2).

3.8. Fruit and Pulp Firmness

The firmness of the fruit and pulp revealed distinct patterns during development.
Fruit firmness exhibited a bi-phasic trend, initially increasing from 2.09 kg cm−2 at 10 DF to
a peak at 3.98 kg cm−2 at 20 DF, followed by a progressive decline. A sharp decrease was
observed between 28 and 29 DF, where firmness dropped to 0.54 kg cm−2, remaining stable
until 31 DF, and decreased without significance to 0.45 at 32 DF (Table 3). In contrast, pulp
firmness showed a consistent declining pattern throughout the development, decreasing
from 1.16 kg cm−2 at 10 DF to 0.17 kg cm−2 at 32 DF, representing a reduction of 85.34% in
firmness (Table 3).

Table 3. Changes in fruit and pulp firmness, peel thickness, and peel percentage in purple-fleshed
dragon fruit during fruit maturation.

DF Fruit Firmness
(kg cm−2)

Pulp Firmness
(kg cm−2)

Fruit Peel
Thickness (mm)

Peel Percentage
(%)

10 2.09 ± 0.10 d 1.16 ± 0.012 a 7.30 ± 0.03 a 68.42 ± 2.93 a

15 3.88 ± 0.10 b 0.98 ± 0.010 b 6.40 ± 0.03 b 67.01 ± 3.54 a

20 3.98 ± 0.09 a 0.97 ± 0.011 c 6.30 ± 0.03 bc 63.01 ± 2.82 b

25 3.37 ± 0.06 c 0.69 ± 0.009 d 6.20 ± 0.03 bc 60.01 ± 2.98 c

26 3.37 ± 0.06 e 0.54 ± 0.010 e 6.0 ± 0.07 c 52.21 ± 1.34 d

27 3.37 ± 0.06 f 0.29 ± 0.005 f 5.20 ± 0.03 d 46.73 ± 2.07 e

28 3.37 ± 0.06 g 0.26 ± 0.006 g 4.00 ± 0.03 e 36.20 ± 2.0 f

29 0.54 ± 0.05 h 0.25 ± 0.006 h 3.50 ± 0.03 f 28.20 ± 2.17 g

30 0.54 ± 0.05 h 0.24 ± 0.005 i 3.00 ± 0.05 g 26.20 ± 1.89 h

31 0.54 ± 0.05 h 0.20 ± 0.005 j 2.50 ± 0.04 h 23.22 ± 2.47 i

32 0.45 ± 0.10 h 0.17 ± 0.009 k 2.20 ± 0.04 i 18.18 ± 2.10 j

SE (±m) 0.017 0.002 0.010 0.636
CD (0.05) 0.049 0.006 0.028 1.778

Different letters in the column for each parameter denote significant differences among treatments with a standard
deviation of p < 0.05, as per the Least Significant Difference (LSD) test.

3.9. Fruit Peel Characteristics

The peel thickness and peel percentage of the purple-fleshed dragon fruit decreased
significantly throughout fruit development. The peel thickness reduced from 7.30 mm
at 10 DF to 2.20 mm at 32 DF, while the peel percentage reduced from 68.42% to 18.18%
during the same period (Table 3). These changes represent total reductions of 69.86%
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in peel thickness and 73.43% in peel percentage. The most substantial decrease in both
measurements occurred between 28 DF and 29 DF, which coincides with the fruit’s full-color
development stage, indicating a key maturation period.

3.10. Correlation Analysis

The correlation analysis of fruit quality parameters in purple-fleshed dragon fruit using
the Pearson correlation coefficient (Figure 2) illustrates a complex interplay of physical
and chemical characteristics during fruit development. Among the 171 simple correlations
analyzed, 155 parameters were significant at the p ≤ 0.05 significance level. Based on the
degree of intensity of the correlations, 73.01% of the analyzed correlations were strong
to very strong, 22.81% were of average intensity, and 4.06% were low intensity. These
results emphasize the reliability of the present findings and suggest that the fruit quality
parameters studied are highly interrelated with complex relationships among the variables.
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Figure 2. Correlation coefficients (r) and the probability levels of fruit and pulp color parameters
(L*, a*, b* C* and hue◦), fruit and pulp firmness, peel thickness, peel percentage betalains, fruit
weight, phenol, and flavonoids of purple-fleshed dragon fruit during fruit maturation at p ≤ 0.05
significance level.

Days after flowering (DF) emerged as a crucial factor, strongly correlating with mul-
tiple parameters: it has strong positive correlations with fruit weight (0.962 ***), peel
a* values (0.78 **), pulp a* values (0.937 ***), and betalains (0.897 **), while negatively cor-
relating with pulp L* values (−0.964 ***), pulp firmness (−0.954 ***), and peel percentage
(−0.879 ***). This indicates that as the fruit matures, it gains weight, develops color (es-
pecially in the red spectrum), becomes softer, and accumulates pigments. Peel and pulp
color parameters (L*, a*, b*, C*, hue◦) correlate strongly with other fruit characteristics.
The strong correlation between peel a* values and betalains (0.954 ***) provides a potential
non-destructive method for estimating bioactive compound content.
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The fruit and pulp firmness showed a strong correlation (0.853 ***) and were negatively
correlated with DF, indicating consistent softening throughout ripening. Peel thickness
and peel percentage strongly correlated (0.987 ***); both decreased with DF, suggesting
peel thinning during maturation. Notably, betalains, phenols, and flavonoids exhibited
strong correlations with each other and various physical parameters, with betalains strongly
correlating with DF (0.897 **) and fruit weight (0.978 ***). These findings have significant
implications for planning the harvest maturity and quality assessment. The strong correla-
tions between easily measurable physical characteristics (such as color and firmness) and
chemical composition suggest potential for developing quick, non-destructive methods for
assessing fruit maturity and quality.

4. Discussion

Assessment of the fruit development in purple-fleshed dragon fruit revealed a 32-day
development stage, with fruit exhibiting a steady increase in fruit weight from 167.51 g
at 10 days after flowering (DF) to a peak of 370.16 g by 32 DF, marking a 121% in-
crease (Figure 3A). This substantial growth trajectory aligns with studies on both red-
fleshed [13,16] and white-fleshed dragon fruit types [26], suggesting a common develop-
mental trend across different cultivars. Several physiological processes contribute to this
growth pattern, with early stages characterized by cell differentiation and enlargement [27],
accompanied by the accumulation of water, sugars, and other solutes, significantly con-
tributing to fruit weight gain [28]. While the general pattern is consistent across dragon
fruit species, cultivar-specific variations exist due to genetic differences [29]. The present
study recorded the highest percentage increase in fruit weight (39.89%) between 25 DF and
30 DF, representing a critical developmental stage unique to purple-fleshed dragon fruit.
This interplay between genetic factors and humid tropical climatic conditions underscores
the complex nature of fruit development in purple-fleshed dragon fruit, highlighting the
need for cultivar-specific management practices to optimize fruit quality and yield.
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Figure 3. Changes in (A) Fruit weight, (B) Betalains, (C) Antioxidant activity, (D) Phenol, and
(E) Flavonoids in purple-fleshed dragon fruit during fruit maturation.

The color parameters of purple-fleshed dragon fruit undergo significant changes
during maturation, reflecting complex physiological processes. Initially, the fruit L* value
increased from 42.46 at 10 DF to a peak of 48.00 at 26 DF (Figure 4A), indicating a brighter,
lighter color in the early stages. However, it subsequently decreased to 36.20 by 32 DF as
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pigmentation intensified. This reduction in L* during later stages marked the development
of the fruit’s characteristic purplish-red color. The observed transition from green to red-
violet hues, characterized by decreasing L* values, aligns with findings in red [13] and white
pitaya [30], where similar reductions in L* values correspond with increasing pigmentation
during fruit maturation. This pattern demonstrates the consistent relationship between L*
value changes and fruit ripening across pitaya varieties.
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Concurrently, the fruit a* values increased substantially from −8.14 at 10 DF to 32.96
at 32 DF, with a notable transition from green to red occurring between 26 DF (−8.56)
and 27 DF (10.41) (Figure 4B), signaling the onset and progressive intensification of red
pigmentation until full maturity. Similar trends in a* values based on the degree of maturity
were observed in red [26] and white-fleshed [31] dragon fruit. Simultaneously, the b* values
steadily declined from 15.76 at 10 DF to 4.42 at 32 DF (Figure 4C), indicating reduced yellow
pigmentation during maturation. This aligns with the findings by Ortiz and Takahashi [31]
in white-fleshed dragon fruit and by Lata et al. [30] in red-fleshed dragon fruit grown under
humid tropical climatic conditions. Meanwhile, Magalhaes et al. [16] observed similar
declining trends with variations in maturation timings. These consistent changes in b*
values throughout fruit growth and maturation are linked to the degradation of chlorophyll
and carotenoid pigments [32] and the formation of betalains [14,33].

The chroma values (C*) of purple-fleshed dragon fruit increased from 17.74 at 10 DF
to 33.26 at 32 DF (Figure 4D), denoting an increase in color intensity throughout the
maturation stages. The observed increase in C* values aligns with the findings of Ortiz and
Takahashi [31] and Magalhaes et al. [16], who observed a linear increase in C* values in H.
undatus. These results underscore the steady pattern of increasing color intensity during
the maturation stages of dragon fruit.

The analysis of fruit pulp color parameters in purple-fleshed dragon fruit also revealed
a progressive change in the pulp color during maturation. The pulp L* values decreased
significantly throughout the development stages, ranging from 92.85 at 10 days after
flowering (DF) to 20.25 at 32 DF, with a marked reduction between 15 and 25 DF (Figure 5A).
In red pitaya, this reduction happened between 25 and 30 DF (Phebe et al. [15]). The
decrease in L* values reflects increased pulp pigmentation due to the interconversion
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of pigments [13,16]. In this study, seed maturation also played a crucial role in pulp
color development (Figure 1), and the development of seeds contributed to reduced pulp
L* values [34]. As the seed color became darker in the purple-fleshed dragon fruit, the pulp
L* values decreased, revealing a significant relationship between the onset of pigmentation
and seed maturation. The fruit pulp pigmentation initially began around the seeds at 25 DF,
following the complete blackening of the seeds. This sequence of pulp color development
about seed maturation aligns with the findings by Jamaludin et al. [26] in H. polyrhizus.
Overall, these results suggest that the development of pulp color in dragon fruit is closely
linked to seed maturation and pigment interconversion, highlighting notable variations
across different species and stages of fruit development.
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The a* values of the purple-fleshed dragon fruit pulp showed a substantial increase
from 1.2 at 10 days after flowering (DF) to 30.08 at 32 DF, indicating an intensification
of coloration as the fruit matured. The most pronounced changes in a* values occurred
between 20 and 25 DF (Figure 5B) and coincided with a sharp decrease in L* values. This
shift reflects a loss of whiteness and a progression of redness in the pulp, consistent with
findings in red-fleshed dragon fruits, which exhibit substantial variations in a* values based
on the degree of maturity [26]. Likewise, Ortiz and Takahashi [31] documented a steady
increase in a* values for white-fleshed dragon fruit. Collectively, these collective findings
reinforce that the pattern of color development varies among different dragon fruit species
and growing conditions.

The pulp b* values exhibited a decreasing trend (Figure 5C), aligning with observations
by Singh et al. [13] in red-fleshed dragon fruit grown under Indian semi-arid conditions.
Furthermore, the pulp color intensity values (C*) exhibited significant fluctuations with
quadratic behavior (Figure 5D). The C* values increased from 17.74 at 10 DF to 19.57 at
20 DF, then decreased to 4.21 at 25 DF before rising again to 30.21 at 32 DF (Table 1). This
pattern of an initial decrease followed by an increase in pulp C* values of purple-fleshed
dragon fruit grown under humid tropical conditions was in agreement with the findings of
Singh et al. [13] in red-fleshed dragon fruit grown in semi-arid conditions. Similar trends
were reported by Jamaludin et al. [26] in red-fleshed dragon fruits in Malaysia across seven
growth and development stages. In the current study, the highest perceptible change
in color intensity and purity (C* values) was observed at 25 DF, indicating the onset of
pulp pigmentation. The fruit pulp attained full purplish-red color 28 days after flowering
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(Figure 1). This observation was consistent with the findings of Phebe et al. [15] in red
dragon fruit, further confirming that the timing of color intensity expression can vary
depending on species and growing conditions.

The hue◦ values of the fruit decreased significantly, dropping below 30◦ at 28 DF and
reaching 8◦ at 32 DF (Figure 5E). Ortiz and Takahashi [31] documented a similar reduc-
tion in hue◦ for white-fleshed dragon fruit, which decreased from 118◦ at 21 DF to 10◦ at
32 DF in Brazil. The reduction in the hue◦ observed in the purplish-red dragon fruit
in the current study suggests a color transition from green to red during fruit develop-
ment, which corroborates observations by Jamaludin et al. [26] in red dragon fruit and by
Magalhaes et al. [16] in white-fleshed dragon fruit. The decreasing hue◦ values, as the fruit
color shifts from green to red, signify physiological maturity, with mature fruits typically
exhibiting hue◦ values below 30◦ [31,35]. In this study, the hue angle of purplish-red dragon
fruit reached below 30◦ at 28 DF, indicating the readiness for harvest maturity. The intensity
of red fruit color and days after flowering is a key indicator of maturity and fruit quality in
dragon fruit [11]. A study conducted by Van To et al. [36] in Vietnam confirmed that fruits
with a hue◦ equal to or less than 30◦ were suitable for marketing, further emphasizing the
importance of hue◦ as a maturity and quality indicator for dragon fruit.

Overall analysis of fruit and pulp color parameters (L*, a*, b*, C*, and hue◦) of
purplish red dragon fruit demonstrated a clear transition from green to a purplish-red
hue throughout the fruit growth and development stages. This color transformation from
lighter and less intense colors to darker and more intense colors during fruit maturation is
in agreement with the findings of Ortiz and Takahashi [31] in white-fleshed dragon fruit
and by Singh et al. [13] in red-fleshed dragon fruit. The change in fruit color of H. undatus
occurred between 28 and 30 DF under Vietnam conditions [26], while under Mexican
climatic conditions, it occurred at 25 DF [37] and between 28 and 29 DF in Brazil [31].
In red-fleshed fruits grown in a humid tropical climate, color change was observed at
26 DF [30]. In Malaysia, this change occurred at 25 DF [26] and between 26 and 27 DF [15],
while it was observed later at 30 DF [13] under semi-arid conditions. In the present study,
however, the onset of pigmentation occurred at 27 DF, with color intensity and purity
steadily increasing until the end of the evaluation period of 32 DF.

Notably, the color changes in the fruit and pulp of purple-fleshed dragon fruits were
not synchronized; pigmentation appeared earlier in the pulp (at 25 DF) than in the fruit
(at 27 DF) (Figure 1). Although the onset of pigmentation varied, a similar report of
asynchronous color development in the fruit and pulp was observed in red-fleshed dragon
fruit [13]. These patterns of color change emphasize the significant impact of climatic
factors on the maturation timeline of dragon fruit across different regions.

The color development in dragon fruit is closely linked to the synthesis of betalains [38]
and the fading of green color due to a marked decrease in chlorophyll [33]. In purple-fleshed
dragon fruit, the betalain synthesis was initiated at 25 DF with minimal content (0.86 mg BE
100 g−1). The most substantial increase in betalain accumulation occurred between 25 and
26 DF (Figure 3B), with a remarkable 490.70% increase. This accumulation trend continued
throughout the maturation phase till 30 DF, after which it decreased slightly. This rapid
accumulation of betalains coincided with the visible transition in pulp color, particularly
between 25 DF and 30 (Figure 1). This trend is consistent with the linear increase in betalain
content during growth stages, as reported by Singh et al. [13] and Zitha et al. [32] in H.
polyrhizus. It corroborates the findings of Junior et al. [33] in H. undatus. The absence of
betalains in the early stages (10–20 DF) further supports the notion that betalains synthesis
occurs later during fruit development. The slight decline in betalain content (8.46%) after
30 DF suggests a stabilization phase in its biosynthesis, which contrasts with previous stud-
ies and may be due to cultivar-specific or environmental influences [12]. This underscores
the importance of growing conditions on betalain accumulation and color intensity during
fruit maturation. This unique pattern highlighted the regulation of betalain biosynthesis
and its relationship with color development in both the fruit peel and pulp, as well as other
aspects of maturation in purple-fleshed dragon fruit.
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The decline in antioxidant activity, measured by DPPH radical scavenging activ-
ity from 86.76% to 50.97% during fruit development, reveals a complex pattern of an-
tioxidant metabolism. The observed antioxidant activity pattern aligns with studies by
Zitha et al. [32] and is further contextualized by recent biochemical investigations. Arivala-
gan et al. [20] highlighted the dynamic nature of biochemical transformations in the Hylo-
cereus species, demonstrating that antioxidant capacity is a function of complex metabolic
processes during fruit development. The peak antioxidant activity at 20 days after flowering
(86.76%) (Figure 3C) represents a critical phase of metabolic optimization. Singh et al. [13]
corroborated this observation in red-fleshed dragon fruit, noting significant physiochemical
changes during fruit development. These transformations suggest a nuanced interplay of
biochemical mechanisms that influence antioxidant properties. The substantial reduction
in radical scavenging activity, particularly the sharp decline between 25 and 26 days after
flowering, indicates significant biochemical transitions such as metabolic reprogramming,
alterations in enzymatic activities, and transformations in secondary metabolite compo-
sition. The temporary stabilization of antioxidant activity between 27 and 29 days after
flowering suggests a potential adaptive metabolic response during fruit development, a
phenomenon observed across various fruit species. By 32 days after flowering, the 41.4%
reduction in antioxidant capacity underscores the dynamic nature of fruit biochemistry.
This pattern highlights the critical window for harvesting to preserve optimal nutritional
quality, as emphasized by Jiang et al. [6]. The statistically significant variations between
developmental stages emphasize the complex biochemical transitions occurring during
fruit maturation, with potential implications for fruit physiology, defense mechanisms, and
nutritional value.

The total phenolic content in the purple-fleshed dragon fruit flesh exhibited a more
complex, non-linear pattern with notable fluctuations throughout development. Initially,
the phenolic content increased from 116.95 mg GAE 100 g−1 at 10 DF to 121.40 mg GAE
100 g−1 at 25 DF and then decreased to 72.71 mg GAE 100 g−1 at 32 DF, representing
a 35.15% decrease (Figure 3D). This versatile pattern suggests that the biosynthesis and
accumulation of phenolic compounds, which contribute to the fruit’s antioxidant capacity
and color, are tightly regulated by multiple factors during fruit development. The initial
increase in phenolic content may be attributed to the fruit’s defense mechanism against
oxidative stress during early growth stages. At the same time, the subsequent decrease
could result from either dilution effects as the fruit increases in size or the conversion of
phenolics into other metabolites. This pattern of phenolic compounds peaking before full
maturity and then declining towards the over-maturation phase in the present study is
supported by Kahkonen et al. [39]. However, Zitha et al. [32] reported a continuous increase
in total phenolic content with fruit development, contrasting with the present study, which
highlights the role of environmental factors in influencing phenolic biosynthesis. These
fluctuations underscore the intricate nature of phenolic accumulation and the versatile
patterns of secondary metabolite production in purple-fleshed dragon fruit grown in
humid tropical climates, where environmental conditions significantly influence the fruit’s
biochemical pathways.

Similarly, the flavonoid content of the purple-fleshed dragon fruit revealed a complex
developmental pattern characterized by high initial concentrations followed by a systematic
decline throughout fruit maturation. Maintaining high flavonoid levels (85.07 to 81.48 mg
QE 100 g−1) during early development (10–25 DF) suggests an active phase of flavonoid
biosynthesis during initial fruit growth. However, the sharp decline (28.95%) observed
between 25 and 26 DF (Figure 3E) represents a critical transition point in fruit development,
signaling a significant shift in the secondary metabolite profile. The subsequent gradual
decrease and stabilization of flavonoid levels between 27 and 30 DF (53.79 to 51.23 mg QE
100 g−1), followed by a further reduction to 39.43 mg QE 100 g−1 at 32 DF, coincided with
other developmental events. This decline could be attributed to the conversion of flavonoids
into other metabolites or a reduction in biosynthesis as the fruit shifts its resources towards
other compounds, like sugars, during the later stages of development [17,18].
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Fruit firmness is a critical determinant of palatability, acceptability, and commercial
acceptance of most fruits and vegetables. The decline in the firmness of fruit and pulp
and peel thickness affects eating quality and post-harvest shelf life. In purple-fleshed
dragon fruit, the fruit firmness is initially increased up to 20 days after flowering (DF).
Before decreasing consistently until the full-color development stage (29 DF) (Figure 6A),
with no further significant changes in firmness. The initial increase in the fruit’s firmness
could be due to the active growth phase, which involves the proliferation of fruit cells [40].
In contrast to fruit firmness, pulp firmness decreased steadily throughout development,
dropping from 1.159 kg cm−2 at 10 DF to 0.169 kg cm−2 at 32 DF (Figure 6B), with the fruit
becoming much softer by the end of the evaluation period (32 DF). Firmness stabilization
was observed around 29 DF (Figure 6B), suggesting optimal maturity. Studies on white-
fleshed dragon fruits grown in Thailand found firmness stabilization at 33 days [41], while
under Malaysian conditions, it occurred at 28 days [14] and 40 DF for red-fleshed dragon
fruit grown under semi-arid climate [13]. This decrease in firmness is often associated
with the increased levels of water-soluble pectin resulting from the breakdown of pectin
components and cell wall degradation caused by hydrolytic enzymes [42].
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Peel characteristics, such as thickness and peel percentage, are important factors
in determining harvest maturity and post-harvest shelf life. Maintaining optimal peel
characteristics is vital for preserving the marketability, shelf life, and overall quality of
dragon fruits [35]. In this study, on purple-fleshed dragon fruit, as the fruit matured
and developed color, there was a corresponding reduction in peel thickness and percent-
age. Peel thickness significantly reduced from 0.73 mm at 10 DF to 0.22 mm at 32 DF
(Figure 6C), while peel percentage decreased from 68.42% (10 DF) to 18.18% (32 DF)
(Figure 6D). The most substantial decrease in both peel content and peel thickness occurred
between 28 DF and 29 DF, aligning with the stage of full-color development. Analogous
patterns have been reported in white-fleshed and red-fleshed dragon fruit studies [14,31,33].
Magalhaes et al. [16] reported that skin thickness decreased linearly with maturation, with
a maximum thickness of 9.15 mm obtained at 28 days after flowering and a reduction
to 2.96 mm at 48 days in white-fleshed dragon fruit. Similarly, Ortiz and Takahashi [31]
observed a decrease in skin thickness from 10.6 mm at 21 days to 1.17 mm at 32 days after
flowering. Junior et al. [33] noted a reduction in peel thickness from 11.14 (7 DF) to 3.44 mm
(42 days) with advancing ripeness in H. undatus, whereas, in red-fleshed dragon fruit,
Singh et al. [13] reported a declining trend in peel thickness from 20 DF until 45 DF.
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The correlation revealed valuable perspectives into the fruit development process,
depicting a clear picture of the ripening progression. The data suggests a highly coordinated
process where changes in physical characteristics are closely linked to biochemical changes.
The strong correlations between color parameters in both the peel and pulp indicate
synchronized changes in pigmentation throughout the fruit. The physical attributes were
found to correlate with increased redness [13]. The consistent negative correlations between
firmness and DF and positive correlations with peel thickness indicated a softening of
the fruit and thinning of the peel during ripening, likely reflecting cell wall breakdown
and water loss. The accumulation of betalains, phenols, and flavonoids during ripening
indicated increased antioxidant capacity and potential health benefits as the fruit matures.
Significantly, the strong correlations between easily measurable parameters (like color
or firmness) and chemical composition suggest that these physical traits can be reliable
indicators of fruit maturity and quality [43].

5. Conclusions

This comprehensive study on the developmental processes of purple-fleshed dragon
fruit (Hylocereus costaricensis) development in humid tropical conditions is the first line
of work to understand the developmental mechanism, pigment accumulation patterns,
and bioactive compound synthesis. The research identified a critical rapid growth phase
between 25 and 32 days after flowering, characterized by significant changes in color,
biochemical, and physical attributes. The study highlighted asynchronous color transitions
between fruit and pulp, with the pulp exhibiting an earlier color shift at 25 days after
flowering, followed by the fruit peel at 27 days after flowering. The pulp color transitioned
from creamy white to purplish-red, while the fruit peel shifted from green to purplish-red
hues, coinciding with the rapid accumulation of betalains. Fruit development from 10 to
32 days after flowering recorded a 121% total increase in fruit weight and a marked decrease
in peel thickness (69.86%), peel percentage (73.43%), pulp firmness (85.34%), and fruit
firmness (78.47%). A reduction in antioxidant activity (37.97%), phenolic content (37.83%),
and flavonoids (53.65%) were also recorded with the advancement of fruit development.
The correlation analysis between color transitions, synthesis of bioactive compounds, and
other fruit characteristics revealed that these parameters are interconnected and serve as
valuable indicators of fruit maturity and quality, emphasizing the multifaceted nature of
dragon fruit maturation.

Interestingly, the developmental timeline of this species in humid tropical climates
was shorter compared to red-fleshed varieties grown in semi-arid conditions. The identified
key fruit developmental stages, color changes, and bioactive compound profiles highlight
the complex interplay between various physiological processes during dragon fruit de-
velopment and underscore the species’ adaptation to humid tropical climatic conditions.
These findings will be crucial for addressing fruit management, quality, and harvesting of
purple-fleshed dragon fruit grown in humid tropical locations worldwide.
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