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The genus Quercus with over 1,000 species, is extensively dispersed throughout the temperate
woodlands of the Northern Hemisphere and tropical climate zones. The Quercus genus is rich in
phenolic acids, triterpenoids, and plant-based polyphenolic compounds. It also has numerous
biological effects, such as antibacterial, anti-inflammatory, liver-protective, gastroprotective,
anticancer, antidiabetic, and antioxidant activities. To investigate the morphological and
phytochemical diversity of Iranian oak (Quercus brantii Lindl.) populations from ten different
geographic regions in Iran were collected. Morphological, phytochemical and cytotoxic traits were
measured and analyzed. Among morphological and phytochemical traits, dry leaf weight (69.21%)
had the maximum coefficient of variation. In addition, the highest total phenol (100.17 mg GAE/g
DW), total flavonoid content (74.6 mg RE/g DW), and total tannin (56.60 mg GAE/g DW) were found
in the Sardasht population, with the minimum in the Piranshahr population. The IC,, values of the
populations ranged from 5.52 to 18.65 pg/mL, with the lowest in the Sardasht population and the most
elevated in the Ilam population. Gallic acid, salicylic acid, rutin, and rosmarinic acid were identified
as the principal phenolic compounds. Cluster analysis of populations based on morphological and
phytochemical data represented 3 main groups. Principal component analysis revealed that the first
and second components explained 38.52% and 30.01% of the total variance, respectively. Oak fruit
extracts were not cytotoxic at concentration of 100 uM. Based on the results of this study, the best
oak population can be selected to achieve the highest yield, total phenolic content, total flavonoid
content, and total tannin content, according to the needs of the pharmaceutical and food industries.

Keywo rds Breeding, Cytotoxic, Diversity, Metabolite, Oak

For centuries, humans have relied on plants to meet vital needs such as nutrition and healthcare. Traditional
medicine has utilized medicinal plants to manage and prevent a variety of health issues. Roughly 80% of people
worldwide depend on traditional medicine as their main source of healthcare:2. While the use of these herbs is
expanding, concerns regarding their safety still persist®. Given the extensive history of herbal product usage, they
are often regarded as safe or of low toxicity?. Nevertheless, contemporary research indicates that many herbal
remedies used in traditional medicine may also lead to negative side effects’. Therefore, the research regarding
the toxic effects of medicinal plant extracts that are consumed by humans and livestock is very important to
determine their safety characteristics?.

Oaks (Quercus sp.) consists of evergreen or deciduous trees from the family Fagaceae, comprising
approximately 450 species distributed throughout the Asian, European, North African, and North and Central
American regions®. In many regions around the world, distinct segments of the oak tree have been employed as
disinfectants and for the remediation of gastrointestinal disorders such as gastric ulcers, diarrhea, hemorrhoids,
laryngopharyngitis diseases, menorrhagia, toothache, gastropathies, and as a healing agent in burns”~!. Various
pharmacological impacts including antioxidant, antimicrobial, antidiabetic, hepatoprotective, dermatological
disorders, anti-obesity, anti-cancer and neurological effects have been reported for the oaks (Quercus sp.). These
outcomes are related to certain chemical substances, predominantly comprising triterpenoids, flavonoids, and
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tannins''~'6. Quercus brantii Lindl. (Persian oak) is recognized as one of the principal tree species in this genus,
found in the Zagros Mountains of Iran and encompassing over 50% of the nation’s western forests'”. The fruit of
the oak, known as acorn, is rich in minerals, vitamins, carbohydrates (45-85%), tannins, phenolic compounds,
catechin, epicatechin, and gallocatechin!'®!°. In prior eras, acorn was regarded as a secondary food source, flour
(to produce bread) or beverage (substitute for coffee after the roasting process) in the human diet. Nowadays,
acorn fruit is extensively utilized as a highly nutritious source for the production of livestock and poultry feed as
well as fodder?*2!. The composition of acorn is greatly guided by climatic factors and the soil conditions?!. The
phytochemical diversity and plant growth traits are strongly influenced by temperature, precipitation, soil type,
and other environmental factors?*?3. Moreover, these components considerably affect the quantity and quality
of pharmacologically relevant constituents (namely saponins, tannins, phenolic compounds and flavonoids)?*.
Preserving existing genetic diversity has become a global and international concern®. On the other hand, the
raw materials required by the pharmaceutical industries and consumables for livestock and poultry feed are
sourced from native environments. For this reason, to defend the natural habitats of oaks and accommodate
basic needs, cultivation and revitalization of this plant in natural habitats and underutilized lands are deemed
essential. However, having sufficient information regarding genetic diversity plays a vital role for breeders to
choose the optimal populations with respect to performance, phytochemical properties, and with the least
cytotoxicity, for use in cultivation and revitalization programs®®. This investigation intended to investigate the
morphological diversity and phytochemical compounds of the acorn in different populations of Persian oak
(Quercus brantii Lindl.) for the purpose of choosing the optimal population for breeding programs, cultivation,
and revitalization of this plant, and to meet the needs of the medicinal manufacturing and agro-food sector.

Materials and methods

Plant materials

According to the research and investigation of Iran’s flora, the indigenous habitats of Iranian oak were identified.
10 populations were collected from 6 provinces of Iran. Each population included 10 individual, one tree was
randomly selected as the central sample, and other samples were sampled from the same area at a distance of
more than 100 m from each other. Leaf and fruit samples from different populations were collected to evaluate
morphological traits. Fruits were used to investigate phytochemical traits. The collected samples were conveyed
to the Ecophysiology Laboratory, Medicinal Plants and Drug Research Institute (MPH), Shahid Beheshti
University, Tehran, Iran and dried in an oven at 40 °C. Herbarium samples were prepared from different
populations and stored in the Herbarium of MPH and an herbarium code was assigned to each population.
Climatic and geographical characteristics of the collection site of different Iranian oak (Quercus brantii Lindl.)
populations provided in Table 1; Fig. 1. The authors confirm that the necessary permissions to collect and
cultivation the samples have been obtained and also the present study complies with the IUCN Policy Statement
on Research Involving Species at Risk of Extinction and the Convention on the Trade in Endangered Species of
Wild Fauna and Flora.

Morphological traits

Eight traits related to leaf and fruit traits were evaluated. From each tree, 20 leaf samples and 10 fruit samples were
measured and their average was considered. Morphological traits were measured visually and using a ruler?’.
The traits of fruit length and fruit width were determined using a digital measuring instrument. Performance
characteristics such as fresh and dry weight of leaves, fresh and dry weight of fruits in each sample were also
measured using a digital scale that has a precision of 0.01 g.

Phytochemical analysis

Extraction

500 mg of oak fruits were milled and then dispersed in 20 ml of 80% (v/v) methanol, followed by ultrasonic
treatment (Elma, S120H, Germany) for 20 min at 40°C. The acquired specimen was centrifuged in a cooled
centrifuge (R5702; Eppendorf) at 3000 rpm for 10 min, and the supernatant was preserved in the refrigerator
until subsequent analysis.

No. | Location, Code | Voucher number | Latitude (N) | Longitude (E) | Altitude (m) | MAT (°C) | MAP (mm)
1 Kurdistan, Saqqez SAQ | MPH-3287 36°13’ 46°22' 1618 11.5 500
2 Kurdistan, Baneh BAN | MPH-3288 36°05’ 45°53' 1592 13.5 921
3 Kurdistan, Marivan MAR | MPH-3289 35°29’ 46°10" 1324 14.2 650
4 West Azerbaijan, Sardasht SAR | MPH-3290 36°16’ 45°32’ 1224 14.0 903
5 West Azerbaijan, Piranshahr PIR | MPH-3291 36°43’ 45°04 1705 115 620
6 Fars, Sepidan SEP MPH-3292 30°13’ 50°01" 2118 14.8 678
7 Kohgiluyeh va Boyer Ahmad, Gachsaran | GAS | MPH-3293 30°22 50°48' 765 23.8 431
8 | Kohgiluyeh va Boyer Ahmad, Yasuj YAS | MPH-3294 30°37’ 51°31' 1984 15.0 865
9 Ilam, Ilam ILA MPH-3295 33°40’ 46°17' 1072 15.5 692
10 | Tehran, National Botanical Garden of Iran | TEH | MPH-3296 35°44/ 51°10’ 1274 15.8 418

Table 1. Geographic coordinates of the collection sites of Quercus brantii population. MAT mean annual
temperature, MAP mean annual precipitation.
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Fig. 1. The geographical location of the collection site of Quercus brantii Lindl. populations.

Total phenol content

To measure the overall phenol content, the Folin-Ciocalteu method was utilized. In this assay, 0.5 ml of the fruit
extract were combined with 2.5 ml of the Folin reagent and left at room temperature for 5 min. Subsequently,
2 ml of a 75 g/l sodium carbonate solution was added. Once the samples had been incubated for 60 min, their
absorbance was measured at 765 nm using a Shimadzu double beam UV-visible spectrophotometer (UV-1800,
Japan). A calibration curve was plotted using the extinction values versus gallic acid concentrations, and the total
phenolic content of the samples was expressed as milligrams of gallic acid equivalents per gram of dry weight
(mg GAE/g DW)%.

Total flavonoid content

The flavonoid content was determined by reacting the fruit extract with aluminum chloride. A mixture was
prepared by adding 1.5 ml of methanol, 0.1 ml of a 10% ethanol solution of aluminum chloride, 0.1 ml of
potassium acetate (1 M), and 2.8 ml of distilled water to 0.5 ml of the extract. The samples were then incubated
at room temperature for 30 min, and their absorbance was recorded at 415 nm. A standard calibration curve was
generated from various concentrations of rutin as the reference standard. The results of the flavonoid analysis
were calculated and presented as mg of rutin equivalent per g of dry matter (mg RE/g DW)®.

Antioxidant activity
Radical-scavenging capacity of the samples using the DPPH method and spectrophotometer (UV-1800, Japan)
were measured against standard antioxidant gallic acid®*3!. 2.7 ml of the DPPH (6 x 10~> M) solution was mixed
with 0.3 ml of the fruit extract at various concentrations (3.125, 6.25, 12.50, 25, 50, and 100 pg/ml). The solution
was stirred continuously for 60 min in the absence of light. Subsequently, the absorbance of the solutions was
measured at a wavelength of 517 nm using a spectrophotometer. The antioxidant activity, expressed as the
free radical scavenging capacity (RSC) of DPPH, was determined by calculating the IC50 value based on the
following formula:

DPPH scavenging effect (%) = (Abs, — Abs,/Abs ) x 100.

Abs = Control absorbance.

Abs, =Sample absorbance.
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Total tannin content

A total of 100 mg of powdered fruit was combined with 5 ml of diethyl ether containing 1% acetic acid and stirred
on a magnetic stirrer for 15 min. Following this, the mixture was centrifuged (centrifuge Rotanta 460r, Hettich,
Germany) at 2000 rpm for a period of 10 min. The resulting supernatant was removed, and the remaining
precipitate was re-suspended in a 5 ml solution of 70% acetone (v/v). The mixture was then gently agitated on a
shaker at a speed of 90 rpm for one hour. This was followed by an additional centrifugation step at 2000 rpm for
20 min. The total phenolic content present in the acetone extract was then determined using the Folin-Ciocalteu
assay method as described by Slinkard and Singleton?®. A 25 pl aliquot of the extract was mixed with 125 pl of
10% (v/v) Folin reagent and 100 pl of 7.5% (w/v) sodium carbonate. Following 90 min of shaking at 40 rpm in
the dark, the absorbance was read at 765 nm. Additionally, 2 ml of the acetone extract was diluted with 100 ml
of polyethylene glycol to precipitate tannins and stored at 4°C for 15 min. After centrifuging at 3000 rpm, the
absorbance of the supernatant was recorded at 725 nm. The total tannin content was calculated by subtracting
the phenolic content before and after polyethylene glycol treatment?2.

Assay of phenolic compounds using HPLC

Phenolic compounds were determined using a high-performance liquid chromatography (Knauer, Germany)
photodiode array, with a Waters 2695 separations module equipped with a C18 column (250 x4.6 mm) and a
UV detector (Waters 2487). The mobile phase consisted of methanol (solvent A) and distilled water (solvent
B). HPLC solvents both contained TFA (0.02%, v/v), and the flow rate was 0.5 ml/min. The gradient program
was begun with 20%A: 80%3B followed by 20:80-30:70 over 10 min, 30:70-50:50 over 10 min, 50:50 for 20 min,
50:50-100:0 over 2 min, 100:0 for 6 min, 100:0-20:80 over 7 min. The analysis was conducted under optimized
conditions, with a 20 pl injection volume and a column temperature of 25 °C, to ensure accurate and reliable
results. To detect phenolic compounds, the UV absorption peaks at 200-600 nm were investigated. Standard
samples were used as references to identify compounds based on their characteristic retention times under
equivalent analytical conditions. Pure standards of phenolic compounds were prepared from Sigma Aldric Co.
(Buchs, Switzerland). Calibration curves were constructed by injecting standard mixture solutions at the seven
concentrations of 2, 10, 50, 100, 250, 500, and 1000 ppm (Table 2). The results were presented in mg/g DW.

Cytotoxicity assay

Normal cell lines (HDF) and gastric cancer cells (MKN45) were obtained from Iran National Cell Bank (Pasteur
Institute, Iran). Cells were cultured in RPMI-1640 medium sourced from Gibco, supplemented with 10%
Gibco fetal bovine serum and antibiotics (streptomycin at 100 ug/ml and penicillin at 100 units/ml). These cells
underwent incubation at 37 °C within a humid atmosphere enriched with 5% CO?2 to facilitate growth. After
reaching 80% concentration, the cells were cultured using X1 trypsin/EDTA (Gibco) and phosphate buffered
saline (PBS) solutions.

Cell viability assay (MTT)

The survival of cultured cells after treatment was measured using the MTT method. Briefly, the cells were first
separated from the cell culture flask with trypsin/EDTA solution. Then the cells were harvested, resuspended in
the medium and planted in a 96-well plate. The final volume of medium and seed cells were 200 pl per well and
1.4x 104 cells per well, respectively. After 24 h incubation, when the plated cells were formed as a monolayer,
the plate wells were treated with 6.25-100 pg/ml extract in three replicates for 48 h. Following incubation, with
the intact cell monolayer still in place, the culture medium was extracted. Each well then received 200 pl of
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) at a concentration of 0.5 mg/ml in
phosphate buffered saline, and the plate was further incubated for 4 h at 37 °C. Subsequently, the MTT mix
was removed, and 100 pl of dimethyl sulfoxide (DMSO) was introduced. The plate was then agitated at 37 °C

Compound Range (ppm) | Equations R

Chlorogenic acid 5-250 Y =52375X+35,555 0.9981
Gallic acid 5-250 Y=123521X-716,832 0.9971
Rutin 5-250 Y =39917X-162,112 0.9989
Caffeic acid 5-250 Y =200397X-1,000,006 | 0.9978
3,4-dihydroxybenzoic acid | 5-250 Y =26,816 X-511,178 0.9875
Ferulic acid 5-250 Y =209,112 X-875,151 0.9844
Rosmarinic acid 5-250 Y =257,194 X-234,172 | 0.9873
Quercetin 5-250 Y =70,624 X-241,366 0.9997
p-Coumaric acid 5-250 Y =259,208 X-712,294 0.9953
Vanillic acid 5-250 Y=118,522 X —263,440 | 0.9915
Salicylic acid 5-250 Y=16,577 X - 18,949 0.9995
Benzoic acid 5-250 Y=112,833 X -558,841 | 0.9889
Syringic acid 5-250 Y =145,598 X — 653,099 | 0.9941
Kaempferol 5-250 Y =28966 X —48,817 0.9981

Table 2. Information of standard calibration curves for phenolic compounds.
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until full dissolution of the formed crystals occurred. The impact of the extract on cell viability was assessed
by reading the absorbance at 570 nm using an ELISA plate reader (xs2 wave, BioTek, USA). The IC50 value,
corresponding to the extract concentration that reduces cell growth by 50%, was derived from the dose-response
curve generated from the data.

Statistical analysis

The studies were executed using a Completely Randomized Design (CRD), incorporating five repeats for each
treatment. Statistical analysis was carried out using SAS software (version 9.2), and the means were compared
using Duncan’s Multiple Range Test to identify significant differences. Diagram of correlation coefficients
(Pearson correlation), cluster analysis (Ward’s method) and factor analysis (Varimax rotation procedure) for
morphological and phytochemical traits were performed using software R version 4.3.2. All graphs were drawn
by software R version 4.3.2.

Results and discussion

Morphological traits

Significant diversity was observed among Iranian oak (Quercus brantii Lindl.) populations in terms of
morphological traits, allowing for selection of these traits across different populations (Table 3). The findings
from the mean comparison across the investigated groups indicated that the highest fresh leaf weight was in the
YAS population (1.17 g), and the lowest was in the BAN population (0.24 g). The comparison of dry leaf weight
indicated that the YAS population had the highest average dry leaf weight (0.76 g), while the BAN population
had the lowest (0.10 g). The mean comparison of fresh fruit weight showed that the BAN population had the
highest average (13.45 g), and the TEH population had the lowest (2.29 g). In terms of dry fruit weight, the
TEH population had the lowest average (1.28 g), while the BAN population had the highest (9.20 g). Leaf length
varied between 5.32 and 10.3 cm, and leaf width varied between 2.19 and 6.75 cm. The YAS population had the
longest fruit length (4.85 cm), while the TEH population had the shortest (1.83 cm). The largest fruit diameter
was found in the BAN population (2.44 cm), and the smallest in the TEH population (0.65 cm) (Table 4;
Fig. 2). Earlier research has consistently shown the extensive variation in morphological traits among Quercus
sp. populations**~%¢. Khadivi et al.*® noted that the wild edible fruits of these plants exhibit significant genetic
diversity. This indicates that wild species may play a crucial role in the genetic diversity of crops®’. Furthermore,
the natural process of repeated dispersal of wild fruit seeds promotes their genetic variability.

Phytochemical traits

Total phenolic and total flavonoid content

The total phenolic and flavonoid concentrations were determined using the Folin-Ciocalteu reagent method and
the aluminum chloride method, respectively. Notable variations in the total phenolic and flavonoid levels of the
fruit extract were detected among different oak populations (P<0.01). The SAR population exhibited the highest
total phenolic content at 17.100 mg GAE/g DW, while the ILA, PIR and SAQ populations had the lowest, with
values of 46.92 mg GAE/g DW, 50.2 mg GAE/g DW and 51.15 mg GAE/g DW respectively, with no significant
difference between them (Fig. 3). According to a study by Maslova et al.¥’, the highest known concentration
of total phenolic compounds in acorns was found in Quercus suber, with a remarkable value of 233,350 mg
per 100 g of dry weight. In contrast, Tejerina et al.*® observed a comparatively lower content of total phenolic
compounds, ranging from 840 to 9163 mg/100 g DW, in the acorns of Quercus rotundifolia. This variation was
attributed to the timing of seed harvest throughout the year and over two consecutive years, suggesting that
the composition of acorns varies with their maturity level and indicating an ongoing maturation process both
during tree growth and post-harvest3®3°.

Trait Unit Mean | Max. | Min. | SD CV (%)
Leaves fresh weight g 0.61 1.46 | 0.18 | 0.37 | 60.89
Leaves dry weight g 0.35 0.99 | 0.06 | 0.24 | 69.21
Fruits fresh weight g 9.08 | 16.40 | 1.20 | 3.67 | 40.43
Fruits dry weight g 6.76 18.85 | 0.69 | 4.27 | 63.14
Leaf length cm 7.73 13.40 | 3.65 | 2.16 | 27.96
Leaf width cm 4.18 836 | 144 | 1.58 | 37.98
Fruit length cm 4.05 514 | 140 | 0.86 | 34.60
Fruit width cm 1.64 2.54 | 0.50 | 0.56 | 34.06
Total phenol content mg GAE/gDW | 69.70 | 110.40 | 42.30 | 17.04 | 24.44
Total flavonoid content mgRE/gDW | 50.95 | 78.00 | 25.75 | 15.49 | 30.41
Total tannin content mg GAE/gDW | 3896 | 63.40 | 23.40 | 9.98 | 25.63
Antioxidant activity (IC50) | pg/ml 1243 | 1950 | 4.60 | 4.96 |39.92

Table 3. Statistical descriptive parameters for agro-morphological and phytochemical traits of different
Quercus brantii Lindl populations. Min Minimum, Max Maximum, SD Standard deviation, CV Coeflicient of
variation.
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Leaves fresh | Leaves dry | Fruits fresh | Fruits dry weight Fruit length | Fruit width
Population ight (g) ight (g) ight (g) (g) Leaflength (cm) | Leaf width (cm) | (cm) (cm)
BAN 0.24%0.04° | 0.10£0.01¢ | 13.45+2.56* | 9.20+2.76° 5.32+0.74° 2.1940.49¢ 3.87+0.12¢ | 2.44+0.15
MAR 1.09+0.25® | 0.63+0.15® |8.96+1.66° |5.01+2.31%% 8.78 +0.79¢ 5.55+0.44" 4.01+0.25 | 1.93+0.14°
PIR 0.25+0.05¢ | 0.16+0.04% | 11.47+0.29% | 7.88+1.32¢ 6.12+0.38¢ 3.07 £0.30°f 4.66+£0.07%° | 2.17+0.04°
GAC 0.84+0.36* | 0.46+0.23> | 9.37+3.13>d | 4.63+1.49%¢ 6.12+2.08¢ 5.46+1.40 438+0.35> | 1.22+0.22¢
DAS 0.71+0.13%¢ | 0.45+0.07> | 8.01+0.63¢ | 5.55+4.46>d 6.66+0.64% 4.42+0.60%¢ 4.33+0.19* | 1.20+0.07¢
YAS 1.17+0.21* | 0.76+0.32* [9.01+1.67°¢ | 7.22+2.07" 8.49+0.96b<d 4.92+0.58>d 4.85+0.28* | 1.21+0.13¢
SAQ 0.74+0.27¢ | 0.26+0.06°% | 10.62+1.02>¢ | 7.04 +0.40> 10.3+£1.93 6.75+1.19* 3.92+0.13¢ | 2.05+0.11%
SAR 0.31+0.05° | 0.14+0.07% |13.20+0.47° |8.79+1.80° 7.03+0.57°d 3.10+0.32¢ 4.84+0.15° |2.16+0.11°
TEH 0.31+0.11° | 0.23+0.10%% | 2.29+0.77° | 1.82+0.87° 10.04 +1.47% 2.28+0.63 1.83+0.33¢ | 0.65+0.10°
ILA 0.50+0.18% | 0.35+0.08¢ | 4.42+0.43% |3.09+1.48% 3.09+1.48% 4.03+0.214 3.78+0.17¢ | 1.38+0.02¢

GATRARAIAA
Wit iatte

Table 4. Comparison of morphological features among Quercus brantii Lindl populations. Data are
mean + standard deviation (n=5). Values followed by the same letter within each column are significantly
different (p <0.05).

Fig. 2. Diversity of fruits and leaves in the collected populations of Quercus brantii Lindl.

Polyphenolic compounds exhibit robust antioxidant activity attributed to their proficiency in capturing free
radicals. and form complexes with metal ions, a property attributed to their chemical structure. Various methods
exist for producing polyphenolic constituents in plants, and their arrangement within plant tissues is governed
by multiple mechanisms. Several factors, including genetic factors, environmental and climatic conditions,
as well as the choice of extraction solvent, significantly influence the concentration of phenolic and flavonoid
compounds in plants*’. Flavonoids form the largest category of naturally occurring phenolic substances found
throughout different parts of plants and possess numerous biological activities*!. The SAR population exhibited
the highest average of 74.06 mg RE/g DW in total flavonoid content, while the ILA and PIR populations had
the lowest (30.48 and 28.78 mg RE g DW, respectively) (Fig. 3). Taib et al.*? indicated that Q. faginea had a total
flavonoid content of 6.2 mg/g of dry extract, while Q. rotundifolia had 10.3 mg/g. Seasonal fluctuations and the
various stages of maturity have consistently been identified as influential factors in the variability of phenolic and
flavonoid compounds within Quercus species**~*>. However, the majority of research on Quercus brantii extracts
has primarily focused on comparing the compositional differences of these compounds among different plant
parts or in relation to other Quercus taxa.

Polyphenolic compounds and flavonoids possess a chemical structure that enables them to neutralize free
radicals, resulting in significant antioxidant properties. The fruits obtained from the investigated Iranian oak
populations displayed a diverse array of phenolic and flavonoid compounds. Plants synthesize these polyphenolic
compounds through a variety of mechanisms. Furthermore, the distribution of these compounds across different
plant tissues varies*. The extraction of phenolic and flavonoid compounds from plants is significantly impacted
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Fig. 3. Histogram of total phenol content (a) and total flavonoid content (b) among Quercus brantii Lindl.
populations.
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by various factors, with environmental and climatic conditions being among the most influential determinants
of their concentrations®.

Antioxidant activity

The assessment of antioxidant capacity through the DPPH radical method is a widely recognized assay for
measuring the antioxidant potential of different compounds. This technique relies on the ability of antioxidants
to reduce the DPPH free radical in an environment devoid of other free radicals. A significant variation in
antioxidant activity was observed among the different oak populations (Fig. 4). According to the results, the
percentage of DPPH free radical inhibition ranged from 5.52 to 18.65% across the populations. The ILA, SAQ,
and PIR populations (with the highest IC, values) exhibited the lowest antioxidant activity, whereas the GAC,
SAR, and MAR populations, with the lowest IC, values, demonstrated the strongest antioxidant activity.
Variability in acorn extract properties likely reflects differences in nutritional and phytochemical profiles. High
phenolic content is consistently linked to enhanced antioxidant capacity in acorn extracts?"*®. Numerous studies
have found a consistent positive association between the antioxidant activity and total phenolic content of fruits
and vegetables, indicating that the phenolic compounds present in these foods are key contributors to their
overall antioxidant potential'®*>%°. Antioxidants are incorporated into food products to mitigate degradation
resulting from the oxidation of unsaturated fats. There has been a growing preference for natural antioxidants
over synthetic alternatives due to their reduced side effects. As a result, there has been an increased emphasis on
the discovery of natural antioxidants compared to previous years. In contrast, synthetic antioxidants have been
associated with adverse effects on the blood coagulation, thyroid, liver, lungs, as well as exhibiting carcinogenic
properties. Phenolic compounds are the primary constituents of natural antioxidants, and these compounds
are prevalent in numerous medicinal plants?’. Research has consistently shown that extracts rich in phenolic
compounds exhibit significantly enhanced antioxidant properties compared to those with lower phenolic
content, underscoring the key role of these compounds in mediating antioxidant activity™.

Tannin content

The tannin content in various populations was measured using methanolic extracts based on the Folin-Ciocalteu
method. Based on the findings, the maximum total tannin content was recorded in the SAR (56.60 mg GAE/g
DW), MAR (48.29 mg GAE/g DW), and GAC (47.05 mg GAE/g DW) populations, while the lowest total tannin
content was found in the ILA (26.87 mg GAE/g DW), PIR (27.25 mg GAE/g DW) and SAQ (27.95 mg GAE/g
DW) populations (Fig. 5). Phenolic compounds are among the most complex plant compounds, recognized as
protective agents against free radicals. The category of phenolic compounds consists of simple phenols, phenolic
acids, quinones, tannins, coumarins, and flavonoids. Tannins are a general term for a large group of polymeric
phenols, with molecular weights ranging from 500 to 3000°". In a study by Raki¢, et al.?2, the total tannin content
in the acorns of Quercus robur was found to be 20,400 mg per 100 g DW. Tejerina, et al.*® reported that the
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acorns of Quercus rotundifolia contained 950-1150 mg of hydrolyzable tannins per 100 g DW, along with 50-
140 mg of condensed tannins per 100 g DW. Among the hydrolyzable tannins, gallotannins were measured
at levels reaching 860 mg/100 g DW, while ellagitannins were found at up to 290 mg/100 g DW. Hydrolyzable
tannins are primarily found in sources such as oak, grape seeds, and pomegranate peels, which are not easily
incorporated into a regular diet™. As a result, there is a need for a plant rich in Hydrolyzable tannins, along
with efficient extraction methods to meet growing demand. Research has revealed that oak species contain a
significant proportion of Hydrolyzable tannins in their tissues®*. The high tannin content, ample reserves, and
easy availability of oak raw materials have made oaks a focus of interest.

Phenolic compounds

To investigate the phenolicacid content of different oak populations, 14 standard (gallicacid, 3,4-dihydroxybenzoic
acid, chlorogenic acid, vanillic acid, salicylic acid, p-coumaric acid, caffeic acid, rosmarinic acid, benzoic acid,
syringic acid, ferulic acid, kaempferol, quercetin, and rutin) phenolic compounds were analyzed using HPLC.
A total of four principle phenolic compounds were identified: gallic acid, salicylic acid, rosmarinic acid, and
rutin (Figs. 6 and 7). The content of gallic acid ranged from 1.10 to 5.22 mg/g dry weight across the various oak
populations, with the DAS population exhibiting the highest concentration and the TEH population showing
the lowest (Table 5). The concentrations of ellagic and gallic acids in acorns are closely associated with the tannin
content, as these acids are released through processes including temperature exposure, enzymatic activity, and
the influence of acids and alkalis, among other factors®.

The highest salicylic acid (SA) concentration was noted in the BAN population (0.87 mg/g DW), while
negligible amounts were detected in the ILA, TEH, DAS, GAC, and PIR populations. Skwarek-Fadecka’s
findings indicate that reactive oxygen species (ROS) can stimulate the production and accumulation of SA, a
phytohormone that participates in the process of developing systemic acquired resistance in plants®. SA plays a
pivotal role in the signaling pathways activated in response to the recognition of pathogen-associated molecular
patterns in plants, serving as a critical mediator of plant defense response. These hormones are involved in
various signaling pathways®’~>°. Rosmarinic acid (RA) was only detected in the PIR population (0.54 mg/g DW).
RA and coumarins had previously only been detected in Quercus glabrescens, which suggests their potential
as species-specific markers®. This study represents the first report of RA presence in Iranian oak. The rutin
content varied from 0.34 to 2.71 mg/g DW, with the lowest concentration found in the SAQ population and the
highest in the GAC population. Rutin is recognized for its P-vitamin activity, its ability to enhance blood vessel
elasticity, and its notable antioxidant, antitumor, and radioprotective properties®’. The phenolic profiles vary
greatly among species. In a study conducted on the leaves of five different Quercus species (Q. acuta, Q. glauca,
Q. myrsinifolia, Q. phylliraeoides, and Q. salicina), authors reported high levels of gentisic and chlorogenic acids,
as well as of the flavonoids naringin and rutin in Q. salicina; but none of these compounds was detected in any
other Quercus species®?. On the other hand, Brossa et al.*® reported flavanols as the major constituents in holm
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Phenolic compounds (mg/g DW)

Population | Gallic acid | Salicylic acid | Rosmarinic acid | Rutin

BAN 4.21+0.32 | 0.87+0.08 Trace 2.34+0.21
MAR 2.4+0.18 |0.46+0.05 Trace 1.89+0.17
PIR 3.24+0.26 |0.28+0.03 0.54+0.11 0.54+0.09
GAC 1.45+0.12 | Trace Trace 2.71+0.24
DAS 522+0.41 | Trace Trace 1.21+0.12
YAS 3.04+0.19 |0.65+0.07 Trace 1.20+0.14
SAQ 1.82+0.09 | 0.31+0.04 Trace 0.34+0.02
SAR 3.82+0.23 |0.74+0.09 Trace 1.53+0.08
THE 1.10+£0.13 | Trace Trace 0.63+0.05
ILA 2.61+0.17 | Trace Trace 1.32+0.15

Table 5. Phenolic compound profiles of Quercus brantii Lindl. Populations. Trace <0.1 mg/g DW.

oak (Q. ilex) leaves. Likewise, Cantos et al.** reported different gallic acid derivatives in Q. ilex, Q. rotundifolia,
and Q. suber.

Correlation and multivariate analyses

The fresh leaf weight shows a significant and positive correlation at the 5% level with dry leaf weight and leaf
width. However, it does not show a significant correlation with fresh fruit weight, dry fruit weight, leaf length,
fruit length, fruit diameter, total phenolic content, total flavonoid content, total tannin content, or antioxidant
activity (IC,,). Antioxidant activity is positively and significantly correlated at the 5% level with total phenolic
content, total flavonoid content, and total tannin content. Fresh fruit weight is positively and significantly
correlated at the 5% level with dry fruit weight, fruit length, and fruit diameter, but it does not show a significant
correlation with other traits (Fig. 8). The overall yield of phytochemicals from a plant is determined by the
effectiveness of its specialized organs, which are specifically adapted for the synthesis and accumulation of
these valuable compounds, and because the metabolites of the Iranian oak are primarily formed in its fruit, any
factor that increases fruit yield in this plant can effectively enhance metabolite production. Therefore, traits that
influence the increase in fruit weight should be considered by breeders®’.

Cluster analysis, a key technique for categorizing various populations based on their morphological and
phytochemical characteristics, was performed (Fig. 9). The findings indicated that the populations were
classified into three primary groups. Group A included four populations, BAN, YAS, DAS, and THE which were
superior in traits such as fresh and dry fruit weight, fresh and dry leaf weight, and fruit length and diameter
compared to the other populations. Groups B and C each contained three populations. Populations MAR, GAC,
and SAR were placed in Group B, and populations PIR, ILA, and SAQ were in Group C. Populations in Group B
were superior in phytochemical traits, including total phenolic content, total flavonoid content, tannin content,
and antioxidant activity, whereas populations in Group C had the lowest levels of phytochemical compounds.
The impact of environmental and geographical factors on gene expression levels, as well as the diversity of
morphological traits and phytochemical compounds among plant populations, is well-recognized. Diversity
within plants of the same plant species is affected by environmental factors and gene structure, as demonstrated
by cluster analysis, where similar populations are positioned close to each other®”.

The biplot generated using the first (PC1) and second (PC2) principal components demonstrated the diversity
among the populations and divided them into two main groups (Fig. 10). The first and second components
accounted for 38.52% and 30.01% of the total variance among the populations, respectively. The biplot derived
from morphological and phytochemical traits corroborated the findings from the cluster analysis. In the study
by Eghlima et al.®%, PCA was used to evaluate different ecotypes of Equisetum arvense, where the morphological
traits under study were categorized into three principal components, collectively accounted for 96.77% of the
total variance. In another study on Rosa canina, morphological and phytochemical traits were classified into
seven principal components using PCA, accounting for 93.53% of the total variance*.

Cytotoxicity assay

The diverse traditional uses and abundant phytochemical composition of the Quercus genus make these plants
noteworthy for biological and toxicological studies. The MTT assay were performed to evaluate the inhibitory
effect of acorn extracts from different oak populations on the viability of normal cell line (HDF) and gastric
cancer cells (MKN45). The survival rate of HDF cells varied between 79.06 and 90.75% under the influence of
various extracts. In addition, the survival rate of MKN45 cells was between 74.69 and 88.57% (Fig. 11). All the
extracts demonstrated minimal cytotoxicity against the normal cell line. This suggests that these extracts may be
relatively safe for non-cancerous cells. Oak various parts and products especially its fruits are used traditionally
in Iranian herbal medicine to alleviate inflammation and pain and other ailments of gastro intestinal tract.
MKN45 cell line is an established cell line for gastric cancer. Previous studies especially on oak fruit (acorn)
extracts reported that it has moderate anti proliferative effect on AGS (a gastric cancer cell line). Therefore, in
this study we tried to examine the anti-proliferative effect of extracts obtained from acorns on MKN45 gastric
cancer cell line. However, our findings did not show significant cytotoxicity toward MKN45 cells®*®”. Certain
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Fig. 8. Linear correlation between the morphological and phytochemical traits of Quercus brantii Lindl.
populations. Significant difference in 5% level.

plant antioxidants are believed to play a role in their anti-cancer properties, and it has been reported that their
flavanols can inhibit the growth of cancer cells in laboratory settings®”¢%.

Conclusion

Growing demand from pharmaceutical, food, and cosmetic industries is driving innovation in the breeding
of medicinal and spice plants. To identify and develop such genotypes in Iranian oak, the morphological and
phytochemical diversity of its wild populations in Iran was investigated. Considerable variations in morphological
traits, TPC, TFC, antioxidant activity and phenolic compound were observed among the studied oak populations
that help the breeder to select the desired genotype. Gallic acid and rutin were the most abundant phenolic
compounds in Iranian oak fruit extract. Also, the TPC and TFC in the fruit of the Iranian oak populations were
significantly contributed to their antioxidant capacity. Based on the results of this study, the SAR, SAR, MAR,
GAC and BAN populations were identified as superior populations in terms of phytochemical and functional
traits, which can be used in future breeding programs according to the needs of the food, pharmaceutical, and
cosmetic industries.
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