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Abstract

Berberis vulgaris L. is a shrub exhibiting significant morphological and biochemical diversity. This study evaluated nine wild genotypes from Isfahan Province,
Iran, based on 21 morphological and biochemical traits. Fruit length varied from 0.6 to 1.07 cm, width from 0.47 to 0.72 cm, and weight from 0.14 t0 0.26 g,
with colors ranging from light yellow to dark red. Pearson correlation analysis revealed key relationships: fruit weight correlated positively with seed length (r
=0.50), fruit color had a strong negative correlation with fruit length (r =-0.68) and a positive correlation with leaf color (r = 0.74). The number of fruits per
panicle correlated negatively with seed width (r = -0.73), while fresh fruit weight correlated positively with leaf blade length (r = 0.79). Biochemical analysis
showed notable antioxidant activity linked to phenolic and flavonoid content. Sample 2 had the highest total phenolics (14.34mg/ml), flavonoids (13.83
mg/ml), whereas sample 7 exhibited the highest flavonoid concentration (16.86 mg/ml) and sample 3 showed the strong antioxidant capacity (97.10%).
Hierarchical clustering grouped genotypes into three clusters: Cluster | (samples 7 and 8) with distinct biochemical profiles; Cluster Il (samples 1 and 2) with
darker fruits and higher phenolics; Cluster Ill with lighter fruits and lower biochemical levels. These results highlight the genetic diversity and medicinal
potential of B. vulgaris, suggesting fruit color and morphological traits as useful markers for selecting genotypes with high antioxidant capacity.
Conservation and breeding efforts should prioritize these valuable wild resources for pharmaceutical and nutraceutical uses.

1. Introduction

The Berberis genus, a member of the Berberidaceae family, comprises an extensive array of approximately 650 species distributed across 15 genera. This
botanical diversity is predominantly found across regions of Asia, Europe, North Africa, and South America [1]. Among these species, barberry stands out for
its small fruit endowed with remarkable medicinal properties. Its natural habitats are particularly prevalent in Asia and Europe, where it has been cultivated
and harvested for centuries, playing a significant role in traditional medicine [2].

The historical significance of barberry in folk medicine extends over two millennia, rooted in ancient civilizations [3]. Ancient Egyptian records reveal the
ingenious use of barberry combined with fennel seeds to repel pests, showcasing early recognition of its versatile properties. Similarly, Babylonian
documents dating back to 650 BCE highlight barberry’s esteemed medicinal virtues, underscoring its long-standing reputation as a therapeutic agent [4].

By the 7th century CE, barberry had become a staple of traditional medicine across the Middle East. Renowned for its efficacy in treating infectious fevers
and combating typhus, the fruit became an indispensable component of historical therapeutic regimens, attesting to its enduring relevance in medicinal
practices [5].

The biochemical composition of Berberis vulgaris is a key factor in its widespread use in traditional and modern medicine. The fruit is rich in bioactive
compounds, particularly phenolics, flavonoids, and alkaloids such as berberine, which are responsible for its diverse pharmacological properties. These
compounds exhibit potent antioxidant, anti-inflammatory, antimicrobial, and cardioprotective effects, making B. vulgaris a promising candidate for
therapeutic applications [6].

Phenolic compounds in B. vulgaris contribute significantly to its antioxidant capacity by neutralizing free radicals and reducing oxidative stress, which is
linked to various chronic diseases. Flavonoids, another major group of phytochemicals in the fruit, are known for their ability to modulate cellular signaling
pathways, enhancing the body's defense mechanisms. Additionally, berberine, a key alkaloid found in the root and fruit, has demonstrated remarkable
efficacy in controlling blood glucose levels, reducing cholesterol, and exhibiting antimicrobial properties [7].

Recent studies have quantified the phenolic and flavonoid content of B. vulgaris, highlighting its exceptional antioxidant activity, which varies among wild
populations due to genetic and environmental factors. This biochemical diversity underpins the importance of conserving wild genetic resources and
exploring the medicinal potential of different ecotypes. By understanding the biochemical profile of B. vulgaris, researchers can identify high-value individuals
for potential applications in pharmaceutical development and functional foods. [8-10].

This study emphasizes the need to evaluate the biochemical properties of wild barberries to uncover their therapeutic potential and promote their
sustainable utilization. Furthermore, it aims seeks to explore significant disparities in morphological and biochemical traits among various wild barberries,
commonly referred to as Seedy barberry in Iran. The goal is to evaluate their potential for domestication and to harness their medicinal properties in the
future. By examining these traits, we aim to contribute to the sustainable utilization and broader application of barberry as both a cultivated crop and a
medicinal resource.

2. Material and method
2.1. Plant material

Totally, 9 wild individuals of B. vulgaris were obtained from Zarin Gol Feridunshahr company (Longitude:49°55'35.8"E, Latitude: 32°56'19.2"N) of Isfahan
province from the center area of Iran. The studied areas are near each other and have similar climates (Fig. 1). The collected plant materials were transferred
to the Islamic Azad University, Isfahan (Khorasgan) Branch, where the plants were confirmed as wild B. vulgaris. Voucher specimens were stored at this
center at - 70°C for future reference.

2.2. Morphological evaluation

Eighteen morphological variables of 9 wild individuals of B. vulgaris were examined (Fig. 2; Table 1). Leaves and fully mature fruits were harvested from each
shrub, with random samples collected consisting of 30 fruit bunches from each shrub. Samples of adult fruit bunches were randomly taken from various
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parts of the shrubs. Some variables were measured using laboratory equipment. Leaf length, leaf width, leaf tail length, fruit length, fruit width, fruit tail
length, seed length, and seed width were measured with a digital caliper. Fresh fruit weight, dry fruit weight, fresh leaf weight, dry leaf weight, and seed
weight were recorded using an electronic balance with a precision of 0.07 g. Thirty experimental units were tested for each variable examined. Additionally,
the number of leaves and the number of fruits per panicle were recorded. Leaf color and fruit color were assessed according to a scoring and coding system
(Table 1).

2.3.Biochemical analysis
Extraction Procedure

One gram of dried fruit samples was ground and immersed in 10 ml of an 70:30 ethanol-water solution for four hour while being shaken. The resulting
extracts were filtered and then stored at 4°C in a refrigerator for future use.

Total Phenolics (TP) Analysis

The total phenolic content in the extracts was measured using a spectrophotometric method based on Folin-Ciocalteu's procedure [11]. In summary, 0.5 ml
of the diluted extract was mixed with 0.45 ml of water and 2.5 ml of a 1:10 diluted Folin-Ciocalteu phenol reagent, followed by the addition of 2 ml of a 7.5%
(w/v) sodium carbonate solution. After allowing the mixture to incubate for 5 minutes at 50°C, the absorbance was recorded at 760 nm. The phenolic content
was calculated using a standard curve of gallic acid, with the results expressed as mg of gallic acid equivalents (GAE) per ml of extract. Calibration graphs
(Fig. 3) were created for linear regression analysis, plotting peak area against concentrations of 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 pg/ml.

Total Flavonoids (TF) Analysis

The flavonoid content was measured using a spectrophotometric method that relies on the formation of an aluminum-flavonoid complex [12]. All analyses
were performed in triplicate. To begin, 0.5 mL of a 2% (w/v) AICI3 solution was added to 1 mL of the test solution (either standard or sample). Following this,
0.5 mL of water, HCI, CH3COONa, or CH3COONH4 (each at a concentration of 1 M) was added. The standard solutions of flavonoids used had a
concentration of 100 pM. The mixture was then shaken vigorously and left to incubate at room temperature for 10 minutes before undergoing spectral
analysis at 425 nm. In the blank, the AICI3 solution was replaced with an equal volume of water. The flavonoid content was determined using a standard
curve based on quercetin, with results expressed as mg of quercetin equivalents (Q) per mL of extract. Calibration graphs (Fig. 4) were subsequently plotted
for linear regression analysis, correlating peak area with concentrations of 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3 pg/mL.

Antioxidant Capacity by DPPH Assay

The DPPH radical scavenging activity of the extract was assessed using the stable free radical DPPH, as described previously [13]. In this method, 1 mL of
each sample (at a concentration of 1 mg/mL) was incubated with a methanolic solution of DPPH (1 mM). After 30 minutes of incubation at room
temperature, the absorbance at 517 nm was measured using a spectrophotometer. The percentage of radical inhibition (%) was calculated using the
following formula:

oy _ (ADPPH—AP\
o A DPPH “

where A pppy is the absorbance of the DPPH solution containing ethanol, and A is the absorbance of the DPPH solution with the plant extract.

3.3. Statistical analysis

Data analysis was performed using the XLSTAT software v5.03 (2016). Statistical analysis was carried out using the ANOVA procedure and the means were
compared with a Least Significant Difference (LSD) test at p < 0.05. The p-values of less than 0.05 were considered statistically significant. Simple correlation
(Pearson) between traits were performed using Microsoft Excel (version 2013) .

Hierarchical Cluster Analysis (HCA) was conducted using the Ward linkage method and Euclidean distance matrix to assess the genetic diversity and
grouping patterns among the samples. Clustering and dendrograms were generated using Python (libraries: pandas, scipy, sklearn, matplotlib). All data were
first normalized using Z-score standardization to ensure comparability across different units and scales [14-15].

Pearson correlation coefficients were calculated to assess the strength and direction of relationships between morphological and biochemical traits. The
correlation matrix was visualized using a heatmap for interpretability [16].

3. Result and discussion
Morphological evaluation

The results indicated a statistically significant difference (p < 0.01) among the studied genotypes in terms of morphological traits. This diversity highlights
the existence of considerable genetic variation, which can be utilized in breeding programs. Genotype 1 showed the highest number of fruits per panicle (17),
along with dark red fruit color, suggesting its superiority in fruit production potential. Although Genotype 8 also had a high fruit count, it lacked in other key
traits, making Genotype 1 a better overall performer.

In terms of fruit characteristics, Genotype 5 exhibited the greatest fruit width (0.72 cm), fresh fruit weight (0.41 g), seed length (0.57 cm), and seed width
(0.27 cm). These traits suggest Genotype 5 could be ideal for breeding focused on fruit and seed quality. Moreover, Genotype 2 had the darkest fruit color,
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followed closely by Genotype 1, which could be desirable for markets that prefer deeply pigmented fruits.

Regarding vegetative traits, Genotype 7 had the highest leaf length (3.15 cm), while Genotype 2 recorded the greatest leaf width (1.72 cm). Fresh and dry leaf
weights were also highest in Genotype 5, further supporting its overall robustness. Seed weight varied among genotypes, with Genotypes 5 and 4 showing
the most promising results.

Overall, performance ranking based on yield-related traits was as follows: Genotype 1 > Genotype 3 > Genotype 2 > Genotype 7 > Genotype 5 > Genotype 6 >
Genotype 4. The variation in fruit color ranged from dark red to yellow, with the following trend: 2>1 >3 & 4>5 & 6 > 7. This indicates that Genotype 2 is
preferable for color-related traits, while Genotype 1 is superior for fruit count and general productivity, and Genotype 5 excels in fruit and seed size and
weight. Such diversity makes these genotypes suitable candidates for future improvement and selection efforts.Trait correlation analysis is used to
investigate and establish meaningful relationships between traits (Table 2). Establishing this relationship between traits leads to studying traits that may be
difficult to measure [17].

Simple correlation coefficients between traits showed that some measured traits have a significant positive or negative correlation. Barberry fruit weight has
a positive and significant correlation with seed length(r = 0.5). Barberry color showed negative correlation with fruit length (r = -0.68) and positive correlation
with leave color (r = 0.74). Furthermore, Number of fruits per panicle showed negative correlation with seed width(r = -0.73). Also fresh fruit weight has
positive correlation (r = 0.79) with blade length. Increasing number of fruits per panicle will be decreased the seed weight. Many studies investigated and
evaluated significant difference between morphological traits which depends on studied region [18—19]. Wild germplasm of barberry plants were assessed
on their morphological parameters.

Table 1
Mean comparison of morphological of wild barberry (Berberis vulgaris L.) fruits genotype.
Sample leaf leaf leaf fruit fruit fruit Number Number Fruit leaves fresh fresh Blade dry dry
length  width tail length  width tail of fruit of leave color color fruit leaf length leaf leaves
length length  per of per weight  weight weight  weight
panicle  panicle
1 2302 1.30 0.75 0.75°¢ 0.65 0.62 17.00° 16.00 @ 500° 3.00P 0.25 0.037 1.97 0.06° 0.022
ab bcd ab cd bc bc bc
2 2502 1.72 0.70 0.60 d 0.47 0.42°¢ 13.00 9.00¢ 6.002 4.002 0.14 d 0.060 1.85¢ 0.03 0.022
a bed c cd abc de
3 2202 147 067  qp7a 057  g7pc 14.50 1050  3.009 200c 0.20 0.068  225b 092 0.02°
ab bed abc bc cd abc
4 3122 1.15 0.97 1.072 0.55 0.70 950¢ 8.75¢ 3.00d 3.00b 0.19 d 0.050 2.10 0.06 b 0.02 2@
bc be bc cd abc bc
5 20972 155  q722 o5t 072 060  11.00 8.00¢  400° 300> 0412 0093 2702 (0092 0022
ab a cde de a
6 29254 1.05 0 50d 1.02 0.65 0.60 10.20 7 ood 4.00°¢ 2.00° 0 26b 0.033 2.10 0.05¢ 0.02 @
: bc : ab ab cde de ’ : : : be be : :
7 3152 0.70 0.95 0.95 b 0.57 0.95 b 14.75 4.75¢€ 2.00¢ 2.00¢ 0.18 d 0.086 1.97 0.04 0.01°
c bed abc bc ab bc cd
8 2.80°2 3-20 1.12°b 3605 2-72 1208 25752  7.259 3.00¢ 3.00® 0.15¢ 80-034 220> 0.06° 0.02°
9 3152 1.45 0.60 0.95 b 0.52 0.52 12.25 7.50 d 1.00f 2.00¢ 0.20 d 0.022 2.05 0.03¢ 0.022
ab cd bc de cde c bc
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Table 2
Correlation coefficients between all measured morphological traits in the wild barberry genotype.

leaf leaf leaf fruit fruit fruit Number Number Fruit leaves fresh fresh Blade dry dry
length  width tail length  width  tail of fruits  ofleave  color color  fruit leaf length  leaf leaves
length length  per per weight  weight weight  weigh
panicle  panicle

leaf 1.00

length

leaf -0.27 1.00

width

leaf tail 0.47 0.08 1.00

length

fruit 0.23 -0.45 0.15 1.00

length

fruit -0.09 -0.18  0.59 0.37 1.00

width

fruittail 0.23 -0.59 0.28 0.52 0.50 1.00

length

Number -0.10 -0.11 0.11 0.03 0.43 0.76 1.00

of fruits

per

panicle

Number -0.56 0.39 -0.17 -0.39 0.05 -0.31 0.10 1.00

of leave

per

panicle

Fruit -0.61 0.44 0.03 -0.68 0.05 -0.39 -0.03 0.51 1.00

color

leaves -0.04 0.53 0.31 -0.65 -0.07  -0.19 0.14 0.31 0.74 1.00

color

;resh 0.00 0.15 0.59 0.12 0.60 -0.28 -0.37 0.14 0.13 -0.08 1.00

ruit

weight

Ifre?h 0.19 -0.02  0.61 -0.04 0.06 0.03 -0.23 -0.23 0.11 0.08 0.36 1.00

ea

weight

Blade 0.15 0.22 0.78 0.46 0.67 0.10 -0.08 -0.12 -0.10  -0.09 0.79 0.44 1.00

length

dryleaf -0.23 0.17 0.54 0.45 0.55 0.19 0.05 0.29 0.09 -0.05 0.55 0.46 0.77 1.00

weight

dry -0.49 0.67 0.04 -0.17 -0.03  -0.41 -0.22 0.05 0.62 0.46 0.13 0.11 0.26 0.27 1.00

leaves

weight

Seed -0.34 0.53 -0.10 -0.07 -0.12  -0.76 -0.63 0.60 0.28 0.05 0.50 -0.07 0.25 0.37 0.37

length

seed -0.23 0.52 -0.01 -0.10 -0.20 -0.76 -0.73 0.44 0.39 0.25 0.44 0.02 0.22 0.31 0.51

width

seedh -0.28 0.34 -0.08 -0.33 -0.03  -0.71 -0.53 0.67 0.49 0.30 0.46 -0.22 0.01 0.09 0.20

weight

Biochemical analysis

The data collected from the analysis of nine samples of Berberis vulgaris L. reveal notable concentrations of total phenolics and flavonoids, expressed in
mg/ml, along with their respective antioxidant percentages (Table 3). The results indicate that sample 2 showcased the highest total phenolic content of
14.34 mg/ml and flavonoid concentration of 13.83 mg/ml, and sample 3 achieving an impressive antioxidant percentage of 97.10%. Similarly, sample 7
exhibited a remarkable flavonoid concentration of 16.86 mg/ml, with a corresponding antioxidant activity of 96.45% (Table 3). The findings on Berberis
vulgaris L. align with the research indicating high phenolic and flavonoid concentrations, showcasing significant antioxidant activity. This supports the notion
that even lower concentrations can effectively scavenge free radicals, reinforcing its potential as a natural antioxidant resource [20]. The study on Iranian
Berberis species found varying total phenolic contents, with Black berberis bakhtiarica showing the highest levels and antioxidant activity, supporting the
notion that phenolic and flavonoid compounds in Berberis contribute significantly to their antioxidant properties [21-22].

Conversely, samples with lower concentrations, such as sample 8 (5.60 mg/ml for total phenolics) and sample 9 (5.18 mg/ml for total phenolics), still
exhibited considerable antioxidant properties, with percentages of 93.12% and 89.20%, respectively. This suggests that even at lower concentrations, the
phenolic and flavonoid compounds in Berberis vulgaris L. are effective in scavenging free radicals, reinforcing the herb's potential as an antioxidant resource.
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concentrations of total phenolics in Berberis vulgaris L. (5.60 mg/ml and 5.18 mg/ml) demonstrated significant antioxidant activity (93.12% and 89.20%),
highlighting the effectiveness of its phenolic and flavonoid compounds in free radical scavenging. concentrations of total phenolics in Berberis vulgaris L.
(5.60 mg/ml and 5.18 mg/ml) demonstrated significant antioxidant activity (93.12% and 89.20%), highlighting the effectiveness of its phenolic and flavonoid
compounds in free radical scavenging. [23]. The paper confirms that Berberis vulgaris L. exhibits significant antioxidant activity, particularly in acetone
extracts, with the highest total phenolic content at 92.75 mg GAE per g, supporting the findings of notable antioxidant percentages in various samples [24].

The overall antioxidant percentages across all samples consistently exceed 89%, underscoring the robust antioxidant activity associated with Berberis
vulgaris L. In the present study, the antioxidant activity of the barberry fruit extract was found to be significantly high, reaching levels comparable to or
potentially exceeding those of ascorbic acid. While previous studies such as Hosseinihashemi et al. [25] reported an antioxidant activity of 98.61% in inner
peel extracts of barberry, our findings show that the fruit itself—without isolating the peel—also possesses remarkable antioxidant properties. This suggests
that antioxidant compounds are not limited to the peel, but rather are distributed throughout the fruit tissue. The high antioxidant capacity observed in our
samples may be attributed to the presence of bioactive phytochemicals such as anthocyanins, polyphenols, and flavonoids, naturally abundant in barberry.
These findings align with previous literature that highlights the rich phytochemical profile of this plant, attributing its protective effects largely to its complex
array of flavonoids and phenolic acids (22, 26). Altogether, these results suggest that whole barberry fruit could serve as a potent natural antioxidant source
for use in food, nutraceutical, and pharmaceutical applications.

Biochemical composition of w-ili?jbtfar:i)erry (Berberis vulgaris L.) fruit
genotypes
Sample Total Phenol mg/ml  Total Flavonoid mg/ml  Antioxidant %
1 11.15 12.55 93.84
2 14.34 13.83 91.30
3 11.93 10.07 97.10
4 7.75 6.22 95.58
5 7.71 8.24 93.99
6 6.53 7.05 96.01
7 8.65 16.86 96.45
8 5.60 10.26 93.12
9 5.18 5.30 89.20

Cluster analysis

To explore the diversity patterns among the studied samples, a hierarchical clustering analysis was conducted using 21 morphological and biochemical
traits. This analysis was implemented using Python software, employing the Ward linkage method to group the samples based on their similarity. The
resulting dendrogram provided a visual representation of the relationships among the samples, effectively categorizing them into three distinct clusters

(Fig. 5).

Cluster | included Samples 7 and 8, which demonstrated clearly distinct biochemical profiles. Notably, Sample 7 exhibited a remarkably high flavonoid
content, setting it apart from the rest of the dataset. This elevated level of flavonoids suggests a strong potential for antioxidant activity, making Sample 7 a
candidate of interest for further phytochemical or pharmacological studies (Fig. 5).

Cluster Il comprised Samples 1 and 2. Among these, Sample 2 stood out due to its exceptionally dark fruit color (color code 6, the darkest in the range). It
also exhibited the highest concentrations of total phenolic compounds (14.34 mg/ml) and total flavonoids (13.83 mg/ml). These values were significantly
higher than those observed in the other samples, indicating a possible correlation between darker fruit pigmentation and greater accumulation of antioxidant
compounds. Such a relationship aligns with the widely reported role of anthocyanins—natural pigments responsible for red, purple, and blue hues—in
contributing to the antioxidant properties of plant-based materials (Fig. 5).

Cluster Ill consisted of Samples 3, 4, 5, 6, and 9. These samples displayed relatively lower levels of biochemical compounds, particularly phenolics and
flavonoids. The fruit color codes in this cluster ranged from 1 to 4, suggesting lighter pigmentation compared to the samples in Cluster Il. This pattern
supports the hypothesis that fruit color may serve as an indirect indicator of phytochemical content, especially antioxidant-related compounds (Fig. 5).

The findings of this study are consistent with previous research indicating that the intensity of natural pigmentation in plant tissues, especially dark
coloration due to anthocyanin accumulation, is positively associated with antioxidant capacity. Given the ease of observing fruit color in the field, this trait
could serve as a practical and rapid screening tool for selecting genotypes with enhanced medicinal and nutraceutical potential.

These insights have several important implications for future plant breeding and natural product development initiatives: Genotypes exhibiting darker fruit
coloration should be prioritized in breeding programs aimed at developing cultivars with high levels of bioactive compounds, particularly those with
antioxidant properties. Also, The data provide a scientific basis for the development of natural antioxidant supplements, functional plant extracts, and herbal
medicinal products derived from high-value genotypes [27, 28].
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hierarchical clustering based on integrated morphological and biochemical data has proven to be a powerful method for identifying diversity and selecting
elite genotypes. These findings offers a simple yet effective strategy for the preliminary assessment of medicinal potential in plant breeding and
conservation programs.

Correlation Between Morphological and Biochemical Traits

To further investigate the relationships between morphological characteristics and biochemical composition in the studied plant samples, Pearson
correlation analysis was performed. The results revealed several statistically significant associations, indicating that morphological features may act as
reliable predictors of the plant’s biochemical and antioxidant potential (Fig. 6).

Fruit Color (coded on a scale from 1 = light to 6 = dark) exhibited a strong positive correlation with total phenol content (r=0.60, p < 0.01), as well as
moderate positive correlations with total flavonoid content (r = 0.42, p < 0.05) and fresh fruit weight (r = 0.51, p < 0.01). These results suggest that darker-
colored fruits tend to accumulate higher concentrations of bioactive compounds. For instance, Sample 2, which had the darkest fruit color (code 6), showed
the highest levels of phenolic and flavonoid content among all samples, supporting the hypothesis that fruit pigmentation is closely tied to antioxidant
potential [29].

Fruit Tail Length was positively correlated with antioxidant activity (r = 0.49, p < 0.05), suggesting a potential link between fruit structural traits and secondary
metabolite biosynthesis. This relationship may indicate that longer fruit tails are associated with physiological or metabolic pathways that favor the
accumulation of antioxidant compounds [27, 28].

Leaf Width showed a moderate negative correlation with total phenol content (r =-0.53, p < 0.05), implying that narrower leaves may be more efficient in
accumulating phenolic compounds. This could be due to differences in light interception, transpiration, or metabolic partitioning in narrower versus broader
leaves (Fig. 3).

Similarly, Dry Leaf Weight demonstrated a negative correlation with total flavonoid content (r = -0.52, p < 0.05). This suggests that an increase in dry matter
may be associated with either the dilution of flavonoid compounds or their oxidative degradation during the drying process [30-31].

Taken together, these findings reinforce the hypothesis that morphological traits can serve as practical, indirect indicators of biochemical capacity in plant
genotypes. This correlation between observable physical features and underlying phytochemical richness provides a valuable tool for rapid, non-destructive
assessment in both field and laboratory settings. Research shows that specific morphological traits, such as seed dimensions and weight, are correlated
with biochemical properties like dry matter and sugar content, suggesting these traits as indicators of nutritional value [32]. In pumpkin genotypes,
significant variations in morphological traits like fruit yield and vine length were associated with biochemical traits such as ascorbic acid and carotene levels,
highlighting the link between physical characteristics and biochemical potential [33].

The observed correlations between morphological and biochemical traits have important implications for both applied plant breeding and the development
of natural pharmaceutical products. Easily observable phenotypic traits—such as fruit color, tail length, and leaf shape—can serve as preliminary screening
markers in breeding programs. These morphological indicators can help identify high-value genotypes that are rich in antioxidants and other medicinally
important compounds without the immediate need for time-consuming and costly biochemical assays. In this context, genotypes exhibiting dark fruit
pigmentation and elevated levels of total phenolics and flavonoids can be strategically selected as parent lines in hybridization programs aimed at
developing improved cultivars with enhanced nutraceutical and therapeutic properties [34]. Furthermore, the strong antioxidant capacity demonstrated by
these dark-colored genotypes supports their potential use as raw material for the production of functional foods, dietary supplements, and natural
therapeutic agents [35]. They may also serve as important sources for the extraction of bioactive compounds in the development of herbal medicines and
antioxidant-enriched formulations. In brief, the integration of morphological assessments with biochemical profiling provides a powerful framework for
targeted selection in both agricultural and pharmaceutical contexts. Such an approach enhances the efficiency of genotype evaluation and paves the way for
the development of high-performance cultivars with tangible health benefits [36].

4. Conclusion

In this study, wild genotypes of Berberis vulgaris L. were collected from different regions of Isfahan Province, Iran, and thoroughly evaluated for their
morphological and biochemical diversity. The results revealed considerable variability in morphological traits such as fruit color, fruit weight, leaf shape, and
tail length, emphasizing the genetic richness of this species and its potential for use in breeding programs and conservation efforts. This morphological
diversity offers valuable opportunities for the selection and improvement of genotypes with desirable agronomic or medicinal characteristics.

While barberry fruit is known as a source of essential nutrients including carbohydrates, proteins, fats, fiber, and minerals, its high seed content and wild
nature limit its direct application in large-scale dietary consumption. Nevertheless, the species' strong ecological adaptability and resilience to harsh
conditions underscore its importance as a strategic genetic resource, particularly in the face of climate change and biodiversity loss. Biochemical analyses
further demonstrated that Berberis vulgaris L. possesses notable antioxidant potential, largely attributable to its rich content of phenolic and flavonoid
compounds. These bioactive substances, although not widely utilized in culinary applications, show promising therapeutic properties. Strong positive
correlations between darker fruit pigmentation and elevated levels of phenolic and flavonoid compounds support the idea that fruit color can serve as a
practical, field-level indicator of medicinal potential.

The findings suggest that darker-fruited genotypes should be prioritized for breeding and industrial exploitation aimed at the development of functional
foods, nutraceuticals, and natural pharmaceutical products. Moreover, the identified correlations between morphological and biochemical traits provide a
foundation for more efficient screening and selection of elite genotypes in future breeding initiatives.
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To fully harness the medicinal potential of Berberis vulgaris, future research should focus on: Elucidating the mechanisms of action of its bioactive
compounds, Assessing their bioavailability and pharmacokinetics and Evaluating clinical efficacy through in vivo and clinical studies. Such studies will
advance the application of this native species in modern phytotherapy and integrative medicine and support its sustainable utilization and conservation.
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Figure 1

Natural habitat of wild Berberis vulgaris collected from Zarin Gol, Feridunshahr, Isfahan province, Iran (49°55'35.8"E, 32°56'19.2"N). The sites are nearby with
similar climates.
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Figure 2

Visual representation of the 9 wild individuals of Berberis vulgaris examined in this study
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Figure 3

Linear relationship between concentration and absorbance for total phenol determination using the standard curve.
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Figure 4

Standard curve showing the linear relationship between flavonoid concentration and average absorbance.
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Dendrogram of Plant Samples Based on Morphological and Biochemical Traits
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Figure 5

Dendrogram of wild barberry (Berberis vulgaris L.) samples based on morphological and biochemical traits.
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Figure 6

1.0

0.8

0.6

0.4

-0.0

--0.2

Pearson correlation heatmap showing the relationships between morphological traits and biochemical/antioxidant parameters. Red shades indicate positive
correlations, while blue shades represent negative correlations. The numerical values within the cells correspond to the Pearson correlation coefficients.
Several statistically significant associations suggest that specific morphological characteristics may serve as reliable predictors of the plant’'s biochemical

composition and antioxidant potential.
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