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ARTICLE INFO ABSTRACT

Keywords: The aim of the present study was to investigate the dynamic changes of bioactive polyphenols, organic acid
Mofmon profile and antioxidant activities of Mespilus germanica L. during ripening. The ability of (Mosmon) fruits and
Fruit leaves were assessed during the post-harvest bletting process. Four harvest stages of fruit and leaves were
]lgfsictive sampled between October and November 2025 for total phenolic content (TPC), total flavonoid content (TFC),

Total phenolic content radical scavenging activities (DPPH, ABTS) and individual phytochemical profiles. The leaves showed signifi-

Total flavonoid content cantly higher bioactive yields than fruits, with higher TPC (171.88 mg GAE/100 g), TFC (1590.98 mg catechin/

HPLC 100 g), and antioxidant capacity (DPPH: 9621.15 pmol TE/100 g; ABTS: 9407.08 pmol TE/100 g). Mid-to-late
October (October 19-31) was the best time to harvest for the highest level of phytochemicals in both tissues.
The organic acids were the most abundant in both tissues (1059.4 pg/g malic acid in leaves and 269.8 pg/g malic
acid in fruits) but malic acid was not the only organic acids found in the leaves, with citric and fumaric acids also
present, showing that there is a higher metabolic diversity in leaves. On the other hand, fruits contained high
levels of certain high value phenolics such as rutin (169.78 mg/100 g), catechin (55.43 mg/100 g) and chloro-
genic acid (43.64 mg/100 g). In general, leaves of M. germanica collected in the end of October can be considered
as an innovative, reproducible and sustainable source of ingredients for functional foods, whereas fruits can be
considered as a source of targeted polyphenols.

1. Introduction

Non-communicable diseases (NCDs) like cardiovascular diseases,
type 2 diabetes, obesity and different types of cancers have emerged as
big diseases affecting the world in the 21st century [1-3]. The poor
dietary choices are considered as one of the lifestyle factors associated
with these chronic diseases and are seen as playing a key role in their
development and progression [4,5]. Consequently, modern nutritional
science has shifted its focus from merely preventing nutrient deficiencies
toward actively promoting long-term health and mitigating disease risks
[6,7]. In this dynamic scenario, functional foods have become an area of
great interest and have emerged as a proactive strategy to the
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conventional nutrition approach, in a way moving nutrition one step
further towards targeted health promotion. Functional foods include
bioactive compounds that give them functional physiological properties
in addition to providing basic nourishment. Functional foods have been
identified by various major regulatory agencies, such as European Food
Safety Authority (EFSA), U.S. Food and Drug Administration (FDA) and
the World Health Organization (WHO) as the means by which sub-
stances within food products can be used to prevent or manage chronic
diseases, reflecting the “food as medicine” paradigm [8,9].
Polyphenols are one of the largest groups of secondary plant prod-
ucts and are known for their antioxidant and hydroxyl group containing
aromatic rings [10]. Polyphenols are widely used in pharmaceutical,
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medical and food industry research, this is attributed to their broad
spectrum biological activities [11,12]. The phenolic acids, flavonoids,
lignans, stilbenes and tannins are all major subclasses of this group [13].
Flavonoids are one of the most prevalent families in human diet and can
be divided into flavonols, flavan-3-ols, flavones, flavanones, isoflavones
and anthocyanins [14]. Polyphenols are found in a large array of fruits
and vegetables such as apples, grapes, onions and cherries and are
excellent sources [15,16]. Organic acids are also important for their role
in food quality and preservation process apart from polyphenols.
Organic acids are present in plants in their natural form and play a role
in giving plants their organoleptic properties (flavor and acidity), but
they also serve an important role in nutritional stability, shelf life and as
natural antimicrobial preservatives to reduce the risk of food poisoning
[17].

Production of free radicals in response of oxidative stress may cause
significant biological damage at cellular level such as peroxidation of
lipids, damage of DNA and oxidation of proteins which eventually lead
to carcinogenesis [18,19]. The effects of these are counteracted by an-
tioxidants, which help neutralize free radicals and protect biological
structures from damage. Antioxidants are broadly applied in the food
industry as functional ingredients to prevent the degradation of food
products and lipid oxidation and in human health as anti-aging elements
to combat reactive oxygen species (ROS) causing diseases [20-22]. An
imbalance between ROS production and endogenous antioxidant de-
fenses, systemic oxidative stress takes place, causing neurodegenerative
disorders, cardiovascular and age-related diseases. It has been reported
in literature that phenolic and flavonoid content of plant matrix is one of
the major factors for the antioxidant potential of the plants [19,23,24].

Mespilus germanica L. is a member of the Rosaceae family and is
widely spread throughout Asia, southeastern Europe and North America
[25]. The plant is known as medlar in English, azgil in Persian, musmon
in Romanian, musmula in Serbian and Turkish and Deutsche Mispel in
German, and is very ecologically hardy and grows in poor soils and on
rocky ground. M. germanica is a spiny shrub or small tree, up to 4 m tall,
cultivated leaves are elongated. It produces brown or red fruits that are
subglobose or pear-shaped, 1.5-3 cm in diameter, 10-80 g in weight and
have yellowish-brown stony seeds, 1-3 cm in length, with a swollen base
and a pointed apex [25]. In southern Romania, Cosmulescu et al. [26]
evaluated the wild medlar and identified fruits of varying weights (3.15
to 36.68g), diameters (18.43 to 44.15mm) and volumes (4.38 to
37.18 cm®) in the medlar samples, which may serve as good genotypes
for cultivation. These fruits have become a popular food source for their
nutritional and health promoting value in the maturation phase and
during ripening [27,28]. Fruits are generally harvested in October and
subsequently cooled and stored in dark, humid, and well-ventilled
conditions to allow “bletting” (softening) to give the final flavor.
Medlar fruits are an excellent source of bioactive phenolics and fatty
acids, which have high nutritional and medicinal values [29-31].

Hence, the present study aimed to investigate the dynamic changes
in biochemical parameters of Mespilus germanica L. fruits and leaves in
bletting and autumn pre-dormancy period. In this study, total phenols,
total flavonoids, antioxidant activities (DPPH and ABTS assays) and
organic acid profiles were quantified along with individual phenolic
compounds. Throughout October to November 2025, samples were
taken at regular intervals to track any changes over time, as well as
examining any variations in phytochemical content between vegetative
(leaf) and reproductive (fruit) parts of the plant, to define the best point
to harvest for optimal health-promoting properties.

2. Materials and methods
2.1. Chemical and reagents
The chemicals used in this study included 2,2-diphenyl-1-picrylhy-

drazyl radical (DPPH, 95 percent), 2,2 -azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) diammonium salt (ABTS, 98 percent), 6-hydroxy-
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2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox-98%), sodium
nitrite (NaNOy), aluminum chloride (AlCl3), sodium hydroxide (HPLC
grade) was bought at Merck (Darmstadt, Germany), whereas ethyl
alcohol (p.a.) was bought at Nordic (Cluj-Napoca, Romania). In the
polyphenol analysis, formic acid (analytical grade) was used to prepare
the mobile phase. All aqueous preparations and mobile phases were
prepared with ultrapure water (18.2 MQ cm ™! resistivity at 25°C) pro-
duced in the laboratory with a Millipore Simplicity water purification
system (Merck, Darmstadt, Germany). The standards of phenolic com-
pounds, i.e. gallic acid, (+)-catechin, chlorogenic acid, vanillic acid,
caffeic acid, syringic acid, p-coumaric acid, ferulic acid, sinapic acid,
rutin, quercetin and luteolin were purchased at Aldrich (Milwaukee, WI,
USA). Phenolic standards were completely dissolved in HPLC-grade
methanol. Calibration curves were constructed by working standard
solutions at various levels of concentration through suitable serial
dilution. Carbohydrate standard solutions were kept at 4°C and phenolic
standards at —20°C in amber glass vials until examined.

2.2. Plant material collection

The Mespilus germanica L. fruits and leaves were sampled at four
different time intervals during the post-harvest maturation period, be-
tween October and November 2025. The samples were taken after about
twelve days; this was done in a systematic way to trace changes of
bioactive compounds and antioxidant activity during the bletting pro-
cess. The schedule of the collection was as follows: October 7, 2025 (first
collection); October 19, 2025; November 1, 2025 and November 11,
2025. The fruits and leaves were harvested at every time point and of the
same identified trees so as to be consistent. The samples collected were
directly taken to the laboratory in cooled (4°C) conditions to further test
the total phenolic content, total flavonoid content and antioxidant
activity.

2.3. Extraction

Carefully the plant material is separated into leaf and fruit tissues
before extracting. The tissues were separately processed to each tissue
type. The dried and ground samples (0.2 g) were extracted by macera-
tion in 15 mL of 80% acetone in the open for 48 h at room temperature.
The mixture was then filtered and the plant residue re-extracted at room
temperature for 15 min with 10 mL of 80% acetone in an ultrasonic bath
(Bandelin SONOREX Digital 10 P, Berlin, Germany). This ultrasound
assisted extraction was repeated 5 times. Supernatant was obtained after
each cycle and added to the filtrate obtained from the first maceration
process. The combined extracts were concentrated by a rotary evapo-
rator (IKA basic RV 05, Werke, Germany). The final concentrate was
made up to 50 mL in 80% acetone and stored at —20°C for further
analysis.

2.4. Total phenolic content (TPC)

The total phenolic content was analyzed with Folin-Ciocalteu (FC)
reagent using a UV-vis Spectrophotometer Specord 205 (Analytik Jena,
GmbH, Germany) according to the methodology (Vlassa et al., 2022). In
brief, 0.4 mL of plant extract was added to 2 mL of FC reagent (diluted
1:1 v/v with water) and shaken for 3 min. This was followed by the
addition of 1.6 mL of sodium carbonate solution (7.5% w/v) and then
10 mL of distilled water to bring the volume up to 10 mL. The solution
was incubated at 50°C, then allowed to cool at room temperature. At
760 nm, absorbance was recorded against a reagent blank of 0.4 mL
water, 2mL FC reagent (diluted 1:1) and 1.6 mL sodium carbonate so-
lution. Gallic acid standards were used to construct a calibration curve.
The total phenolic content was measured as (mg GAE/100 g) milligrams
of gallic acid equivalents per 100 g of dry weight. Each measurement
was done thrice.
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2.5. The total flavonoid content (TFC)

The total flavonoid content was measured by the aluminum chloride
colourimetric method [32] as described earlier with some modifications.
In short, 1 mL of plant extract was poured into 10 mL volumetric flask
which contained 4 mL double distilled water. 0.3 mL of 5% (w/v) so-
dium nitrite solution was added at time zero. After 5 min, 0.3 mL of 10%
(w/v) AICI3 solution was added. After 6 min, 2 mL of 1 M NaOH was
added to the mixture. It was immediately diluted to 10 mL with
double-distilled water and then mixed thoroughly. The absorbance of
the pink product was then measured at 510 nm using a reagent blank
with the solvent instead of the extract. The total amount of flavonoids
was determined by using a calibration curve for the standards of cate-
chins. Each analysis was carried out three times.

2.6. Assessment of antioxidant activity

The antioxidant properties of the extracts were tested by two com-
plementary techniques: DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
scavenging test, and ABTS + radical scavenging test. All measurements
were in triplet.

2.6.1. DPPH radical scavenging assay

Radical scavenging assays measure the capacity of target compounds
to scavenge free radicals. The DPPH radical scavenging assay was used
to determine the antioxidant capacity, as modified from Szydtowska-
Czerniak et al. [32] and Thadhani et al. [33]. Briefly, 0.5 mL of the test
sample extract was mixed with 0.5 mL of DPPH solution. The control
was made up of 0.5mL of methanol and 0.5mL of DPPH solution.
Methanol was used as a spectrophotometric blank. Absorbance was
measured at 517 nm and scavenging capacity was determined by com-
parison with a standard curve of Trolox. The percent of radical scav-
enging activity was determined by the use of Equation (1):

DPPH scavenging activity (%) = DPPH scavenging activity (%)
= [(A-control — A_sample) / A_control] x 100 1)

A control is the absorbance of the control, and A sample is the ab-
sorbances of the sample or the standard. Results were given in terms of
micromolar Trolox equivalent per 100 g dry weight (pmol TE/100 g).

2.6.2. ABTS radical scavenging assay

ABTS radical scavenging activity was measured spectrophotometri-
cally by the percentage of the inhibition of the ABTS radical by following
the protocol [34,35]. An equal amount of potassium persulfate solution
(2.45 mM) and ABTS solution (7 mM) were reacted to obtain the ABTS -
* radical cation. The incubation of the mixture was carried out in
darkness at room temperature during 17 h. This solution was then
diluted with methanol to get an absorbance of 0.700-0.800 units at 734
nm. In the assay, 0.5 mL of the plant extract was reacted with 2.5 mL of
fresh ABTS + solution in a 6 min reaction time. The blue-green ABTS
solution was discolored and the scavenging activity was computed using
Trolox standard solutions (2.5-12.5 pg/mL) as a reference point.

The percentage inhibition was calculated as in Equation (2):

ABTS-* radical scavenging activity (%)

2
= [(A-control — A_sample) / A_control] x 100 @

A control is the absorbance of the ABTS + radical in methanol, and A
sample is the absorbance of the ABTS + radical solution in methanol
with the sample extract or standard. The findings were reported as
micromolar Trolox equivalents/100 g dry weight (umol TE/100 g).
Organic Acids and Polyphenols.

2.7. High performance liquid chromatography analysis (HPLC)

All the leaf and fruit tissues (0.2g) were separately prepared and
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organic acids were extracted from them using 80% acetone as the
extraction solvent. The 80% acetone selection was made because it has
been proven that it is effective in extracting both polar and moderately
polar organic acids while limiting the extraction of interfering lipophilic
compounds [36,37]). The use of acetone-water mixtures is particularly
advantageous for extraction of organic acids, since they are good
hydrogen bond disruptors which can enhance extraction yields [37]. All
the samples were macerated at room temperature for 48 h in 15 mL of
80% acetone, and then ultrasound assisted extraction (USAE) at room
temperature for 15 min in 10 mL of 80% acetone, five times. Optimum
ultrasonic parameters used were 80kHz frequency and full power to
ensure disruption of cell wall and improve the mass transfer without
thermal degradation of thermolabile organic acids. The combined ex-
tracts were condensed with a rotary evaporator (IKA RV 05 basic,
Werke, Germany) at 40°C and then up to 50 mL with 80% acetone. The
ultrasonic parameters such as frequency (80 kHz) and full power were
optimized for cell wall disruption to promote mass transfer without
causing thermolabile organic acids to be degraded. The combined ex-
tracts were concentrated by using a rotary evaporator (IKA RV 05 basic,
Werke, Germany) at 40°C and were then reconstituted in 80% acetone to
50 mL. All extracts were kept at —20°C for HPLC analysis. Recovery
experiments, similar to those used in previous studies to validate the
extraction efficiency of this method to extract organic acids from
Rosaceae species [38,39], showed that the recovery efficiency of malic
acid, tartaric acid and citric acid ranged between 92 and 98%, 89-95%
and 85-91% respectively, which was comparable with previous studies.

The solvent system used was 80% methanol for the extraction of
polyphenols. Methanol-water mixtures are well known to have the best
ability to extract a wide range of phenolic compounds, such as
hydroxycinnamic acid derivatives, flavonoids, and phenolic acids [40,
41]. The high methanol content (80%) helps to break hydrogen bonds
between the phenolic compounds and polysaccharide-protein matrices,
resulting in better extraction yields, and the presence of the remaining
water helps the extraction of more hydrophilic polyphenolic glycosides
[40,41]. About 1 g of the separately prepared leaf or fruit tissues was
ground well with 10 mL of 80% methanol solution. This mixture was
sonicated for 30 min at 80 kHz frequency at full ultrasonic power to
guarantee the cellular disruption and to recover polyphenols as much as
possible. The extract was then centrifuged at 4500 r.p.m for 20 min, and
filtered through a 0.45 pm syringe filter (Millipore, USA) before HPLC
injection. The extraction efficiencies of the total phenolics for the
extraction of catechin, caffeic acid and p-coumaric acid were evaluated
by comparing phenolics extracted with phenolics reported in the liter-
ature for Mespilus species, the extraction efficiency of 88-96% catechin,
86-93% caffeic acid and 84-90% p-coumaric acid are similar to the re-
covery reported by previous researchers [42,43].

2.7.1. HPLC analysis for organic acids

Jasco HPLC chromatograph (Japan) fitted with an HPLC pump
(Model PU-980), ternary gradient unit (Model LG-980-02), column
thermostat (Model CO-2060 Plus), UV-Vis detector (Model UV-975) and
refractive index detector (Model RI-2031 Plus) and an injection valve
with a 20 pL sample loop (Rheodyne) were used to carry out the ana-
lyses. A Hamilton Rheodyne syringe (50 pL) was used to hand inject the
samples. The control of the HPLC system and the analysis of experi-
mental data were by ChromPass software. HPLC was performed on a
column consisting of Kromasil-NH2 (250 x 4.6 mm, 5 pm). Elution was
isocratic and the mobile phase was acetonitrilewater (70:30, v/v) at a
flow rate of 1 mL/min. Detection was done with a refractive index de-
tector. The column temperature was kept to 25°C and injection volume
at 20 pL.

2.7.2. Polyphenol content HPLC analysis

All analyses were done on a Jasco HPLC chromatograph (Japan) with
an HPLC pump (Model PU-980), a ternary gradient unit (Model LG-980-
02), a column thermostat (Model CO-2060 Plus), an UV-Vis detector
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Fig. 1a. Total phenolic content (mg GAE/100 g) of Mespilus germanica fruit and leaves during four different harvesting stages.
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Fig. 1b. Total Flavonoid content (mg Catechin/100 g) of Mespilus germanica fruit and leaves during four different harvesting stages.

(Model UV-975) and a refractive index detector (Model RI-2031 Plus)
and an injection valve using a 20 pL sample loop (Rheodyne). With a
Hamilton Rheodyne syringe (50 50 pl), the samples were manually
injected. ChromPass software was used to control the HPLC system and
analyze the data of the experiment. The HPLC separation was done in a
TRACER EXCEL 120 ODS column (4.6 x 250 mm, 5 pm). The elution
was done using a gradient mobile phase of methanol (B) and 0.1% for-
mic acid solution (C) and a flow rate of 1 mL/min. The following was the
gradient program: initial 10% B to 25% B for 10 min, followed by 30% B
to 50% B for 25 min and maintained up to 20 min, followed by 10% B to
initial. The column temperature was kept to 25°C, injection volume was

20 pL, and detection was made at 270 nm.

2.8. Statistical analysis

Each experiment was carried out thrice and results were given as
means and standard deviation. IBM SPSS statistics version 22 (IBM,
Armonk, NY, USA) were used to perform statistical tests that included
analysis of variance (ANOVA) then followed by a t-test (p < 0.05) and
post hoc test (p <0.05) (Tukey). To test the associations between
various physicochemical properties and significant differences at
different maturation phases, Pearson correlation analysis was performed
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Fig. 2b. ABTS Antioxidant activity (pmol TE/100 g) of Mespilus germanica fruit and leaves during four different harvesting stages.

Table 1

Quantitative analysis of Organic acid content in Mespilus germanica L. by HPLC.
Sample Oxalic acid Citric acid Tartaric acid Malic acid Succinic acid Fumaric acid
7.10.2025_Mosmon fruits 0+0 0+0 7.4+£0.7 142.26 £13.55 0+0 0.09 +0.01
7.10.2025_Mosmon leaves 9.67 £0.92 488.08 + 46.49 18.94+1.8 793.02 +75.54 0+0 9.46+0.9
19.10.2025_Mosmon fruits 0+0 0+0 3.61 +£0.34 49.76 + 4.74 0+0 0+0
19.10.2025_Mosmon leaves 0+0 365.24 £+ 34.79 48.77 + 4.65 591.53 +56.34 0+0 17.49 +1.67
31.10.2025_Mosmon fruits 11.56 +1.1 0+0 13.17+1.25 72.68 £6.92 0+0 0.18+0.02
31.10.2025_Mosmon leaves 0+0 402.04 + 38.3 20.38 £1.94 405.53 +38.63 0+0 4.6 £0.44
12.11.2025_Mosmon fruits 0.98 +£0.09 0+0 12.13+1.16 269.8 +£25.7 5.27+0.5 0+0
12.11.2025_Mosmon leaves 0+0 180.01 £17.15 453.45 +43.19 1059.4 £100.91 0+0 0.76 +0.07
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Table 2

Quantitative analysis of Phenolic compounds in Mespilus germanica L. by HPLC.

Luteolin

Quercetin

Rutin

Sinapic acid

Syringic acid ~ p-coumaric acid  Ferulic acid

Caffeic acid

Chlorogenic acid  Vanillic acid

Catechin

Gallic acid

Sample

0+0
0.28+0

0+0
0.3+0

0+0
169.78 +1.68

0.41+0

+0
6.6 +0.07

0+0

0+0
0.56 +0.01
14.38+0.14

0.17+0

0+0
0
0.14+0

0.22+0

1.86 +0.02
43.64+0.43

0+0
0.46+0

0+0

0+0

0+0
0.91 +0.01
0.09+0

7.10.2025_Mosmon Leaves
7.10.2025_Mosmon Fruits

0+0
0+0
29.57 £0.29

0+0
0.09+0

+0

7.51+0.07
0.22+0

19.10.2025_Mosmon Leaves

2.18+0.02
1.46 +0.01

0+0
6.84 +0.07

0+0
35.76 £0.35
0.41+0

0+0
6.92+0.07
0.59+0.01
1.19+0.01

0.31+0

0.62+0.01
1.21 £0.01
4.91+0.05

11.26 +£0.11

14.38+0.14
6.86 +0.07

55.43+0.55
0.48+0

19.10.2025_Mosmon Fruits

0.27+0 0.43+0

1.42+0.01

31.10.2025_Mosmon Leaves

0+0
1.61 +£0.02

0+0
5.71+0.06

2.29 +0.02
32.61 £0.32

0+0
0.53+0.01
0.08 +£0

0.16 +0

0£0
10.15+0.1

0+0
3.4+0.03

31.10.2025_Mosmon Fruits

7.12+0.07
0.43+0

0.5+0

5.3+0.05
0.91+0.01
17.34+0.17

2.3+0.02
0.45+0

12.11.2025_Mosmon Leaves

0+0
0.37+0

0+0
1.06 +0.01

0.8+0.01
3.05+0.03

0+0
0+0

0.53+0.01
3.96 +0.04

0+0
0.52+0.01

12.11 .2025_Mosmon Fruits

10.69+0.11

0.59+0.01

0.6 +0.01

14.194+0.14

1.83+£0.02
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with OriginPro 2021 software (OriginLab Corporation, Northampton,
MA, USA), which was integrated with Python to provide greater op-
portunities of data processing and visualization. In predicting the
changes in the phenolic compounds and organic acids in leaves and fruit
of the plant a hierarchical clustering model was used in OriginPro 2021
incorporating Python integration to create a heatmap showing the
comparison of the concentrations of the compounds and the clustering
patterns of the samples within the data table [18].

3. Results and discussion

The overall biochemical analysis of the Mosmon leaves and fruits in
the respective month of October to November 2025 have demonstrated
that both foliar tissues and fruit exhibited a very high biochemical po-
tential (Table S1).

3.1. Total phenolic content (TPC) and total flavonoid content (TFC) of
the Mosmon leaf and fruit extracts

The phenolic compounds constitute one of the most valuable families
of plant secondary metabolites, and are well known for their well
differentiated biological activities. Antioxidant, antimicrobial, anti-
inflammatory, anti-mutagenic activity, neuro-protective activity and
cardio-protective activity [44]. The multifunctional properties of the
plant-based phenolics have created a tremendous health-promoting
potential and application of the phenolics could play a role in the pre-
vention and treatment of various chronic diseases including cardiovas-
cular diseases, cancer, diabetes, neurodegenerative diseases, depression,
arthritis, infections, obesity and metabolic syndromes [44-47]. This has
resulted in the great interest in the phenolic compounds in the following
research studies: phytochemistry, food science and cosmetics develop-
ment. To increase their usefulness in different industrial applications,
therefore, a closer insight into their composition and working mecha-
nisms in plant tissues is necessary [46,48].

Mosmon leaf extracts exhibited the highest Total Phenolic Content
(TPC), with a maximum value of 171.88 + 8.4 recorded on October 19,
2025, followed by 146.05+7.17 on November 12, 2025, and
144.67 + 7.1 on October 31, 2025 (Fig. 1a). The same trend was noticed
with Total Flavonoid Content (TFC) with significantly higher values for
the extracts from leaves than for extracts of fruits. The highest flavonoid
content was found in the sample collected on October 19, 2025
(1590.98 +78.15), followed by those from November 12, 2025
(1375.67 £ 67.5), and October 7, 2025 (1227.40+60.2). Taken
together these results indicate that mid to late-October would be an ideal
time for physiological development of polyphenolic secondary metab-
olites in foliar tissues of this species (Fig. 1b). The results from this study
are similar to those from several earlier studies. This is largely due to the
leaf's role as a plant's defense system. Leaves are the organs where
photosynthesis takes place and are perpetually under attack by the
environment such as UV radiation, pathogen attack and herbivory
[49-51]. These stresses induce the synthesis and deposition of phenolic
compounds, which are protective antioxidants and defensive molecules
(chemical defenses) [52-54].

The leaves have significantly more phenols and flavonoids than the
fruits due to several factors. Firstly, leaves are long-lived and perennial
organs which need to remain functional for long periods of time [55], so
they should have a strong and persistent antioxidant system to deal with
the chronic low level of oxidative stress that comes with fluctuations in
light and temperature [56]. The fruits, by contrast, are short-lived
reproductive organs, each having a relatively short window of devel-
opment, after which they become senescent or are dispersed, for which
there is no need for long-term chemical protection. Secondly, leaves are
vulnerable to aerial pathogens such as fungal spores from the air and
insect herbivores and therefore have large amounts of phenolics on the
surface and within the leaves as first-line defenses. Fruits can be sus-
ceptible, but may be sheltered from attack by large seed coats or simply
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by their location in the canopy, which could reduce their need for high
levels of soluble phenolics. Third, during fruit ripening, metabolic pri-
orities change quite drastically, with increased sugar content and soft-
ening to promote dispersal, which is associated with the enzymatic
degradation of phenolics by polyphenol oxidase and peroxidase. This
catabolic process together with the dilution effect due to the increase in
water and carbohydrate content, results in a gradual decrease in

phenolic content. Unlike leaves, however, leaves have a more steady
anabolic profile, and they are constantly feeding carbon flow into sec-
ondary metabolite pathways, particularly those of stress. This is due to
these physiological and developmental differences, as well as ecological
differences, which result in higher total phenolic and flavonoids pro-
duction from leaf tissues as compared to fruits, consistently [54,57].
Pearson correlation matrix was developed to assess the linearity
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between the various variables such as harvest stage (Time), tissue type
(Part of plant), Total Phenolic Content (TPC), Total Flavonoid Content
(TFC), radical scavenging activities (DPPH and ABTS). There was an
exceptionally high positive correlation between plant organ identity and
TPC, TFC, DPPH scavenging capacity (r=0.9772, 0.9851, 0.9891,
respectively) and ABTS activity (r=0.9479). This indicates that the
plant organ identity (leaves vs fruits) is the predominant factor influ-
encing bioactive accumulation and functioning of antioxidant activity in
plants. In addition, very high correlations were found between TPC and
TFC (r =0.9956) and between total phytochemical concentration and
antioxidant assays (TPC vs. DPPH: r = 0.9832; TPC vs. ABTS: r = 0.9598;
TFC vs. DPPH: r =0.9841; TFC vs. ABTS: r =0.9710). This very high
co-linearity suggests that there is a direct correlation between the
phenolic and flavonoid content and the extracts' radical scavenging
potential. However, harvest time showed relatively low positive corre-
lations with the biochemical parameters (correlation coefficients be-
tween 0.1251 and 0.2182), indicating that the temporal variability
along the season was secondary and mostly dependent on the strong
effect of tissue differentiation (Fig. 3; Table S2) (see Fig. 4).

3.2. Antioxidant activity

The antioxidant activity of the extracts were assessed by using two
complementary in vitro assays: DPPH (2,2-diphenyl-1-picrylhydrazyl)
free radical scavenging assay and ABTS (2,2-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid)) radical cation decolorization assay.
Both assays showed that the antioxidant properties and antioxidant
profile of leaf extracts were significantly better and more stable than
those of fruit extracts. Interestingly, this increased activity was not

significantly dependent on seasonal changes in phenols concentration in
the leaves, indicating a strong and constant antioxidant defense system.
The highest DPPH radical scavenging activity (9621.15 4 472.6) was
recorded in the last sampling point on 12 November 2025 and the
maximum ABTS activity (9407.08 + 462.09) was also obtained in this
last sampling point, suggesting that the foliar tissues possessed a strong
radical-neutralizing activity throughout the season (Figs. 2a and 2ba-b).
The antioxidant capacity of the extracts of the fruits, however, was
consistently lower and showed a significant and gradual decrease with
the advancement in November. This decline in fruit production as the
growing season progresses is in direct contrast with the observed sta-
bility or improvements in leaf production, highlighting the value of leaf
tissues as reliable sources of bioactive compounds in the later part of the
growing season. The marked differences in antioxidant activities be-
tween leaves and fruit may be due to their different physiological
functions and stress. Leaves are perennial, metabolically active organs
subject to persistent and varying environmental stresses such as high
levels of ultraviolet radiation, changes in temperature, invasion by
pathogenic microbes and a constant pressure of herbivores. These
chronic stressors stimulate the phenomenon of phenolics and flavonoids
upregulation in the phenylpropanoid pathway, leading to the constitu-
tive and induced production of a broad spectrum of phenolic and
flavonoid compounds. These metabolites are in fact powerful reductive
agents that help to neutralize the appearance of reactive oxygen species
(ROS) in the event of stress, yet they also assume a chemical deterrent
role against herbivores or pathogens [53,54]. The fruits, however, are
ephemeral, with only a brief life, and their main function is to mature
seeds and disperse them. Their metabolic flux during ripening is pre-
dominantly directed towards the accumulation of soluble sugars,
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organic acids and pigments, which are needed to attract dispersers,
while at the same time, the endogenous oxidative enzymes (polyphenol
oxidase and peroxidase) are activated, leading to the degradation of
phenolic substrates by oxidative processes. The enzymatic degradation
and dilution effect due to the influx of water and the deposition of
carbohydrates, result in a net decrease in the concentration and reducing
capacity of phenolic compounds. As a result, the leaves' continual
biosynthetic commitment to secondary metabolism, as a response to
ongoing external threats, provides a much greater and more stable
reservoir of antioxidants compared to fruits, which undergo pro-
grammed senescence and metabolic reprogramming [53,54].

3.3. Organic acid in Mespilus germanica fruit and leaf extracts
quantitative analysis

The quantitative analysis of organic acids in the tree Mespilus ger-
manica (Mosmon) showed that it has a unique biochemical architecture
per tissue. Of the organic acids, malic acid was found in the highest
concentrations in both leaf and fruit tissues, although the concentrations
were always significantly higher in the leaf tissues (Table S3). This
differential accumulation indicates a basic difference in primary meta-
bolic functions: Leaves would be more active sites for the production or
storage of organic acids.

A temporal accumulation pattern was observed in the leaf tissues.
The highest concentration of malic acid occurred in the last harvest (12
November 2025; 1059.4 4+ 100.91 pg/g). The peak occurred alongside a
significant (and noticeable) rise in tartaric acid (453.45 +43.19 pg/g)
suggesting a synergic accumulation of the major acids during late
autumn. One interesting note was that citric acid was only present in the
leaf extracts, and not in any of the fruit samples. This lack highlights a
significant biochemical difference which implies the differentiation of
partitioning or metabolism of the intermediates of the tricarboxylic acid
(TCA) cycle between reproductive and vegetative tissues. The profile of
the acids was much simpler in fruits, consisting mainly of malic acid and
tartaric acid. The level of malic acid was raised with time but the rise
was slight, and would not lead to any significant metabolic change in the
fruit by the November harvest (269.8 +25.7 ug/g), confirming the
metabolic quiescence of the fruit compared to the leaf.

Both tissues contained fumaric acid although in much lower con-
centrations than the fruits and leaves had consistently higher concen-
trations, the highest being in mid-October (17.49 + 1.67 pg/g). Succinic
acid was not detected in many of these samples except in a few samples
of late October fruit extracts. The sporadic occurrence in fruits may
relate to the early phases of ripening and/or physiological stresses, and
the overall lack of the TCA cycle, indicate that it is not a major source of
carbon storage in these tissues. These results collectively demonstrate
that leaves are a much more concentrated and metabolically rich source
of organic acids than fruit, and that mid-November is the optimal time
for leaf tissues to contain a high concentration of accumulated organic
acids.

Hierarchical cluster analysis (HCA) was used to further clarify these
biochemical differences. The resulting heat map was highly distinct and
clearly divided into two main groups, with the main driver being tissue
type and not harvest time, indicating that the metabolic profile of
M. germanica is more strongly influenced by organ identity than harvest
time. The heat map upper part cluster was mainly composed of high
relative abundance of citric acid and fumaric acid, which were either
very low in abundance or not present at all in fruit samples. In the late
season samples (12 November 2025), there was a unique metabolic shift
with the highest levels of malic and tartaric acids being the most intense
dark blue cells within the leaf clade. The plant's organic acid accumu-
lation during this time is presumably active and dynamic, and could be
related to cold acclimation and osmotic adjustment to prepare for winter
dormancy. Virtually the opposite were recorded for the fruit cluster,
with the exception of the last harvest (12 November 2025), where an
isolated succinic acid peak was observed. Could be due to ripening or
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because it is a post-harvest softening process for Mosmon fruits (blet-
ting) characterized by metabolic reprogramming that occurs at the
beginning of ripening. This change was a local one, however, and not led
to a greater number of acid types than in leaves. These data make it clear
that metabolism of M. germanica is highly tissue specific, with the leaves
always showing a higher concentration and diversity of organic acids,
more so than fruits, and a more dynamic response to seasonal change.
The results support the use of leaf tissues, especially those collected
during mid to late autumn, as an excellent source of organic acid me-
tabolites which are pharmacologically useful [58,59] (see Table 1).

3.4. Quantitative determination of polyphenol content in Mespilus
germanica fruit and leaf extracts

Significant organ and temporal variation were found in the phenolic
and flavonoid content of Mespilus germanica at the four harvest dates.
Fruit extracts had a broader range of individual bioactive markers and
higher concentrations than leaf extracts (Table S4), a notable aspect of
which is that the range of these markers was more extensive than the leaf
extracts. The rutin was the most abundant compound in early fruits
(169.78 £ 1.68 mg/100g on 07.10.2025) with sharp decrease during the
season. Likewise, appreciable initial concentrations of chlorogenic acid
and catechin were found in fruits, and they were relatively stable
throughout subsequent harvests. Leaf samples, on the other hand,
exhibited relatively low amounts of these specific markers, specifically
chlorogenic acid and sinapic acid, which seemed to be present most
consistently, but in small concentrations. The metabolic richness of
fruits reached its zenith during the 31.10.2025 harvest, characterized by
elevated levels of catechin (55.43 +0.55mg/100g), caffeic acid
(10.15 £+ 0.1 mg/100g), and sinapic acid (32.61 + 0.32mg/100g). The
HPLC-based characterization clearly shows that fruits are a much more
concentrated source of the high value individual flavonoids and
hydroxycinnamic acids than leaf tissues, with fruits at the mid-to-late
stage of maturity (mid-to late October) providing the highest content
of these phytochemicals (Table 2).

Furthermore, hierarchical cluster analysis (HCA) was used to further
clarify the metabolic differences between tissues, and to show the dif-
ferences in clustering for each organ. The heatmap showed that the
samples of leaves clustered together in a separate clade with elevated
relative abundances for some phenolic markers along with significant
temporal variation. The dark blue and purple clusters of leaves from
October (31.10.2025 and 19.10.2025), represented the highest level of
accumulation for catechin, caffeic acid and p-coumaric acid. Fruit
samples, on the other hand, fell in a separate clade and rather uniform
and relatively “cooler” profile, predominantly yellow, because the
relative concentrations of these specific markers were rather low
throughout the study period. One particularly interesting exception is
the enrichment of chlorogenic acid, vanillic acid and rutin in the early
season leaf sample (07.10.2025) compared to both the later leaf samples
and all of the fruit samples. Leaves appear to be the source of most of the
phenolic diversity and the chemical profile changes quite dramatically
towards mid-autumn when the hydroxycinnamic acids dominate to a
more flavonoid-concentrated profile (Fig. 5).

The overall results constitute a complementary biochemical profile:
the leaves are a rich source of a wide range of total phenolics, and have
higher aggregate antioxidant activity, while the fruits contain higher
concentrations of specific high-value bioactive compounds such as rutin,
chlorogenic acid and catechin, which are best accumulated at the mid-
to-late October harvest. The dual use of M. germanica for functional
food applications is highlighted, with fruits being the major sources of
targeted bioactive compounds and leaves being valuable for total
phenolic diversity applications [53,60].

The present study establishes a novel and significant fin-
ding—Mespilus germanica leaves represent an untapped, high-potency,
and reproducibly superior ingredient for functional food development.
As long-lived vegetative organs, leaves maintain a persistent metabolic
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defense against chronic environmental stresses, resulting in the accu-
mulation of significantly higher total phenolics (171.88 mg GAE/100 g),
flavonoids (1590.98 mg catechin/100g), and antioxidant activity
(>9600 pmol TE/100 g) compared to fruits. Notably, leaves uniquely
contain citric and fumaric acids—compounds absent in fruit
tissues—demonstrating higher metabolic diversity. The reproducible
superiority of leaves over fruits across five harvest dates establishes
leaves as a more reliable and sustainable source of bioactives. Defining
mid-to-late October (October 19-31) as the empirical harvest window
for peak bioactivity bridges agricultural waste upcycling with industrial
food innovation.

4. Conclusion

The aim of the present study was to conduct a detailed study on
bioactive molecules present in Mespilus germanica L. fruits and leaves
during the bletting process. The total phenolic content (171.88 mg GAE/
100 g) and total flavonoid content (1590.98 mg catechin/100 g) of the
leaf tissues were also higher than others, along with their antioxidant
activity (DPPH: 9621.15pmol TE/100g; ABTS: 9407.08 pmol TE/
100 g). Specific high value phenolics, however, were found in higher
concentrations in fruits, such as rutin (169.78 mg/100g), chlorogenic
acid (43.64mg/100g) and catechin (55.43 mg/100g). HPLC analysis
showed that mid-to-late October (October 19-31) was the best time to
harvest the fruits for the highest levels of these bioactive compounds.
Both tissues were predominantly malic acid with leaves showing greater
metabolic diversity, with the presence of citric and fumaric acids. The
maximum level of malic acid was 1059.4 pg/g in leaves and 269.8 ug/g
in fruits. The tissue-specific metabolic fingerprints were confirmed by
hierarchical cluster analysis, which separated the leaves and fruits into
two metabolic groups. Phenolic compounds had high positive correla-
tion with antioxidant capacity (r>0.85, p<0.001) indicating their
significant role in radical scavenging activity of both tissues. Finally, it
may be concluded that the fruits of M. germanica can be used as a source
of high value phenolics to be used in functional food and the leaves of
the plant can be used as an additional source of total phenolics and
metabolic acids to be exploited for their nutraceutical value.
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