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Abstract 

This study investigates the physicochemical properties, pollen composition, and anti-

microbial activity of honey samples collected from Kars province, Türkiye. A total of 

30 honey samples were analyzed for moisture content (13.9–18.0%), pH (3.44–3.92), 

electrical conductivity (0.138–0.343 mS/cm), free acidity (13.9–31.5 meq/kg), dia-

stase activity (4.93–28.1 DN), hydroxymethylfurfural (HMF) levels (3.5–37.1 mg/kg), 

sugar profile (fructose: 32.8–41.0%, glucose: 26.2–32.6%, sucrose: 0.1–2.7%, malt-

ose: 1.4–2.7%), and proline content (288.87–1272.9 mg/kg). Pollen analysis identified 

52 taxa from 30 botanical families, with Fabaceae, Boraginaceae, Lamiaceae, Aster-

aceae, and Brassicaceae being the most dominant. Of the honey samples, 27 were 

classified as multifloral and 3 as unifloral. Total pollen counts per 10 g (TPC-10 g) of 

honey ranged between Group II and Group V categories (2000 to > 100000 grains). 

The antimicrobial activity of the honey was evaluated against Escherichia coli, Klebsi-

ella pneumoniae, Pseudomonas aeruginosa, Staphylococcus aureus, Enterococcus 

faecalis, and Bacillus subtilis using the agar well diffusion method. Inhibition zones 

ranged from 11 ± 0.55 mm to 24 ± 1.2 mm, with greater efficacy observed against 

Gram-positive bacteria. Significant correlations were found between diastase activity 

and Staphylococcus aureus (r = 0.704, p < 0.01) and Enterococcus faecalis (r = 0.518, 

p < 0.01), as well as between proline content and Klebsiella pneumoniae (r = 0.454, 

p < 0.05), Pseudomonas aeruginosa (r = 0.384, p < 0.05), Staphylococcus aureus 

(r = 0.439, p < 0.05), and Bacillus subtilis (r = 0.435, p < 0.05). The sugar composition 

complied with international standards, with fructose and glucose being the predom-

inant sugars. HMF levels remained within acceptable limits, suggesting appropriate 

storage and processing conditions. Overall, the findings highlight the high quality and 

antimicrobial potential of Kars honey, supporting its value as a natural and functional 

food product.
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Introduction

Honey is of great importance due to its nutritional, medicinal, and economic value. 
From a nutritional perspective, it is a natural sweetener rich in carbohydrates, primarily 
fructose and glucose, providing a rapid source of energy [1]. Additionally, honey con-
tains various vitamins, minerals, and antioxidants that contribute to its health benefits 
[2]. The antioxidant properties of honey, attributed to its phenolic compounds, play a 
crucial role in combating oxidative stress and may help prevent chronic diseases [3].

Medically, honey is recognized for its antibacterial and anti-inflammatory properties, 
making it effective in wound healing and a natural remedy for various ailments [4]. Its 
ability to inhibit the growth of antibiotic-resistant bacteria further highlights its therapeutic 
potential [5]. In addition to its broad-spectrum antibacterial effects, recent studies have 
also demonstrated that honey exhibits antibiofilm activity against both susceptible and 
multidrug-resistant pathogens, thereby enhancing its biomedical relevance [6,7]. Fur-
thermore, its role in traditional medicine across cultures underscores its long-standing 
significance in healthcare [8]. Honey has also been associated with improved gastro-
intestinal health by promoting beneficial gut microbiota, which can enhance nutrient 
absorption and overall digestive well-being [9]. Its therapeutic applications extend to the 
management of chronic diseases, including diabetes and cardiovascular conditions, 
due to its ability to modulate blood sugar levels and exert anti-inflammatory effects 
[10]. Moreover, the increasing use of honey as a natural sweetener in functional foods 
reflects a growing shift toward healthier dietary choices among consumers [11].

Various physical and chemical parameters are assessed to determine honey 
quality. Moisture content is one of the most critical factors, as lower moisture levels 
reduce the risk of fermentation and ensure a longer shelf life [12]. Additionally, pH 
and acidity provide insights into honey’s freshness and microbial resistance, with pH 
values generally ranging between 3.7 and 4.5 [13]. Another important quality indicator 
is HMF content, a compound formed during the aging process; elevated levels may 
indicate heat treatment or adulteration [14]. Furthermore, diastase activity serves 
as a marker for honey’s natural and unprocessed state, with higher diastase levels 
suggesting freshness [15].

Pollen analysis plays a crucial role in determining the botanical origin and, conse-
quently, the quality of honey. This method involves identifying and quantifying pollen 
grains in honey samples, which serve as natural markers of the plants visited by bees 
during nectar collection [1,16]. Studies have shown that the pollen profile significantly 
influences honey’s quality and authenticity, distinguishing between monofloral and 
polyfloral characteristics based on specific pollen types [17]. Additionally, melissopal-
ynological analysis has been employed to evaluate the impact of environmental 
factors on the pollen spectrum of honey, revealing how agricultural practices can 
alter its floral composition [18]. Overall, pollen analysis not only aids in quality control 
but also enhances our understanding of bee foraging behavior and local biodiversity 
[19]. In countries with rich plant diversity, such as Türkiye, these analyses are essen-
tial for highlighting the authenticity and regional identity of honey. A comprehensive 
evaluation of all these parameters is necessary for an accurate assessment of honey 
quality.
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This study aims to determine the characteristic properties of honey samples from Kars province by analyzing key 
chemical and physical parameters, including their pollen composition, total pollen count, pH, sugar content, moisture level, 
proline, and HMF levels. Additionally, the study seeks to provide a comprehensive scientific evaluation of the chemical and 
biological properties of Kars honey by assessing its antimicrobial activity.

Materials and methods

Honey samples

Kars province is located in the Erzurum-Kars section of the Eastern Anatolia region, between 42°10′ and 44°49′ east 
longitudes and 39°22′ and 41°37′ north latitudes. With a surface area of 10127 km², Kars has an average altitude of 1768 
meters. The province has a continental climate, making it one of the coldest regions in Türkiye. Summers are short and 
mild, whereas winters are long and characterized by severe cold. The region records an annual average of 120 days of 
snowfall, while frost events persist for approximately 180 days [20].

A total of 30 honey samples were collected in August and September 2023 from different districts of Kars province, 
including Sarıkamış, Arpaçay-Akyaka, and Kağızman (six samples each), Kars city center (seven samples), and Susuz 
(five samples). Specifically, samples 1–3 were obtained from Arpaçay, 4–6 from Akyaka, 7–12 from Kağızman, 13–19 
from the city center, 20–25 from Sarıkamış, and 26–30 from Susuz. At least 500 grams of honey were collected from 
each beehive. The jars were labeled with the collection location, date, and producer name before being transported to 
the laboratory for analysis. All honey samples were stored at room temperature in a dry and dark environment throughout 
the research period. All honey samples were obtained from local producers and commercial vendors. No specific permits 
were required for sample collection, as the study did not involve fieldwork or access to protected areas.

Pollen analysis

Pollen analysis of the honey samples was conducted following standard methods recommended by international bee-
keeping institutions [21–23]. For sample preparation, 10 grams of homogenized honey were dissolved in 20 ml of distilled 
water in a water bath at 40–45°C for 10–15 minutes. The solution was centrifuged at 3500–4000 rpm for 45 minutes, 
and the supernatant was carefully removed. The remaining residue was dried and mixed with a glycerin-gelatin medium 
containing basic fuchsin dye. This mixture was transferred onto microscope slides, covered with a coverslip, and left to dry 
for approximately 12 hours. Microscopic examination was performed using an Olympus CX21 microscope at 40X magnifi-
cation. At least 200 pollen grains were counted per sample, and their types were identified using reference collections and 
relevant literature. Pollen grains were categorized into four frequency classes: dominant (≥ 45%), secondary (16–44%), 
minor (3–15%), and trace (< 3%) [21]. This classification was applied to determine the botanical origin and floral diversity 
of the honey samples.

Determination of TPC-10 g in honey

The TPC-10 g in honey was determined using the method described by Moar (1985) [23]. A homogenized stock honey 
sample was prepared, and 10 g was mixed with 20 ml of distilled water. A tablet containing 17197 Lycopodium spores was 
added to the mixture. The tubes were incubated in a water bath at approximately 45°C for 10–15 minutes to dissolve the 
tablet, with occasional stirring using a glass rod. After complete dissolution, basic fuchsin was added to stain the pollen 
and spores. The mixture was centrifuged at 3500–4000 rpm for 45 minutes, and the supernatant was discarded. The sedi-
ment was mixed with 0.1 ml of 50% glycerin and homogenized.

From this mixture, 0.01 ml was transferred into a second tube containing 0.09 ml of glycerin and homogenized again. 
A 0.01 ml aliquot of the second mixture was placed onto a microscope slide, covered with an 18 × 18 mm coverslip, and 
prepared for microscopic examination. Two tubes were prepared for each honey sample, and one slide was prepared from 
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each tube. The counts from the two slides were averaged, and the TPC-10 g was calculated using the following formula: 
TPC = (Pollen count × 17197)/Lycopodium spores counted.

Honey samples were classified based on their TPC-10 g values into five categories: very low pollen honey (< 2000), 
normal pollen honey (2000–10000), high pollen honey (10000–50000), very high pollen honey (50000–100000), and 
mega-rich pollen honey (> 100000) [24,25].

Investigation of antimicrobial properties of honey

The antimicrobial properties of honey were evaluated using six bacterial strains: Escherichia coli ATCC 25922, Staphy-
lococcus aureus ATCC 25923, Klebsiella pneumoniae ATCC 700603, Bacillus subtilis ATCC 6051, Pseudomonas aeru-
ginosa ATCC 27853, and Enterococcus faecalis ATCC 29219. The agar well diffusion method was used to evaluate the 
antimicrobial activity of the honey samples. Bacterial cultures were grown in Tryptic Soy Broth (Difco, 30 g/L) and stan-
dardized to a 0.5 McFarland turbidity standard to ensure uniform bacterial counts. Sterile Mueller Hinton Agar was pre-
pared, cooled to a safe handling temperature, and mixed with 100 μl of bacterial suspension. This mixture was poured into 
sterile Petri dishes and allowed to solidify. After solidification, four wells of equal size were made in each Petri dish using 
a sterile cork borer. Honey dilutions at concentrations of 25%, 50%, and 75% were prepared, and 100 μl of each dilution 
was added to the wells. Plates were incubated at 37°C for 24 hours. After the incubation period, inhibition zones around 
the wells were measured in millimeters [26,27].

Determination of insoluble matter

Insoluble matter content was determined according to the harmonized methods of the European Honey Commission 
[28]. Approximately 20 g of homogenized honey was dissolved in warm distilled water and filtered through a pre-weighed 
sintered glass crucible (porosity no. 2). The residue was thoroughly rinsed with hot distilled water to remove any remaining 
sugars and soluble materials. The crucible was then dried in a laboratory oven (Selecta Digitheat) at 135 °C until constant 
weight was achieved. After drying, it was cooled in a desiccator and weighed using an analytical balance (Shimadzu ATX 
224) with a sensitivity of 0.1 mg. The difference in mass was used to calculate the amount of insoluble matter, and the 
results were expressed as g/100 g of honey.

Diastase activity

Diastase activity was measured according to the Phadebas method described by the International Honey Commission 
(IHC) [29]. Honey samples (1 g) were dissolved in acetate buffer (pH 5.2) and incubated at 40 °C with Phadebas tablets 
(Magle Life Sciences, Sweden) for 60 minutes. The reaction was terminated with NaOH solution, and absorbance was 
read at 620 nm using a Shimadzu UV-1800 spectrophotometer. Results were expressed in Schade units, and each sam-
ple was analyzed in triplicate.

Electrical conductivity 

Electrical conductivity was determined using a Hach HQ40D portable multi-parameter meter (USA), equipped with an 
Intellical CDC401 conductivity probe containing a platinum cell. A 20% (w/v) honey solution was prepared in deionized 
water. Measurements were carried out at 20 °C, and the results were expressed in millisiemens per centimeter (mS/cm) 
[28]. Each sample was measured in triplicate.

Free acidity

Free acidity was measured by titration with 0.1 M NaOH followingIHC protocols. Ten grams of honey were dissolved in 75 
mL of carbon dioxide-free distilled water. The solution was stirred and titrated with 0.1 M sodium hydroxide until the pH 
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reached 8.30, monitored using a calibrated pH meter (Hanna Instruments HI2211, Romania). Results were expressed as 
milliequivalents of acid per kilogram of honey (meq/kg), and all measurements were performed in triplicate [28].

HMF content

HMF content was analyzed using a Shimadzu LC-20AT high-performance liquid chromatography (HPLC) system 
equipped with a SPD-20A UV detector, set to 285 nm. The separation was performed using a Phenomenex Luna C18 col-
umn (250 mm × 4.6 mm, 5 µm) at room temperature. The mobile phase consisted of water:methanol (90:10, v/v), and the 
flow rate was 1.0 mL/min. Samples were filtered through a 0.45 µm syringe filter prior to injection. A 20 µL injection volume 
was used, and results were expressed in mg/kg [30].

Moisture content

Moisture content was determined using the refractometric method recommended by the IHC [28]. Prior to measure-
ment, honey samples were gently heated in a water bath at 50 °C for 10–15 minutes to dissolve any sugar crystals. After 
homogenization, a drop of each sample was placed onto the prism of an Abbé refractometer (Atago NAR-1T, Japan) at 20 
°C. Refractive index values were recorded and converted into moisture content (%) using Wedmore’s table. Each sample 
was analyzed in duplicate, and the average value was reported.

pH analysis

The pH of honey samples was measured using a 10% (w/v) honey solution prepared in CO₂-free distilled water. The 
pH values were recorded using a Hanna Instruments HI2211 digital pH meter calibrated with standard buffer solutions 
(pH 4.01, 7.00, and 9.21) before each measurement. All analyses were conducted at room temperature (20 ± 2 °C) and 
repeated twice for each sample [28].

Proline content

Proline content was determined according to the IHC protocol [28]. One gram of honey was dissolved in distilled water, 
and the sample was reacted with acidic ninhydrin solution. The reaction mixture was incubated at 100 °C for 15 minutes. 
After cooling, absorbance was measured at 510 nm using a UV-Vis spectrophotometer (Shimadzu UV-1800, Japan). 
Results were calculated using a calibration curve prepared with L-proline standard solutions and reported in mg/kg [31].

Sugar composition

Sugar analysis was performed using a Shimadzu LC-20AT HPLC system coupled with a pulsed amperometric detector 
and a C18 column (250 mm × 4.6 mm, 5 µm). Honey samples were diluted in ultrapure water, filtered through 0.45 µm 
membrane filters, and injected into the HPLC system. The mobile phase was acetonitrile:water (75:25, v/v), with a flow 
rate of 1.0 mL/min. Calibration curves were prepared using standard solutions of fructose, glucose, and sucrose. Results 
were expressed as percentages of each sugar relative to total sugar content [32].

Statistical analysis

All tests were performed in triplicate. Data analysis was performed using IBM SPSS Statistics 20 version. The statistical 
significance (p < 0.05) of the sample composition values was tested by means of one-way analysis of variance (ANOVA) 
using Tukey’s post hoc comparison test. Detailed results of all physicochemical parameters and their statistical compar-
isons are provided in S1 Table (see Supporting Information). Finally, the relationship between insoluble matter content, 
diastase activity, electrical conductivity, free acidity, HMF, moisture content, pH, proline, sugar profile, and antibacterial 
activity evaluated in honey was determined by Spearman’s correlation test for a sample size of n = 30.
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Results and discussion

Pollen analysis

Pollen analysis in honey is a crucial tool for determining its botanical origin of honey [33,34]. Studies on pollen diversity 
in honey help determine whether the honey is unifloral or multifloral [33,35]. Pollen analysis results are given in Table 1. 
In this study, a total of 52 taxa belonging to 30 families were identified in 30 honey samples. The number of plant taxa 
in the analyzed honey samples ranged from 13 to 39. The dominant families were Fabaceae (Astragalus, Onobrychis, 
Trifolium, Vicia), Boraginaceae (Myosotis, Echium), Lamiaceae (Salvia), Asteraceae, and Brassicaceae. The most fre-
quently observed families in the honey samples included Fabaceae (n = 30), Lamiaceae (n = 30), Boraginaceae (n = 29), 
Asteraceae (n = 29), Brassicaceae (n = 28), Rosaceae (n = 28), and Apiaceae (n = 28). Among the identified taxa, 21 were 
present in more than half of the honey samples, with Astragalus (n = 30), Onobrychis (n = 30), Salvia (n = 30), Vicia (n = 30), 
Echium (n = 28), Trifolium (n = 28), Eryngium (n = 27), and Mentha (n = 26) being the most common. Of the 30 honey 
samples, 27 were classified as multifloral, while 3 were identified as unifloral, represented by Myosotis pollen. The pollen 
analysis results showed significant similarity to those of a 2018 study conducted in the Kars region of Türkiye and to the 
pollen composition of Ardahan honey samples [36,37]. These findings are largely consistent with previous melissopaly-
nological studies conducted in northeastern Türkiye. For instance, Gençay Çelemli et al. (2018) reported that Fabaceae, 
Boraginaceae, and Asteraceae were among the most frequently encountered families in 100 honey samples collected 
from Kars [36]. Onobrychis radiata, Trifolium nigrescens, and Echium vulgaris were dominant or secondary in the majority 
of the samples, aligning closely with the taxa observed in the present study. Similarly, Şık et al. (2017) found Astragalus 
spp., Apiaceae, Brassicaceae, and Fabaceae to be common in Ardahan honeys, all of which were also present in our 
samples [37]. The total number of identified taxa and families in our study (52 taxa from 30 families) is comparable to the 
floristic richness reported by Gençay Çelemli et al. (2018), who recorded 54 taxa from 30 families [36]. Moreover, the high 
occurrence of Astragalus, Onobrychis, Salvia, and Echium confirms the dominance of local steppe and meadow flora, 
especially in high-altitude continental climates. These similarities indicate that honey produced in the Kars region reflects 
a shared regional flora with neighboring provinces such as Ardahan, further validating the floral origin and geographi-
cal distinctiveness of the studied samples. Based on the TPC-10 g of honey, one sample was classified in Group II, 19 
samples in Group III, and five samples each in Groups IV and V. No honey sample was found to contain very low pollen 
concentrations (Fig 1).

Antimicrobial activity

The antimicrobial activity of honey samples against Gram-negative bacteria Escherichia coli, Klebsiella pneumoniae, 
Pseudomonas aeruginosa and Gram-positive bacteria Enterococcus faecalis, Staphylococcus aureus, and Bacillus sub-
tilis was determined using the well diffusion method, and the results are presented in Table 2. Except for the 30th honey 
sample, all samples exhibited activity against at least one bacterium. The antimicrobial activity of honey samples from the 
Kars region varied depending on the bacterial species, with inhibition zones ranging from a minimum of 11 ± 0.55 mm to a 
maximum of 24 ± 1.2 mm. The inhibition zones against E. coli ranged from 12 ± 0.6 mm to 18 ± 0.9 mm, while for K. pneu-
moniae, the values varied between 11 ± 0.55 mm and 20 ± 1 mm. The inhibition zones for S. aureus ranged from a mini-
mum of 12 ± 0.6 mm to a maximum of 18 ± 0.9 mm.

Significant variations were observed among honey samples in their activity against E. faecalis, with inhibition zones 
ranging from 11 ± 0.55 mm to 24 ± 1.2 mm, making it the bacterium against which the strongest antimicrobial activity was 
recorded. The inhibition zones for P. aeruginosa ranged from a minimum of 12 ± 0.6 mm to a maximum of 19 ± 0.95 mm, 
while those for B. subtilis varied between 12 ± 0.6 mm and 18 ± 0.9 mm.

A general increase in inhibition zone diameters was observed with increasing honey concentrations, with the highest 
antimicrobial activity detected at a 75% concentration. However, certain honey samples exhibited weak or no activity 
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against specific bacteria. When evaluated according to all concentrations, it was determined that samples showed 
antibacterial activity against Gram-negative bacteria, as in many studies, but a stronger antibacterial activity against 
Gram-positive bacteria [38–40]. This difference in antimicrobial activity can be attributed to the structural composition of 
Gram-positive bacteria, which have a thick peptidoglycan layer and lack an outer membrane, making them more sus-
ceptible to antibacterial compounds [41]. In contrast, Gram-negative bacteria possess an outer membrane containing 
lipopolysaccharides, which, along with their thin peptidoglycan layer, restricts the entry of antibacterial agents into the 
cell [42].

Statistically significant correlations were identified between the antimicrobial activity of honey samples and their 
chemical and physical parameters (Table 3). Diastase activity exhibited a strong positive correlation with S.aureus 
(r = 0.704, p < 0.01) and E. faecalis (r = 0.518, p < 0.01), whereas lower correlation values were observed for Gram-
negative bacteria. Proline content was significantly correlated with K. pneumoniae (r = 0.454, p < 0.05), P. aeruginosa 
(r = 0.384, p < 0.05), S. aureus (r = 0.439, p < 0.05), and B. subtilis (r = 0.435, p < 0.05). Free acidity and electrical conduc-
tivity showed a notable positive correlation with the antibacterial activity of honey samples against all tested bacteria, 
with particularly strong correlations observed for S. aureus (r = 0.527, p < 0.01) and E. faecalis (r = 0.460, p < 0.05). The 
HMF content exhibited a negative correlation with E. faecalis (r = −0.364, p < 0.05), suggesting that high HMF levels 
may reduce antibacterial activity. Similarly, sucrose content displayed a negative correlation with the antibacterial activ-
ity against E. faecalis (r = −0.538, p < 0.01) and E. coli (r = −0.507, p < 0.01), indicating that honey samples with lower 
sucrose content exhibited higher antimicrobial activity. These findings, consistent with previous studies, highlight that 
the antibacterial efficacy of honey is directly related to its chemical composition, with honey samples exhibiting high 
diastase activity, free acidity, and electrical conductivity demonstrating greater antibacterial potency against bacteria 
[43,44]. In addition to HMF, several other compounds contribute to the antimicrobial activity of honey. These include 
hydrogen peroxide, generated via the action of glucose oxidase; bee-derived antimicrobial peptides such as defensin-1; 
and various phytochemicals of floral origin, particularly flavonoids (e.g., pinocembrin, chrysin, galangin), phenolic acids 
(e.g., caffeic acid), and alkaloids. These compounds have been shown to exert antimicrobial effects through mecha-
nisms such as membrane disruption, inhibition of quorum sensing, and interference with efflux pumps and other resis-
tance mechanisms [45,46].

Insoluble matter content

The insoluble matter content in honey is a crucial indicator of its purity and processing quality. Insoluble solids, such as 
wax particles, pollen grains, and environmental contaminants, can affect the sensory properties and consumer accep-
tance of honey [47]. Inadequate filtration or improper handling can increase these levels, whereas effective purification 
techniques can significantly reduce them, thus improving the product’s cleanliness and marketability [48].

In this study, the insoluble matter content in Kars honey samples ranged from 0.02% to 0.08%, with an average of 
0.03 ± 0.01% (Fig 1). These values are notably lower than those reported in honeys from Ethiopia (0.66–0.73%), Ghana 
(0.56–8.50%), and Algeria (0.01–0.67%) [49–51]. The low values observed may reflect effective processing and filtration 
practices in the region.

Several factors can influence insoluble matter levels, including botanical origin, pollen concentration, and environmen-
tal conditions. For instance, honeys with high pollen content often exhibit elevated insoluble matter values [52]. Likewise, 
samples produced in or near urban areas may show higher levels due to environmental pollutants [53]. However, despite 
originating from a mountainous region rich in meadow flora—conditions typically associated with higher pollen and wax 
content-the Kars honeys showed consistently low levels. This suggests that hygienic harvesting methods and traditional 
beekeeping practices may have helped limit contamination.

Overall, these findings indicate that Kars honey meets international purity standards and highlight the importance of 
good manufacturing practices to ensure both product quality and consumer safety.
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Table 1.  Botanical origin of the honey samples.

Family Taxa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Amaranthaceae Amaranthaceae 2 0.5 3.5 0.5 2.5 0.5 1 7 0.5 1 2.5

Amaryllidaceae Allium 1.5 0.5 5.5 5.5 6 6.5 7.5 7 1 5.5 1 4 1 1.5 0.5 1.5 1 1 0.5 0.5

Amaryllidaceae 1 2 1 0.5 1 2 0.5 2 0.5 0.5 1 1.5 1

Apiaceae Apiaceae 0.5 1.5 0.5 1.5 0.5 1 0.5 1.5 1.5 0.5 1 0.5 1

Eryngium 3.5 2 1 0.5 4 3 1 2 1 0.5 3 5.5 2 8 9 4 1 1 2.5 2.5 3 0.5 2.5 1.5 1.5 2 2

Asteraceae Achillea 2.5 11 11.5 0.5 4 1.5 2 0.5 2.5 3 0.5 0.5 0.5 4 8 1.5 1 2 1 0.5 5.5

Anthemis 3 5 5 5 0.5 4 1 1.5 0.5 1.5 2.5 0.5 0.5 0.5 2.5 4.5 1 0.5 1.5 1 1.5

Artemisia 1 1 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5 1

Carduus 0.5 0.5 2 4 1.5 0.5 0.5 0.5 0.5 0.5 1 1 1 1 1.5

Carthamus 0.5 0.5 0.5 0.5

Centaurea 0.5 1.5 2 2.5 0.5 1 0.5 0.5 1.5 4.5 1 1 0.5 6 2 1.5 4 0.5 1.5 1 4 4

Cichorium 5 3 5.5 0.5 1 0.5 0.5 1 0.5 1.5 3.5

Cirsium 3.5 0.5 1 1 0.5 1

Helianthus 0.5 0.5 0.5 1 0.5

Hieracium 0.5 5.5 0.5 0.5 0.5

Onopordum 1.5 0.5 0.5 0.5 2 0.5 0.5 0.5 0.5 9.5 2 0.5 1 2

Senecio 0.5 0.5 0.5 0.5 0.5 0.5

Sonchus 0.5 0.5 0.5 0.5 0.5 1.5

Taraxacum 2 1 12 8.5 1 2.5 1 3 2.5 1 0.5 1 1.5 2.5

Boraginaceae Anchusa 0.5 1.5 0.5 1 0.5 0.5 0.5

Echium 4 19.5 3 0.5 4.5 4 4 4.5 3.5 2.5 2 15.5 12 2 12.5 19.5 6 3.5 3.5 8.5 2 13 14 2.5 8 19.5 24.5 13

Myosotis 0.5 2 0.5 0.5 0.5 30 55 38 59 12 0.5 61.5

Symphytum 3.5 0.5 3 0.5 3 0.5 3 3 1.5 1.5 2.5 8 0.5 2.5 1 2 0.5

Brassicaceae Brassicaceae 14.5 6.5 0.5 6 5 6 6 3 14 6 22 8.5 6.5 18 19.5 8 13.5 7.5 6 2.5 4.5 1.5 2.5 9 10.5 7 12 8

Caprifoliaceae Dipsacus 1 1 0.5 0.5 1.5 0.5 0.5

Scabiosa 7.5 6 1 2.5 1 0.5 0.5 1.5 1 3.5 3

Caryophyllaceae Caryophyllaceae 0.5 4.5 0.5 1 0.5 3.5 0.5 9 2 20.5 6 6 1.5 2 7 2.5 3.5 2 5.5 6.5 6 10.5 6

Cistaceae Cistaceae 1 0.5 2.5 1 1 12.5 3.5 0.5 1 2 2.5 4 1 2.5 3.5

Cyperaceae Cyperaceae 0.5 0.5 0.5 0.5

Euphorbiaceae Euphorbia 0.5 1 0.5 0.5 1 2 0.5 1 0.5 0.5

Fabaceae Astragalus 12 11.5 8.5 6.5 32 13.5 12 23.5 9.5 23 8 18.5 12 9.5 7 19 10 9.5 13 18 13.5 13 19.5 36 8.5 16.5 14 7 9.5 15

Lotus 0.5 0.5 2.5 2 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 1 0.5 0.5

Onobrychis 20.5 9 1.5 1 11 7.5 15 13 10.5 9.5 11 19 32.5 19 8.5 12.5 9.5 4.5 8.5 7.5 3 8 6.5 8 2.5 6.5 10.5 6.5 41 12.5

Trifolium 6.5 9.5 9 2.5 3 6.5 4 3.5 2 7.5 6.5 0.5 1 0.5 2.5 3 3 3.5 4.5 3.5 4.5 7.5 4.5 4 4 7 4.5

Vicia 3.5 1.5 4.5 3 7.5 2.5 1.5 2 5 3.5 2 4 2 0.5 4 5.5 6.5 0.5 3 6.5 2.5 0.5 6.5 5.5 4 5 8 10.5 1 3

Juglandaceae Juglans 0.5 0.5 1 2 0.5

Lamiaceae Lamiaceae 2 3.5 6.5 1.5 4 4.5 3 4.5 2 1 2.5 2.5 2 1 3 3.5 3 1.5 4 7 3 2.5 5.5 2 13.5 4 5.5 5.5 1.5

Mentha 1 0.5 2 0.5 1 1 0.5 0.5 0.5 3 1 0.5 0.5 2.5 0.5 1 2 2 1 3.5 2 4.5 5.5 7 2 4

Salvia 4 6 5.5 11 3.5 7.5 11 8 6.5 4.5 2.5 2 10 4.5 4 2.5 0.5 1.5 3 8.5 5 4 5.5 3.5 1.5 7.5 8.5 4.5 2.5 6.5

Liliaceae Liliaceae 0.5 0.5 0.5 0.5 0.5

Malvaceae Alcea 0.5 0.5 1.5 3.5 2 1 2.5

Tilia 0.5 0.5 1 0.5 1.5

Moraceae Morus 0.5 0.5

Papaveraceae Roemeria 2 1.5 0.5 0.5

Plantaginaceae Plantago 0.5 0.5 3.5 0.5 1 0.5 1

Poaceae Poaceae 1.5 0.5 0.5 0.5 2.5 0.5 2.5 0.5 1 0.5 1 3.5 1 1 3 3.5 2

Polygonaceae Polygonum 0.5 1.5 1 1.5 1.5 1 1 0.5 0.5 0.5 1 2 2.5 1 0.5 0.5 0.5

Rumex 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Ranunculaceae Ranunculaceae 0.5 0.5 0.5 0.5 3 0.5 1

Rosaceae Rosaceae 2.5 2.5 1.5 10 7 8 6.5 3 6.5 1.5 5 2.5 5 2.5 7 2.5 0.5 9 3.5 1.5 4 2.5 4 4 4 2.5 2.5 2.5

Solanaceae Solanum 6.5 1 6.5 3 3.5 0.5 0.5 2.5 4 2 1 1 1.5 1 0.5 2.5 2 1 0.5 2 0.5 0.5

Urticaceae Urtica 5 1.5 0.5 0.5 0.5

https://doi.org/10.1371/journal.pone.0327861.t001

https://doi.org/10.1371/journal.pone.0327861.t001
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Table 1.  Botanical origin of the honey samples.

Family Taxa 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Amaranthaceae Amaranthaceae 2 0.5 3.5 0.5 2.5 0.5 1 7 0.5 1 2.5

Amaryllidaceae Allium 1.5 0.5 5.5 5.5 6 6.5 7.5 7 1 5.5 1 4 1 1.5 0.5 1.5 1 1 0.5 0.5

Amaryllidaceae 1 2 1 0.5 1 2 0.5 2 0.5 0.5 1 1.5 1

Apiaceae Apiaceae 0.5 1.5 0.5 1.5 0.5 1 0.5 1.5 1.5 0.5 1 0.5 1

Eryngium 3.5 2 1 0.5 4 3 1 2 1 0.5 3 5.5 2 8 9 4 1 1 2.5 2.5 3 0.5 2.5 1.5 1.5 2 2

Asteraceae Achillea 2.5 11 11.5 0.5 4 1.5 2 0.5 2.5 3 0.5 0.5 0.5 4 8 1.5 1 2 1 0.5 5.5

Anthemis 3 5 5 5 0.5 4 1 1.5 0.5 1.5 2.5 0.5 0.5 0.5 2.5 4.5 1 0.5 1.5 1 1.5

Artemisia 1 1 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5 1

Carduus 0.5 0.5 2 4 1.5 0.5 0.5 0.5 0.5 0.5 1 1 1 1 1.5

Carthamus 0.5 0.5 0.5 0.5

Centaurea 0.5 1.5 2 2.5 0.5 1 0.5 0.5 1.5 4.5 1 1 0.5 6 2 1.5 4 0.5 1.5 1 4 4

Cichorium 5 3 5.5 0.5 1 0.5 0.5 1 0.5 1.5 3.5

Cirsium 3.5 0.5 1 1 0.5 1

Helianthus 0.5 0.5 0.5 1 0.5

Hieracium 0.5 5.5 0.5 0.5 0.5

Onopordum 1.5 0.5 0.5 0.5 2 0.5 0.5 0.5 0.5 9.5 2 0.5 1 2

Senecio 0.5 0.5 0.5 0.5 0.5 0.5

Sonchus 0.5 0.5 0.5 0.5 0.5 1.5

Taraxacum 2 1 12 8.5 1 2.5 1 3 2.5 1 0.5 1 1.5 2.5

Boraginaceae Anchusa 0.5 1.5 0.5 1 0.5 0.5 0.5

Echium 4 19.5 3 0.5 4.5 4 4 4.5 3.5 2.5 2 15.5 12 2 12.5 19.5 6 3.5 3.5 8.5 2 13 14 2.5 8 19.5 24.5 13

Myosotis 0.5 2 0.5 0.5 0.5 30 55 38 59 12 0.5 61.5

Symphytum 3.5 0.5 3 0.5 3 0.5 3 3 1.5 1.5 2.5 8 0.5 2.5 1 2 0.5

Brassicaceae Brassicaceae 14.5 6.5 0.5 6 5 6 6 3 14 6 22 8.5 6.5 18 19.5 8 13.5 7.5 6 2.5 4.5 1.5 2.5 9 10.5 7 12 8

Caprifoliaceae Dipsacus 1 1 0.5 0.5 1.5 0.5 0.5

Scabiosa 7.5 6 1 2.5 1 0.5 0.5 1.5 1 3.5 3

Caryophyllaceae Caryophyllaceae 0.5 4.5 0.5 1 0.5 3.5 0.5 9 2 20.5 6 6 1.5 2 7 2.5 3.5 2 5.5 6.5 6 10.5 6

Cistaceae Cistaceae 1 0.5 2.5 1 1 12.5 3.5 0.5 1 2 2.5 4 1 2.5 3.5

Cyperaceae Cyperaceae 0.5 0.5 0.5 0.5

Euphorbiaceae Euphorbia 0.5 1 0.5 0.5 1 2 0.5 1 0.5 0.5

Fabaceae Astragalus 12 11.5 8.5 6.5 32 13.5 12 23.5 9.5 23 8 18.5 12 9.5 7 19 10 9.5 13 18 13.5 13 19.5 36 8.5 16.5 14 7 9.5 15

Lotus 0.5 0.5 2.5 2 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 0.5 0.5 0.5 1 0.5 0.5 1 0.5 0.5

Onobrychis 20.5 9 1.5 1 11 7.5 15 13 10.5 9.5 11 19 32.5 19 8.5 12.5 9.5 4.5 8.5 7.5 3 8 6.5 8 2.5 6.5 10.5 6.5 41 12.5

Trifolium 6.5 9.5 9 2.5 3 6.5 4 3.5 2 7.5 6.5 0.5 1 0.5 2.5 3 3 3.5 4.5 3.5 4.5 7.5 4.5 4 4 7 4.5

Vicia 3.5 1.5 4.5 3 7.5 2.5 1.5 2 5 3.5 2 4 2 0.5 4 5.5 6.5 0.5 3 6.5 2.5 0.5 6.5 5.5 4 5 8 10.5 1 3

Juglandaceae Juglans 0.5 0.5 1 2 0.5

Lamiaceae Lamiaceae 2 3.5 6.5 1.5 4 4.5 3 4.5 2 1 2.5 2.5 2 1 3 3.5 3 1.5 4 7 3 2.5 5.5 2 13.5 4 5.5 5.5 1.5

Mentha 1 0.5 2 0.5 1 1 0.5 0.5 0.5 3 1 0.5 0.5 2.5 0.5 1 2 2 1 3.5 2 4.5 5.5 7 2 4

Salvia 4 6 5.5 11 3.5 7.5 11 8 6.5 4.5 2.5 2 10 4.5 4 2.5 0.5 1.5 3 8.5 5 4 5.5 3.5 1.5 7.5 8.5 4.5 2.5 6.5

Liliaceae Liliaceae 0.5 0.5 0.5 0.5 0.5

Malvaceae Alcea 0.5 0.5 1.5 3.5 2 1 2.5

Tilia 0.5 0.5 1 0.5 1.5

Moraceae Morus 0.5 0.5

Papaveraceae Roemeria 2 1.5 0.5 0.5

Plantaginaceae Plantago 0.5 0.5 3.5 0.5 1 0.5 1

Poaceae Poaceae 1.5 0.5 0.5 0.5 2.5 0.5 2.5 0.5 1 0.5 1 3.5 1 1 3 3.5 2

Polygonaceae Polygonum 0.5 1.5 1 1.5 1.5 1 1 0.5 0.5 0.5 1 2 2.5 1 0.5 0.5 0.5

Rumex 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Ranunculaceae Ranunculaceae 0.5 0.5 0.5 0.5 3 0.5 1

Rosaceae Rosaceae 2.5 2.5 1.5 10 7 8 6.5 3 6.5 1.5 5 2.5 5 2.5 7 2.5 0.5 9 3.5 1.5 4 2.5 4 4 4 2.5 2.5 2.5

Solanaceae Solanum 6.5 1 6.5 3 3.5 0.5 0.5 2.5 4 2 1 1 1.5 1 0.5 2.5 2 1 0.5 2 0.5 0.5

Urticaceae Urtica 5 1.5 0.5 0.5 0.5

https://doi.org/10.1371/journal.pone.0327861.t001

https://doi.org/10.1371/journal.pone.0327861.t001
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Diastase activity

Diastase activity is a significant parameter in determining honey quality. The diastase enzyme present in honey converts 
starch into simpler sugars, and its activity provides insight into the freshness and processing conditions of honey [4,54]. 
Diastase activity is influenced by various factors, including floral origin, climatic conditions, and storage duration. Expo-
sure to heat and long-term storage can significantly reduce enzymatic activity [55]. Therefore, measuring diastase activity 
is critical for assessing honey freshness and detecting possible heat-related degradation.

According to the Codex Alimentarius and European Union standards, honey must have a minimum diastase number of 
8 DN to be considered of acceptable quality [56]. Honey with lower values may indicate heat treatment, poor storage, or 

Fig 1.  Physicochemical properties of honey samples: (A) TPC-10 g (grain/10 g of honey), (B) Insoluble matter (g/100g), (C) Diastase activity 
(DN), (D) Electrical conductivity (mS/cm), and (E) Free acidity (meq/kg).

https://doi.org/10.1371/journal.pone.0327861.g001

https://doi.org/10.1371/journal.pone.0327861.g001
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adulteration. In this study, the diastase activity of Kars honey samples ranged from 4.93 DN to 28.1 DN, with an average 
of 16.85 ± 6.61 DN (Fig 1). Although a few samples fell below the standard threshold, most samples demonstrated values 
above 8 DN, indicating acceptable quality.

These findings are comparable with previous studies from various countries. For instance, Czech honeys showed a 
range of 16–25.1 DN, Spanish honeys 10.1–44 DN, Estonian honeys 15.4–58.8 DN, and Brazilian honeys 15.5–41.4 DN 
[57–60]. Within Türkiye, diastase values reported in Bingöl honeys ranged from 17.89 to 28.93 DN, and in Ordu honeys 
from 15.80 to 39.30 DN [61,62]. Compared to these, Kars honey samples showed slightly lower minimum values but simi-
lar average levels.

The observed variation in diastase activity may be attributed to differences in botanical origin, harvest time, and bee-
keeping practices in the region. Moreover, the relatively lower values in some samples could result from mild thermal 
exposure or extended storage prior to analysis. Overall, the findings suggest that the majority of Kars honeys retain suffi-
cient enzymatic activity and can be considered fresh and minimally processed.

Electrical conductivity 

Electrical conductivity is a key physicochemical parameter that provides insight into the mineral content, organic acids, 
and ionic composition of honey. It is also used to distinguish between blossom honeys (typically < 0.8 mS/cm) and hon-
eydew honeys (typically > 0.8 mS/cm), as recommended by international standards [28,63]. Higher Electrical conductivity 
values are often associated with honeydew content, while lower values indicate floral origin.

In this study, the Electrical conductivity of Kars honey samples ranged from 0.138 to 0.343 mS/cm, with an average of 
0.21 ± 0.05 mS/cm (Fig 1). These results indicate that all samples fall well within the range for blossom honey, which is 
consistent with the melissopalynological finding that most samples were multifloral.

The Electrical conductivity values observed in this study are comparable with those reported in several international 
and national studies. Honey samples from Kosovo (0.11–0.75 mS/cm) and Estonia (0.2–0.8 mS/cm) demonstrated similar 
ranges [59,64]. Likewise, honeys from Ordu, Türkiye, reported Electrical conductivity values between 0.20 and 0.21 mS/
cm, closely matching the averages found in Kars [62]. In contrast, honeydew honeys from Greece and Brazil generally 
exhibit higher Electrical conductivity values due to their distinct botanical sources [60,65].

These findings support the classification of Kars honey as floral in origin and of high quality. The relatively narrow Elec-
trical conductivity range also suggests consistent nectar sources and minimal contamination or adulteration. Since Electri-
cal conductivity is affected by the floral spectrum and soil mineral composition, the values recorded in this study reflect the 
specific ecological conditions of the Kars region.

Free acidity

Free acidity is an essential physicochemical parameter that reflects the quality, freshness, and stability of honey. It mainly arises 
from organic acids, especially gluconic acid, produced by the enzymatic oxidation of glucose during nectar processing by bees 
[4]. Higher acidity levels may indicate fermentation, poor storage, or botanical origin with naturally higher acid content [66].

In this study, the free acidity of Kars honey samples ranged from 13.9 to 31.5 meq/kg, with an average of 20.62 ± 5.06 
meq/kg (Fig 1). All values were below the Codex Alimentarius maximum limit of 50 meq/kg, indicating acceptable fresh-
ness and absence of fermentation [56].

These findings are similar to those reported in other studies from Türkiye (e.g., 17.3–29.6 meq/kg in Bingöl and 21.5–
34.1 meq/kg in Bayburt) and abroad (e.g., 17–30 meq/kg in Romanian and Estonian honeys) [59,61,63,67]. Such similar-
ity suggests a comparable floral origin and harvesting process in these regions.

Additionally, free acidity showed positive correlations with other quality parameters such as diastase activity, proline, 
and Electrical conductivity, supporting its role as an indicator of honey maturity and biochemical complexity.
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HMF

HMF is a thermal degradation product of sugars and serves as a key indicator of honey freshness and potential heat 
treatment. Its concentration increases with prolonged storage, high processing temperatures, or adulteration with inverted 
sugars [68]. International regulations, including those of the Codex Alimentarius, set a maximum limit of 40 mg/kg for most 
honeys and 80 mg/kg for tropical varieties [69].

In the present study, the HMF content of Kars honey samples ranged from 3.5 to 37.1 mg/kg, with an average of 
16.65 ± 8.59 mg/kg (Fig 2). These values fall well within acceptable limits, indicating that the samples were properly stored 
and had not undergone excessive heating.

Table 2.  Antibacterial activity (inhibition zone diameters in mm) of honey samples against tested bacterial strains at 25%, 50%,  
and 75% concentrations.

Escherichia coli Klebsiella pneumoniae Pseudomonas aeruginosa Enterococcus faecalis Staphylococcus aureus Bacillus subtilis

Samples 75% 50% 25% 75% 50% 25% 75% 50% 25% 75% 50% 25% 75% 50% 25% 75% 50% 25%

1 15 ± 0.75cde 15 ± 0.75bc 15 ± 0.75 cd 12 ± 0.6c 13 ± 0.65def 17.5 ± 0.88ab 13 ± 0.65bcd 11 ± 0.55c

2 14 ± 0.70def 11 ± 0.55e 12 ± 0.6ef 12 ± 0.6c

3 16 ± 0.80abcd 16 ± 0.8ab 16 ± 0.8bcd 14 ± 0.7abc 14 ± 0.7h 12 ± 0.6f 16 ± 0.8ab 14 ± 0.7def 12 ± 0.6 cd 16 ± 0.8cde

4 16 ± 0.80abcd 15 ± 0.75bc 13 ± 0.65a 16 ± 0.8bcd 16 ± 0.8a 13 ± 0.65a 14 ± 0.7cde 12 ± 0.6de 22 ± 1.1ab 19.5 ± 0.98b 18 ± 0.9a 16 ± 0.8abcd 15.5 ± 0.77a 12 ± 0.6bc 17 ± 0.85bcd 17 ± 0.85bc 12 ± 0.6b

5 14 ± 0.70def 14 ± 0.7bcd 17 ± 0.85bc 14 ± 0.7abc 15 ± 0.75bcd 12 ± 0.6de 14 ± 0.7h 14 ± 0.7def 16 ± 0.8abcd 16 ± 0.8a 12 ± 0.6bc 17 ± 0.85bcd 17 ± 0.85bc 12 ± 0.6b

6 15.5 ± 0.77bcd 15 ± 0.75bc 18 ± 0.9ab 16 ± 0.8a 14 ± 0.7cde 17.5 ± 0.88defg 17 ± 0.85c 15.5 ± 0.77bcd 15 ± 0.75ab 12 ± 0.6bc 23 ± 1.15a 22 ± 1.1a 15 ± 0.75a

7 16 ± 0.80abcd 14 ± 0.7bcd 17 ± 0.85bc 14 ± 0.7abc 15 ± 0.75bcd 14 ± 0.7bcd 15 ± 0.75gh 15 ± 0.75cde 16.5 ± 0.83abc 16 ± 0.8a 13 ± 0.65a

8 12 ± 0.60f 12 ± 0.6ef 12 ± 0.6ef 15 ± 0.75gh 13 ± 0.65ef 15 ± 0.75cde 12 ± 0.6 cd

9 13 ± 0.65def 12 ± 0.6de 17 ± 0.85ab 15 ± 0.75abc 11 ± 0.55d 14 ± 0.7h 12 ± 0.6f 16 ± 0.8abcd 13 ± 0.65bcd 14 ± 0.7efg 12 ± 0.6f

10 15 ± 0.75 cd 12 ± 0.6c 18 ± 0.9a 17 ± 0.85a 12 ± 0.6 cd 17 ± 0.85efg 15 ± 0.75cde 12 ± 0.6ef 11 ± 0.55d 15 ± 0.75def 15 ± 0.75cde

11 14 ± 0.70def 12 ± 0.6de 15 ± 0.75 cd 15 ± 0.75bcd 14 ± 0.7bcd 19 ± 0.95cde 16 ± 0.8 cd 12 ± 0.6c 15 ± 0.75cde 15 ± 0.75ab 12 ± 0.6bc 19 ± 0.95b 19 ± 0.95b 11 ± 0.55b

12 13 ± 0.65ef

13 15.5 ± 0.77 cd 14 ± 0.7abc 15 ± 0.75gh 12 ± 0.6f 14 ± 0.7def 12 ± 0.6 cd 13 ± 0.65fg 13 ± 0.65ef

14 18 ± 0.90a 18 ± 0.9a 15 ± 0.75 cd 13 ± 0.65bc 17 ± 0.85ab 17 ± 0.85a 20 ± 1bcd 13 ± 0.65ef 16 ± 0.8abcd 14 ± 0.7abc 16 ± 0.8cde 16 ± 0.8 cd 12 ± 0.6b

15 17.5 ± 0.88ab 16 ± 0.8ab 20 ± 1a 16 ± 0.8a 16 ± 0.8abc 16 ± 0.8ab 14 ± 0.7ab 20 ± 1bcd 16 ± 0.8 cd 18 ± 0.9a 15 ± 0.75ab 14 ± 0.7a 17 ± 0.85bcd 13.5 ± 0.65ef 12 ± 0.6b

16 12 ± 0.60f 16 ± 0.8bcd 15 ± 0.75ab 11 ± 0.55f 11 ± 0.55e 18 ± 0.9def 14 ± 0.7def 14 ± 0.7def 14 ± 0.7abc 16 ± 0.8cde 15 ± 0.75cde

17 15 ± 0.75cde 14 ± 0.7cde 17 ± 0.85efg 14.5 ± 0.73defg 14 ± 0.7def

18 15.5 ± 0.77bcd 15 ± 0.75bc 17 ± 0.85bc 15 ± 0.75ab 16 ± 0.8abc 13 ± 0.65cde 12 ± 0.6 cd 16 ± 0.8fgh 13 ± 0.65ef 14 ± 0.7def 12 ± 0.6 cd 11 ± 0.55c 15 ± 0.75def 14 ± 0.7def

19 14 ± 0.7de 13 ± 0.65bc 14 ± 0.7cde 14 ± 0.7bcd 15 ± 0.75gh 12 ± 0.6f 13 ± 0.65ef

20 13 ± 0.65ef 16 ± 0.8bcd 12 ± 0.6c 12 ± 0.6ef 18 ± 0.9bc 14 ± 0.7def

21 15 ± 0.75cde 12 ± 0.6de 14 ± 0.7de 14 ± 0.7abc 12 ± 0.60a 17.5 ± 0.88a 17 ± 0.85a 15 ± 0.7a 17 ± 0.85efg 17 ± 0.85abc 14 ± 0.7abc 12 ± 0.6bc 15.5 ± 0.77cdef 15 ± 0.75cde 12 ± 0.6b

22 13 ± 0.65ef 12 ± 0.6de 12 ± 0.6ef 12 ± 0.6c 13 ± 0.65def 13 ± 0.65cde 12 ± 0.6g 12 ± 0.6f

23 12 ± 0.6f 13 ± 0.65ef 12 ± 0.6g 12 ± 0.6f

24 14 ± 0.7def 13 ± 0.65cde 15.5 ± 0.77 cd 12 ± 0.6c 15 ± 0.75bcd 15 ± 0.75abc 17.5 ± 0.88defg 17 ± 0.85c 15 ± 0.75b 16 ± 0.8abcd 13 ± 0.65bcd

25 16 ± 0.8abcd 15 ± 0.75bc 15.5 ± 0.77 cd 15 ± 0.75ab 12 ± 0.60a 15 ± 0.75bcd 15 ± 0.75abc 13 ± 0.65bc 24 ± 1.2a 24 ± 1.2a 18 ± 0.9a 15.5 ± 0.77bcd 15 ± 0.75ab 12 ± 0.6bc 15.5 ± 0.77cdef 15 ± 0.75cde 12 ± 0.6b

26 16 ± 0.8abcd 16 ± 0.8bcd 15 ± 0.75ab 14 ± 0.7cde 18 ± 0.9def 17 ± 0.85abc 16 ± 0.8a 13 ± 0.65a 17 ± 0.85bcd 16 ± 0.8 cd 14 ± 0.7a

27 17 ± 0.85abc 15 ± 0.75bc 16 ± 0.8bcd 15.5 ± 0.77a 13 ± 0.65a 18 ± 0.9a 17 ± 0.85a 14 ± 0.7ab 21 ± 1.05bc 16 ± 0.8 cd 18 ± 0.9a 14 ± 0.7abc 18 ± 0.9bc 14 ± 0.7def 12 ± 0.6b

28 16 ± 0.8bcd 14 ± 0.7abc 16 ± 0.8abc 14 ± 0.7bcd 15 ± 0.75gh 16.5 ± 0.83abc 14 ± 0.7abc 16 ± 0.8cde 13 ± 0.65ef

29 11 ± 0.55f 13 ± 0.65ef

30

Different superscript letters (a, b, c...) within the same column and bacterial species indicate significant differences (p < 0.05) between honey  
concentrations according to Tukey’s post hoc test. Superscript letters are not comparable between different bacterial species.

https://doi.org/10.1371/journal.pone.0327861.t002

https://doi.org/10.1371/journal.pone.0327861.t002
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Comparable HMF levels have been reported in honeys from Romania (6.5–19.1 mg/kg), Estonia  
(3.5–19.5 mg/kg), and Bingöl, Türkiye (7.1–11.9 mg/kg) [59,61,70]. In contrast, higher HMF values were detected  
in honey from Morocco (18.6–46.5 mg/kg) and the Western Balkans, likely due to climatic and processing differences 
[71,72].

While HMF levels in this study do not indicate any quality defects, it is important to note that HMF has been reported 
to exhibit cytotoxic and mutagenic effects at high concentrations, reinforcing the need to minimize its presence in honey 
intended for human consumption [68]. The low HMF values observed in Kars honey suggest that it was harvested and 
stored under suitable conditions, preserving both its quality and safety.

Table 2.  Antibacterial activity (inhibition zone diameters in mm) of honey samples against tested bacterial strains at 25%, 50%,  
and 75% concentrations.

Escherichia coli Klebsiella pneumoniae Pseudomonas aeruginosa Enterococcus faecalis Staphylococcus aureus Bacillus subtilis

Samples 75% 50% 25% 75% 50% 25% 75% 50% 25% 75% 50% 25% 75% 50% 25% 75% 50% 25%

1 15 ± 0.75cde 15 ± 0.75bc 15 ± 0.75 cd 12 ± 0.6c 13 ± 0.65def 17.5 ± 0.88ab 13 ± 0.65bcd 11 ± 0.55c

2 14 ± 0.70def 11 ± 0.55e 12 ± 0.6ef 12 ± 0.6c

3 16 ± 0.80abcd 16 ± 0.8ab 16 ± 0.8bcd 14 ± 0.7abc 14 ± 0.7h 12 ± 0.6f 16 ± 0.8ab 14 ± 0.7def 12 ± 0.6 cd 16 ± 0.8cde

4 16 ± 0.80abcd 15 ± 0.75bc 13 ± 0.65a 16 ± 0.8bcd 16 ± 0.8a 13 ± 0.65a 14 ± 0.7cde 12 ± 0.6de 22 ± 1.1ab 19.5 ± 0.98b 18 ± 0.9a 16 ± 0.8abcd 15.5 ± 0.77a 12 ± 0.6bc 17 ± 0.85bcd 17 ± 0.85bc 12 ± 0.6b

5 14 ± 0.70def 14 ± 0.7bcd 17 ± 0.85bc 14 ± 0.7abc 15 ± 0.75bcd 12 ± 0.6de 14 ± 0.7h 14 ± 0.7def 16 ± 0.8abcd 16 ± 0.8a 12 ± 0.6bc 17 ± 0.85bcd 17 ± 0.85bc 12 ± 0.6b

6 15.5 ± 0.77bcd 15 ± 0.75bc 18 ± 0.9ab 16 ± 0.8a 14 ± 0.7cde 17.5 ± 0.88defg 17 ± 0.85c 15.5 ± 0.77bcd 15 ± 0.75ab 12 ± 0.6bc 23 ± 1.15a 22 ± 1.1a 15 ± 0.75a

7 16 ± 0.80abcd 14 ± 0.7bcd 17 ± 0.85bc 14 ± 0.7abc 15 ± 0.75bcd 14 ± 0.7bcd 15 ± 0.75gh 15 ± 0.75cde 16.5 ± 0.83abc 16 ± 0.8a 13 ± 0.65a

8 12 ± 0.60f 12 ± 0.6ef 12 ± 0.6ef 15 ± 0.75gh 13 ± 0.65ef 15 ± 0.75cde 12 ± 0.6 cd

9 13 ± 0.65def 12 ± 0.6de 17 ± 0.85ab 15 ± 0.75abc 11 ± 0.55d 14 ± 0.7h 12 ± 0.6f 16 ± 0.8abcd 13 ± 0.65bcd 14 ± 0.7efg 12 ± 0.6f

10 15 ± 0.75 cd 12 ± 0.6c 18 ± 0.9a 17 ± 0.85a 12 ± 0.6 cd 17 ± 0.85efg 15 ± 0.75cde 12 ± 0.6ef 11 ± 0.55d 15 ± 0.75def 15 ± 0.75cde

11 14 ± 0.70def 12 ± 0.6de 15 ± 0.75 cd 15 ± 0.75bcd 14 ± 0.7bcd 19 ± 0.95cde 16 ± 0.8 cd 12 ± 0.6c 15 ± 0.75cde 15 ± 0.75ab 12 ± 0.6bc 19 ± 0.95b 19 ± 0.95b 11 ± 0.55b

12 13 ± 0.65ef

13 15.5 ± 0.77 cd 14 ± 0.7abc 15 ± 0.75gh 12 ± 0.6f 14 ± 0.7def 12 ± 0.6 cd 13 ± 0.65fg 13 ± 0.65ef

14 18 ± 0.90a 18 ± 0.9a 15 ± 0.75 cd 13 ± 0.65bc 17 ± 0.85ab 17 ± 0.85a 20 ± 1bcd 13 ± 0.65ef 16 ± 0.8abcd 14 ± 0.7abc 16 ± 0.8cde 16 ± 0.8 cd 12 ± 0.6b

15 17.5 ± 0.88ab 16 ± 0.8ab 20 ± 1a 16 ± 0.8a 16 ± 0.8abc 16 ± 0.8ab 14 ± 0.7ab 20 ± 1bcd 16 ± 0.8 cd 18 ± 0.9a 15 ± 0.75ab 14 ± 0.7a 17 ± 0.85bcd 13.5 ± 0.65ef 12 ± 0.6b

16 12 ± 0.60f 16 ± 0.8bcd 15 ± 0.75ab 11 ± 0.55f 11 ± 0.55e 18 ± 0.9def 14 ± 0.7def 14 ± 0.7def 14 ± 0.7abc 16 ± 0.8cde 15 ± 0.75cde

17 15 ± 0.75cde 14 ± 0.7cde 17 ± 0.85efg 14.5 ± 0.73defg 14 ± 0.7def

18 15.5 ± 0.77bcd 15 ± 0.75bc 17 ± 0.85bc 15 ± 0.75ab 16 ± 0.8abc 13 ± 0.65cde 12 ± 0.6 cd 16 ± 0.8fgh 13 ± 0.65ef 14 ± 0.7def 12 ± 0.6 cd 11 ± 0.55c 15 ± 0.75def 14 ± 0.7def

19 14 ± 0.7de 13 ± 0.65bc 14 ± 0.7cde 14 ± 0.7bcd 15 ± 0.75gh 12 ± 0.6f 13 ± 0.65ef

20 13 ± 0.65ef 16 ± 0.8bcd 12 ± 0.6c 12 ± 0.6ef 18 ± 0.9bc 14 ± 0.7def

21 15 ± 0.75cde 12 ± 0.6de 14 ± 0.7de 14 ± 0.7abc 12 ± 0.60a 17.5 ± 0.88a 17 ± 0.85a 15 ± 0.7a 17 ± 0.85efg 17 ± 0.85abc 14 ± 0.7abc 12 ± 0.6bc 15.5 ± 0.77cdef 15 ± 0.75cde 12 ± 0.6b

22 13 ± 0.65ef 12 ± 0.6de 12 ± 0.6ef 12 ± 0.6c 13 ± 0.65def 13 ± 0.65cde 12 ± 0.6g 12 ± 0.6f

23 12 ± 0.6f 13 ± 0.65ef 12 ± 0.6g 12 ± 0.6f

24 14 ± 0.7def 13 ± 0.65cde 15.5 ± 0.77 cd 12 ± 0.6c 15 ± 0.75bcd 15 ± 0.75abc 17.5 ± 0.88defg 17 ± 0.85c 15 ± 0.75b 16 ± 0.8abcd 13 ± 0.65bcd

25 16 ± 0.8abcd 15 ± 0.75bc 15.5 ± 0.77 cd 15 ± 0.75ab 12 ± 0.60a 15 ± 0.75bcd 15 ± 0.75abc 13 ± 0.65bc 24 ± 1.2a 24 ± 1.2a 18 ± 0.9a 15.5 ± 0.77bcd 15 ± 0.75ab 12 ± 0.6bc 15.5 ± 0.77cdef 15 ± 0.75cde 12 ± 0.6b

26 16 ± 0.8abcd 16 ± 0.8bcd 15 ± 0.75ab 14 ± 0.7cde 18 ± 0.9def 17 ± 0.85abc 16 ± 0.8a 13 ± 0.65a 17 ± 0.85bcd 16 ± 0.8 cd 14 ± 0.7a

27 17 ± 0.85abc 15 ± 0.75bc 16 ± 0.8bcd 15.5 ± 0.77a 13 ± 0.65a 18 ± 0.9a 17 ± 0.85a 14 ± 0.7ab 21 ± 1.05bc 16 ± 0.8 cd 18 ± 0.9a 14 ± 0.7abc 18 ± 0.9bc 14 ± 0.7def 12 ± 0.6b

28 16 ± 0.8bcd 14 ± 0.7abc 16 ± 0.8abc 14 ± 0.7bcd 15 ± 0.75gh 16.5 ± 0.83abc 14 ± 0.7abc 16 ± 0.8cde 13 ± 0.65ef

29 11 ± 0.55f 13 ± 0.65ef

30

Different superscript letters (a, b, c...) within the same column and bacterial species indicate significant differences (p < 0.05) between honey  
concentrations according to Tukey’s post hoc test. Superscript letters are not comparable between different bacterial species.

https://doi.org/10.1371/journal.pone.0327861.t002

https://doi.org/10.1371/journal.pone.0327861.t002
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Moisture content

Moisture content is a critical quality parameter in honey, directly influencing its stability, shelf life, and risk of fermentation. 
According to the Codex Alimentarius, honey should contain less than 20% moisture, with values between 14% and 18% 
considered optimal [73]. Higher moisture levels may promote fermentation and microbial growth, while lower values con-
tribute to extended preservation.

In this study, the moisture content of Kars honey samples ranged from 13.9% to 18.0%, with an average of 
15.87 ± 1.08% (Fig 2). These values are well within the acceptable range and indicate that the honey was properly 
matured and stored.

Similar results have been reported for Turkish honeys from Bayburt (14.8–18.4%) and Bingöl (15.0–17.2%), as well 
as for Estonian (15.6–20.9%) and Romanian honeys (15.2–17.3%) [59,61,67,70]. The relatively narrow moisture range 
observed in Kars honeys suggests standardized harvesting and post-harvest practices.

Overall, the moisture levels in Kars honeys reflect high quality and compliance with international standards. These val-
ues also support the absence of fermentation or adulteration and contribute positively to the sensory and physicochemical 
stability of the product.

pH

The pH of honey is a key indicator of its freshness, microbial stability, and chemical composition. Typically ranging 
between 3.2 and 4.5, this acidic environment inhibits microbial growth and contributes to honey’s long shelf life [74]. 

Fig 2.  Additional quality parameters of honey samples: (A) HMF (mg/kg), (B) Moisture (%), (C) pH, and (D) Proline (mg/kg).

https://doi.org/10.1371/journal.pone.0327861.g002

https://doi.org/10.1371/journal.pone.0327861.g002
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Honey acidity primarily results from organic acids such as gluconic acid, produced during nectar processing by bees 
[4].

In this study, the pH of Kars honey samples ranged from 3.44 to 3.92, with an average of 3.68 ± 0.12 (Fig 2). These 
values are consistent with those reported in previous studies of Turkish and international honeys, including Bayburt 
(3.45–3.84), Romania (3.5–4.1), and Estonia (3.4–4.0) [59,67,70].

The narrow pH range suggests a stable chemical profile and appropriate processing conditions for Kars honey. More-
over, the acidic nature of the samples supports the absence of microbial fermentation and aligns with quality standards 
established by international guidelines.

Proline

Proline is the most abundant amino acid in honey and serves as a marker of its maturity, botanical origin, and potential 
adulteration. Low proline levels (< 183 mg/kg) may suggest early harvest or sugar feeding, while high levels indicate natu-
ral origin and full ripening [75,76].

In this study, proline content in Kars honey samples ranged from 288.87 to 1272.9 mg/kg, with an average of 
622.56 ± 267.66 mg/kg (Fig 2). These values are significantly above the international threshold and confirm the natural and 
mature status of the honey.

Comparable proline levels have been reported in honeys from Bingöl (438–965 mg/kg), Ordu (609–796 mg/kg), and 
Kayseri (981–1050 mg/kg), while Burdur honeys showed even higher values (1258–1404 mg/kg) [61,62,77]. Internation-
ally, Estonian honeys showed a wide range (257–1328 mg/kg), and Nigerian honeys reported values near the lower limit 
[59,78].

Additionally, proline content has been positively correlated with antimicrobial activity, as confirmed in this study, where 
higher proline levels were associated with increased inhibition against several bacterial strains. This supports previous 
findings linking proline to the biological efficacy of honey [79].

Sugar composition

The sugar composition of honey is a key indicator of its botanical origin, sweetness, crystallization tendency, and potential 
adulteration. Fructose and glucose are the major sugars, while sucrose and maltose are found in smaller amounts. The 
fructose/glucose ratio also affects honey’s physical properties, such as its tendency to remain liquid or crystallize [80,81].

In this study, the fructose content of Kars honey ranged from 32.8% to 41.0%, glucose from 26.2% to 32.6%, sucrose 
from 0.1% to 2.7%, and maltose from 1.4% to 2.7% (Fig 3). These values are within international quality standards and 
suggest natural, unadulterated honey.

Comparable sugar profiles were observed in honeys from Romania (fructose: 33.7–39.0%, glucose: 24.4–36.1%), 
Bayburt (fructose: 40.1–42.6%, glucose: 32.9–36.7%), and the Czech Republic (sucrose: 0.1–0.8%, maltose: 2.9–4.6%) 
[67,70,82]. The slightly lower sucrose levels in Kars samples further support the notion of proper harvesting and minimal 
manipulation.

The dominance of fructose over glucose indicates that Kars honey is less prone to crystallization, contributing to 
longer shelf life and consumer preference. In addition, the low sucrose values confirm the absence of added sugars 
and align with Codex Alimentarius standards [83]. Overall, the sugar composition supports the authenticity and high 
quality of Kars honey.

Overall, the findings of this study highlight that Kars honey exhibits a strong physicochemical and biological pro-
file that aligns with international quality standards. The moisture, pH, HMF, diastase activity, and sugar content val-
ues confirm the freshness and authenticity of the samples, while melissopalynological analysis revealed a diverse 
floral origin, dominated by Fabaceae, Lamiaceae, and Boraginaceae. Furthermore, the antimicrobial activity, par-
ticularly against Gram-positive bacteria, supports the therapeutic potential of Kars honey. These results collectively 
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demonstrate that the honey from this region is a high-quality, natural product with both nutritional and functional 
value.

Conclusion

This study presents a comprehensive evaluation of honey samples from Kars Province, Türkiye, focusing on their phys-
icochemical characteristics, pollen composition, and antimicrobial activity. The results confirmed that Kars honey meets 
international quality standards and contains a diverse floral spectrum dominated by Fabaceae, Lamiaceae, and Boragina-
ceae. Most samples were multifloral with high pollen counts, reflecting the ecological richness of the region.

The honey samples showed notable antimicrobial activity, particularly against Gram-positive bacteria. Positive cor-
relations between antibacterial effects and parameters such as proline content, diastase activity, and free acidity suggest 
synergistic biochemical contributions.

However, the study has some limitations. Antimicrobial activity was assessed using only the agar well diffusion method, 
and sampling was restricted to a single region and season. Although this method allowed for comparative screening and is 
widely used in honey research, we acknowledge that more quantitative methods (e.g., MIC/MBC assays) would have pro-
vided greater precision. Future studies will incorporate more advanced antimicrobial testing protocols. Additionally, param-
eters such as antioxidant capacity, mineral content, and enzyme activity were not examined. Future research should 
include broader sampling and expanded biochemical analyses to better understand the therapeutic potential of honey.

Overall, the findings support the recognition of Kars honey as a high-quality natural product with both nutritional and 
medicinal value.

Fig 3.   Sugar composition of honey samples: (A) Fructose (%), (B) Glucose (%), (C) Sucrose (%), and (D) Maltose (%).

https://doi.org/10.1371/journal.pone.0327861.g003

https://doi.org/10.1371/journal.pone.0327861.g003
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moisture content, pH, proline, sugar profile and TPC-10 g values. 
(DOCX)

Author contributions

Conceptualization: Salih Akpınar, Neslihan Mutlu.

Data curation: Salih Akpınar, Neslihan Mutlu.

Formal analysis: Salih Akpınar, Neslihan Mutlu.

Funding acquisition: Salih Akpınar.

Investigation: Salih Akpınar.

Methodology: Salih Akpınar, Neslihan Mutlu.

Project administration: Salih Akpınar.

Resources: Salih Akpınar.

Software: Salih Akpınar, Neslihan Mutlu.

Supervision: Salih Akpınar.

Validation: Salih Akpınar, Neslihan Mutlu.

Visualization: Salih Akpınar, Neslihan Mutlu.

Writing – original draft: Salih Akpınar, Neslihan Mutlu.

Writing – review & editing: Salih Akpınar, Neslihan Mutlu.

References
	 1.	 Shakoori Z, Mehrabian A, Minai D, Salmanpour F, Khajoei Nasab F. Assessing the quality of bee honey on the basis of melissopalynology as well 

as chemical analysis. PLoS One. 2023;18(8):e0289702. https://doi.org/10.1371/journal.pone.0289702 PMID: 37552683

	 2.	 Šedík P, Predanócyová K, Pocol C, Ivanišová E. The antioxidant activity of monofloral honey and its awareness among urban consumers in Slova-
kia. Bull Univ Agric Sci Vet Med Cluj-Napoca Food Sci Technol. 2022;79(2):12–20. https://doi.org/10.15835/buasvmcn-fst:2022.0020

	 3.	 Nyarko K, Boozer K, Greenlief CM. Profiling of the Polyphenol Content of Honey from Different Geographical Origins in the United States. Mole-
cules. 2023;28(13):5011. https://doi.org/10.3390/molecules28135011 PMID: 37446673

	 4.	 Raweh HSA, Badjah-Hadj-Ahmed AY, Iqbal J, Alqarni AS. Physicochemical Composition of Local and Imported Honeys Associated with Quality 
Standards. Foods. 2023;12(11):2181. https://doi.org/10.3390/foods12112181 PMID: 37297426

	 5.	 Hassanain AT, Alyaa AK, Karim AJ. Antimicrobial effect of Malaysian honey on some human pathogens: an in vitro study. Int Med J Malaysia. 
2010;9(2):15–8. https://doi.org/10.31436/imjm.v9i2.713

	 6.	 Cabezas-Mera FS, Atiencia-Carrera MB, Villacrés-Granda I, Proaño AA, Debut A, Vizuete K, et al. Evaluation of the polyphenolic profile of native 
Ecuadorian stingless bee honeys (Tribe: Meliponini) and their antibiofilm activity on susceptible and multidrug-resistant pathogens: An exploratory 
analysis. Curr Res Food Sci. 2023;7:100543. https://doi.org/10.1016/j.crfs.2023.100543 PMID: 37455680

	 7.	 Cabezas‐Mera F, Cedeño‐Pinargote AC, Tejera E, Álvarez‐Suarez JM, Machado A. Antimicrobial activity of stingless bee honey (Tribe: Meliponini) 
on clinical and foodborne pathogens: A systematic review and meta‐analysis. Food Frontiers. 2024;5(3):964–93. https://doi.org/10.1002/fft2.386

	 8.	 Bucekova M, Buriova M, Pekarik L, Majtan V, Majtan J. Phytochemicals-mediated production of hydrogen peroxide is crucial for high antibacterial 
activity of honeydew honey. Sci Rep. 2018;8(1):9061. https://doi.org/10.1038/s41598-018-27449-3 PMID: 29899462

	 9.	 Jiang L, Xie M, Chen G, Qiao J, Zhang H, Zeng X. Phenolics and Carbohydrates in Buckwheat Honey Regulate the Human Intestinal Microbiota. 
Evid Based Complement Alternat Med. 2020;2020:6432942. https://doi.org/10.1155/2020/6432942 PMID: 32184894

	10.	 Erejuwa OO, Sulaiman SA, Wahab MSA. Honey--a novel antidiabetic agent. Int J Biol Sci. 2012;8(6):913–34. https://doi.org/10.7150/ijbs.3697 
PMID: 22811614

	11.	 Zanchini R, Blanc S, Pippinato L, Vita G, Brun F. Consumers’ attitude towards honey consumption for its health benefits: first insights from an 
econometric approach. Br Food J. 2022;124(12):4372–86. https://doi.org/10.1108/bfj-09-2021-0992

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0327861.s001
https://doi.org/10.1371/journal.pone.0289702
http://www.ncbi.nlm.nih.gov/pubmed/37552683
https://doi.org/10.15835/buasvmcn-fst:2022.0020
https://doi.org/10.3390/molecules28135011
http://www.ncbi.nlm.nih.gov/pubmed/37446673
https://doi.org/10.3390/foods12112181
http://www.ncbi.nlm.nih.gov/pubmed/37297426
https://doi.org/10.31436/imjm.v9i2.713
https://doi.org/10.1016/j.crfs.2023.100543
http://www.ncbi.nlm.nih.gov/pubmed/37455680
https://doi.org/10.1002/fft2.386
https://doi.org/10.1038/s41598-018-27449-3
http://www.ncbi.nlm.nih.gov/pubmed/29899462
https://doi.org/10.1155/2020/6432942
http://www.ncbi.nlm.nih.gov/pubmed/32184894
https://doi.org/10.7150/ijbs.3697
http://www.ncbi.nlm.nih.gov/pubmed/22811614
https://doi.org/10.1108/bfj-09-2021-0992


PLOS One | https://doi.org/10.1371/journal.pone.0327861  July 9, 2025 19 / 21

	12.	 Huyop F, Ullah S, Abdul Wahab R, Huda N, Sujana IGA, Saloko S, et al. Physicochemical and antioxidant properties of Apis cerana honey from 
Lombok and Bali Islands. PLoS One. 2024;19(4):e0301213. https://doi.org/10.1371/journal.pone.0301213 PMID: 38578814

	13.	 Tigistu T, Worku Z, Mohammed A. Evaluation of the physicochemical properties of honey produced in Doyogena and Kachabira Districts of Kem-
bata Tambaro zone, Southern Ethiopia. Heliyon. 2021;7(4):e06803. https://doi.org/10.1016/j.heliyon.2021.e06803 PMID: 33898854

	14.	 Cruz LC, Batista JES, Zemolin APP, Nunes MEM, Lippert DB, Royes LFF, et al. A Study on the Quality and Identity of Brazilian Pampa Biome 
Honey: Evidences for Its Beneficial Effects against Oxidative Stress and Hyperglycemia. Int J Food Sci. 2014;2014:470214. https://doi.
org/10.1155/2014/470214 PMID: 26904632

	15.	 Thais PA, Tania MC dos S, Cicero CCN, Roger NB, Sybelle GM da S, Yamina CM. Quality of honey bees Apis mellifera sold in the state of Ala-
goas, Brasil. Afr J Microbiol Res. 2015;9(27):1692–8. https://doi.org/10.5897/ajmr2015.7494

	16.	 Rodopoulou M-A, Tananaki C, Dimou M, Liolios V, Kanelis D, Goras G, et al. The determination of the botanical origin in honeys with over-
represented pollen: combination of melissopalynological, sensory and physicochemical analysis. J Sci Food Agric. 2018;98(7):2705–12. https://doi.
org/10.1002/jsfa.8764 PMID: 29083491

	17.	 Ghorab A, Rodríguez-Flores MS, Nakib R, Escuredo O, Haderbache L, Bekdouche F, et al. Sensorial, Melissopalynological and Physico-Chemical 
Characteristics of Honey from Babors Kabylia’s Region (Algeria). Foods. 2021;10(2):225. https://doi.org/10.3390/foods10020225 PMID: 33499111

	18.	 Adamchuk L, Sukhenko V, Akulonok O, Bilotserkivets T, Vyshniak V, Lisohurska D, et al. Methods for determining the botanical origin of honey. Potr 
S J F Sci. 2020;14:483–93. https://doi.org/10.5219/1386

	19.	 Rateb S, Kelany M, Omar E. Seasonal Diversity and Species Richness of Pollen Through Body Surface Pollen Analysis of Honey Bees. Egyptian 
Academic Journal of Biological Sciences A, Entomology. 2022;15(4):195–207. https://doi.org/10.21608/eajbsa.2022.275288

	20.	 Demir M. Kars İlinin Arıcılık Potansiyeli ve Değerlendirme Durumu. Doğu Coğrafya Dergisi. 2014;19(32):209. https://doi.org/10.17295/dcd.34740

	21.	 Louveaux J, Maurizio A, Vorwohl G. Methods of Melissopalynology. Bee World. 1978;59:139–57.

	22.	 Sorkun K. Türkiye’nin nektarlı bitkileri, polenleri ve balları. Ankara: Palme Yayıncılık; 2008.

	23.	 Moar NT. Pollen analysis of New Zealand honey. N Z J Agric Res. 1985;28:39–70.

	24.	 Maurizio A. Untersuchungen zur quantitativen Pollenanalyse des Honigs. Mitt Lebensmitt Unters Hyg. 1939;30:27–69.

	25.	 Feller-Demalsy M-J, Parent J, Strachan AA. Microscopic Analysis of Honeys from Manitoba, Canada. Journal of Apicultural Research. 
1989;28(1):41–9. https://doi.org/10.1080/00218839.1989.11100819

	26.	 Çam B. Ankara piyasasında bulunan bazı ballarda polen analizleri ve bu balların antimikrobiyal özellikleri [Yüksek lisans tezi]. Ankara: Gazi Üniver-
sitesi Fen Bilimleri Enstitüsü; 2006.

	27.	 Hameed OM, Shaker OM, Ben Slima A, Makni M. Biochemical Profiling and Physicochemical and Biological Valorization of Iraqi Honey: A Compre-
hensive Analysis. Molecules. 2024;29(3):671. https://doi.org/10.3390/molecules29030671 PMID: 38338414

	28.	 Bogdanov S, Martin P, Lüllmann C. Harmonised methods of the European honey commission. Apidologie. 1997;28:1–59.

	29.	 Schade JE, Marsh GL, Eckert JE. Diastase activity and hydroxy‐methyl‐furfural in honey and their usefulness in detecting heat alteration. Journal 
of Food Science. 1958;23(5):446–63. https://doi.org/10.1111/j.1365-2621.1958.tb17592.x

	30.	 Jeuring HJ, Kuppers FJ. High performance liquid chromatography of furfural and hydroxymethylfurfural in spirits and honey. J Assoc Off Anal 
Chem. 1980;63(6):1215–8. PMID: 7451383

	31.	 Ough C. Rapid determination of proline in grapes and wines. J Food Sci. 1969;34:228–30.

	32.	 Bee Hexagon Network [Internet]. [cited 2025 Apr 24]. https://www.bee-hexagon.net/english/network/

	33.	 Gopal T. Melittopalynological studies of Apis dorsata honey samples from Kolar District, Karnataka, India. J Appl Nat Sci. 2021;13(2):654–67. 
https://doi.org/10.31018/jans.v13i2.2189

	34.	 Cometto PM, Faye PF, Caccavari M, Baroni MV, Aldao MAJ. Relationship between interannual variation of amino acid profile and pollen content in 
honey from a small Argentinian region. J Agric Food Chem. 2006;54(25):9458–64. https://doi.org/10.1021/jf061325n PMID: 17147433

	35.	 Ikegbunam NC, Nweze NO, Walter OJ, Njokuocha RC, Agwu COC. Melissopalynological Characterization of Honey Samples from Southeastern, 
Nigeria. Turkish JAF SciTech. 2022;10(2):203–10. https://doi.org/10.24925/turjaf.v10i2.203-210.4537

	36.	 Gençay ÖÇ, Özenirler Ç, Bayram NE, Zare G, Sorkun K. Melissopalynological analysis for geographical marking of Kars honey. Kafkas Univ Vet 
Fak Derg. 2018;24(1):53–9. https://doi.org/10.9775/kvfd.2017.18262

	37.	 Şik L, Güvensen A, Durmuşkahya C, Erol O. Pollen analysis of honeys from Ardahan/Turkey. Biol Divers Conserv. 2017;10(2):12–9.

	38.	 Chang X, Wang J, Yang S, Chen S, Song Y. Antioxidative, antibrowning and antibacterial activities of sixteen floral honeys. Food Funct. 
2011;2(9):541–6. https://doi.org/10.1039/c1fo10072f PMID: 21860856

	39.	 Pimentel RB de Q, da Costa CA, Albuquerque PM, Junior SD. Antimicrobial activity and rutin identification of honey produced by the stingless bee 
Melipona compressipes manaosensis and commercial honey. BMC Complement Altern Med. 2013;13:151. https://doi.org/10.1186/1472-6882-13-
151 PMID: 23815879

	40.	 Kačániová M, Borotová P, Galovičová L, Kunová S, Štefániková J, Kowalczewski PŁ, et al. Antimicrobial and Antioxidant Activity of Different Honey 
Samples from Beekeepers and Commercial Producers. Antibiotics (Basel). 2022;11(9):1163. https://doi.org/10.3390/antibiotics11091163 PMID: 
36139943

https://doi.org/10.1371/journal.pone.0301213
http://www.ncbi.nlm.nih.gov/pubmed/38578814
https://doi.org/10.1016/j.heliyon.2021.e06803
http://www.ncbi.nlm.nih.gov/pubmed/33898854
https://doi.org/10.1155/2014/470214
https://doi.org/10.1155/2014/470214
http://www.ncbi.nlm.nih.gov/pubmed/26904632
https://doi.org/10.5897/ajmr2015.7494
https://doi.org/10.1002/jsfa.8764
https://doi.org/10.1002/jsfa.8764
http://www.ncbi.nlm.nih.gov/pubmed/29083491
https://doi.org/10.3390/foods10020225
http://www.ncbi.nlm.nih.gov/pubmed/33499111
https://doi.org/10.5219/1386
https://doi.org/10.21608/eajbsa.2022.275288
https://doi.org/10.17295/dcd.34740
https://doi.org/10.1080/00218839.1989.11100819
https://doi.org/10.3390/molecules29030671
http://www.ncbi.nlm.nih.gov/pubmed/38338414
https://doi.org/10.1111/j.1365-2621.1958.tb17592.x
http://www.ncbi.nlm.nih.gov/pubmed/7451383
https://www.bee-hexagon.net/english/network/
https://doi.org/10.31018/jans.v13i2.2189
https://doi.org/10.1021/jf061325n
http://www.ncbi.nlm.nih.gov/pubmed/17147433
https://doi.org/10.24925/turjaf.v10i2.203-210.4537
https://doi.org/10.9775/kvfd.2017.18262
https://doi.org/10.1039/c1fo10072f
http://www.ncbi.nlm.nih.gov/pubmed/21860856
https://doi.org/10.1186/1472-6882-13-151
https://doi.org/10.1186/1472-6882-13-151
http://www.ncbi.nlm.nih.gov/pubmed/23815879
https://doi.org/10.3390/antibiotics11091163
http://www.ncbi.nlm.nih.gov/pubmed/36139943


PLOS One | https://doi.org/10.1371/journal.pone.0327861  July 9, 2025 20 / 21

	41.	 Mohapatra DP, Thakur V, Brar SK. Antibacterial efficacy of raw and processed honey. Biotechnol Res Int. 2011;2011:917505. https://doi.
org/10.4061/2011/917505 PMID: 21350671

	42.	 D’Amato D, Sinigaglia M, Corbo MR. Use of chitosan, honey and pineapple juice as filling liquids for increasing the microbiological shelf life of a 
fruit‐based salad. Int J of Food Sci Tech. 2010;45(5):1033–41. https://doi.org/10.1111/j.1365-2621.2010.02233.x

	43.	 Erban T, Shcherbachenko E, Talacko P, Harant K. The Unique Protein Composition of Honey Revealed by Comprehensive Proteomic Analysis: 
Allergens, Venom-like Proteins, Antibacterial Properties, Royal Jelly Proteins, Serine Proteases, and Their Inhibitors. J Nat Prod. 2019;82(5):1217–
26. https://doi.org/10.1021/acs.jnatprod.8b00968 PMID: 30995037

	44.	 Domingos SCB, Clebis VH, Nakazato G, de Oliveira AG Jr, Takayama Kobayashi RK, Peruquetti RC, et al. Antibacterial activity of honeys from 
Amazonian stingless bees of Melipona spp. and its effects on bacterial cell morphology. J Sci Food Agric. 2021;101(5):2072–7. https://doi.
org/10.1002/jsfa.10828 PMID: 32974924

	45.	 Machado A, Toubarro D, Baptista J, Tejera E, Álvarez-Suárez JM. Selected honey as a multifaceted antimicrobial agent: review of compounds, 
mechanisms, and research challenges. Future Microbiol. 2025;20(7–9):589–610. https://doi.org/10.1080/17460913.2025.2498233 PMID: 
40293032

	46.	 Machado A, Zamora-Mendoza L, Alexis F, Álvarez-Suarez JM. Use of Plant Extracts, Bee-Derived Products, and Probiotic-Related Appli-
cations to Fight Multidrug-Resistant Pathogens in the Post-Antibiotic Era. Future Pharmacology. 2023;3(3):535–67. https://doi.org/10.3390/
futurepharmacol3030034

	47.	 Živkov Baloš M, Popov N, Jakšić S, Mihaljev Ž, Pelić M, Ratajac R, et al. Sunflower Honey-Evaluation of Quality and Stability during Storage. 
Foods. 2023;12(13):2585. https://doi.org/10.3390/foods12132585 PMID: 37444323

	48.	 Mai HC, Nguyen TNP, Thi Nguyen NL, Thi Duong ND, Nguyen BV, Tran DH, et al. Physico-chemical Properties and Biological Activity of Honey 
from Two Districts of Tien Giang Province, Vietnam. AJC. 2024;36(3):743–8. https://doi.org/10.14233/ajchem.2024.31217

	49.	 Gela A, Hora ZA, Kebebe D, Gebresilassie A. Physico-chemical characteristics of honey produced by stingless bees (Meliponula beccarii) from 
West Showa zone of Oromia Region, Ethiopia. Heliyon. 2021;7(1):e05875. https://doi.org/10.1016/j.heliyon.2020.e05875 PMID: 33506124

	50.	 Adjalooc MK, Asare CY, Appaw W, Boahene O. Assessment of Honey Quality in Ghana: A Pilot Study of Honeys Produced in Drobo and Berekum. 
J Food Microbiol Saf Hyg. 2017;02(03). https://doi.org/10.4172/2476-2059.1000123

	51.	 Nair S, Bouzidi Maghraoui N. Physicochemical Properties of Honeys Produced in North-West of Algeria. AFSE. 2017;1(3). https://doi.org/10.22606/
afse.2017.13005

	52.	 Bobade H, Singh A, Sharma S, Gupta A, Singh B. Effect of extrusion processing on techno-functional, textural and bioactive properties of whole-
grain corn flour-based breakfast cereals sweetened with honey. J Texture Stud. 2022;53(5):672–83. https://doi.org/10.1111/jtxs.12708 PMID: 
35722898

	53.	 Kazazić M, Mehić E. Physicochemical properties, total phenolic content, and antioxidant activity of the honey samples from the Herzegovina 
region. AGR. 2024;25(1). https://doi.org/10.7251/agren2401033k

	54.	 Gürbüz S, Çakıcı N, Mehmetoğlu S, Atmaca H, Demir T, Arıgül Apan M, et al. Physicochemical Quality Characteristics of Southeastern Anatolia 
Honey, Turkey. Int J Anal Chem. 2020;2020:8810029. https://doi.org/10.1155/2020/8810029 PMID: 32952558

	55.	 Hebbar HU, Nandini KE, Lakshmi MC, Subramanian R. Microwave and Infrared Heat Processing of Honey and Its Quality. FSTR. 2003;9(1):49–53. 
https://doi.org/10.3136/fstr.9.49

	56.	 Sęk A, Porębska A, Szczęsna T. Quality of Commercially Available Manuka Honey Expressed by Pollen Composition, Diastase Activity, and 
Hydroxymethylfurfural Content. Foods. 2023;12(15):2930. https://doi.org/10.3390/foods12152930 PMID: 37569199

	57.	 Pospiech M, Javůrková Z, Hrabec P, Čížková H, Titěra D, Štarha P, et al. Physico-Chemical and Melissopalynological Characterization of Czech 
Honey. Applied Sciences. 2021;11(11):4989. https://doi.org/10.3390/app11114989

	58.	 Escuredo O, Rodríguez-Flores MS, Meno L, Seijo MC. Prediction of Physicochemical Properties in Honeys with Portable Near-Infrared (microNIR) 
Spectroscopy Combined with Multivariate Data Processing. Foods. 2021;10(2):317. https://doi.org/10.3390/foods10020317 PMID: 33546316

	59.	 Kivima E, Tanilas K, Martverk K, Rosenvald S, Timberg L, Laos K. The Composition, Physicochemical Properties, Antioxidant Activity, and Sensory 
Properties of Estonian Honeys. Foods. 2021;10(3):511. https://doi.org/10.3390/foods10030511 PMID: 33804333

	60.	 Azevedo MS, Seraglio SKT, Bergamo G, Rocha G de O, Valese AC, Daguer H, et al. Physicochemical properties and biological activities of bracat-
inga honeydew honey from different geographical locations. J Food Sci Technol. 2021;58(9):3417–29. https://doi.org/10.1007/s13197-020-04937-x 
PMID: 34366459

	61.	 Gün R, Karaoğlu MM. Detection of honey adulteration by characterization of the physico-chemical properties of honey adulterated with the addition 
of glucose–fructose and maltose corn syrups. Eur Food Res Technol. 2024;250(8):2255–72. https://doi.org/10.1007/s00217-024-04535-7

	62.	 Akgün N, Çelik ÖF, Kelebekli L. Physicochemical properties, total phenolic content, and antioxidant activity of chestnut, rhododendron, acacia and 
multifloral honey. Food Measure. 2021;15(4):3501–8. https://doi.org/10.1007/s11694-021-00937-3

	63.	 Albu A, Radu-Rusu C-G, Pop IM, Frunza G, Nacu G. Quality Assessment of Raw Honey Issued from Eastern Romania. Agriculture. 
2021;11(3):247. https://doi.org/10.3390/agriculture11030247

	64.	 Rysha A, Kastrati G, Biber L, Sadiku V, Rysha A, Zogaj F, et al. Evaluating the Physicochemical Properties of Some Kosovo’s and Imported Honey 
Samples. Applied Sciences. 2022;12(2):629. https://doi.org/10.3390/app12020629

https://doi.org/10.4061/2011/917505
https://doi.org/10.4061/2011/917505
http://www.ncbi.nlm.nih.gov/pubmed/21350671
https://doi.org/10.1111/j.1365-2621.2010.02233.x
https://doi.org/10.1021/acs.jnatprod.8b00968
http://www.ncbi.nlm.nih.gov/pubmed/30995037
https://doi.org/10.1002/jsfa.10828
https://doi.org/10.1002/jsfa.10828
http://www.ncbi.nlm.nih.gov/pubmed/32974924
https://doi.org/10.1080/17460913.2025.2498233
http://www.ncbi.nlm.nih.gov/pubmed/40293032
https://doi.org/10.3390/futurepharmacol3030034
https://doi.org/10.3390/futurepharmacol3030034
https://doi.org/10.3390/foods12132585
http://www.ncbi.nlm.nih.gov/pubmed/37444323
https://doi.org/10.14233/ajchem.2024.31217
https://doi.org/10.1016/j.heliyon.2020.e05875
http://www.ncbi.nlm.nih.gov/pubmed/33506124
https://doi.org/10.4172/2476-2059.1000123
https://doi.org/10.22606/afse.2017.13005
https://doi.org/10.22606/afse.2017.13005
https://doi.org/10.1111/jtxs.12708
http://www.ncbi.nlm.nih.gov/pubmed/35722898
https://doi.org/10.7251/agren2401033k
https://doi.org/10.1155/2020/8810029
http://www.ncbi.nlm.nih.gov/pubmed/32952558
https://doi.org/10.3136/fstr.9.49
https://doi.org/10.3390/foods12152930
http://www.ncbi.nlm.nih.gov/pubmed/37569199
https://doi.org/10.3390/app11114989
https://doi.org/10.3390/foods10020317
http://www.ncbi.nlm.nih.gov/pubmed/33546316
https://doi.org/10.3390/foods10030511
http://www.ncbi.nlm.nih.gov/pubmed/33804333
https://doi.org/10.1007/s13197-020-04937-x
http://www.ncbi.nlm.nih.gov/pubmed/34366459
https://doi.org/10.1007/s00217-024-04535-7
https://doi.org/10.1007/s11694-021-00937-3
https://doi.org/10.3390/agriculture11030247
https://doi.org/10.3390/app12020629


PLOS One | https://doi.org/10.1371/journal.pone.0327861  July 9, 2025 21 / 21

	65.	 Tsavea E, Vardaka F-P, Savvidaki E, Kellil A, Kanelis D, Bucekova M, et al. Physicochemical Characterization and Biological Properties of Pine 
Honey Produced across Greece. Foods. 2022;11(7):943. https://doi.org/10.3390/foods11070943 PMID: 35407030

	66.	 Lord DW, Scotter MJ, Whittaker AD, Wood R. The determination of acidity, apparent reducing sugar and sucrose, hydroxymethylfurfural, mineral, 
moisture, water-insoluble solids contents in honey; collaborative study. J Assoc Publ Anal. 1988;26:51–76.

	67.	 Bayram NE, Kara HH, Can AM, Bozkurt F, Akman PK, Vardar SU, et al. Characterization of physicochemical and antioxidant properties of Bayburt 
honey from the North-east part of Turkey. Journal of Apicultural Research. 2020;60(1):46–56. https://doi.org/10.1080/00218839.2020.1812806

	68.	 Shapla UM, Solayman M, Alam N, Khalil MI, Gan SH. 5-Hydroxymethylfurfural (HMF) levels in honey and other food products: effects on bees and 
human health. Chem Cent J. 2018;12(1):35. https://doi.org/10.1186/s13065-018-0408-3 PMID: 29619623

	69.	 Afshari A, Ram M, Mohamadi S. Quality Evaluation of Iranian Honey Collected from Khorasan Province, Iran. Int J Food Sci. 2022;2022:3827742. 
https://doi.org/10.1155/2022/3827742 PMID: 35190791

	70.	 Pauliuc D, Dranca F, Ropciuc S, Oroian M. Advanced Characterization of Monofloral Honeys from Romania. Agriculture. 2022;12(4):526. https://
doi.org/10.3390/agriculture12040526

	71.	 Bakour M, Laaroussi H, Ferreira-Santos P, Genisheva Z, Ousaaid D, Teixeira JA, et al. Exploring the Palynological, Chemical, and Bioactive 
Properties of Non-Studied Bee Pollen and Honey from Morocco. Molecules. 2022;27(18):5777. https://doi.org/10.3390/molecules27185777 PMID: 
36144513

	72.	 Sakač M, Jovanov P, Marić A, Četojević-Simin D, Novaković A, Plavšić D, et al. Antioxidative, Antibacterial and Antiproliferative Properties of Honey 
Types from the Western Balkans. Antioxidants (Basel). 2022;11(6):1120. https://doi.org/10.3390/antiox11061120 PMID: 35740017

	73.	 Manickavasagam G, Saaid M, Lim V, Saad MIZM, Azmi NAS, Osman R. Quality assessment and chemometrics application on physicochemical 
characteristics, antioxidant properties, and 5-HMF content of Malaysian stingless bee honey from different topographical origins. J Food Sci. 
2023;88(4):1466–81. https://doi.org/10.1111/1750-3841.16535 PMID: 36922718

	74.	 Nigussie K, Subramanian PA, Mebrahtu G. Physicochemical analysis of Tigray honey: An attempt to determine major quality markers of honey. Bull 
Chem Soc Eth. 2012;26(1). https://doi.org/10.4314/bcse.v26i1.14

	75.	 Wen Y-Q, Zhang J, Li Y, Chen L, Zhao W, Zhou J, et al. Characterization of Chinese Unifloral Honeys Based on Proline and Phenolic Content as 
Markers of Botanical Origin, Using Multivariate Analysis. Molecules. 2017;22(5):735. https://doi.org/10.3390/molecules22050735 PMID: 28513535

	76.	 Moniruzzaman M, Khalil MI, Sulaiman SA, Gan SH. Physicochemical and antioxidant properties of Malaysian honeys produced by Apis cerana, 
Apis dorsata and Apis mellifera. BMC Complement Altern Med. 2013;13:43. https://doi.org/10.1186/1472-6882-13-43 PMID: 23433009

	77.	 Kolayli S, Kazaz G, Özkök A, Keskin M, Kara Y, Demir Kanbur E, et al. The phenolic composition, aroma compounds, physicochemical 
and antimicrobial properties of Nigella sativa L. (black cumin) honey. Eur Food Res Technol. 2022;249(3):653–64. https://doi.org/10.1007/
s00217-022-04160-2

	78.	 Edo GI, Onoharigho FO, Akpoghelie PO, Emakpor OL, Ozgor E, Akhayere E. Physicochemical, Phytochemical, Antioxidant, and Inhibition Proper-
ties of Key Enzymes Linked to Raw and Regular Honey. Chemistry Africa. 2022;5(5):1351–64. https://doi.org/10.1007/s42250-022-00401-9

	79.	 Güler A, Garipoğlu A, Önder H, Bıyık S, Kocaokutgen H, Ekinci D. Endüstriyel ticari şekerlerin farklı şerbet seviyeleri ile beslenen bal arısı 
(Apis mellifera L.) kolonilerinden üretilmiş katkılı ve saf balların biyokimyasal özellikler yönünden karşılaştırılması. Kafkas Univ Vet Fak Derg. 
2017;23(2):259–68. https://doi.org/10.9775/kvfd.2016.16373

	80.	 Angioi R, Morrin A, White B. Advantages of a Multifaceted Characterization of Honey, Illustrated with Irish Honey Marketed As Heather Honey. ACS 
Food Sci Technol. 2024;4(3):606–16. https://doi.org/10.1021/acsfoodscitech.3c00475

	81.	 Tarapatskyy M, Sowa P, Zaguła G, Dżugan M, Puchalski C. Assessment of the Botanical Origin of Polish Honeys Based on Physicochemical Prop-
erties and Bioactive Components with Chemometric Analysis. Molecules. 2021;26(16):4801. https://doi.org/10.3390/molecules26164801 PMID: 
34443389

	82.	 Halouzka R, Tarkowski P, Ćavar Zeljković S. Characterisation of phenolics and other quality parameters of different types of honey. Czech J Food 
Sci. 2016;34(3):244–53. https://doi.org/10.17221/321/2015-cjfs

	83.	 Erwan E, Harun M, Muhsinin M. The Honey Quality of Apis mellifera with Extrafloral Nectar in Lombok West Nusa Tenggara Indonesia. JoSSEd. 
2020;1(1):1–7. https://doi.org/10.29303/jossed.v1i1.482

https://doi.org/10.3390/foods11070943
http://www.ncbi.nlm.nih.gov/pubmed/35407030
https://doi.org/10.1080/00218839.2020.1812806
https://doi.org/10.1186/s13065-018-0408-3
http://www.ncbi.nlm.nih.gov/pubmed/29619623
https://doi.org/10.1155/2022/3827742
http://www.ncbi.nlm.nih.gov/pubmed/35190791
https://doi.org/10.3390/agriculture12040526
https://doi.org/10.3390/agriculture12040526
https://doi.org/10.3390/molecules27185777
http://www.ncbi.nlm.nih.gov/pubmed/36144513
https://doi.org/10.3390/antiox11061120
http://www.ncbi.nlm.nih.gov/pubmed/35740017
https://doi.org/10.1111/1750-3841.16535
http://www.ncbi.nlm.nih.gov/pubmed/36922718
https://doi.org/10.4314/bcse.v26i1.14
https://doi.org/10.3390/molecules22050735
http://www.ncbi.nlm.nih.gov/pubmed/28513535
https://doi.org/10.1186/1472-6882-13-43
http://www.ncbi.nlm.nih.gov/pubmed/23433009
https://doi.org/10.1007/s00217-022-04160-2
https://doi.org/10.1007/s00217-022-04160-2
https://doi.org/10.1007/s42250-022-00401-9
https://doi.org/10.9775/kvfd.2016.16373
https://doi.org/10.1021/acsfoodscitech.3c00475
https://doi.org/10.3390/molecules26164801
http://www.ncbi.nlm.nih.gov/pubmed/34443389
https://doi.org/10.17221/321/2015-cjfs
https://doi.org/10.29303/jossed.v1i1.482

