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Hovenia dulcis Thunb. (Japanese grape tree) pseudofruit exhibits a period of growth of 180 days, with maturation
initiated between 120 and 150 days after anthesis (DAA). Effective ripening occurs 150 DAA, characterized by
intense softening, pectic solubilization and starch-sugar conversion. Multi-omic analysis identified 496 proteins,
with 222 being differentially expressed. Significant highlights included energy metabolism (Malate De-
hydrogenases, Glyceraldehyde-3-phosphate Dehydrogenase, Pyruvate Kinase) and photosynthetic pathways
(Ribulose-1,5-bisphosphate Carboxylase/Oxygenase, Photosystems I and II), indicating that ripening demands a
high energy supply. Multivariate analysis stratified the development into three phases: chemical defense (S1-S2),
metabolic transition (§3-S6), and sensory ripening (S7). The Variable Importance in Projection (VIP) score and
Principal Component 1 (PC1) loadings confirmed that the transition is governed by changes in volatile com-
pounds (2-heptanol), respiratory physiology, density, and Hue angle, with a central role for malate dehydro-
genase. Pearson correlations revealed a coordinated system in which central metabolism (Glyceraldehyde-3-
phosphate Dehydrogenase, Triose Phosphate Isomerase) is coupled with ethylene signaling (S-adenosylmethio-
nine Synthetase) and antioxidant defenses (Superoxide Dismutase, Catalase, and Peroxiredoxin 2). It is concluded
that H. dulcis development is sustained by a strategic proteometabolic network that redirects the investment from
protective biomolecules toward the specialization of sensory attributes, defining the final quality of the
pseudofruit.

1. Introduction

Hovenia dulcis Thunb. is a deciduous perennial tree belonging to the
Rhamnaceae family, widely distributed across Asia, particularly in
China, Japan, and Korea (Peng et al., 2018; Thi Ngo et al., 2021; Xu
et al., 2020). The species is noted for its ethnobotanical importance,
having been used for centuries in Asian culinary and medicine (Morales
et al., 2017). Its various parts, including fruits, pseudofruits, seeds,
leaves, roots, and bark, are extensively employed in traditional Oriental
medicine due to their therapeutic properties (Song et al., 2020).

* Corresponding author.

The pseudofruits of this species, popularly known as the Japanese
grape tree, are the most consumed parts (Peng et al., 2018; (Song et al.,
2020). However, the seeds also stand out as a significant source of
natural antioxidants, offering protective effects against oxidative
stress-related conditions, such as alcoholic liver disease (Meng et al.,
2020). Similarly to cashew apple (Anacardium occidentale), the floral
peduncle develops into a flavorful and succulent pseudofruit. During
maturation, the twisted peduncles of the Japanese grape tree become
swollen, irregular, and fleshy (3-7 mm in diameter), acquiring a
reddish-brown coloration and a sweet flavor due to high sucrose content
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(De Biaggi et al., 2020; Yang et al., 2019). Beyond in natura consump-
tion, these pseudofruits can be processed into wines, juices, fermented
alcoholic beverages, jams, jellies, and raisins, or used as a source of
antioxidants in processed meat products (Machado & Goncalves, 2021;
Pinto et al., 2017; Schaefer et al., 2022; Xu et al., 2020).

Changes in physical properties and nutritional composition during
maturation of H. dulcis pseudofruits have been reported in the literature
(Maieves et al., 2015; Maieves et al., 2017). The chemical composition
of these pseudofruits is characterized by high sugar levels and presence
of bioactive compounds such as flavonoids, lignans, sesquiterpenoids,
triterpenoids, and benzoic acid. These substances provide the pseudo-
fruits with diverse biological properties, including antioxidant, antimi-
crobial, antidiabetic, anti-inflammatory, anti-obesity, and laxative
activities (Maieves et al., 2015; Choi et al., 2017; Morales et al., 2017;
Peng et al., 2018; Yang et al., 2019; De Biaggi et al., 2020; Oh et al.,
2020; Song et al., 2020; De Godoi et al., 2021; Sferrazza et al., 2021;
Thi Ngo et al., 2021). Furthermore, studies indicate that both the seeds
and pseudofruits of H. dulcis possess phytotherapeutic potential in
treating various diseases, particularly alcoholism and liver disorders
(Choi et al., 2017; Kim et al., 2017; Kim et al., 2023; Qiu et al., 2019;
Wang et al., 2017).

Despite the extensive knowledge regarding the pharmacological,
nutritional, and functional properties of the species, the molecular
processes regulating the synthesis and accumulation of nutrients and
bioactive compounds throughout pseudofruit development remain un-
known. Therefore, investigating these mechanisms could significantly
contribute to the valorization of the species and expand its application
potential in the food and pharmaceutical industries. Moreover, under-
standing the molecular mechanisms underlying the construction of
quality in fruits and pseudofruits is fundamental to supporting genetic
improvement and domestication efforts, as well as guiding best pro-
duction practices, with emphasis on mineral fertilization, irrigation, and
thinning.

In this context, proteomic analysis emerges as an essential tool for
understanding the molecular mechanisms involved in fruit and pseu-
dofruit development. This approach allows for the global identification
and quantification of proteins expressed at different developmental
stages, providing detailed information on the biochemical processes
underlying maturation and the production of secondary metabolites
(Chen et al., 2020). Deciphering the molecular determinants of quality is
vital for subsidizing domestication and breeding programs, as well as
directing precision agronomic practices, such as mineral fertilization
management and harvest point optimization. Consequently, the present
study proposes an integrated multi-omic investigation, combining
physical, physicochemical, and chemical analyses with high-resolution
proteomics. The objective is to map biological transformations from
anthesis to ripening, elucidating how the coordination between central
metabolism and specialized metabolite pathways defines the techno-
logical potential of this species.

2. Materials and methods
2.1. Experimental design

The experiment followed a completely randomized design (CRD),
consisting of seven treatments (developmental stages, from S1 to S7) and
three replicates. Three distinct trees were used as biological replicates
for each treatment. All laboratory analyses were performed in technical
triplicate.

2.2. Plant material

H. dulcis pseudofruits were harvested from trees located at the Fed-
eral University of Lavras (UFLA), Minas Gerais, Brazil (latitude 21° 14’
43« S, longitude 44° 59° 59” W, and altitude of 919 m). The selected
trees were situated in the same experimental area under uniform
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edaphoclimatic conditions, ensuring that all biological replicates were
exposed to the same environmental factors. Harvest dates were defined
based on the peak flowering period, which occurred on October 25,
2022. Sampling intervals of 30 days were established, considering the
long developmental cycle of the pseudofruit, as previously described
(Maieves et al., 2015). For each developmental stage, approximately
500 g of pseudofruits were collected from different quadrants of the
canopy of each of the three independent trees, to ensure the represen-
tativeness of the biological material and minimize environmental vari-
ations. The complete developmental cycle of the pseudofruits spanned
210 days, resulting in seven sample collections designated as S1, S2, S3,
S4, S5, S6, and S7, corresponding to 30, 60, 90, 120, 150, 180, and 210
days after anthesis (DAA), respectively (Fig. 1).

Pseudofruits were collected from November 2022 to May 2023 and
transported in insulated boxes to the Fruit and Vegetable Postharvest
Laboratory at the Federal University of Lavras. In the laboratory, the
H. dulcis pseudofruits consisting of the fleshy peduncle and the seeds
attached to their external surface were separated. A portion of the
pseudofruits was pulverized using liquid nitrogen and stored at —80 °C
(Coldlab, model CL374-86 V, Piracicaba, Brazil) for subsequent molec-
ular and physicochemical analyses; the seeds were discarded.

Texture, respiratory activity, color, density, and mass analyses were
performed on the fresh peduncles.

2.3. Analyses

2.3.1. Mass

The mass of 10 pseudofruits per replicate was evaluated using a semi-
analytical balance (Mettler Toledo, model PC 2000, Greifensee,
Switzerland), and the results were expressed in grams (g).

2.3.2. Respiratory rate

Approximately three grams of pseudofruits were placed in 50 mL
glass flasks, hermetically sealed, and maintained at a controlled tem-
perature of 25 °C to ensure metabolic homogeneity. The CO, concen-
tration was determined using a PBI Dansensor gas analyzer (CheckPoint
model, Ringster, Denmark), after 1 h 30 min of rest. Results, expressed as
% of CO,, were converted to mL CO5 kg’1 h L

2.3.3. Density

Density was measured using an analytical balance (Shimadzu, model
AUX 320, Kyoto, Japan) equipped with a specific density measurement
kit, model SMK 401.

2.3.4. Coloration

Thirty pseudofruits per replicate were analyzed for skin color using a
colorimeter (Konica Minolta, model CR-400, Osaka, Japan) in the L*, a*,
b*, h°, C* color space of the International Commission on Illumination
(CIE).

2.3.5. Total chlorophyll
Total chlorophyll content was determined spectrophotometrically

Fig. 1. H. dulcis pseudofruits at different stages of development.
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(Biochrom, model EZ Read 2000, Cambridge, United Kingdom) in
accordance to Paradiso et al. (2018), with results expressed in mg 100
g~ ! of sample.

2.3.6. Total carotenoids

Carotenoids were extracted and quantified using the spectrophoto-
metric method (Biochrom, model EZ Read 2000, Cambridge, United
Kingdom) as described by Rodriguez-Amaya (2001), with adaptations.
Results were expressed in mg 100 g~! of sample.

2.3.7. Anthocyanins

Total anthocyanin content was estimated spectrophotometrically
according to Lee and Francis (1972), adapted by Barcia et al. (2012).
Results were expressed as milligrams of cyanidin-3-glucoside 100 g ! of
sample.

2.3.8. Starch

Extraction was performed according to Zanandrea et al. (2009).
Glucose resulting from starch hydrolysis was determined as described by
Dische (1962), using anthrone reagent (Sigma-Aldrich, St. Louis, MO,
USA). Results were expressed as grams of glucose 100 g~ os sample.

2.3.9. Firmness

Determined in 30 pseudofruits per replicate at three different points
using a texture analyzer (Stable Micro Systems, model TA.XT2i, God-
alming, United Kingdom) with a TA39 cylindrical probe (2 mm diam-
eter). Test parameters were: pre-test speed 1 mm/s, test speed 2.0 mm/s,
post-test speed 10.00 mm/s, and a trigger force of 5 g. Results were
expressed in Newtons (N).

2.3.10. Soluble and Total pectin

Total and soluble pectins were extracted by precipitation in a
hydroethanolic solution (95%) (Sigma-Aldrich, St. Louis, MO, USA)
according to McCreaddy and McComb (1952). Quantificiation was
performed via colorimetric method (Biochrom, model EZ Read 2000,
Cambridge, United Kingdom) at 530 nm using carbazol (Sigma-Aldrich),
as the chromogenic agent (Bitter & Muir, 1962). Results were expressed
in mg of galacturonic acid 100 g~! of sample.

2.3.11. pH, titratable acidity (TA), and soluble solids (SS)

Samples were ground in water at a 1:3 (w/v) ratio and filtered
through organza. The filtrate was used for pH, TA, and SS de-
terminations. pH was measured using a digital pH meter (TECNAL, TEC-
7, Piracicaba, Brasil), calibrated with buffer solutions (pH 4.0 and 7.0).
TA was determined by titration with 0.01 N sodium hydroxide (NaOH;
Sigma-Aldrich, St. Louis, MO, USA) using phenolphthalein (Sigma-
Aldrichas) as an indicator, according to Association of Official
Analytical Chemistry (2019). Results were expressed in mg of malic
acid 100 g~ 'of sample. SS were determined using a digital refractometer
(ATAGO, model PR-100, Tokio, Japan) with automatic temperature
compensation, and the results were expressed as %, as described by
Association of Official Analytical Chemistry (2019).

2.3.12. Total sugars (TS)

Total sugars were extracted in 95% ethanol and determined spec-
trophotometrically (Biochrom, model EZ Read 2000, Cambridge, United
Kingdom) at 620 nm after alcohol evaporation, using anthrone (Sigma-
Aldrich, St. Louis, MO, USA) as the chromogenic agent (Dische, 1962).
The results were expressed as grams of glucose 100 g~1.

2.3.13. Vitamin C

Vitamin C content was determined by a colorimetric method using
2,4-dinitrophenylhydrazine (Sigma-Aldrich, St. Louis, MO, USA), and
the results were expressed as mg of ascorbic acid 100 g ™! (Stroheker and
Henning, 1967).
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2.3.14. Scanning Electron microscopy (SEM)

For the cell wall morphological analysis, samples of pseudofruits at
different developmental stages were cut with a scalpel and placed into
microtubes containing modified Karnovsky fixative, where they were
kept until sample preparation. For specimen preparation, the samples
were fractured in liquid nitrogen and dehydrated through an acetone
gradient, followed by critical-point drying (Bal-Tec, model CPD 030,
Balzers, Liechtenstein). Subsequently, the specimens were mounted on
stubs, coated with gold using a sputter coater (Bal-Tec, model CPD 030,
Balzers, Liechtenstein), and observed under a field-emission scanning
electron microscope (Tescan, model MIRA3, Brno, Czech Repuclic) at an
accelerating voltage of 10 keV.

2.3.15. Histochemistry

2.3.15.1. Dehydration. Samples fixed in Karnovsky solution were
dehydrated through a graded ethanol series (25%, 50%, 75%, 90%, and
two changes of 100%), with vacuum applied during the first four steps.
In the final steps, the tubes were left open. After dehydration, infiltration
was carried out with a mixture of activated resin and ethanol (1:1, v/v),
followed by vacuum for 15 min, and the samples were stored at 4 °C for
48 h. Subsequently, samples were immersed in pure resin, subjected to
vacuum, and stored for 94 h.

2.3.15.2. Embedding. For embedding, the inclusion resin was prepared
by mixing activated resin and hardener (7.5:0.5 mL) on ice. The molds
were partially filled and placed in an oven at 60 °C for 10 min. The
samples were added before the second polymerization step, which lasted
24 h. After curing, the blocks were mounted on wooden cubes and stored
with silica gel for 24 h. Sections were obtained using an ultramicrotome
(Reichrt-jung, Ultracut model, Vienna, Austria). The sections were then
mounted on slides, stained with Lugol's solution, and observed under a
stereoscopic microscope with epifluorescence (Nikon, model SMZ 1500,
Tokyo, Japan).

2.3.16. Phenolic profile

Phenolic compounds were analyzed as described by Machado et al.
(2024b), using high-performance liquid chromatography (HPLC-DAD-
UV-Vis). Identification was performed based on retention times, which
were compared with standards of catechin (CAT), vanillin (VAN),
resveratrol (RES), gallic (GA), chlorogenic (CGA), caffeic (CA), syringic
(SA), p- coumaric (p-CA), o- coumaric (0-CuA), m-coumaric (m-CuA),
ferulic (FA), rosmarinic (RA), and trans-cinnamic (t-CA) acids in meth-
anol. The results were expressed in mg per 100 g~ ! of fresh sample.

2.3.17. Volatile compounds

Volatile compounds of H. dulcis were analyzed using headspace solid-
phase microextraction coupled with gas chromatography-mass spec-
trometry (HS-SPME-GC-MS), according to Da Costa et al. (2024).
Samples (5 g) were placed in 20 mL vials and equilibrated at 40 °C for
30 min, followed by extraction using a DVB/CAR/PDMS fiber (50/30
pm). The determination was performed on a GC-MS system (Shimadzu)
equipped with an SLB-5MS column (30 m x 0.25 mm x 0.25 pm), using
helium (1.0 mL min~!) as the carrier gas. The temperature ramp started
at 40 °C (held for 30 min), with an increase of 3 °C min~! up to 220 °C.
The interface and ion source temperatures were set at 240 °C and 220 °C,
respectively. Identification was conducted by comparing mass spectra
with the Wiley 8 and NIST libraries.

2.3.18. Proteomics

2.3.18.1. Freeze-drying. The samples were frozen at —75 °C (Coldlab,
model CL 120-86 V, Piracicaba, Brazil) for 24 h and then freeze-dried
(Edwards, model L4KR, Sao Bernardo do Campo, Brazil) at —30 °C
under a vacuum pressure of 0.998 mbar for 72 h in the dark (Meira et al.,
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2023). Once freeze-dried, the samples were transported to the Vale
Technological Institute, located in the city of Belém (1° 27'18"S, 48° 30’
9" W), the capital of the state of Para, northern Brazil, where they un-
derwent proteomic analyses.

2.3.18.2. Protein extraction and quantification. Proteomic analysis was
performed according to the protocol described by Do Nascimento et al.
(2022). The fruits were ground in liquid nitrogen until they reached a
fine powder consistency. To each sample, 10 mL of extraction buffer
containing sucrose (1.5 M), Tris-HCl (1.5 M, pH 8), 10% sodium dodecyl
sulfate (SDS), 100 mM phenylmethylsulfonyl fluoride (PMSF), poly-
vinylpolypyrrolidone (PVPP), and ultrapure water were added, along
with 100 pL of protease inhibitor cocktail (P8340 Sigma-Aldrich) and
500 pL of p-mercaptoethanol. After five 30-s sonication cycles (Bandelin
Electronic, Berlin, Germany), the extracts were divided into ten micro-
tubes, each with the addition of 700 pL of phenol per tube. The samples
were vortexed (MixMate, Eppendorf AG, Hamburg, Germany) and
centrifuged (5810 R, Eppendorf, Hamburg, Germany) twice at 20,800 x
g for 8 min to separate the phenolic phase and remove any aqueous
phase or SDS residues. Then, 1300 pL of ammonium acetate in methanol
was added for protein precipitation for approximately 24 h at —80 °C
(Innova U570, Eppendorf, Hamburg, Germany). Another centrifugation
was performed at 20,800 xg for 8 min, and the supernatant was dis-
carded. The precipitate was transferred to a new microtube and washed
four times with 80% acetone. A final wash with 70% ethanol was per-
formed, and the precipitate was air-dried in a vacuum concentrator
(miVac DNA, Genevac Ltd., Ipswich, UK) for approximately 7 min. The
extracts were solubilized in 200 pL of 0.2% RapiGest (Waters, Milford,
MA, USA) and stored for further analysis.

2.3.18.3. Protein digestion. The digestion preparation was initially
performed by reducing proteins with dithiothreitol (DTT, 5 mM, Sigma
—Aldrich, St. Loius, MO, USA), incubating for 25 min at 56 °C, followed
by alkylation with iodoacetamide (IAA, 14 mM; Sigma-Aldrich) for 30
min. Residual IAA was removed by adding DTT (5 mM) again, with a 15-
min incubation. Samples were diluted at a 1:5 ratio with ammonium
bicarbonate (50 mM), followed by the addition of CaCl> (1 mM). The
enzymatic digestion was carried out sequencing-grade modified trypsin
(20 ng/pL; Promega, Madison, WI, USA) for 16 h at 37 °C. Subsequently,
trifluoroacetic acid (TFA; Sigma-Aldrich) was added at a final concen-
tration of 0.4% of the sample volume to stop the enzymatic reaction.

2.3.18.4. Protein identification and data analysis. Five micrograms of
peptides were analyzed using a NanoACQUITY UPLC ultraperformance
liquid chromatography system (Waters, Milford, MA, USA), configured
for two-dimensional fractionation. The proteomic profile was determi-
nad through a label-free quantification (LFQ) approach using data-
independent acquisition (MSF). For the first dimension, a 5 pm
XBridge™ BEH130 C18 analytical column (300 pm x 50 mm) was used
at a flow rate of 2 pL min~'. The second dimension comprised a trap C18
column, 5 pm (180 pm x 20 mm), and an analytical 1.7 pm BEH130™
C18 column (100 pm x 100 mm) at a flow rate of 400 nL min L. Samples
were separated into 5 fractions using acetonitrile gradients of 10.8, 14.0,
16.7, 20.4, and 65.0%. The chromatograph was directly coupled to an
ESI-Q-ToF Synapt G2S mass spectrometer (Waters) operating in positive
mode with continuous fragmentation (MSE), with collision energy
oscillating between 5 and 40 eV. Mass spectra were acquired within a
range of 50 to 1200 Da, with a scan time of 0.5 s and an interscan in-
terval of 0.1 s. Peak width and mass spectrum resolution were set to
automatic mode. The peptide (lockmass) [Glu-1]-fibrinopeptide, with a
mass of 785.4827 Da and + 2 charges state, was used as reference and
read every 30 s (according to lockmass spray settings).

Proteomic data were processed using Progenesis QI v4.2 software
(Waters) for identification and quantification, using the UniProt TrEMBL
database restricted to the Viridiplantae taxonomy (UniProtKB/Swiss-
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Prot, uniprot.org). Peptide identification was accepted for probabilities
above 90% and proteins above 95%. Significant differences in protein
abundance were determined by one-way ANOVA (p < 0.05). To mini-
mize false positives, a False Discovery Rate (FDR) correction was
applied, and only proteins with a q-value <0.1 were considered signif-
icant. Functional annotation of proteins was performed using Blast2GO
version 4.0 (Biobam, Valencia, Spain). PCA and the heatmap were
generated with the ClustVis web tool (University of Tartu, Tartu,
Estonia, https://biit.cs.ut.ee/clustvis/); using Euclidean distance for the
heatmap clustering. Protein-protein interaction networks and functional
enrichments were inferred based on functional analysis with STRING
version 12.0 (STRING Consortium, http://string-db.org/, accessed on
March 23, 2025), using Arabidopsis thaliana homologous proteins as the
reference species.

2.3.19. Statistical analysis

Statistical analyses were conducted using the SISVAR software
(Ferreira, 2010), and the selection of regression models was refined in
GraphPad Prism 8.0.1. The corrected Akaike Information Criterion
(AICc) was adopted to ensure parsimony and avoid anomalous fluctu-
ations. For each variable, first, second, and in specific cases of clear
biological trends third-order models were compared. Higher-order
models were only maintained when the AAIC and the correction prob-
ability demonstrated unequivocal superiority over simpler models,
thereby preventing overfitting.

Statistical analysis and integration of proteomics, metabolomics, and
physicochemical data were performed using the MetaboAnalyst 6.0
platform. Data were organized into abundance matrices and subjected to
pre-processing for missing value imputation through the LOD (Limit of
Detection) method, replacing non-detected values with 1/5 of the lowest
positive value for the variable.

To reduce technical variability and normalize data distribution,
Logl0 transformation was applied, followed by Auto-scaling (mean-
centering divided by the standard deviation). Correlation analysis was
performed using the Pearson coefficient (r) to evaluate linear associa-
tions between proteins and metabolites. Hierarchical clustering was
conducted based on Euclidean distance and Ward's algorithm to identify
co-regulation blocks during ripening. Additionally, multivariate ana-
lyses such as PCA and PLS-DA (including VIP score calculation) were
employed to identify the primary biomarkers for the different matura-
tion stages.

3. Results and discussion

3.1. Physical, physicochemical, and chemical changes associated with the
quality formation of H. dulcis pseudofruits during development

The mass of the H. dulcis pseudofruits analyzed increased 14-fold,
from 0.202 g to 3.052 g, 14-foldn 30 and 180 days after anthesis
(DAA), followed by a reduction up to 210 DAA (Fig. 2a, p < 0.05).
Therefore, the first 180 days of pseudofruit development are charac-
terized by growth driven by cell division and expansion. The reduction
observed after 180 DAA can be associated with water loss resulting from
respiration and transpiration, as well as the intensification of catabo-
lism, which is common during ripening and senescence. According to
Saltveit (2019), water loss in fruits as observed in the present experi-
ment is common during ripening and may stem from the respiratory
process as well as physiological and biochemical changes that increase
with transpiration.

In short, the aerobic respiratory process consists of the oxidation of
glucose, derived from organic compounds present in cells, and its
transformation into water, carbon dioxide, and chemical energy. A
reduction of 93.76% in the respiratory rate of the analyzed pseudofruits
was observed throughout the studied developmental period, following a
pattern typical of non-climacteric fruits (Fig. 2b, p < 0.05). Climacteric
fruits exhibit a peak in CO; production before, during, or after ripening,
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Fig. 2. Physical, physicochemical, and chemical changes during the development of H. dulcis pseudofruits.
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which does not return to original levels even after the decline. Since
transient increases in respiratory activity were not identified, especially
during the ripening and senescence of the pseudofruits, it is suggested
that they exhibit a typical non-climacteric behavior. While the current
data suggests a non-climacteric pattern, the observed starch variations
justify future high-resolution monitoring to provide a definitive physi-
ological characterization.

The pseudofruits exhibited a quadratic behavior regarding density
(from1.06t01.18 g mL ™) from 30 to 210 days of development (Fig. 2c,
p < 0.05). This behavior can be explained by the translocation of pho-
toassimilates from the leaves to the fruits and their subsequent trans-
formation into various organic compounds responsible for the
construction of quality, with little air accumulation in the intra- and
extracellular spaces. Lower densities suggest a greater accumulation of
gases, such as O, and CO,, among other volatile compounds, particu-
larly within the parenchymatous tissue, which reduces mass accumu-
lation relative to the volume of the plant organs.

Despite the decarboxylation of organic matter associated with
increased catabolism, water loss leads to the concentration of dry mat-
ter, which may be linked to the increase in density. The release of gases
from inside the fruits, whether due to cellular decompartmentalization
or the intensification of volatile emanation, both common during
ripening and senescence, can contribute to the rise in density. Indeed,
volatile compounds are characterized by low molecular mass, and
typically, the higher their concentration, the lower the density, as they
occupy the space of heavier compounds. Furthermore, water loss tends
to reduce fruit volume through shriveling, which consequently leads to
an increase in density, since volume and density are inversely propor-
tional quantities.

Significant changes in the skin color of H. dulcis pseudofruits were
confirmed throughout their development (Fig. 2 d, e, f, p < 0.05). A
decreasing quadratic behavior was observed for the variables L*, C*, and
h°, respectively. The reduction in L* highlights the darkening of the
pseudofruits during development. The decrease in C* values indicates
lower color vividness or saturation, suggesting that the pseudofruits lost
the intense coloration present in the early stages. Meanwhile, the
reduction in h° points to a shift in hue from green to yellowish-red,
directly associated with the color transition characteristic of ripening.
By the end of the developmental process, the pseudofruits of the Japa-
nese grape tree exhibited a yellowish-red coloration (Fig. 1), typical of
the mature pseudofruits under study (Machado et al., 2022). A reduction
in L*, C*, and h° variables was also reported by Sehn et al. (2021) when
evaluating the same pseudofruit at three developmental stages, indi-
cating a consistent pattern in skin color changes across different regions.

A quadratic behavior was observed for the total chlorophyll content
throughout the development of the pseudofruits of the Japanese grape
tree (Fig. 2g, p < 0.05). Intense degradation of the pigment was noted
during the first 90 DAA, followed by a stabilizing trend. Chlorophylls are
pigments responsible for photosynthesis, especially in leaves, and for the
greenish coloration of plants. The intense degradation of chlorophylls in
the first 90 days of development coincides with the shift in h° from the
yellow/green quadrant (90 to 180°) to the red/yellow quadrant (0 to
90°) (Fig. 2f). Therefore, as the concentration decreases from 30 to
approximately 10 mg 100 g, chlorophylls no longer impact the
greenish skin coloration of the pseudofruits of the Japanese grape tree
(Fig. 1 and Fig. 2f). It is noteworthy that chlorophyll degradation is a
process manifested at various stages of fruit development, particularly
during ripening (Kapoor et al., 2022).

As observed for chlorophyll, a reduction in the total carotenoids of
the pseudofruits of the Japanese grape tree was noted, although it
occurred in an intense and linear manner throughout the entire devel-
opment (Fig. 2h, p < 0.05). The presence of carotenoids in young fruits
indicates that the yellowish-red coloration during ripening is due to the
unmasking of these pigments as a result of chlorophyll degradation,
rather than their synthesis.Since carotenoids are essential components
of the pigment-protein complexes in thylakoids, the regulation of
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carotenogenesis in green tissues appears to be linked to the formation of
chlorophylls, proteins, lipids, and chloroplast development. This highly
regulated process is not yet fully understood; however, it is known that
light and its intensity play a crucial role in regulating carotenoid for-
mation within the chloroplast (Bramley, 2002).

Anthocyanins, pigments that provide colors typically ranging from
blue to red, were quantified in pseudofruits of the Japanese grape tree
(Fig. 2i). Anthocyanin levels dropped from approximately 10 mg 100
g’1 at 60 DAA to about 5 mg 100 g’l at 90 DAA. An increase was
observed starting from 150 DAA, with approximately 12 mg 100 g}
quantified at 210 DAA. In a previous study, Machado et al. (2022) were
unable to identify anthocyanins in the pseudofruits of the Japanese
grape tree. Failures in the extraction process, as well as in the deter-
mination method, may be the causes for the lack of anthocyanin iden-
tification in the pseudofruit. However, the influence of genetic and
edafoclimatic factors on the synthesis and degradation of this pigment
cannot be ruled out. The pigment analyses (Figures g, h, i) indicate that
the color changes in the pseudofruit of Japanese grape tree (Fig. 1 and
Figs. 2 d, e, f) are associated with shifts in chlorophylls, carotenoids, and
anthocyanins.

The levels of SS and TS kept stable during first 150 days of devel-
opment, while starch content increased by more than 190% (Fig. 2 j, p,
q). From then on, SS and TS incresed and the starch content dropped.
Sugars seem to be the principal SS of pseudofruit from 150 days of
development, but not before that. In fact, the sugars are the majoritary
compounds of SS in the most of fruit, although oligosaccharides, soluble
pectins, and organic acids also contribute to that fraction. The observed
increase in sugars and, consequently, in SS, can be related to the
translocation of photoassimilates and, mainly, starch degradation (Fig. 2
j» P, q and Fig. 3 a and b). It is noteworthy that sucrose is the main
translocation sugar from leaves to fruits, and its accumulation and
interconversion into glucose and fructose determine the increase in TS.
Furthermore, fruits that accumulate starch typically have this poly-
saccharide enzymatically hydrolyzed during ripening, resulting in an
increase in sugars and SS (Cordenunsi-Lysenko et al., 2019).

Scanning electron microscopy (SEM) and histochemical analyses
(Fig. 3 a, b) demonstrate changes in cellular structure and starch dis-
tribution during ripening, corroborating the previous statement.

The firmness of the pseudofruits exhibited a quadratic pattern,
increasing during the first 90 DAA and decreasing from 120 DAA on-
ward (Fig. 2k, p < 0.05). Fluctuations in total pectin content (Fig. 2m)
were observed throughout development, although an increase from 894
to 1549 mg 100 g~! was recorded between the first and last day of
evaluation. Soluble pectin content (Fig. 21) decreased from 531 to 192
mg 100 g~ ! between 30 and 90 DAA, then increased to reach 631 mg
100 g~ ! at 180 DAA and decreased again to 527 mg 100 g ! at 210 DAA.

Titratable acidity (TA) and pH are inversely related variables. A
decrease in TA of the Japanese raisin tree pseudofruits was observed
alongside an increase in pH from 30 to 180 DAA, followed by a reversal
of these trends up to 210 DAA (Fig. 2n and o). The rise in pH generally
occurs due to a reduction in the concentration of hydrogen ions released
by organic acids, which are consumed during the respiratory process
(Barragan-Iglesias et al., 2018). Thus, the consumption of organic acids
was prominent at 180 DAA. In the subsequent 30 days, the increase in
TA can be associated with the concentration of organic acids resulting
from transpiration losses, rather than their synthesis, as the final stage of
development is typically dominated by catabolic processes.

Fruit texture is influenced by water and polysaccharides, with
firmness being one of the most important aspects of this quality attribute
in fruits. During growth, fruits tend to be firmer due to the synthesis of
structural compounds such as starch and cell wall components
(Machado et al., 2024), like the pectin observed in the Japanese grape
tree pseudofruits. On the other hand, during ripening, softening tends to
be conspicuous in most fruits (Machado et al., 2024), as also observed
here. Therefore, the presence of starch and pectins (Fig. 2, j, 1, and m)
can be associated with the firmness of the Japanese grape tree
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Fig. 3. (a) Scanning electron microscopy (SEM) and (b) histochemistry of the Hovenia dulcis pseudofruits throughout development.

pseudofruits. The drop in firmness noted from 120 DAA (Fig. 2 k) can be
related to the increase in pectic solubilization (Fig. 2 1, m), resulting
from its depolymerization starting at 90 DAA, and to starch hydrolysis
(Fig. 2 j) starting at 180 DAA. Furthermore, depolymerization, with the
consequent solubilization of pectins, results in the release of oligosac-
charides, contributing to the rise in SS content (Fig. 2 p) (Beckles, 2012).

The vitamin C content of the Japanese grape tree pseudofruits
increased from 285 to 368 mg 100 g~ ! between 30 and 60 DAA, fol-
lowed by a downward trend reaching approximately 184 and 178 mg
100 g_1 at 180 and 210 DAA, respectively (Fig. 2 r). This reduction can
be attributed to the activity of enzymes such as ascorbate oxidase, per-
oxidases, catalases, and superoxide dismutase, which participate in
ascorbic acid metabolism (Mellidou et al., 2012).The vitamin C content
found in mature Japanese grape tree pseudofruits (178 mg 100 g-1) is
higher than that reported by Machado et al. (2022), who observed
values ranging from 90.88 to 117.06 mg 100 g~ * for the same mature
pseudofruit. This indicates that the same pseudofruit can exhibit

variations in vitamin C synthesis and degradation, possibly influenced
by factors such as cultivation conditions, variety, and developmental
stage. It is noteworthy that approximately 50 g of the mature produce
would be sufficient to meet the daily requirements of adults for this
vitamin. On the other hand, pseudofruits in the early stages of devel-
opment could be used as raw material for vitamin C extraction by the
pharmaceutical or cosmetic industries.

Based on the physical, physicochemical, and chemical analysis re-
sults, it can be inferred that H. dulcis pseudofruits extended their growth
over 180 DAA. The drop in firmness, stabilization of chlorophyll
degradation, and the onset of pectic solubilization between 120 and 150
days suggest that maturation began during this period. On the other
hand, ripening, the final stage of maturation in which fruits and pseu-
dofruits become attractive to seed dispersal agents and suitable for
consumption, started from 150 DAA, considering the intense softening
accompanied by pectic solubilization, a consistent increase in sugars and
soluble solids, and a rise in anthocyanins, which are primarily
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responsible for the typical coloration of mature pseudofruits (Figs. 1 and
2). Furthermore, the photomicrographs and histochemical results sup-
port the finding that ripening began at 150 DAA, given the structural
breakdown of amyloplasts and cell walls, as well as starch degradation
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phenomena typical of late development. In summary, H. dulcis pseudo-
fruit development comprised 180 days of growth (stages S1-S6). Matu-
ration overlapped this period from 120 DAA (stages S4-S7), and ripening
began at 150 DAA (stages S5-S7).
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Fig. 4. Phenolic profile of H. dulcis pseudofruits during development.
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3.2. Phenolic profile

In H. dulcis pseudofruits, twelve phenolic compounds were identi-
fied, comprising nine acids [gallic (GA), chlorogenic (CGA), caffeic
(CaA), syringic (SA), p-, m-, and o-coumaric (p-, m-, and 0-CuA), ros-
marinic (RA), and trans-cinnamic (t-CiA)], one flavonoid (catechin), one
stilbene (resveratrol), and one aldehyde (vanillin) (Fig. 4). CAT, VAN,
RES, CGA, CaA, and o-CuA were identified throughout the entire
developmental period, unlike the other compounds. SA was identified
only from 120 and 90 DAA, respectively, while the presence of GA and p-
CuA was limited to 30, 60, and 90 DAA, and m-CuA, RA, and t-CiA were
limited to 30 and 60 DAA.

Among the identified phenolic compounds, GA was the most abun-
dant component, although present only in the early stages of develop-
ment, with concentrations ranging from 11.60 to 15.30 mg 100 g’1
(Fig. 4d). The high concentration of GA at 30 DAA, followed by its
complete disappearance after 90 DAA, suggests a strong metabolic flux
through the phenylpropanoid pathway and its derivatives in young tis-
sues, likely acting as a chemical defense against herbivory during early
development (Singh et al., 2017). The remaining phenolics were quan-
tified at concentrations below 1 mg 100 g~*, except for RES at 30 DAA
(3.3mg 100 g~ 1) (Fig. 4). The presence of these compounds, even at low
concentrations, reinforces the metabolic complexity and functional
profile of the pseudofruits, in permanent change throughout
development.

The sharp reduction in the concentrations of CAT, VAN, RES, and
CaA observed between 30 and 60 DAA chronologically coincides with
the progressive increase in pseudofruit firmness, which reaches its peak
at 90 DAA (Fig. 2k). From a biochemical perspective, this simultaneous
behavior suggests that the reduction of these free phenolic compounds
did not result from degradation, but the rerouting of their metabolic
precursors in the phenylpropanoid pathway toward the synthesis of
structural polymers, such as lignin (Vogt, 2010). This intense initial
lignification acts by cementing the cellulose and hemicellulose matrix,
which justifies the hardening and firmness gain of the young tissue. In
contrast, the stabilization of these phenolics at basal levels after 60 DAA
and the subsequent decline in firmness, starting from 120 DAA, mark the
end of this structural deposition phase and the beginning of the hydro-
lytic softening processes typical of fruit ripening. On the other hand, an
increase in the concentrations of CGA and 0-CuA were observed from 30
to 90 DAA, also followed by relative stabilization. The temporary
accumulation of CGA may be associated with a physiological response of
protection against oxidative stress (Rashidi et al., 2022), generated by
the high metabolic rates typical of the transition period between cell
division and expansion.

The SA, which was identified only starting at 90 DAA, and p-CuA, m-
CuA, RA, and t-CiA, identified only in the early stages of development,
remained relatively stable at low concentrations, fluctuating around
0.09, 0.02, 0.037, 0.35, and 0.076 mg 100 g}, respectively. Although
present in small amounts, these metabolites may act as biosynthetic
intermediates or in maintaining tissue redox balance. The restricted
detection of compounds such as p-CuA and t-CiA to the early phases
reinforces their role as active intermediates of the phenylpropanoid
pathway, which are rapidly consumed and incorporated into matrices of
greater macromolecular complexity of the cell wall (Vanholme et al.,
2019) as the pseudofruit advances in its ontogeny, besides undergoing
a natural physical dilution effect due to the volumetric expansion of the
tissue.

The levels of CAT and RES dropped from 0.97 and 3.3 mg 100 g ! to
0.26 and 0.17 mg 100 g~! in immature green (30 DAA) and ripe (210
DAA) pseudofruits, respectively. The average CAT observed in ripe
pseudofruits was lower than those reported for ripe fruits of P. edulis
(0.6 mg 100 g™ 1), A. crassiflora (7.99 mg 100 g~1), and C. brasiliense (4.2
mg 100 g’l) (Da Costa et al., 2023; Da Costa et al., 2024; Da Costa, Silva,
et al., 2025), as was the RES content compared to that reported for ripe
fruits of C. brasiliense (0.66 mg 100 g’l) (Da Costa et al., 2024). Both
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compounds, CAT and RES, are synthesized from the fusion of p-cou-
maroyl-CoA (derived from the phenylpropanoid pathway) with three
molecules of malonyl-CoA, through the action of chalcone synthase
(CHS) and stilbene synthase (STS), respectively (Hasan & Bae, 2017; Yao
et al., 2025). These differences reflect specificities in enzymatic regu-
lation. For example, the highly branched nature of the catechin
biosynthetic pathway (Zheng et al., 2014) may justify the variability
observed in the ontogeny of H. dulcis. As the enzymes CHS and STS
compete for the same precursor (p-coumaroyl-CoA), the drastic reduc-
tion of both compounds toward ripening suggests a downregulation of
these specific branches or a redirection of the carbon flux toward the
synthesis of cell wall polymers. On the other hand, the reduction of
resveratrol throughout ripening suggests metabolic redirection or its
consumption in defense mechanisms and redox protection during the
early stages (Hasan & Bae, 2017). Besides its physiological function,
resveratrol is recognized for its therapeutic potential in combating
inflammation, diabetes, and cardiovascular and neurodegenerative pa-
thologies (Berretta et al., 2020). Catechins, in turn, offer various health
benefits, including the ability to prevent and reduce skin damage, high
antioxidant activity, UV protection, as well as antimicrobial, anti-
allergic, anti-inflammatory, antiviral, and anticancer properties (Bae
et al., 2020).

The maximum CGA content was observed at 90 DAA (0.46 mg 100
g 1), declining to 0.36 mg 100 g~ ! in the ripe pseudofruit (Fig. 4e). This
behavior resembles that observed by Wang et al. (2023) when studying
apple (Malus domestica) cultivars throughout development. According to
these authors, CGA peaks occurred in the early stages of development,
although concentrations subsequently decreased to basal levels. The
intermittent action of key enzymes, such as hydroxycinnamoyl-CoA
shikimate/quinate hydroxycinnamoyl transferase (HCT) and p-couma-
rate 3-hydroxylase (C3H), coordinates CGA metabolism, responding to
biotic and abiotic stresses, including light radiation, thermal variations,
and phytohormone signaling (Soviguidi et al., 2022). Therefore, these
factors may have influenced the changes in CGA levels observed during
the development of H. dulcis pseudofruits, suggesting that the peak at 90
DAA represents an active physiological response for cellular protection.
CGA, the condensation product of caffeic and quinic acids, is present in
coffee beverages and, more generally, in fruits and vegetables. This
phenolic has attracted attention due to its antioxidant, anti-
inflammatory, and antimicrobial activities, besides its role in regu-
lating lipid and glucose metabolism, which can be explored in therapies
focused on the management of type 2 diabetes and cardiovascular dis-
eases (Yu et al., 2022).

Contrary to the observations for CGA, but similarly to those of CAT
and RES, the levels of CaA and VAN decreased when comparing
immature green (30 DAA) and ripe (210 DAA) pseudofruits (Fig. 4b and
f). CaA levels reduced from 0.24 to 0.19 mg 100 g%, while VAN levels
dropped from 0.097 to 0.07 mg 100 g 1. CaA values are lower than those
reported for A. crassiflora (0.99 mg 100 g’l) (Da Costa, Nascimento,
et al., 2025) and C. pubescens (0.55 mg 100 g’l) (Machado et al.,
2025). CaA, commonly found in coffee beverages, exhibits various
biological activities described by Yazar et al. (2025) in their extensive
literature review: antioxidant, anti-hyperallergic, antimicrobial, anti-
cancer, cytotoxic, anti-inflammatory, anticoagulant, and antidiabetic. In
turn, VAN, a volatile phenolic aldehyde responsible for the character-
istic aroma of vanilla, is extracted mainly from the seed pods of Vanilla
planifolia and is widely used by the food and cosmetic industries.

A behavior contrary to that of CaA and VAN was observed for 0-CuA,
whose concentrations rose from 0.13 to 0.21 mg 100 g’1 in immature
green (30 DAA) and ripe (210 DAA) pseudofruits, respectively (Fig. 4i).
These values are higher than those observed in passion fruit pulp (0.06
mg 100 g’l) (Da Costa et al., 2023).

The presence of the phenolic compounds GA, p-CuA, m-CuA, RA, and
t-CiA exclusively in the early stages of development (Fig. 4d, h, j, k, )
may be associated with the intense initial activity of the general phe-
nylpropanoid pathway enzymes (such as PAL and C4H) for the
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protection of young tissues against biotic and abiotic stresses, as sug-
gested by Li et al. (2023). On the other hand, the disappearance of these
compounds may be linked to their direct utilization as building blocks in
the synthesis of structural polymers, such as lignin and complex flavo-
noids, during the ripening process. Furthermore, the rapid expansion of
the tissue promotes a physical dilution effect, reducing concentrations to
levels below the analytical detection limit (Zhang et al., 2022).

SA was identified only starting at 90 DAA, fluctuating around 0.075
mg 100 g~ ! up to 210 DAA. SA is a phenolic compound found in various
fruits and vegetables, such as olives, dates, grapes, acai, and pumpkin; it
exhibits antioxidant, antimicrobial, anti-inflammatory, anticancer, and
antidiabetic activities, as well as protective effects on the heart, liver,
and brain, while also contributing to the structural integrity of lignin
(Srinivasulu et al., 2018). Since SA is a dimethoxylated derivative of GA,
the appearance of the former starting at 90 DAA may be metabolically
associated with the consumption and disappearance of the latter starting

at 120 DAA, indicating an active late methylation pathway.
The results reveal that H. dulcis pseudofruits possess a phenolic
profile that varies qualitatively and quantitatively throughout
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development. The phenolic compounds confirm this pseudofruit as a
metabolically active vehicle with relevant antioxidant and functional
potential. These findings consolidate H. dulcis pseudofruits as a plant
matrix with significant nutritional and bioactive value, although poorly
explored, while providing essential bases regarding the biochemical and
enzymatic mechanisms that regulate its development.

3.3. Volatile organic compounds (VOCs)

Volatile compounds play a fundamental role in the aroma and sen-
sory acceptance of food products. In H. dulcis pseudo-ruits, 25 volatile
compounds were identified (Table 1), showing significant variations
throughout development (p < 0.05). Chemical characterization was
performed by comparing mass spectra with Wiley 8 and NIST libraries,
adopting a similarity index >80% for identity confirmation. The iden-
tified compounds were classified into eight chemical categories, with a
predominance of alcohols (32%) and terpenes (16%), followed by al-
dehydes, esters, terpene oxides, acids, ketones, and hydrocarbons
(Table 1). Both the concentration and the profile of these constituents

Table 1
Volatile organic compounds identified in H. dulcis pseudofruits during development.
Classe Compound RI RILit Odor Area (%) Area (%) Area (%) Area (%) Area (%) Area (%) Area (%)
Quimica Calc S1 S2 S3 S4 S5 S6 S7
2.3-Butanediol 806 806 fruit. Onion - - - - - - 1+0.01
0.75 + 0.40 + 0.96 + 0.8 + 0.53 +
a
(Z)-3-hexenol 854 858 grass 1+0.13 0.03¢ 01 0.07° 0.07° 0.01° -
o . green. Leaf. 0.41 + B 0.16 + B B B B
(E)-2-hexen-1-ol 864 853 walnut 0.07° 0.00°
resin. Flower. 3.29 £ 4.37 £ 11.96 + 22.68 + 3597 + 43.82 + 6.9 +
1-hexanol 867 863 green 0.228 0.41° 0.7 1.3 1.6 2.7 0.08°
Alcohols 52.79 + 41.3 + 31.63 + 15.85 + 9.14 + 6.83 + 4.63 +
2-heptanol 902 894 mushroom 910 2.01° 9.5¢ 0.8 0.84° 0.18° 118
1.14 + 0.8 £ 0.49 + 1.31 +
1-octen-3-ol 980 982 mushroom - - - 0.11° 0.00° 0.014 0.13°
0.81 + 0.11 +
Lavanduol 1165 1165 herb 0.14 0.03° - - - - -
0.86 + 0.11 + 1.67 £
Borneol 1175 1165 camphor 0.09° 0.02¢ 0.05° - - - -
0.11 +
Camphene 950 953 camphor 0.04 - - - - - -
089 088 balsam%c. Must. B 0.01 + B B B B B
Terpenes Myrcene pice 0.01
P Limonene 1030 1030 citrus. Mint 1.98 + 1.74 + 3.19 + 0.81 + 0.29 + 1.04 +
’ 0.45° 0.42° 0.17° 0.04° 0.03f 0.05¢ B
. citrus. Herb. a 0.08 +
(Z)-ocimene 1047 1043 flower 2+0.16 0.04° - - - - -
2.41 + 7.94 + 4.81 + 4.22 + 2.04 + 7.34 + 0.21 +
Hexanal 801 801 grass. Tallow. fat 0.04° 0.75 0.21 0.62¢ 0.23° 018 0.012
b 2.36 + 0.87 + 0.25 + 117 £
Aldehydes (E)-2-hexenal 850 844 green. Leaf 1.6 £ 0.1 0.37% - 0.06¢ 0.02° 0.05¢ -
Benzaldehyde 94 60  mend Bumt - - - - - - 057 =
sugar 0.09
Ethyl isovalerate 850 849 apple. Pear - - - - - - 0623 Oi
. 0.15 +
Esters Ethyl hexanoate 998 997 apple peel. Fruit - - - - - - 0.05
. . 7.26 + 19.3 £ 20.35 + 20.39 +
Methyl salicylate 1195 1190 peppermint 0.554 2,61 - 21b 1.9° - -
. . 0.63 + 0.24 +
Terpene 1.8-cineole 1033 1030 mint. Sweet 0.12° - - 0.07° - - -
oxides (E)-linalool oxide 1088 1084 flower 0663 3i - - - - - -
Isovaleric acid 847 827 swea. {\CId' - - - - - - 1.05 &
Acids rancid 0.11
2-M b i .27 +
ethy . utanoic 853 873 cheese. Sweat - - - - - - 0.27
acid 0.03
3.50 + 2.38 + 12.58 + 3.95 + 3.11 + 1.98 +
Ketones 2-heptanone 888 889 soap 0.31¢ 0.26° 0.9 0.3 0.09¢ 0.01f -
3-Octanone 985 979 herb. Butter. - - - - - - 047 %
resin 0.13
. balsamic. 0.55 + 1.41 £ 0.34 + 0.38 +
Hidrocarbons Styrene 892 892 Gasoline - 0.14° 0.05° 0.02¢ - 0,05 -
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showed significant variations during development, reflecting an intense
reprogramming of the secondary metabolism.

Values represent the mean and standard deviation. Results were
expressed as a percentage of the total area. Different letters indicate
significant differences (p < 0.05) by analysis of variance (ANOVA),
followed by Tukey's test. ND: not detected; RI: calculated retention
index; RI Lit: retention index found in the literature.

Alcohols constituted the predominant class of volatiles across all
analyzed stages. Among them, 2-heptanol and 1-hexanol were the most
abundant; the former showed higher concentrations in the early stages
(30, 60, and 90 DAA), while the latter predominated in the final stages
(120 to 210 DAA) (Table 1). Both compounds exhibited opposite kinetic
profiles: 1-hexanol showed a progressive increase, whereas 2-heptanol
demonstrated a linear decline during ripening. The increase in 1-hexa-
nol levels is likely associated with the activation of the lipoxygenase
(LOX) pathway, contributing to the expression of herbaceous sensory
notes (Han & Barringer, 2016). Biologically, this phenomenon is
attributed to the loss of cellular compartmentalization during ripening,
which facilitates contact between LOX enzymes and their lipid sub-
strates (polyunsaturated fatty acids), resulting in the biosynthesis of
these volatiles (Bate & Rothstein, 1998). This process is corroborated by
firmness loss data and SEM micrographs (Figs. 2k and 3). Furthermore,
the decreasing behavior of 2-heptanol reinforces the metabolic rele-
vance of this class in tropical fruits, analogous to observations in passion
fruit maturation (Da Costa et al., 2023).

A clear metabolic reorganization of alcohols was observed, in which
six-carbon (C6) defense volatiles such as (Z)-3-hexen-1-ol and (E)-2-
hexen-1-ol, derived from the cleavage of fatty acid hydroperoxides by
the enzyme hydroperoxide lyase (HPL) were restricted to the early
stages (Zhou et al., 2021). As maturation progressed, these compounds
gave way to volatiles of greater aromatic complexity, such as 1-octen-3-
ol (characteristic of fungal/earthy notes) and 2,3-butanediol. This
transition suggests a shift in metabolic investment: the plant reduces the
synthesis of herbivory signals (Green Leaf Volatiles - GLVs) as the
pseudofruit accumulates energy reserves. This hypothesis is supported
by data for soluble solids, sugars, and starch (Figs. 2 j, p, q), where an
increase in the former and a decline in the latter are observed, respec-
tively. This profile indicates a transition toward a chemical phenotype
that favors attractivity for dispersers, a pattern also validated by the
phenolic metabolism (Fig. 4) discussed previously. Moreover, the pres-
ence of these alcohols in immature tissues is fundamental, as they serve
as substrates for the subsequent synthesis of ripening-related volatile
esters (Ortiz et al., 2011).

Changes in the volatile profile during development are further
corroborated by the dynamics of terpenes and aldehydes. While limo-
nene persisted throughout ontogeny, indicating continuous biosynthesis
via the mevalonate (MVA) and methylerythritol phosphate (MEP)
pathways for defense and attraction (Aharoni et al., 2006; Rosenkranz
et al., 2021), other terpenes and C6 aldehydes, such as hexanal and
(E)-2-hexenal, predominated only in the early stages. The reduction of
these “green” aldehydes (Feussner & Wasternack, 2002) in favor of the
late accumulation of benzaldehyde, which is typically floral (Lv et al.,
2024), marks a sensory migration from an herbaceous profile to a flo-
ral bouquet at full maturity. The presence of benzaldehyde, a phenolic
aldehyde derived from the phenylpropanoid pathway (shikimate
pathway), is consistent with the detection of vanillin (4-hydrox-
ybenzaldehyde) in the phenolic profile (Fig. 4d), evidencing metabolic
coordination between soluble and volatile compounds.

Simultaneously, the consolidation of the mature pseudofruit's char-
acteristic volatile profile is driven by the biosynthesis of esters, such as
ethyl isovalerate and ethyl hexanoate. The exclusive detection of these
compounds in the fully ripe stage (S7) (Table 1) suggests temporal
enzymatic coordination, where the initial activity of alcohol de-
hydrogenases (ADH) provides the necessary substrates for alcohol
acyltransferases (AAT) in the final phase (Qian et al., 2019), a pattern
also observed in tropical fruits such as pequi (Da Costa et al., 2024).

11

Food Chemistry: Molecular Sciences 12 (2026) 100407

These data converge with results reported for ‘Golden Reinders’ apples,
where the activity of these enzymes is directly related to the increase in
esters during ripening. This reinforces that volatile ester production
results, in part, from the increased availability of precursors, such as
alcohols and acyl-CoA, for AAT action (Ortiz et al., 2011).

Finally, the minor volatile profile elucidates the physiological tran-
sition of the pseudofruits. The presence of terpene oxides restricted to
the early stages, followed by the accumulation of isovaleric and 2-meth-
ylbutanoic acids at maturity, signals a metabolic shift toward the
degradation of branched-chain amino acids (BCAAs), such as leucine
and isoleucine. This transition reflects the intensification of catabolic
processes and late oxidative activity (Bizzio et al., 2022). Similarly, the
replacement of 2-heptanone by 3-octanone in the ripe stage reflects late
metabolic events involving lipid degradation and membrane oxidation
(El Hadi et al., 2013; Schwab et al., 2008). Taken together, these vari-
ations demonstrate that maturation in H. dulcis pseudofruits acts as the
primary metabolic modulator, replacing primary defense mechanisms
with an aromatic complexity aimed at palatability and seed dispersal.

3.4. Proteomics

In H. dulcis pseudofruits, approximately 496 proteins were identified
across the seven developmental stages analyzed. Among these, 222
exhibited significant variations in abundance (g < 0.1 and FC > 2), with
differences reaching up to 8781-fold between developmental stages
(Supplementary Table 1). This subset of proteins showed the following
abundance distribution per stage: 15 in stage S1, 3 in stage S2, 2 in stage
S3, 31 in stage S4, 84 in stage S5, 33 in stage S6, and 54 in stage S7.

The identified proteins were classified into 30 functional categories,
mostly associated with biological and metabolic processes (Fig. 5a). Due
to their participation in multiple metabolic pathways and different
cellular compartments, some proteins were linked to more than one
biological process. Furthermore, Principal Component Analysis (PCA)
(Fig. 5b), performed using the three replicates of the 496 proteins for
each stage, demonstrated that the proteomic profiles of the replicates for
each stage clustered consistently, evidencing high data reproducibility.

Functional enrichment analysis revealed that the proteins accumu-
lated in H. dulcis pseudofruits are involved in 10 biological processes,
with emphasis on those related to responses to temperature and abiotic
stimuli (Fig. 4a). Complementarily, the KEGG pathway analysis (Fig. 5¢)
highlighted that central carbon metabolism was strongly impacted,
notably carbon fixation in photosynthetic organisms and glyoxylate and
dicarboxylate metabolism, which showed the highest levels of fold
enrichment and statistical significance.

The processes with the highest number of proteins were biological
processes (135) and metabolic processes (112). Among these, 56 pro-
teins were selected based on their metabolic functions in the fruits, and a
heatmap was generated to visualize their distribution and abundance
(Fig. 6a).

The topological analysis of the protein-protein interaction network
(Fig. 6b) revealed a scale-free architecture, characterized by the pres-
ence of critical structural proteins known as hubs. The TIM protein was
identified as the primary central node of the system, exhibiting the
maximum values for Degree (12.00) and Betweenness Centrality (0.14),
as indicated by the node size scale and deep purple coloring, respec-
tively. This centrality suggests that TIM plays an essential regulatory
role in coordinating signaling flow between peripheral clusters. Proteins
such as GAPC1, GAPC2, and MDH showed intermediate centrality
values (approximately 0.07), acting as communication bridges between
the central core and more specialized sub-networks, such as the cluster
formed by CSD1, CSD2, and CAT2, which demonstrated lower topo-
logical dependence within the global context of the network.

3.4.1. Photosynthesis
Four isoforms of Rubisco (EC 4.1.1.39) were identified, three of
which showed peak expression at stage 5 (S5), with an increase of up to
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632-fold (Fig. 6a, q < 0.1). Although fruits are primarily metabolic sinks,
the presence of chlorophyll in the dermal tissue of H. dulcis pseudofruits
supports a local photosynthetic capacity. The exacerbated expression of
Rubisco at the onset of ripening (S5) suggests that photosynthesis within
the pseudofruit itself provides essential ATP, NADPH, and carbon skel-
etons for metabolite biosynthesis and the intense sugar accumulation
observed (Fig. 20; Garrido et al., 2023). This endogenous activity re-
inforces the enzyme's role in assisting the synthesis of starch and storage
compounds during the metabolic transition to ripening (Jiang et al.,
2020).

Photosystems I and II (PSI and PSII) are the primary components of
the electron transfer process, playing a fundamental role in converting
absorbed energy into chemical energy during photosynthesis (Rane
et al., 2021). In the analyzed pseudofruits, specific enzymatic isoforms
for PSI and PSII were identified, showing higher expression at stages S4
and S6, respectively. Consequently, these results suggest an increase in
photosynthetic activity within the pseudofruits during these develop-
mental stages. These increases may be associated with the rise of seven
Rubisco isoforms in S5, the enzyme responsible for carbon fixation in the
photosynthetic process.

One isoform of triose phosphate isomerase (TPI, EC 5.3.1.1) and
another of phosphoglycerate kinase (PGK, EC 2.7.2.3) were identified in
the studied pseudofruits, showing higher expression at stage S5
(Fig. 6a), coinciding with the peak expression of Rubisco and reinforcing
the synchrony in carbon metabolism. TPI and PGK are fundamental for
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the interconversion of triose phosphates produced in the Calvin cycle,
ensuring energy homeostasis and the carbon supply for the biosynthesis
of metabolites essential for development (Li et al., 2014).

This enzymatic coordination suggests that, at S5, the pseudofruit
prioritizes the partitioning of trioses toward the formation of organic
matter and reserves. Conversely, the decline in the expression of TPI,
PGK, and Rubisco in the final stages (S6 and S7) signals a reduction in
autotrophic activity and primary metabolism at the peak of maturity.
Understanding these local photosynthetic dynamics in fruits is strategic
for genetic improvement and the management of microenvironmental
conditions aiming at productivity and quality (Garrido et al., 2023).

3.4.2. Glycolysis: Glyceraldehyde-3-phosphate dehydrogenase and
pyruvate kinase

Six isoforms of Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, EC 1.2.1.12) showed significant variations in expression
throughout the cycle (Fig. 6a), suggesting a regulatory role in the
development of H. dulcis pseudofruits (Choi et al., 2022). The oscillation
of these isoforms reflects the metabolic adaptation of tissues to the en-
ergetic and biosynthetic demands of the pseudofruit. Depending on the
stage, GAPDH can act both in the glycolytic flux for energy generation
and in the gluconeogenic pathway for starch and sugar synthesis,
highlighting its importance in carbon partitioning during ripening (Luo
et al., 2020).

Two isoforms of pyruvate kinase (PK, EC 2.7.1.40) were identified in
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the pseudofruits of the Japanese raisin tree, with higher expression at S5
and lower expression during the early developmental stages (S1 and S3)
(Fig. 6a). PK catalyzes the conversion of phosphoenolpyruvate (PEP) to
pyruvate, generating ATP, making it an essential enzyme in the final step
of glycolysis (Ambasht & Kaystha, 2002). Its lower expression in early
stages compared to S5 suggests an intensification of glycolysis at the
onset of ripening, a period of high energy demand. Conversely, its lower
expression in the initial stages may indicate that, during this period,
energy metabolism may rely on other pathways, such as the pentose
phosphate pathway, as well as mitochondrial oxidative phosphorylation
based on lipids and/or amino acids.

3.4.3. Pentose phosphate pathway

Three isoforms of transketolases (TK, EC 2.2.1.1) were identified in
the pseudofruits, with higher expression at S5 and lower expression
during the early developmental stages (S1 and S3) (Fig. 6a). TK is the
primary regulatory enzyme of the non-oxidative branch of the pentose
phosphate pathway, playing a fundamental role in the interconnection
between this pathway and glycolysis, in addition to being essential for
the synthesis of coenzymes, vitamins, and nucleotide precursors
(Kochetov & Solovjeva, 2014). Its higher expression at S5 supports the
previously presented data, suggesting an increase in energy demand at
the onset of ripening.

3.4.4. Krebs cycle and oxidative phosphorylation

Two isoforms of aconitate hydratase (also known as aconitase, EC
4.2.1.3) were identified in the pseudofruits, showing higher expression
at S5 and lower at S3 (Fig. 6a). These enzymes are responsible for the
reversible isomerization of citrate to isocitrate via the cis-aconitate in-
termediate (Yun et al., 2010). Furthermore, aconitase can regulate the
carbon flux between organic acid and sucrose metabolism (Carrari et al.,
2003). As the fruit ripens, the conversion of organic acids may be
reduced, leading to sugar accumulation. The activity of this enzyme may
be a regulatory factor in this process, which is supported by the change
in acidity of the analyzed pseudofruits (Fig. 2m).

Three isoforms of malate dehydrogenase (MDH, EC 1.1.1.37)
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exhibited peak expressions at S4, S5, and S7 (Fig. 6a). Although MDH
acts in the interconversion of oxaloacetate into malate, a central
component of sensory quality (Yao et al., 2011), its high expression did
not follow the same proportion as the titratable acidity (Fig. 2m). This
divergence indicates that malate dynamics in H. dulcis are governed by
complex multigenic control, where MDH may act in both the synthesis
and oxidation of the acid to supply other metabolic pathways, as
observed in apples (Zhang et al., 2022).

Five isoforms of ATP synthase (EC 3.6.3.14) were identified, with
maximum expression fluctuating between stages S4 and S7 (Fig. 6a).
Responsible for the final step of oxidative phosphorylation (Liu et al.,
2021), the variation of this enzyme reflects the fluctuations in cellular
energy supply required to regulate ripening and senescence (Wang et al.,
2013). Systemically, the abundance profile of enzymes from the Calvin
cycle, glycolytic pathways, and the Krebs cycle confirms that the onset of
ripening (S5) is the stage of highest energetic and biosynthetic demand
in H. dulcis pseudofruits.

3.4.5. Stress, defense, and antioxidant system

Fruits are dynamically exposed to stress factors that trigger defense
mechanisms, typically associated with antioxidant systems. Superoxide
dismutase (SOD, EC 1.15.11) constitutes the first line of defense against
reactive oxygen species (ROS), rapidly converting them into HyO2 and
O, (Gill et al., 2015). Two SOD isoforms were identified, showing higher
expression in the final developmental stages (S6 and S7) and lower
expression in S3 (Fig. 6a). The increased expression of this enzyme in the
final stages of the pseudofruit of the Japanese raisin tree is consistent
with the greater accumulation of free radicals that occurs during
senescence. Therefore, SOD action is vital for free radical scavenging
and combating aging. Indeed, SOD expression is an indicator that the
plant is likely employing antioxidant mechanisms to protect its cells
(Masia, 1998).

Due to its toxic nature, the HoO5 produced by SOD or other mecha-
nisms must be eliminated. Thus, Catalase (CAT, EC 1.11.1.6) is a highly
expressed enzyme, especially in specific plant cell types, and plays a
fundamental role in the plant antioxidant system (Mhamdi et al., 2010).
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Its primary function is to eliminate HoO, generated during mitochon-
drial electron transport, fatty acid oxidation, and, most importantly,
photorespiration, under both normal and stress conditions (Sharma &
Ahmad, 2014). In the analyzed pseudofruits, four catalase isoforms were
identified; two showed higher expression at stages S4 and S5, while the
other two were more expressed in S6 (Fig. 6a). These patterns suggest a
dynamic response to oxidative stress throughout development. Their
expression at these stages may be linked to intense metabolic changes,
adaptation to environmental stress, ripening and senescence processes,
or defense against biotic stresses (Masia, 1998; Rodrigues-Ruiz et al.,
2019).

Peroxiredoxin 2 (Prx2, EC 1.11.1.15) is an antioxidant enzyme that
utilizes cysteine residues to decompose peroxides. In the analyzed
pseudofruits, two isoforms of this enzyme were identified, with peak
expression observed at stage S5 and the lowest at S3 (Fig. 6a). The dif-
ference in expression between these stages exceeds 150-fold, high-
lighting significant variation in Prx2 regulation during development.
These results suggest a possible increase in ROS production or a link to
physiological ripening processes, such as changes in cellular respiration,
pigment synthesis, and alterations in secondary metabolism.

Heat shock proteins (HSPs) are highly conserved across living or-
ganisms throughout evolution. Although structurally related, they
perform distinct functions within the cell. Several HSPs can coexist in a
single cell, distributed across compartments such as the endoplasmic
reticulum, mitochondria, and cytosol (Tutar & Tutar, 2011). In the
analyzed pseudofruits, six isoforms were identified: four belonging to
the HSP70 family, one to the HSP80 family, and two to the HSP90 family
(Fig. 6a). These isoforms showed significant variations in expression
between stages S1, S4, S5, and S7. These results suggest that, during
development, the pseudofruits were exposed to thermal stress, likely
associated with temperature variations. Additionally, stress factors such
as drought, high irradiation, salinity, or other abiotic stresses can
interfere with HSP expression (Al-Whaibi, 2011), justifying the observed
variations in the Japanese raisin tree pseudofruits.

Another protein related to biotic and abiotic stress signaling found in
H. dulcis pseudofruits was E3 ubiquitin ligase (EC 2.3.2.27). One isoform
of this protein was identified, with higher expression at stage S1
(Fig. 6a). This may indicate an early response to stress or preparation for
future physiological demands related to development and environ-
mental stress (Mao et al., 2022).

3.4.6. Vitamin C

One isoform of GDP-mannose 3,5-epimerase (GME, EC 5.1.3.18) was
identified in the Japanese raisin tree pseudofruits, showing higher
expression at S5 and lower at S3. This enzyme is crucial in the reversible
conversion of GDP-D-mannose to GDP-L-galactose (Celi et al., 2023;
Smirnoff et al., 2001) within the synthesis pathway of 2,3-enediol-L-
gulonic acid, commonly known as vitamin C or ascorbic acid (AA).
This pathway, known as the D-mannose/L-galactose or Smirnoff-
Wheeler pathway, is recognized as the most likely route for AA pro-
duction in plants (Smirnoff et al., 2001). The lower expression at S3
follows the initial decline of vitamin C occurring at S2 and extends until
S4 (Fig. 2q). The peak expression at S5 coincides with the rise in vitamin
C between S4 and S5 (Fig. 2q). These results reinforce the role of GME in
vitamin C biosynthesis.

In addition to its important role in AA synthesis, GME also acts in the
synthesis of cell wall compounds. Indeed, the GDP-L-galactose produced
from GDP-D-mannose by GME is used not only for vitamin C production
but also in the biosynthesis of glycoproteins and cell wall poly-
saccharides, playing an essential role in plant development (Smirnoff
et al., 2001; Wang et al., 2015).

The AA produced by plants is recognized for its specific function in
redox reactions in response to oxidative stress (Celi et al., 2023).
Through the action of ascorbate oxidase or ascorbate peroxidase, it is
oxidized to monodehydroascorbic acid (MDHA) and dehydroascorbic
acid (DHA), and is regenerated back to AA by the enzymes MDHA
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reductase and DHA reductase, using glutathione and NADPH + H™ as
reducing agents (Noctor & Foyer, 1998).

Three isoforms of MDHA reductase (MDHAR, EC 1.6.5.4) were found
in the pseudofruits of the Japanese raisin tree, with the highest
expression occurring at developmental stages S4, S5, and S6, and the
lowest at stage S3 (Fig. 6a). Over the same interval, a variation in
vitamin C content was observed (Fig. 2q), suggesting the involvement of
this enzyme in ascorbic acid regeneration in response to oxidative stress
in the Japanese raisin tree pseudofruits.

3.4.7. Ethylene

In the analyzed pseudofruits, two isoforms of S-adenosylmethionine
synthase (SAMS, EC 2.5.1.6) were identified (Fig. 6a), showing peak
expression at developmental stages S5 and S7, with a 340-fold increase
compared to stage S3, which exhibited the lowest enzyme expression.
SAMS plays a fundamental role in ethylene biosynthesis, catalyzing the
conversion of L-methionine and ATP into S-adenosylmethionine (SAM),
an essential intermediate in general cellular metabolism. SAM serves as
a precursor for polyamines during the juvenile phase of fruits, as well as
for 1-aminocyclopropane-1-carboxylic acid (ACC), which subsequently
gives rise to ethylene, the fruit ripening hormone (Machado et al., 2025).
It also acts as a donor of methyl groups essential for the metabolism of
various plant organs. Thus, the increase in SAMS expression in the final
stages of development suggests its role in ethylene synthesis and the
ripening of the Japanese raisin tree pseudofruits, as well as in the
methylation of metabolites, such as pectic substances.

3.4.8. B-glucans

In the pseudofruits under study, an isoform of the enzyme Glucan f
(1-3) glucosidase (GBG) was identified, with peak expression at stage
S6. GBGs, classified as endo-f3 (1-3) glucanases (EC 3.2.1.39) and exo f
(1-3) glucanases (EC 3.2.1.58), catalyze the hydrolysis of p (1-3)
glycosidic bonds in p (1-3) -D-glucans (Ramos & Malcata, 2010). This
enzyme acts in cell wall degradation, and its levels increase significantly
during the defense process against fungal pathogens (Kebede & Kebede,
2021). H. dulcis is recognized as a vehicle for polysaccharides, whose
presence has been associated with the hypoglycemic effects of the
pseudofruit (Zhu et al., 2025). Therefore, the presence of an isoform of
this enzyme supports its potential depolymerizing activity in mature
fruits. The peak activity of GBG at S6 may be associated with the decline
in pseudofruit firmness between S6 and S7, given that p (1-3) glucans
are considered cell wall polysaccharides.

3.5. Principal component analysis (PCA) and hierarchical cluster
analysis (HCA)

The results of the physicochemical, metabolic, and proteomic ana-
lyses of H. dulcis pseudofruits across seven developmental stages were
subjected to multivariate analysis, performed considering the 53 most
significant variables (top features), where PC1 and PC2 cumulatively
explain 64.8% of the total data variation (40.2% and 24.6%, respec-
tively; Fig. 7a). Considering a loading cutoff of 0.02 (Supplementary
Table 2), the variables responsible for the separation in PC1 were: PSII,
TPI, PGK, GAPDH, PK, TK, aconitate hydratase, MDHs, CAT, HSPs (70,
82, 90-5), E3 ubiquitin, Prx2, SOD, linoleate lipoxygenase, MDHAR,
GME, SAMS, GBG, isovaleric acid, 2-methylbutanoic acid, 1-hexanol,
benzaldehyde, 1-octen-3-ol, 3-octanone, ethyl hexanoate, 0-CuA, mass,
density, soluble pectin, total pectin, pH, sugar, anthocyanins, starch, and
soluble solids. In fact, the visual analysis of Fig. 7a confirms that these
compounds are associated with developmental stages S4 to S7, situated
opposite to RuBisCO, stearoyl-desaturase, hexanal, (E)-2-hexenal, (Z)-3-
hexenol, (E)-2-hexen-1-ol, 2-heptanone, styrene, 2-heptanol, camphene,
limonene, 1,8-cineole, (Z)-ocimene, (E)-linalool oxide, lavandulol,
borneol, methyl salicylate, GA, CAT, CGA, CaA, VAN, p-CA, RES, L*, C*,
he°, TA, Vit C, total carotenoids, total chlorophyll, and firmness, which
characterize the fruits in stages S1 to S3.



G.G.L. Machado et al.

(a)

Biplot

[@] s1
(@] s2
@] s3
(o] sa
(@] s5

[@]s7

S
linoleate
cAroly GJIE 4Aconitate hydratase

(2)-ocime camphene Stearoyl-desaturase k3 dhiquftin /1?1 PCT 82
Lavanduol~(ey S0 Byden TA sof oA, PoK

e I o
c VA \ R\ L ‘/ /

® MDHAR

025 RA
A synthase

Total chlorophyll cthyl by

PCT 70
Psin
Gvaleric acid
PCT 90-5

MDHs

GA VItC

=4
=
3

Borneol

PC 2 (24.4%)

limgnene Density

Firpa€ss
2-heptanone

gexanol

025 \

\ Starch

0-C\
CGA

Styfene

-0.25 0.25

0.00
PC 1(40.2 %)

NUYDS KD oA
AV LD D DD D

(b)

Respiratory ra
piratory a

Density
Total carotend °

as:
1-octen-3-ol

Total chIompE

VitC

Starch

RA

limonene J
Lavanduol °

Borneol :

Z)-ocimene
otal pectin :

(E)-2-hexen-1- ] =
PCT 90-5
PSIII
(2)-3-hexenol
TA
2-heptanone
-Irmness
(E)-linalool o
ISovaleric aci
2-Methylbutano
benzaldehyde
-Octanone
Ethyl hexanoat
camphene

1-hexanol
0-CuA

T T T T T T T
12 13 14 15 16

VIP scores

Food Chemistry: Molecular Sciences 12 (2026) 100407

(©)

S1_R1

S1_R2

S2_R3

s2_R2

S2_R1

S3_R2

S3_R1

%
@
Pl
@

I
pe]
]

S5_R1

S5_R2

S4_R3

S4_R2

S4_R1

[ )
oo
0 x
(NI

FFHFFHFLFLFFTWTFLW

»
~
o
a

.
°
o

30 20

Fig. 7. (a) Biplot (PCA), (b) Variable Importance in Projection (VIP Score), and (c¢) Hierarchical Cluster Analysis (HCA) dendrogram.

The VIP (Variable Importance in Projection) score analysis (Fig. 7b)
identified that the metabolic transition during the ripening of H. dulcis is
primarily governed by changes in the volatile profile (2-heptanol) and
respiratory physiology. The high VIP values for density and Hue angle
(h°) corroborate the observed physical transformations; statistically,
these variables showed high loadings on Comp 1, establishing them-
selves as the most discriminating phenological events between stages.
Furthermore, the activity of the malate dehydrogenase (MDH) enzyme
contributed significantly to this separation, reinforcing the reorganiza-
tion of central metabolism during pseudofruit development.

Hierarchical Cluster Analysis (HCA, Fig. 7c) corroborated the PCA
and sPLS-DA results (Figs. 7a and b), segmenting the samples into two
main clusters: the first, grouping the early stages (S1 to S3) and the
second encompassing all stages of maturation, including ripening (S4 to
S7). This separation is supported by the sign inversion in the loadings of
variables such as starch and biomass (mass) relative to phenolic com-
pounds (p-CA, GA), marking a profound metabolic transition starting
from stage S4. The high similarity between biological replicates re-
inforces the robustness of the obtained proteomic and metabolic
profiles.
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3.6. Multi-omics integration: Correlations between proteins and
metabolites

Pearson correlation analysis (Fig. 8, Supplementary Table 3) rein-
forced the covariance structure observed in the PCA, allowing for the
identification of specific associations at the molecular level. A broad
spectrum of coefficients was observed, ranging from negligible associ-
ations to extremely strong correlations (r > 0.99; p < 0.05), such as those
verified between the metabolites 2-methylbutanoic acid and isovaleric
acid, and between p-CA and GA. These correlations suggest metabolic
co-regulation or enzymatic regulation, validating the integration of the
proteomic and metabolic datasets.

The results reveal a highly coordinated system between energy
metabolism, antioxidant defenses, and cell wall restructuring during
pseudofruit development. Central metabolism acted as the primary
integration axis for the datasets. The GAPDH enzyme stood out due to an
extremely strong coupling (r > 0.9) with MDHAR, SAMS, and linoleate
lipoxygenase, suggesting that glycolytic flux is intrinsically linked to
ethylene signaling and redox responses. Complementarily, TPI and PGK
showed strong (r > 0.7) to very strong (r > 0.9) correlations with ATP
synthase, aconitate hydratase, and Prx2, indicating a rigorous synchrony
between energy production (ATP) and the neutralization of reactive
oxygen species generated by respiratory metabolism. MDHs exhibited a
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Fig. 8. Pearson correlation matrix between physicochemical variables, metabolites, and proteins during the ripening of H. dulcis pseudofruits.

very strong correlation (r > 0.9) with density and sugar content, as well
as moderate associations with various volatiles (isovaleric and 2-methyl-
butanoic acids), consolidating their role in flavor transition and biomass
accumulation.

Proteins of the photosynthetic apparatus showed -correlations
marking the decline of autotrophy and the progression of programmed
senescence. Rubisco correlated moderately (r > 0.5) with vitamin C, GA,
and borneol, while photosystems PSI and II presented associations with
stress markers (SOD, CAT) and cell wall degradation (total pectin).
Notably, the PSII protein demonstrated a very strong link (r > 0.9) with
beta-glucans (GBG) and Prx2, reinforcing the interdependence between
thylakoid membrane stability and the antioxidant defense system.
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The antioxidant defense system exhibited the densest network of
strong interactions (r > 0.7), where SOD, CAT, and Prx2 varied in close
synchrony with E3 ubiquitin ligase, indicating fine-tuned regulation of
proteolysis and redox homeostasis. Vitamin C biosynthesis, represented
by the GME enzyme, showed a strong correlation (r > 0.7) with ATP
synthase and GAPDH, suggesting that the fruit's antioxidant potential is
dependent on the energy supply derived from primary metabolism. CAT,
in particular, presented a very strong correlation with Heat Shock Pro-
teins, linking chemical defense to the physical integrity of the fruit.

Cell wall dynamics were monitored via total and soluble pectin,
which showed moderate to strong correlations with most metabolic
enzymes and stress proteins. The SAMS enzyme, a key player in ethylene
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synthesis, presented very strong associations (r > 0.9) with GAPDH and
TPI, in addition to strong correlations with aconitate hydratase and
GME. This pattern evidences that the hormonal signaling that triggers
ripening is metabolically coupled to both carbon supply and ascorbate
biosynthesis, as well as pectin restructuring, ensuring that softening and
aroma development occur in a synchronized manner.

4. Conclusion

The multi-omics study of H. dulcis pseudofruit development reveals a
highly coordinated biological system, where maturation is defined by a
strategic redirection of carbon and energy flux. This process spans 180
days, with the critical metabolic transition occurring from stage S4
(120-150 DAA) and culminating in effective ripening at S7.

Multivariate analysis (PCA and sPLS-DA) consolidated the existence
of three distinct phases: chemical defense (S1-S2), metabolic transition
(S3-S6), and sensory maturation (S7). This stratification is governed by
a dense network of molecular interactions, with central metabolism
(glycolysis and the Krebs cycle) acting as the integrating axis. The strong
synchrony observed between glycolytic enzymes (GAPDH, TPI, PGK)
and the antioxidant defense system (SOD, CAT, Prx2) demonstrates that
the pseudofruit maintains fine-tuned regulation of redox homeostasis
and energy supply to sustain secondary metabolite synthesis and cell
wall restructuring.

Determining phenological events, such as the reduction in Hue angle
(H) and the increase in density, were statistically validated by high VIP
scores and Comp 1 loadings, highlighting the central role of the malate
dehydrogenase (MDH) enzyme in flavor transition and biomass accu-
mulation. Simultaneously, the evolution of the volatile profile from
green notes in early stages to complex esters at maturity evidences a
specialization of sensory attributes aimed at attractivity for dispersers.

The robustness of the proteometabolic integration is confirmed by
strong Pearson correlations, which revealed the coupling between hor-
monal signaling (via the SAMS enzyme), polysaccharide degradation,
and ascorbate synthesis. Together, these results not only decipher the
molecular determinants of programmed senescence in H. dulcis but also
provide a solid scientific basis for selecting the ideal harvest stage,
enabling the strategic technological and nutritional utilization of this
pseudofruit to meet the demands of the functional food industry.
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