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Abstract

Understanding the coordinated regulation of growth and metabolism during fruit de-
velopment is essential for improving crop quality and harvest management. This study
investigated changes in morphological traits, endogenous phytohormones, soluble sug-
ars, anthocyanins, and water-soluble vitamins in eggplant (Solanum melongena L.) fruit
from 3 to 15 days after anthesis (DAA). Fruit length, diameter, and fresh weight increased
significantly, with fresh weight increasing 16.6-fold. Cellular analysis showed that fruit
enlargement was driven predominantly by cell expansion. Total soluble sugars increased
2.8-fold, with glucose and fructose as the predominant sugars. Delphinidin-based antho-
cyanins increased sharply during mid-development (9–12 DAA) and then declined slightly,
whereas water-soluble vitamins decreased progressively. Based on integrated data, fruit
development was classified into three phases: early (3 DAA, initiation and defense), mid
(6–9 DAA, rapid growth and pigmentation), and late (12–15 DAA, functional maturation).
Notably, 15 DAA was identified as a critical candidate stage with maximum sugar content,
high anthocyanin levels, and completed seed development, suggesting its utility as a poten-
tial indicator of optimal harvest timing under the present conditions. These results provide
an integrated understanding of developmental and metabolic processes in eggplant fruit
and offer practical insights for optimizing harvest strategies.

Keywords: anthocyanins; eggplant; fruit development; harvest maturity; soluble sugars

1. Introduction
Eggplant (Solanum melongena L.) is one of the most widely cultivated vegetable crops

within the Solanaceae and ranks among the most important horticultural commodities
worldwide [1]. The species exhibits remarkable phenotypic diversity in fruit shape, size,
and skin color, encompassing elongated, oval, and cylindrical forms with purple, white,
and green pigmentation [2,3]. In Korea, elongated cultivars with dark purple skin are
predominantly grown for fresh-market consumption.

Eggplant fruits are characterized by low caloric content and high nutritional and func-
tional value. They contain abundant phenolic compounds, flavonoids, and anthocyanins,
which contribute substantially to antioxidant capacity and anti-inflammatory activity [4–6].
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Chlorogenic acid is the predominant phenolic acid in eggplant flesh, whereas delphinidin-
derived anthocyanins, including nasunin and delphinidin-3-rutinoside, are responsible for
the characteristic purple coloration of the peel and represent major determinants of fruit
antioxidant potential [2,4,7–9]. The concentration and composition of these compounds are
strongly influenced by genotype and environmental conditions and change dynamically
during fruit ontogeny [10].

In addition to secondary metabolites, eggplant fruit contains substantial amounts of
mineral nutrients, particularly potassium, calcium, and magnesium, as well as soluble
sugars and vitamins that contribute to both flavor and nutritional quality [11]. Soluble
sugars, including sucrose, glucose, and fructose, function not only as primary carbon
and energy sources but also as essential regulators of osmotic adjustment and cell expan-
sion. During early fruit development, sucrose unloading and cleavage are highly active,
whereas the subsequent accumulation of hexoses accompanies rapid fruit enlargement
and maturation, thereby influencing sweetness and consumer acceptability [12,13]. These
metabolic transitions are tightly coordinated with hormonal signaling and developmental
regulation [14,15]. Recent metabolomic studies have identified over 500 primary metabo-
lites and 170 phenolic acids in eggplant fruit, highlighting the complexity of the metabolic
network underlying fruit quality [16].

Eggplant fruits are typically harvested at the immature stage before complete seed
maturation, generally within 10 to 40 days after anthesis (DAA) depending on cultivar and
growing conditions [17,18]. Fruit development proceeds through two major phases: an
initial stage dominated by intensive cell division, followed by a prolonged period of cell
expansion [19,20]. The duration and intensity of these processes largely determine final
fruit size and shape. Morphological traits such as fruit length and diameter are practical
indicators of these developmental events and are closely associated with the progression of
seed formation.

Developing seeds serve as major sources of endogenous auxins and gibberellins that
stimulate pericarp growth and fruit enlargement [21,22]. Recent transcriptomic analyses
have identified phytohormone-related genes, including SmARF1, as well as SUN, YABBY,
and OVATE family genes, which are potentially involved in early fruit development and
shape regulation in eggplant [23]. Accordingly, seed number is frequently positively
correlated with fruit size and shape attributes [24,25]. At the hormonal level, indole-3-
acetic acid (IAA), gibberellins (GAs), and cytokinins promote cell division and early fruit
growth, whereas abscisic acid (ABA), jasmonates (JAs), and salicylic acid (SA) play central
roles in maturation, stress responses, and quality regulation [26]. These phytohormones
operate within highly integrated signaling networks that are closely linked to carbohydrate
metabolism and secondary metabolite biosynthesis, thereby coordinating fruit development
and quality formation.

Environmental factors, including temperature, light intensity, and plant water status,
exert profound effects on pollen viability, fertilization, and fruit set and consequently
influence seed development and fruit enlargement [27]. These factors also modulate
the accumulation of anthocyanins, soluble sugars, and vitamins, generating substantial
variation in fruit quality even within a single cultivar [10]. Although previous studies have
examined fruit morphology, hormone dynamics, and individual quality components, most
have addressed these traits in isolation. Consequently, comprehensive studies integrating
morphological development with phytohormonal and biochemical changes throughout the
entire fruit developmental process remain limited. In particular, the relationships between
early developmental events and subsequent metabolic transitions are still not systematically
characterized in eggplant.
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Therefore, the present study was conducted to characterize stage-specific changes in
fruit morphology after anthesis and to simultaneously quantify endogenous phytohor-
mones, soluble sugars, anthocyanins, and water-soluble vitamins during eggplant fruit
development. By integrating morphological, physiological, and biochemical analyses, this
study aimed to elucidate the coordinated mechanisms underlying fruit growth and quality
formation and to provide fundamental information for determining optimal harvest timing
and improving fruit quality in eggplant.

2. Materials and Methods
2.1. Plant Materials and Growing Conditions

An eggplant (Solanum melongena L.) cultivar, ‘Otoking’ (Sakata Seed Corporation,
Yokohama, Japan), was used in this study. Seeds were sown in 40-cell plug trays filled
with a commercial horticultural substrate and grown for approximately 40 d. Uniform
seedlings with three to four fully expanded true leaves were selected for transplant-
ing. Seedlings were transplanted into cocopeat growbags (fiber 80% and coir dust 20%;
100 cm × 17 cm × 11 cm; 20 L per bag; Klasmann-Deilmann, Klasmann-Deilmann GmbH,
Geeste, Germany.) at a plant spacing of 30 cm. The experiment was conducted from
2 March to 20 September 2024 in a glasshouse located at the Smart Farm Innovation Valley
in Miryang. During the cultivation period, air temperature and relative humidity were
maintained at 26 ± 2 ◦C and 80 ± 5%, respectively. Plants were grown under natural solar
radiation, and environmental conditions were automatically regulated using an integrated
climate-control system (MAGMAPLUS-1000; Green CS Co., Ltd., Damyang, Republic of
Korea). Plants were trained to two stems and managed according to standard greenhouse
eggplant production practices recommended by the Rural Development Administration
(RDA) [28]. Pruning, pest and disease management, and irrigation scheduling were per-
formed uniformly throughout the experiment. A modified Yamazaki standard nutrient
solution for fruit vegetables was supplied through a drip irrigation system [29]. The elec-
trical conductivity (EC) of the nutrient solution was maintained at 2.5 dS·m−1, and the
pH of the root-zone solution was adjusted to 5.5–6.0. To account for spatial variation
within the glasshouse, three cultivation rows were selected. In each row, five plants were
randomly tagged at anthesis (0 DAA) to track fruit age, with one plant assigned to each
of the five sampling time points (3, 6, 9, 12, and 15 DAA). Thus, a total of fifteen plants
were tagged across the three rows. The cultivar ‘Otoking’ is facultatively parthenocarpic;
under our glasshouse conditions, natural pollination occurred, resulting in the presence of
morphologically normal seeds.

2.2. Measurement of Morphological and Physical Characteristics During Fruit Development

To evaluate stage-specific changes in fruit morphology and physical characteristics,
at each sampling time point (3, 6, 9, 12, and 15 DAA), one fruit was harvested from
each of the three rows (one fruit per row), yielding three fruits per DAA. Thus, each
biological replicate (n = 3) represents one fruit from a distinct row. Exact fruit position was
not recorded; however, fruits were sampled randomly from uniformly pruned two-stem
plants, minimizing systematic positional bias, and any remaining positional variation was
distributed across all replicates and stages. Measured variables included fruit length, fruit
diameter, fresh weight, and fruit firmness. Fruit length was defined as the linear distance
from the calyx base to the distal end of the fruit, whereas fruit diameter was measured as the
maximum transverse diameter at the equatorial region. Fruit dimensions were determined
using a digital caliper (DC150P; Bluetec, Jinhua, China), and fresh weight was recorded
immediately after harvest using an electronic balance. Fruit firmness was measured at the
equatorial region using a fruit firmness tester (Model FR-5120; Lutron Electronic Enterprise
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Co., Ltd., Taipei, Taiwan) equipped with a cylindrical probe 5 mm in diameter. The probe
was inserted to a depth of 5 mm at a constant speed. Three measurements were obtained
from each fruit, and the mean value was used for statistical analysis.

2.3. Histological Analysis and Cell Area Determination

For histological analysis, pericarp tissue samples (approximately 5 × 5 × 5 mm;
l×b×h) were excised from the equatorial region of fruits harvested at 3, 6, 9, 12, and
15 DAA. Samples were fixed in FAA solution consisting of 50% (v/v) ethanol, 10% (v/v)
formalin, and 5% (v/v) acetic acid and stored at room temperature until further processing.
Fixed tissues were dehydrated through a graded ethanol series, embedded in paraffin
wax, and sectioned to a thickness of 10 µm using a rotary microtome (Leica Biosystems,
Deer Park, IL, USA). Sections were double-stained with 1% safranin and 0.5% fast green to
distinguish cellular structures. Stained sections were observed under a bright-field optical
microscope (BX53; Olympus Corporation, Tokyo, Japan), and digital images were analyzed
using ImageJ (version 1.54t; National Institutes of Health, Bethesda, MD, USA). For each
developmental stage and biological replicate, at least five non-overlapping microscopic
fields were analyzed, and a minimum of 30 cells per field were measured to determine mean
cell area. Mean cell area was determined by quantitative image analysis. To evaluate the
degree of cell packing and structural organization in the fruit pericarp during development,
cell density (cells·mm−2) was estimated from mean cell area values. Following standard
plant tissue histomorphometry principles, density was calculated as the reciprocal of mean
cell area with a unit conversion factor [30]:

Cell density =
1, 000, 000

Mean cell area
(1)

where mean cell area is expressed in µm2, and 1,000,000 converts µm2 to mm2

(1 mm2 = 1,000,000 µm2).

2.4. Seed Trait Analysis

Fruits harvested at 3, 6, 9, 12, and 15 DAA were used for seed trait analysis. After
morphological measurements were completed, fruits were cut longitudinally and seeds
were manually separated from the surrounding pericarp tissue. The seeds were thoroughly
rinsed with distilled water to remove adhering pulp and dried at room temperature for
24 h before analysis. The seeds were counted and weighed; however, their viability or
developmental status (true vs. vestigial) was not assessed. Seed number per fruit was
determined by directly counting all seeds in each fruit. At each developmental stage, three
fruits were analyzed from the tagged plants described in Section 2.1 (one fruit per row,
n = 3 biological replicates). The mean number of seeds per fruit was calculated for each
sampling stage. Thousand-seed weight (TSW) was determined according to standard
seed testing procedures. From each replicate, 100 dried seeds were randomly selected and
weighed using an analytical balance (Ohaus Corporation, Parsippany, NJ, USA) with a
readability of 0.0001 g. This procedure was repeated three times per replicate, and the mean
weight of 100 seeds was multiplied by 10 to obtain TSW, expressed in grams.

2.5. Quantification of Hormones

To quantify endogenous hormones, fruit samples were collected at 3, 6, 9, 12, and
15 DAA. For hormone analysis, the whole pericarp tissues (both peel and flesh) were
freeze-dried and ground to a fine powder. Subsamples (50 mg dry weight) were used
for hormone extraction. Samples were transferred to 2.0 mL microcentrifuge tubes and
extracted with 1.0 mL of 80% (v/v) methanol containing 1% (v/v) acetic acid and 0.1% (w/v)
butylated hydroxytoluene (BHT). The mixture was shaken for 2 h at 4 ◦C and centrifuged
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at 15,000× g for 20 min. The supernatant was collected and filtered through a 0.22 µm
polytetrafluoroethylene (PTFE) syringe filter before analysis. Hormones were quantified
using a high-performance liquid chromatography (HPLC) system (1260 Series; Agilent
Technologies, Santa Clara, CA, USA). Separation was performed on an Eclipse Plus C18
column (4.6 × 50 mm, 3.5 µm; Agilent Technologies, Santa Clara, CA, USA) maintained
at 30 ◦C. The mobile phase consisted of solvent A [water containing 0.1% (v/v) formic
acid] and solvent B [acetonitrile containing 0.1% (v/v) formic acid]. Elution was carried
out using a gradient program at a flow rate of 0.5 mL·min−1, and the injection volume
was 10 µL. Detection was performed using a diode array detector (DAD) at 254 nm for
IAA, 280 nm for SA, and 210 nm for ABA, JA, and GAs. The hormones analyzed included
abscisic acid (ABA), gibberellic acid (GA3 and GA7), indole-3-acetic acid (IAA), jasmonic
acid (JA), salicylic acid (SA), and cytokinins (CKs). Authentic standards for all hormones
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Quantification was performed
using external calibration curves prepared from authentic standards over a concentration
range of 0.1–1000 ng·mL−1, all of which exhibited excellent linearity (R2 ≥ 0.998). The limits
of detection (LOD) and limits of quantification (LOQ) were estimated at signal-to-noise
ratios of 3 and 10, respectively. Hormones not detected under the analytical conditions
used were reported as not detected. All analyses were conducted in triplicate, and results
were expressed as mean ± standard error (SE).

2.6. Soluble Sugar Analysis

For soluble sugar analysis, the whole pericarp including both peel and flesh was used.
Fruit samples were collected at each developmental stage, freeze-dried, and ground to a fine
powder. Approximately 0.5 g of powdered tissue was transferred to a 15 mL polypropylene
tube, and 10 mL of distilled water was added. Samples were vortexed for 5 min and then
incubated in a water bath at 80–90 ◦C for 30 min with intermittent shaking. After cooling to
room temperature, extracts were centrifuged at 3000× g for 10 min at 4 ◦C. The supernatant
was collected and filtered through a 0.22 µm syringe filter. When necessary, samples
were diluted appropriately before analysis. Soluble sugars were quantified using an ion
chromatography system (ICS-6000; Thermo Fisher Scientific, Waltham, MA, USA) equipped
with pulsed amperometric detection (PAD). Sugars were separated on a Dionex CarboPac
PA1 analytical column (4 × 250 mm) with a corresponding guard column (4 × 50 mm).
The column temperature was maintained at 30 ◦C, and the injection volume was 5 µL.
The mobile phase consisted of solvent A (ultrapure water) and solvent B (200 mM sodium
hydroxide), delivered at a flow rate of 1.0 mL·min−1. The elution program maintained an
A:B ratio of 50:50 from 0 to 17 min, followed by a transition to 0:100 from 17.5 to 25 min.
Glucose, fructose, and sucrose were identified and quantified using external calibration
curves generated from authentic standards. Authentic standards for glucose, fructose, and
sucrose (≥99% purity) were obtained from Thermo Fisher Scientific (Waltham, MA, USA).
Sugar concentrations were expressed as milligrams per gram dry weight (mg·g−1 DW). All
analyses were performed with three biological replicates.

2.7. Anthocyanin Analysis

For anthocyanin determination, only the fruit peel was manually separated from the
flesh using a scalpel. Fruit samples were collected at 3, 6, 9, 12, and 15 DAA, immediately
freeze-dried, and ground to a homogeneous powder. Anthocyanins were extracted using a
methanol:water:acetic acid mixture (50:50:0.5, v/v/v). The residue was re-extracted twice
with the same solvent, and the combined supernatants were pooled before analysis to en-
sure exhaustive extraction. After centrifugation, the supernatant was diluted with acidified
methanol and filtered through a 0.22 µm PTFE syringe filter. Anthocyanins were separated

https://doi.org/10.3390/horticulturae12080926

https://doi.org/10.3390/horticulturae12080926


Horticulturae 2026, 12, 926 6 of 20

and quantified using an HPLC system (1260 Series; Agilent Technologies, Santa Clara,
CA, USA) equipped with a Synergi Max-RP column (2.0 × 150 mm, 4 µm; Phenomenex,
Torrance, CA, USA). The mobile phase consisted of solvent A (5% formic acid in water) and
solvent B (methanol). Gradient elution was performed at a flow rate of 0.3 mL·min−1 with
an injection volume of 5 µL. Compound identification and confirmation were further con-
ducted using tandem mass spectrometry (API 4000 triple quadrupole; SCIEX, Framingham,
MA, USA) equipped with an electrospray ionization (ESI) source operating in positive ion
mode using multiple reaction monitoring (MRM) of characteristic transitions. Quantifi-
cation was based on external calibration curves prepared with delphinidin-3-glucoside
chloride and delphinidin-3-rutinoside chloride (purity ≥98%; InterPharm, Ness Ziona,
Israel). The LOD and LOQ for each anthocyanin were determined at signal-to-noise ratios
of 3 and 10, respectively. Anthocyanin concentrations were expressed as milligrams per
kilogram dry weight (mg·kg−1 DW). All analyses were performed in triplicate.

2.8. Water-Soluble Vitamin Analysis

Fruit samples were collected at 3, 6, 9, 12, and 15 DAA, immediately freeze-dried,
and finely ground. For extraction, 20 mg of freeze-dried powder was mixed with 1 mL of
methanol:water (50:50, v/v) containing 10 mM ammonium acetate and 0.1% (w/v) BHT.
Samples were vortexed for 10 min, sonicated for 10 min using 100 W and 42 kHz at room
temperature, and centrifuged at 3000× g for 5 min at 4 ◦C. The supernatant was filtered
through a 0.45 µm PTFE syringe filter prior to analysis. Water-soluble vitamins were
quantified using an LC–MS/MS system consisting of a 1290 Infinity II liquid chromato-
graph coupled to a 6470 triple quadrupole mass spectrometer (Agilent Technologies, Santa
Clara, CA, USA). Target analytes included thiamine (vitamin B1), riboflavin (vitamin B2),
pantothenic acid (vitamin B5), pyridoxine (vitamin B6), nicotinamide, and ascorbic acid
(vitamin C). Detection was performed in positive ion mode using multiple reaction moni-
toring (MRM) of specific precursor-to-product ion transitions for each vitamin. Authentic
standards for all vitamins were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Quantification was performed using external calibration curves prepared from authentic
standards over a concentration range of 0.5–1000 ng·mL−1. The LOD and LOQ were deter-
mined at signal-to-noise ratios of 3 and 10, respectively; compounds with concentrations
below the LOQ were reported as ‘<LOQ’, and compounds with no detectable signal were
reported as ‘not detected’. All analyses were conducted using three biological replicates.

2.9. Statistical Analysis

Univariate statistical analyses were performed using SAS software (version 9.4; SAS
Institute Inc., Cary, NC, USA). Data presented in figures are expressed as means ± standard
errors (SE), whereas data presented in tables are expressed as means ± standard deviations
(SD), based on three biological replicates. Differences among developmental stages in fruit
morphology, histological characteristics, seed traits, phytohormone concentrations, soluble
sugars, anthocyanins, and water-soluble vitamins were evaluated using one-way analysis
of variance (ANOVA). Residual normality and homogeneity of variance were assessed
using the Shapiro–Wilk and Levene’s tests, respectively. When developmental-stage effects
were significant at p < 0.05, means were separated using Duncan’s multiple range test at
the 5% significance level.

Multivariate analyses were performed using R software R software (version 4.5.3)
via RStudio (version 2026.05.0; R Foundation for Statistical Computing, Vienna, Austria)
based on developmental-stage means for 22 variables measured at 3, 6, 9, 12, and 15 days
after anthesis (DAA). Before analysis, all variables were standardized to z-scores to ac-
count for differences in measurement units and numerical scales. Principal component
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analysis (PCA) was used to summarize developmental variation and identify variables
contributing to stage differentiation. Hierarchical cluster analysis was performed using
Euclidean distance and Ward’s minimum variance method (ward.D2), and the resulting
dendrogram was partitioned into three clusters for interpretation. Pearson correlation
coefficients were calculated among variables and visualized using a hierarchically clustered
heatmap. Because the multivariate analyses were based on five developmental-stage means,
the correlations were interpreted as exploratory developmental associations rather than
evidence of causal relationships. PCA, clustering, correlation analysis, and visualization
were conducted using the stats, ggplot2, factoextra, pheatmap, and ComplexHeatmap
packages in R.

3. Results
3.1. Morphological, Physical, and Cellular Changes During Fruit Development

Significant changes in fruit morphology and physical properties were observed from 3
to 15 days after anthesis (DAA) (Figure 1, Table 1). Fruit length increased from 4.60 cm at
3 DAA to 21.30 cm at 15 DAA, representing a 4.6-fold increase. Fruit diameter increased
from 1.58 cm to 4.48 cm (2.8-fold). Fruit fresh weight increased from 7.01 g to 116.48 g,
a 16.6-fold increase. Fruit firmness decreased from 12.3 N at 3 DAA to 9.1 N at 15 DAA
(Table 1). Seed number per fruit decreased slightly but significantly from 642.0 at 3 DAA
to 603.0 at 15 DAA, corresponding to a reduction of approximately 6.1%. In contrast,
thousand-seed weight increased markedly from 0.11 g at 3 DAA to 1.29 g at 15 DAA, an
11.7-fold increase.
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Figure 1. Changes in fruit morphological characteristics during eggplant fruit development. (A) Fruit
length and fruit diameter and (B) fruit fresh weight measured at 3, 6, 9, 12, and 15 days after anthesis
(DAA). Values are presented as means ± SE of three biological replicates. Different lowercase letters
indicate significant differences among developmental stages within each measured trait according to
Duncan’s multiple range test at p < 0.05.

Histological analysis (Table 2, Figures 2 and 3) showed that mean cell area in-
creased from 1256.5 µm2 at 3 DAA to 7594.8 µm2 at 15 DAA, representing more than
a sixfold increase. Over the same period, cell density declined sharply from 795.86 to
131.67 cells·mm−2. A strong negative correlation was observed between mean cell area and
cell density (Figure 2A), and mean cell area was positively correlated with fruit diameter
(Figure 2B). Representative light micrographs (Figure 3) illustrate the progressive changes
in cell size and tissue structure during fruit development.
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Table 1. Effect of fruit firmness, number of seeds and 1000-seed weight of eggplant during fruit
development at different days after anthesis (DAA).

Days After Anthesis Fruit Firmness (N) No. of Seeds (per Fruit) 1000-Seed Weight (g)

3 12.3 ± 1.49 a z 642.0 ± 3.00 a 0.1200 ± 0.00004 e
6 10.5 ± 0.88 b 621.0 ± 5.57 b 0.4000 ± 0.00001 d
9 9.9 ± 0.83 b 612.0 ± 2.00 bc 0.6000 ± 0.00001 c
12 9.9 ± 0.65 b 611.3 ± 9.02 bc 1.0000 ± 0.00001 b
15 9.1 ± 0.25 b 609.0 ± 3.00 c 1.2998 ± 0.00031 a

z Values are presented as means ± standard deviations (SD) of three biological replicates. Different lowercase
letters within a column indicate significant differences among developmental stages according to Duncan’s
multiple range test at p < 0.05.

Table 2. Effect of mean cell area and cell density in pericarp tissues of eggplant during fruit develop-
ment at different days after anthesis (DAA).

Days After Anthesis Cell Area (µm2) Cell Density (Cells·mm−2)

3 1256.5 ± 486.2 c z 795.86 ± 307.98 a
6 4158.6 ± 960.9 b 240.47 ± 55.56 b
9 5079.7 ± 1418.8 ab 196.86 ± 54.98 b
12 5430.3 ± 1546.4 ab 184.15 ± 52.44 b
15 7594.8 ± 1926.2 a 131.67 ± 33.39 b

z Values are presented as means ± standard deviations (SD) of three biological replicates. Different lowercase
letters within a column indicate significant differences among developmental stages according to Duncan’s
multiple range test at p < 0.05.
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Figure 2. Relationships between pericarp cell characteristics and fruit diameter during eggplant fruit
development. (A) Relationship between mean cell area and calculated cell density and (B) relation-
ship between mean cell area and fruit diameter at 3, 6, 9, 12, and 15 DAA. Each point represents
the developmental-stage mean, and colors indicate the sampling stage. Solid lines represent linear
regressions; the regression equations and coefficients of determination (R2) are shown within each panel.

 

Figure 3. Representative light micrographs of eggplant pericarp tissues during fruit development.
Longitudinal sections of pericarp tissues collected at 3, 6, 9, 12, and 15 DAA, shown from left to
right, were double-stained with Safranin and Fast Green and observed under bright-field microscopy
using a 10× objective. The images illustrate the progressive increase in cell size and changes in
tissue organization during fruit development. Scale bars located in the lower-right corner of each
micrograph represent 100 µm.
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3.2. Changes in Soluble Sugars, Peel Anthocyanins, and Water-Soluble Vitamins

Soluble sugars accumulated continuously during development (Figure 4). Total solu-
ble sugar content increased from 111.4 mg·g−1 dry weight (DW) at 3 DAA to 309.3 mg·g−1

DW at 15 DAA, an approximately 2.8-fold increase. Among individual sugars, glucose in-
creased from 61.9 to 170.5 mg·g−1 DW, fructose from 44.8 to 115.3 mg·g−1 DW, and sucrose
rose markedly between 6 and 12 DAA, reaching its highest level at 15 DAA. No significant
difference in sucrose concentration was detected between 6 and 9 DAA. Peel anthocyanins,
dominated by delphinidin-3-rutinoside, showed a distinct stage-dependent accumula-
tion pattern (Table 3). Total anthocyanin content remained low at 3–6 DAA, increased
rapidly between 9 and 12 DAA, and declined slightly at 15 DAA. Delphinidin-3-rutinoside
was the predominant anthocyanin, accounting for approximately 65.7–76.7% of the total
quantified anthocyanins. Its concentration increased from 15.7 mg·kg−1 DW at 3 DAA
to 112.3 mg·kg−1 DW at 12 DAA, then decreased to 89.7 mg·kg−1 DW at 15 DAA. Minor
delphinidin derivatives (delphinidin-3-glucoside, delphinidin-3-rutinoside-5-galactoside,
delphinidin-3-rutinoside-5-glucoside) exhibited similar trends. Water-soluble vitamins gen-
erally declined as fruit development progressed (Table 4). Thiamine (vitamin B1) decreased
from 0.99 to 0.57 mg·kg−1 DW, riboflavin (B2) from 2.13 to 0.83 mg·kg−1 DW, pantothenic
acid (B5) from 14.6 to 9.0 mg·kg−1 DW, and nicotinamide (B3) from 2.73 to 1.42 mg·kg−1 DW.
Pyridoxine (B6) was detected only at 3 DAA (0.05 mg·kg−1 DW) and was below the limit of
quantification (<LOQ) at all subsequent stages. Ascorbic acid (vitamin C) was not detected.
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Figure 4. Changes in total sugar (A), fructose (B), glucose (C), and sucrose (D) content of eggplant
fruit at 3, 6, 9, 12, and 15 days after anthesis (DAA). Values represent means ± standard error (SE) of
three replicates (n = 3). Different letters indicate significant differences among developmental stages
according to Duncan’s multiple range test at p < 0.05.
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Table 3. Changes in delphinidin-based anthocyanin contents in eggplant peel at different days after
anthesis (DAA).

Days After Anthesis
Delphinidin-3

-Glucoside
(mg·kg−1)

Delphinidin-3
-Rutinoside
(mg·kg−1)

Delphinidin-3
-Rutinoside

-5-Galactoside
(mg·kg−1)

Delphinidin-3
-Rutinoside
-5-Glucoside

(mg·kg−1)

3 4.1 ± 0.05 e z 15.7 ± 0.4 e 0.29 ± 0.01 c 0.38 ± 0.02 c
6 7.6 ± 0.10 d 25.9 ± 0.2 d 0.28 ± 0.01 c 0.39 ± 0.03 c
9 13.1 ± 0.20 c 40.7 ± 0.8 c 0.31 ± 0.04 c 0.40 ± 0.02 c
12 53.6 ± 2.80 a 112.3 ± 4.3 a 1.31 ± 0.09 a 1.79 ± 0.12 a
15 44.9 ± 0.90 b 89.7 ± 8.1 b 0.78 ± 0.07 b 1.19 ± 0.09 b

z Values are presented as means ± standard deviations (SD) of three biological replicates and are expressed on a
dry-weight basis. Different lowercase letters within a column indicate significant differences among developmental
stages according to Duncan’s multiple range test at p < 0.05.

Table 4. Changes in water-soluble vitamin contents in eggplant fruit development at different days
after anthesis (DAA).

Days After Anthesis
Vitamin B1 Vitamin B2 Vitamin B5 Vitamin B6 Vitamin B3 Vitamin C

Concentration (mg·kg−1)

3 0.99 ± 0.16 a z 2.13 ± 0.28 a 14.6 ± 1.70 a 0.05 ± 0.04 2.73 ± 0.18 a ND
6 0.83 ± 0.07 ab 1.49 ± 0.17 b 12.9 ± 0.49 b <LOQ 2.41 ± 0.24 a ND
9 0.77 ± 0.06 b 1.32 ± 0.06 b 10.0 ± 0.55 c <LOQ 2.48 ± 0.25 a ND

12 0.53 ± 0.04 c 0.66 ± 0.04 c 8.5 ± 0.79 c <LOQ 1.00 ± 0.11 c ND
15 0.57 ± 0.06 c 0.83 ± 0.09 c 9.0 ± 0.41 c <LOQ 1.42 ± 0.13 b ND

z Values are presented as means ± standard deviations (SD) of three biological replicates and are expressed on a
dry-weight basis. Different lowercase letters within a column indicate significant differences among developmental
stages according to Duncan’s multiple range test at p < 0.05. <LOQ, below the limit of quantification; ND, not detected.

3.3. Endogenous Hormone Concentrations and Integrated Developmental Stage Data

Endogenous hormone concentrations changed markedly during development (Table 5).
IAA decreased from 0.21 ng·mg−1 DW at 3 DAA to 0.10 ng·mg−1 DW at 15 DAA. ABA de-
creased from 0.57 to 0.29 ng·mg−1 DW, JA from 1.80 to 0.25 ng·mg−1 DW, and SA from 3.73
to 0.60 ng·mg−1 DW. The highest concentrations of all four detected hormones occurred
at 3 DAA, followed by generally declining trends during subsequent development. Gib-
berellins (GA3 and GA7) and cytokinin’s were not detected under the analytical conditions
used. Integration of the morphological, cellular, hormonal, and metabolic data revealed
clear temporal patterns across the developmental window. During the earliest period
(3–6 DAA), concentrations of IAA, ABA, JA, and SA were highest, while soluble sugars
and anthocyanins remained at relatively low levels and water-soluble vitamins were most
abundant. Between 6 and 12 DAA, fruit fresh weight increased most rapidly, pericarp cell
area expanded substantially, and thousand-seed weight rose markedly. This same period
saw sharp accumulation of glucose, fructose, and delphinidin-based anthocyanins, along
with progressive declines in all four measured hormones. From 12 to 15 DAA, soluble sugar
concentrations reached their maximum, anthocyanins peaked at 12 DAA then declined
slightly, fruit growth rate slowed, and seed development was essentially completed. These
patterns are visually summarized in Figure 5, which shows fruit photographs at each stage.

Table 5. Changes in endogenous plant hormone contents of eggplant fruit during fruit development
at different days after anthesis (DAA).

DAA ABA
(ng·mg−1)

IAA
(ng·mg−1)

JA
(ng·mg−1)

SA
(ng·mg−1)

CK
(ng·mg−1)

GA3
(ng·mg−1)

GA7
(ng·mg−1)

3 0.57 ± 0.02 a z 0.21 ± 0.05 a 1.80 ± 0.07 a 3.73 ± 0.14 a ND ND ND
6 0.50 ± 0.01 b 0.15 ± 0.01 b 1.45 ± 0.14 b 1.04 ± 0.03 b ND ND ND
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Table 5. Cont.

DAA ABA
(ng·mg−1)

IAA
(ng·mg−1)

JA
(ng·mg−1)

SA
(ng·mg−1)

CK
(ng·mg−1)

GA3
(ng·mg−1)

GA7
(ng·mg−1)

9 0.44 ± 0.01 c 0.15 ± 0.01 b 1.14 ± 0.03 c 0.82 ± 0.03 c ND ND ND
12 0.41 ± 0.02 d 0.12 ± 0.01 bc 0.58 ± 0.04 d 0.58 ± 0.02 d ND ND ND
15 0.29 ± 0.01 e 0.10 ± 0.01 c 0.25 ± 0.06 e 0.60 ± 0.02 d ND ND ND

z Values are expressed on a dry-weight basis. Values represent means ± standard deviations (SD) of three biological
replicates. Different lowercase letters within a column indicate significant differences among developmental
stages according to Duncan’s multiple range test at p < 0.05. ND, not detected under the analytical conditions
used; ABA, abscisic acid; IAA, indole-3-acetic acid; JA, jasmonic acid; SA, salicylic acid; CKs, cytokinins; GA3 and
GA7, gibberellins.

 

Figure 5. Morphological progression and hierarchical clustering of eggplant fruit developmental
stages. (A) Representative fruits of ‘Otoking’ eggplant harvested at 3, 6, 9, 12, and 15 days after
anthesis (DAA). Developmental groups are indicated as Phase I, early stage (3 DAA); Phase II,
intermediate stage (6–9 DAA); and Phase III, late stage (12–15 DAA). Scale bar = 5 cm. (B) Hierarchical
clustering dendrogram of the five developmental stages based on 22 standardized morphological,
cellular, seed, phytohormonal, soluble-sugar, anthocyanin, and vitamin variables. The dashed
horizontal line indicates the cut-off used to partition the dendrogram into three clusters corresponding
to the early, intermediate, and late developmental groups. Lower linkage heights indicate greater
similarity among developmental-stage profiles.

3.4. Multivariate Analysis of Integrated Developmental Traits

Principal component analysis (PCA), hierarchical cluster analysis (HCA), and Pearson
correlation analysis were conducted to provide additional stage-level multivariate sup-
port for the proposed developmental framework. The analyses included 22 standardized
morphological, cellular, seed, phytohormonal, soluble-sugar, anthocyanin, and vitamin
variables measured at 3, 6, 9, 12, and 15 DAA. The first two principal components explained
96.0% of the total variance, with PC1 and PC2 accounting for 86.9% and 9.1%, respectively
(Figure 6). The five developmental stages followed a clear trajectory along PC1. The 3 DAA
stage was positioned on the negative side of PC1 and was associated with higher fruit
firmness, seed number, phytohormone concentrations (IAA, ABA, JA, SA), and vitamin
contents (B1, B2, B3, B5). The 6 and 9 DAA stages occupied intermediate positions. The 12
and 15 DAA stages were positioned on the positive side of PC1 but were differentiated
along PC2; the 12 DAA stage was more strongly associated with delphinidin-based an-
thocyanins, whereas the 15 DAA stage was associated with fruit dimensions, fruit weight,
cell area, thousand-seed weight, and soluble sugars (glucose, fructose, sucrose). Hierar-
chical clustering was performed using Euclidean distance and Ward’s minimum variance
method (Figure 5B). At the selected three-cluster cut-off, the developmental stages were
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partitioned into an early group comprising 3 DAA, an intermediate group comprising 6
and 9 DAA, and a late group comprising 12 and 15 DAA. The correspondence between
the HCA-derived groups and the developmental trajectory shown by PCA provided addi-
tional multivariate support for the proposed early, intermediate, and late developmental
framework. The clustered Pearson correlation matrix (Figure 7) revealed two broad groups
of developmentally associated traits. Fruit firmness, seed number, phytohormones, and
water-soluble vitamins were generally positively associated with one another and nega-
tively associated with fruit growth, cell area, thousand-seed weight, soluble sugars, and
anthocyanins. Conversely, fruit dimensions, fruit weight, cell area, thousand-seed weight,
soluble sugars, and anthocyanins showed predominantly positive associations. Because
the correlation analysis was based on five developmental-stage means, these relationships
were interpreted as exploratory developmental associations rather than evidence of causal
or independent physiological relationships. Collectively, the PCA, HCA, and correlation
analysis were consistent with a stage-level transition from the early stage at 3 DAA, through
the intermediate stage at 6–9 DAA, to the late stage at 12–15 DAA.

Figure 6. Principal component analysis of morphological, cellular, seed, phytohormonal, soluble-
sugar, anthocyanin, and vitamin traits during eggplant fruit development. Principal component
analysis was performed using standardized developmental-stage means for 22 variables measured
at 3, 6, 9, 12, and 15 DAA. The first and second principal components explained 86.9% and 9.1% of
the total variance, respectively. Points represent developmental stages and are colored according
to the groups identified by hierarchical cluster analysis. Arrows represent variable loadings, with
their direction and relative length indicating associations with the principal components. D3-Glc,
delphinidin-3-glucoside; D3-Rut, delphinidin-3-rutinoside; D3-Rut-5-Gal, delphinidin-3-rutinoside-5-
galactoside; D3-Rut-5-Glc, delphinidin-3-rutinoside-5-glucoside.
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Figure 7. Clustered Pearson correlation matrix of morphological, cellular, seed, phytohormonal,
soluble-sugar, anthocyanin, and vitamin traits during eggplant fruit development. Pearson correlation
coefficients were calculated using developmental-stage means at 3, 6, 9, 12, and 15 days after anthesis.
Variables were ordered by hierarchical clustering, and trait categories are indicated by the colored
annotation bars. Red and blue cells represent positive and negative correlations, respectively, with
color intensity proportional to the correlation coefficient. Asterisks indicate significant correlations at
* p < 0.05, ** p < 0.01, and *** p < 0.001; the critical correlation coefficient at p < 0.05 was |r| = 0.878.
D3-Glc, delphinidin-3-glucoside; D3-Rut, delphinidin-3-rutinoside; D3-Rut-5-Gal, delphinidin-3-
rutinoside-5-galactoside; D3-Rut-5-Glc, delphinidin-3-rutinoside-5-glucoside.

4. Discussion
4.1. Morphological, Physical, and Cellular Determinants of Fruit Growth

The substantial increase in fruit fresh weight (16.6-fold) was proportionally greater
than the increases in length and diameter, indicating that developing eggplant fruits func-
tion as strong sink organs, continuously importing photoassimilates, water, and mineral
nutrients from source tissues [12]. This growth pattern is consistent with the general
developmental model of fleshy fruits, in which an early phase of active cell division is
followed by a prolonged period of cell expansion that largely determines final fruit size and
weight [19,22]. The disproportionately greater increase in fresh weight compared with fruit
dimensions suggests that pericarp enlargement was driven primarily by cellular expansion
and associated water accumulation rather than by increases in cell number alone.
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The decline in fruit firmness during early development suggests that cell wall loos-
ening and increased tissue elasticity occurred concurrently with rapid fruit enlargement,
facilitating cell expansion and allowing the fruit to accommodate substantial volume in-
creases during active growth [31]. The relatively small decrease in the number of seeds
(6.1%) suggests that most ovules remained morphologically present, although their viability
was not assessed [24]. The dramatic 11.7-fold increase in thousand-seed weight reflects pro-
gressive embryo and endosperm development accompanied by active deposition of storage
compounds. Because seeds are major sources of endogenous auxins and gibberellins that
stimulate pericarp growth and maintain fruit sink strength [17,20], increasing seed maturity
likely contributed to sustained fruit enlargement.

The histological data demonstrate that pericarp cell expansion was the principal
anatomical process underlying fruit enlargement. The rapid increase in cell area and
concomitant decrease in cell density at 3 DAA suggest that cell division and cell enlargement
overlapped during this transitional stage. From 6 to 15 DAA, cell area continued to increase,
although the rate of expansion became more gradual, indicating that cell enlargement
remained the dominant process while approaching developmental stabilization. The strong
negative correlation between mean cell area and cell density reflects the expected inverse
relationship between cell size and cell packing density within a fixed tissue area [24]. In
eggplant, SmCIP7 has been shown to positively regulate fruit growth and anthocyanin
accumulation, providing a recent molecular example of developmental control over fruit
enlargement [32]. The positive correlation between mean cell area and fruit diameter
demonstrates that radial fruit growth was closely associated with enlargement of individual
pericarp cells rather than with increased cell proliferation. Similar relationships have
been reported in tomato and other solanaceous fruits, where final fruit size is strongly
determined by the extent of cell expansion [24]. Cell expansion is regulated by water
uptake, cell wall loosening, and osmotic adjustment, with soluble sugars serving as major
osmotic regulators [12]. Endoreduplication may also enhance cellular metabolic capacity
and promote cell enlargement [33].

4.2. Metabolic Dynamics: Sugars, Anthocyanins, and Vitamins

The continuous increase in total soluble sugars (2.8-fold) confirms that eggplant fruit
is a strong assimilate sink. Glucose and fructose were the predominant sugars throughout
development, indicating that hexoses constitute the principal carbohydrate pool and likely
play a central role in determining sweetness, osmotic potential, and consumer acceptability
at harvest [13]. Sucrose was present at comparatively lower concentrations during early
development but increased significantly during the mid to late stages, with no significant
difference between 6 and 9 DAA, suggesting that sucrose accumulation and turnover were
relatively stable during this transitional period. This pattern supports the widely accepted
model in which sucrose is actively unloaded from source leaves into developing fruit and
subsequently cleaved by invertases to generate glucose and fructose [12,34]. The progres-
sive accumulation of hexoses coincides with substantial increases in fruit fresh weight and
mean cell area, supporting the interpretation that carbohydrate accumulation is mechanisti-
cally linked to pericarp expansion and rapid fruit growth. The inverse relationship between
declining IAA/ABA and increasing sugars suggests a shift from hormonal to metabolic
control of growth [12]. Moreover, soluble sugars are known to stimulate anthocyanin
biosynthesis through transcriptional regulation of phenylpropanoid pathway genes [8].

The stage-dependent accumulation of delphinidin-based anthocyanins, with a sharp
increase between 9 and 12 DAA followed by a slight decline at 15 DAA, indicates that
anthocyanin biosynthesis is tightly coordinated with fruit developmental progression. The
peak at 12 DAA coincides with the period of most active fruit enlargement and sugar accu-

https://doi.org/10.3390/horticulturae12080926

https://doi.org/10.3390/horticulturae12080926


Horticulturae 2026, 12, 926 15 of 20

mulation, suggesting that anthocyanin biosynthesis is closely associated with increasing
sink strength and carbohydrate availability [8]. Delphinidin-3-rutinoside accounted for
69–88% of total anthocyanins, confirming it as the principal pigment responsible for the
characteristic purple coloration of eggplant peel, consistent with previous reports [2,7,35].
The decline in anthocyanin concentration at 15 DAA may be attributed to a dilution effect
(pigment concentration decreases as tissue biomass increases more rapidly than pigment
synthesis) and/or pigment degradation during maturation. Similar reductions have been
reported in eggplant and other anthocyanin-rich fruits [15]. Although we did not examine
gene expression, the developmental increase in peel pigmentation is consistent with earlier
studies showing that anthocyanin biosynthesis in eggplant is regulated by structural genes
and transcription factors [36–39]. Anthocyanins serve multiple physiological functions
beyond peel coloration, including UV protection, ROS scavenging, and defense against
stresses [8], making them important indicators of both visual quality and functional value.

The progressive decline of water-soluble vitamins (B1, B2, B5, B3, and the loss of
detectable B6 after 3 DAA) can be attributed primarily to a growth dilution effect: fruit
fresh weight increased 16.6-fold while vitamin biosynthesis did not increase proportionally.
Similar declines have been reported in tomato and other fleshy fruits [40,41]. In addition to
dilution, metabolic reprioritization likely shifts carbon and energy resources from cofactor-
rich primary metabolism toward cell expansion, cell wall biosynthesis, and secondary
metabolite accumulation. B-complex vitamins are essential cofactors in glycolysis, the
TCA cycle, and nucleotide biosynthesis; their high concentrations at early stages reflect
elevated metabolic demand for rapid cell division and differentiation. As tissues transition
to structural enlargement, the relative requirement per unit dry mass decreases, resulting
in lower measured concentrations [42,43]. The absence of detectable ascorbic acid likely
reflects analytical limitations rather than biological absence alone. Ascorbic acid is highly
susceptible to oxidation during aqueous extraction, and its recovery is poor without stabi-
lizing agents such as metaphosphoric acid. This interpretation is consistent with eggplant
being a modest vitamin C source [6]; however, fresh-tissue extraction with appropriate
stabilizers would be required for accurate quantification in future studies.

4.3. Hormonal Regulation and a Three-Stage Developmental Model for Harvest Timing

The hormonal profiles show that IAA, ABA, JA, and SA were highest at 3 DAA and
declined progressively thereafter. IAA’s highest concentration at 3 DAA is consistent with
its well-established role in initiating fruit set and stimulating cell division immediately
after fertilization [22,44]. The progressive decrease in IAA suggests that auxin-mediated
regulation is most critical during early fruit development and becomes less dominant
as fruit enlargement shifts from cell proliferation to cell expansion. ABA also decreased
steadily; although ABA is known as a stress hormone, increasing evidence indicates it
participates in early fruit development by modulating cell differentiation, osmotic adjust-
ment, and cell wall metabolism [45,46]. The elevated ABA at 3 DAA may reflect active
regulation of tissue organization and water uptake during rapid fruit growth. JA and SA,
both associated with defense signaling, were highest in young fruits, indicating activation
of protective mechanisms when tissues are most susceptible to environmental and biotic
stresses. As fruit development progressed and structural integrity increased, the decline in
JA and SA likely reflected a metabolic transition from defense-oriented signaling toward
growth- and sink-driven processes [47]. The non-detection of GA3, GA7, and CKs under
our HPLC-DAD conditions should be interpreted cautiously. DAD has lower sensitivity
for these analytes compared to LC-MS/MS, and the simple methanolic extraction without
solid-phase purification may have contributed to matrix interference and poor recovery. It
is also plausible that these hormones peaked transiently before our first sampling point
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(0–3 DAA), as both GAs and CKs are known to act immediately after pollination [23,48].
The cultivar ‘Otoking’ is facultatively parthenocarpic, and parthenocarpic fruit set in egg-
plant is associated with hormone signaling, transcription factor regulation, and secondary
metabolism [49]; similar cultivars have been developed for commercial production [50].
Targeted LC-MS/MS protocols with optimized extraction are needed to confirm their de-
velopmental profiles. The multivariate patterns were broadly consistent with the proposed
developmental framework, but their main value lies in showing that early-stage hormone-
and vitamin-related traits, and late-stage growth- and sugar-related traits, changed in a
coordinated manner rather than independently. This suggests a developmental transition
from regulatory and protective metabolism toward expansion and quality formation. Be-
cause these analyses were based on stage means, they should be interpreted as exploratory
support for the model rather than as independent proof. Integration of all findings is
consistent with a division of eggplant fruit development into three physiologically distinct
stages. The first stage, 3 DAA, is the initiation and defense stage, characterized by the
highest concentrations of IAA, ABA, JA, and SA, active cell division (high cell density),
lowest sugars and anthocyanins, and highest water-soluble vitamins. During this period,
metabolic resources are preferentially allocated to primary metabolism, organogenesis, and
stress protection, making it critical for fruit set and early tissue differentiation. The second
stage, 6–9 DAA, is the rapid growth and pigmentation stage, the most dynamic phase. Fruit
fresh weight increases most rapidly, cell area expands sharply, cell density declines, and
thousand-seed weight rises substantially. Glucose, fructose, and delphinidin anthocyanins
accumulate rapidly, while all four hormones decline progressively. This stage represents a
metabolic reprioritization from hormone-dominated signaling toward carbon allocation,
cell expansion, and secondary metabolism. Fruit enlargement, sugar accumulation, and
color development occur simultaneously and determine much of the final fruit quality. The
third stage, 12–15 DAA, is the functional maturation stage. Fruit growth rate slows, soluble
sugar concentrations reach their maximum, anthocyanins peak at 12 DAA then decline
slightly, thousand-seed weight continued to increase, and vitamins continue to decline.
Fruit appearance, sweetness, and functional properties approach commercially desirable
levels, and quality attributes are consolidated as physiological maturity is attained.

Implications for harvest timing: Among the developmental stages, 15 DAA represents
a useful physiological reference point under the present greenhouse conditions and for
the cultivar studied. At this stage, fruits exhibit maximum soluble sugar concentrations,
near-maximum anthocyanin accumulation, fully developed seeds, and substantial physical
enlargement. These characteristics suggest that 15 DAA may be a useful harvest refer-
ence; however, sensory evaluation and postharvest studies would be required to confirm
consumer-driven optimal harvest timing. However, an important observation is the con-
trasting behavior of nutritional and quality-related compounds: water-soluble vitamins
decline throughout development, whereas sugars and anthocyanins increase markedly.
This divergence suggests that fruit quality is determined by a balance between nutritional
value and sensory/functional attributes, and that the optimal harvest stage may vary
depending on the intended use of the fruit [6]. The three-stage framework offers practical
guidance for optimizing harvest timing and production strategies aimed at improving fruit
size, appearance, nutritional composition, and functional quality in greenhouse-grown
eggplant. Recent multi-omics approaches have elucidated the regulatory networks under-
lying quality traits in eggplant, revealing that fruit quality changes stem from alterations in
key metabolites, and that the ratio of soluble sugars to organic acids significantly impacts
taste [51]. This study was limited to one cultivar, one growing season, one greenhouse
environment, five developmental time points, and three biological replicates per trait. In
addition, the destructive and assay-specific sampling design prevented individual fruits
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from being matched across all analytical categories; therefore, the integrated multivariate
analyses were conducted using developmental-stage means. The proposed three-stage
framework and the identification of 15 DAA as a candidate late-stage harvest reference
should consequently be interpreted as condition-specific and exploratory. Validation across
additional cultivars, seasons, production environments, and later developmental stages,
together with sensory and postharvest evaluations, will be required before broader harvest
recommendations can be established.

5. Conclusions
This study integrated morphological, cellular, hormonal, and metabolic analyses to

characterize eggplant fruit development from 3 to 15 days after anthesis (DAA). Fruit
enlargement was driven predominantly by post-mitotic cell expansion, as mean cell area
increased >6-fold while cell density declined sharply. Soluble sugars (especially glucose
and fructose) accumulated continuously, whereas delphinidin-based anthocyanins peaked
at 12 DAA then declined slightly. In contrast, water-soluble vitamins decreased progres-
sively, likely due to dilution and metabolic reprioritization. Endogenous IAA, ABA, JA,
and SA were highest at 3 DAA and declined thereafter, indicating that hormonal regu-
lation dominates early development before shifting to carbon allocation and secondary
metabolism. Based on integrated data, three physiologically distinct stages are proposed:
Stage I (3 DAA)—initiation and defense (high hormones, cell division, high vitamins);
Stage II (6–9 DAA)—rapid growth and pigmentation (cell expansion, sugar and antho-
cyanin accumulation); Stage III (12–15 DAA)—functional maturation (maximum sugars,
advanced seed development, quality consolidation). Among these, 15 DAA emerged as a
promising harvest benchmark for greenhouse-grown ‘Otoking’ eggplant. The proposed
stage-based framework provides a useful reference for interpreting fruit development and
harvest-related quality changes in eggplant.
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Abbreviations
The following abbreviations are used in this manuscript:

ABA Abscisic acid
ANOVA Analysis of variance
BHT Butylated hydroxytoluene
CKs Cytokinins
DAA Days after anthesis
DW Dry weight
EC Electrical conductivity
FAA Formalin-acetic acid-alcohol
GA Gibberellin/gibberellic acid
GAs Gibberellins
HPLC High-performance liquid chromatography
IAA Indole-3-acetic acid
JA Jasmonic acid
LC-MS/MS Liquid chromatography-tandem mass spectrometry
LOD Limit of detection
LOQ Limit of quantification
mg·g−1 DW Milligrams per gram dry weight
mg·kg−1 DW Milligrams per kilogram dry weight
mL·min−1 Milliliters per minute
MS/MS Tandem mass spectrometry
PAD Pulsed amperometric detection
PTFE Polytetrafluoroethylene
RDA Rural Development Administration
SA Salicylic acid
SE Standard error
TSW Thousand-seed weight
UV Ultraviolet
w/v Weight/volume
v/v Volume/volume
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