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Botanical origin, chemical
composition, and microbiological
quality of bee pollen from Iran

Siavash Naghizadeh!, Ahmadreza Mehrabian*2?"“, Hadi Maleki* & Zahra Shakoori'?

Bee pollen as a natural product has gained popularity in recent years and is increasingly being used as
a food and dietary supplement. This work aims to characterize, the botanical origin, nutritional value,
total phenolic content, and microbiological quality of this beehive product. Palynological analyses of
28 pollen samples by scanning electron microscopy (SEM) identified a total of 75 pollen types from 25
families and 64 genera, most of them belonging to Asteraceae, Fabaceae, Rosaceae, Brassicaceae and
Apiaceae families. Physicochemical parameters were determined, and data showed that pH, moisture,
and ash content values ranged from 4.7 to 5.4, 2.1% to 3.2%, and 1.8% to 2.1%, respectively. Total
carbohydrate, lipid, and protein contents in these samples varied from 67.7% to 75.8%, 2.1% to 8.9%,
and 16.4% to 24.6%, respectively. Total phenolic content was between 6 and 11.5 mg GAE/g pollen.
Microbiological quality was assessed using the plate count method, and the aerobic mesophilic plate
count (APC) of pollen samples ranged from 1.2 x 10? to 6 x 103 cfu/g. The results of this study could play
an important role in the quality control of bee pollen, and help improve the commercial value of this
product.

Keywords Botanical origin, Scanning electron microscopy (SEM), Palynological analysis, Bee pollen,
Nutritional value, Microbiological quality

Pollen is the male reproductive cell of seed plants. Bee pollen is a product resulting from the agglutination of
pollen with nectar and salivary substances of the honey bee (Apis mellifera L.). Bee workers collect pollen from
flowers, combine it with their oral secretions and form the blend into pellets, and then transport it to the hive
on their hind pair of legs'. Pollen is basically the main nutritional source for bees. This product will be used
for feeding, especially of the larvae. It is essential to the normal growth and development of all individuals,
and for the reproduction and maintenance of the colony?~’. Additionally, the collection of pollen by bees plays
an ecologically fundamental role in pollination and in the conservation of plant biodiversity®®. Beekeepers
harvest bee pollen by placing traps at the hive entrances; then they cleaning and dry it to prepare it for human
consumption™!?. Bee pollen contains carbohydrates, proteins, lipids, and vitamins>!!~!°. Many minerals such as
K, P, Mg, Ca, Na, S, Fe, Cu, Mn, Zn, Ch, and Se have also been detected in bee pollen samples!®-!8. Moreover,
studies have found that bee pollen contains polyphenol groups such as quercetin, myricetin, rutin, tricetin,
luteolin, selagin, and isorhamnetin®!°-2!. Bee pollen may be used as a dietary supplement due to its high
nutritional value and therapeutic properties, i.e., its anti- inflammatory**-2%, antioxidant?’~%, antimicrobial®!~%,
antifungal®*%37 and anticancer®®~*" activities. It has been described as being anti-anemic and as a tonic and
restorative, hormone regulator, intestinal regulator, vasoprotector, hepatoprotective, and anti-atheroscleorotic
agent!>?74142 Bee pollen has also been successfully used to treat some cases of benign prostatitis and for the oral
desensitization of children who have allergies*>**. Its therapeutic properties have been attributed mainly to the
presence of flavonoids, phenolic acids, and hydroxycinnamic acid amides®*!4>46, Composition and characteristic
features such as color, size, and aroma of the bee pollen depend on its botanical and geographical origin together
with other factors, such as climatic conditions, time of year, and beekeeper activities®25%-52. When bees visit
predominantly single plant species, the collected bee pollen is called monofloral and reflects the biochemical,
functional, and sensory properties of the original plant, and exhibits a uniform color. Monofloral bee pollen
should be represented with more than 80% of the pollen grains of the related taxon. Conversely, multifloral
bee pollen is collected by bees from various plants and possesses a variety of properties, and displays a mixture
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of colors!>3. The diversity and frequency of pollen grains in bee pollen can be determined by palynological
analysis, which indicates the botanical and geographical origin of the product. Determining the botanical and
geographical origin of bee pollen is important for quality control and increases the commercial value of bee
products*!*2. Palynological analysis seems to be essential, especially when specific therapeutic properties are
associated with a botanical species. For example, several studies have shown that Cistus bee pollen can stimulate
the bone system in an animal model and has anti-inflammatory, antimicrobial, and antioxidant effects as well>4-56,
Palynology is an important tool for identifying the floral resources preferentially used by bees”’. Knowing
the bee flora is an important step towards the rational exploitation and conservation of bees, contributing to
apiary management. Palynology can also reveal changes in regional vegetation and biodiversity such as, for
example, non-native and exotic plant invasions, and thus contribute to the ecological and conservation studies
of plant diversity>®>%%. Moreover, determining the physico-chemical properties, nutritional composition, and
quantification of bioactive markers such as phenolic compounds is necessary for the standardization of the
bee pollen. It is known that bee health is influenced by many parameters of the nutritional quality of a pollen
diet, such as protein content, digestibility, amino-acid profile, lipids, vitamins and minerals®. As bees and their
products are considered effective biological monitoring tools, the results of nutritional and physico-chemical
analysis can reflect the state of the environment that affects the health and wellbeing of both humans and bees®!.
They can be used by beekeepers to identify the most advantageous locations for the collection of bee pollen.

Iran is one of the main centers of diversity for flowering plants in the world with almost 8000 plant species®?~%%,
This high flora diversity along with favorable climatic conditions in several Iranian regions make the country
suitable for beekeeping. Apiculture is an important economic activity in Iran. Despite a growing interest in
beekeeping, apicultural authorities are focused on honey production, and they neglect other hive products such
as royal jelly, propolis, and bee pollen. To date, no scientific study concerning the national bee pollen in Iran
has been conducted. Moreover, the status of the production as well as the trade of bee pollen in Iran is unclear.
Therefore, the comprehensive and detailed characterization of Iranian bee pollen is an important research
priority so as to obtain reliable data on this valuable product. In addition, the investigation of its chemical,
nutritional and microbiological composition and a botanical certification program will contribute to valorizing
this natural product and increasing its commercial value.

The aim of this study was to determine the botanical origin, nutritional composition, and microbial quality
of multifloral bee pollen samples from Iran. We used palynological analysis to identify the botanical origin
of different bee pollen samples and determined values for the nutritional and phytochemical parameters of
moisture, ash, pH, lipid, carbohydrate, protein, energy, and polyphenol contents. Finally, microbial quality was
evaluated by colony counting the aerobic mesophilic micro-organisms of the pollen samples. As far as we know,
this is the first study of bee pollen in Iran, and its results might help improve the certification of this product and
increase its economic benefit.

Materials and methods

Study area

The study was conducted in Azerbaijan province (also known as Iranian Azerbaijan), northwestern Iran, which
is divided into East Azerbaijan and West Azerbaijan (Fig. 1). This province is located between 35° and 39°
N latitude and between 44° and 48° E longitude. Azerbaijan province measures 82,540 km? and covers about
5.1% of Iran’s total area. It shares borders with Turkey and Iraq to the west and the Republic of Azerbaijan
and Armenia to the north. Regional temperatures (annual mean 13 °C) vary greatly between the coldest and
warmest months (>20 °C), and annual precipitation is 260-350 mm. Siberian low pressure fronts from the
north and Mediterranean humidity from the west affect the area, which has a mainly semi-arid climate. From
a geological aspect, most parts of this area have sedimentary and quaternary formations. There are several
high mountains in this area (e.g., Sahand, Sabalan, Avrin, Buz Sina, Bozgush, and Mishodagh) which exhibit
substantial plant diversity, making it one of the main centers of apiculture in Iran. The vegetation in the area
is mainly characterized by therophytes and hemicryptophytes as well as several cultivated crops; oak forests
represent the main component of the vegetation in the northern parts of East Azerbaijan (Arasbaran). The
most representative plant families are Asteraceae, Poaceae, Fabaceae, Lamiaceae, Boraginaceae, Apiaceae and
Brassicaceae. Flowering time of these plants covers the entire spring season and peaks between May and June.

Bee pollen samples

A total of 28 dried bee pollen samples of Apis mellifera (14 from each East Azerbaijan and West Azerbaijan) were
obtained from beekeepers. They were obtained using beehives equipped with bottom-fitted pollen traps. Each
sample consisted of 200 g of pollen harvested and mixed from various hives, and sun dried by the beekeepers.
The sample collection in this study was done based on the distribution and distance of the apiaries, as well as
elevation differences and vegetation types in the areas where the apiaries were located. Because the different
elevations and slopes can support various types of vegetation, and influence the diversity and botanical origin
of the bee pollen. Temperature, relative humidity, and rainfall amount for all apiaries were relatively similar,
but location elevation differed (1100-2840 m.a.s.l.). The samples were placed in sterile plastic zip-lock bags,
vacuum-packed, and stored at 4 °C until analysis.

Palynological analysis

The palynological analysis of the bee pollen was performed using the method proposed by Almeida-Muradian
et al.®®. Briefly, 2 g of each sample, approximately 350 pollen pellets, was considered representative for botanical
origin. Then, the pollen loads of each sample were grouped into subsamples according to color, and each
subsample (plant taxon) was weighed to calculate its percentage in the main sample. The pollen types were
then classified into “Predominant pollen” (=45% of the total), “Secondary pollen” (16-44%), “Important minor
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Fig. 1. Map of Iran and location of sample collection sites in Azerbaijan province, northwestern Iran. This map
was generated using ArcGIS 10.2 software (https://www.esri.com/arcgis).

pollen” (3-15%) and “Minor pollen” (< 3%) based on Louveaux et al.®®. One pollen pellet of each subsample was

crushed with 50% ethanol to disperse the pollen grains. The dried pollen grains were mounted on stubs using
double-sided adhesive tape and coated with gold using a desktop DC Magnetron sputter coater. The samples
were then photographed with a scanning electron microscope (Cam Scan Hitachi SU3500). Pollen grains were
identified using the Iranian SEM Atlas of Palynology (Mehrabian, Shahid Beheshti University), PalDat website,
Erdtman®, Faegri et al.®, Moore et al.%%, Hesse et al.”?, Halbritter et al.”!, Silva et al.”2.

Physico-chemical, nutritional, and bioactive compounds analysis

pH

The pH value of each sample was measured with a digital pH meter in the aqueous phase obtained after mixing
5 g of pollen in 20 mL of distilled water.

Moisture content

Aliquots of 2 g crushed bee pollen were weighed and heated at 65 °C for 24 h in a ventilated oven. The samples
were then cooled to laboratory temperature, about 25 °C, and weighed. Moisture content was obtained by
difference”.

Ash content
The ash content was determined through gravimetry after incineration of 2 g of sample at 600+ 15 °C until
constant weigh”4. The values were expressed as a percentage of the original sample on a dry weight basis (g/100 g).

Total protein content

Protein determination was performed by Kjeldahl method based on standard AOAC (1990, 976.05) official
method”®. One gram of sample was weighted and homogenized. The digestion step (400 °C, four hours) was
done with sulfuric acid (96%) in presence of sodium sulfate and copper sulfate as catalysts. Sodium hydroxide
(40%) was added, and the digest was distilled in 4% boric acid solution. Titration was performed with 0.1 M
hydrochloric acid and the nitrogen content was calculated. Finally, the protein content was estimated by
multiplying the nitrogen content by 6.25.
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Total lipid content

Total lipids were determined using Soxhlet extraction according to AOAC (1999, 920.39) official method’®. Two
grams of bee pollen was powdered, and placed in a cellulose thimble. The thimble was then placed inside the
extraction chamber, which is suspend above a round bottom flask containing petroleum ether as solvent and
below a condenser. The solvent was heated, and the vapors directed through the condenser, where they cooled
and converted into liquid form. The liquid solvent was then trickled into the extraction chamber containing
the sample. This process was repeated many times for 6 h to ensure through extraction of the lipids. After the
extraction, the solvent was evaporated, and the lipid content was determined by weighing the residue.

Total carbohydrate content
The total carbohydrate content was obtained by difference [100—(protein +lipid + ash + moisture)]”’.

Total energy
Total energy (in kcal) was estimated using the Atwater coeflicients (4 kcal/g for protein and carbohydrate + 9 kcal/g
for lipid)7®.

Total phenolic content

Total phenolic content was determined using the Folin-Ciocalteu colorimetric method, described by Singleton
etal.”. 0.1 g of each sample was diluted in 5 mL methanol solution (70% v/v), followed by incubation in a water
bath for 10 min at the temperature of 70 °C. After cooling, it was poured into centrifuge tubes for centrifugation
at 3000 rpm for 10 min using a Gerber Centrifuge (FUNKE GERBER, Germany). Then, 0.5 mL of the the pollen
extract was mixed with 2.5 mL of Folin-Ciocalteu reagent (10% v/v), and after 3 min, 2 mL of sodium carbonate
solution (7.5% w/v) was added. After 30 min of incubation at room temperature, the absorbance was measured
at 765 nm using a UV/VIS spectrophotometer (UNICO, China). Gallic acid was used to construct the calibration
curve (R=0.99), and the values of total phenols were expressed as mg gallic acid equivalents per g dry weight
of bee pollen (mg GAE/g dw).

Microbiologic examination

Microbiological quality was evaluated according to standard procedures of ISO 1999 (6887-1)%. All
microbiological tests were performed in triplicate. Ten grams of each bee pollen sample were added to 90 mL
of sterile physiological saline solution [0.85% NaCl in sterile deionized H,0, pH=7.0+0.05], and vortexed.
Decimal serial dilutions to 107> were prepared from this homogenate in the same sterile diluents (1:10, by vol).
One ml of each dilution was inoculated onto molten 45 °C plate count agar (PCA; Ibresco, Karaj, Iran) in a sterile
plate, and mixed. The plates were incubated at 37 °C for 24 h, and then colonies were counted and recorded as
colony-forming units per gram of bee pollen (CFU g™!).

Statistical analysis

To assess the interrelationships among the physicochemical parameters and microbiological characteristics of the
bee pollen samples, Pearson pairwise correlation analysis was conducted at a 95% confidence level. This analysis
allowed the identification of significant correlations between key nutritional and microbiological variables such
as protein, carbohydrate, phenolic content, and microbial load. To evaluate the influence of botanical origin
on the chemical composition and microbiological quality of bee pollen samples, linear regression models
were applied within a 95% confidence interval. Parameters such as total carbohydrate, total lipid, total protein,
moisture, ash, pH, total phenolic content, and aerobic mesophilic plate count (APC) were treated as dependent
variables.

Results and discussion

Palynological identification

A total of 75 pollen types, belonging to 25 families and 64 genera, were identified in the palynological analysis
of 28 bee pollen samples. All samples were multifloral because of the presence of different pollen types (Fig. 2).
The bee pollens analyzed had between three (sample 15) and ten (samples 4 and 13) pollen types; the mean
number was 7.1 with a SD of 1.6. Table 1 shows the identified pollen types and their occurrence and distribution
in the samples, and Table 2 shows the sampling locations and full palynological analysis of the bee pollen
samples. Asteraceae contributed the highest number of pollen types (24), followed by Fabaceae (7), Rosaceae
(6), Brassicaceae (5), Apiaceae (5), Caryophyllaceae (3), Amaranthaceae (2), Lamiaceae (2), Ranunculaceae (2),
Papaveraceae (2), Scrophulariaceae (2), and Solanaceae (2). The remaining families registered one pollen type.
The most frequent pollen types were those belonging to herbaceous plants, a result already expected due to the
vegetation type in the study area. With respect to their frequency of occurrence, Asteraceae was represented in
the 27 samples, followed by Papaveraceae (16), Araceae (13), Brassicaceae (11), Caryophyllaceae (11), Fabaceae
(10), Apiaceae (9), and Rosaceae (8).

Botanical origin of bee products has a direct effect on their physicochemical properties. Therefore, determining
the botanical origin of bee products is important for standardizing these products. Palynological analysis is the
most widely used traditional method to determine the botanical origin of bee products®*>28!. The palynological
analysis revealed significant variation in the botanical composition of the bee pollen samples collected from Iran.
The bar chart illustrates the relative abundance (%) of pollen grains grouped by plant family, providing insight
into the main floral sources exploited by honeybees in the region (Fig. 3). Among the 25 identified families,
Asteraceae dominated overwhelmingly, comprising an average of approximately 33% of the pollen content. This
dominance aligns with the widespread distribution and ecological prevalence of Asteraceae in the studied area.
Its high abundance suggests that it is a primary floral source for foraging bees, likely due to its extended blooming
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Fig. 2. Scanning Electron Microscope (SEM) micrographs of some of the observed pollen types in the
analyzed bee pollen samples: (a) Amaranthus sp. (Amaranthaceae); (b) Scabiosa sp. (Caprifoliaceae); (c)
Allium sp. (Amarylidaceae); (d) Onobrychis sp. (Fabaceae); (e) Helianthus anuus (Asteraceae); (f) Gypsophila
sp. (Caryophyllaceae); (g) Papaver bracteatum (Papaveraceae); (h) Xanthium strumarinum (Asteraceae);

(i) Echinops sp. (Asteraceae); (j) Ferulago sp. (Apiaceae); (k) Geranium sp. (Geraniaceae); (1) Ceratocephala
orthoceras (Ranunculaceae); (m) Sisymbrium sp. (Brassicaceae); (n) Taraxacum officinale (Asteraceae); (0)
Astragalus sp. (Fabaceae); (p) Ambrosia sp. (Asteraceae); (q) Arabis sp. (Brassicaceae); (r) Salvia spinosa
(Lamiaceae); (s) Epilobium sp. (Onagraceae); (t) Carthamus sp. (Asteraceae).

period and high pollen yield. Other prominent families included Brassicaceae (11.5%), Papaveraceae (10.7%),
and Fabaceae (9.2%), followed by Apiaceae (8.3%), Caryophyllaceae (7.1%), and Rosaceae (6.7%). These families
also exhibit high adaptability and prevalence in various habitats across Iran, especially herbaceous fields, which
further supports their frequent representation in bee pollen. The remaining families such as Scrophulariaceae,
Caprifoliaceae, and Poaceae had moderate to low representation (ranging between 2 and 5%), while others like
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Family Pollen Type Presence (n) | Frequency (%) | Range (%) | Mean range +SD (%)
Asteraceae Leucanthemum vulgare 1 3.6 9 9+0.0
Asteraceae Chrysanthemum sp. 5 17.9 3-10 5+2.9
Asteraceae Taraxacum officinale 4 14.3 1-31 13.2+12.7
Asteraceae Carduus arabicus 5 17.9 1-7 24+26
Asteraceae Xanthium strumarium 2 7.1 5-13 9+5.7
Asteraceae Helianthus anuus 4 14.3 8-20 12.3+5.3
Asteraceae Senecio sp. 3 10.7 11-58 31+243
Asteraceae Hieracium sp. 4 14.3 6-25 12.3+8.7
Asteraceae Echinops sp. 1 3.6 3 3+0.0
Asteraceae Artemisia sp. 1 3.6 50 50+0.0
Asteraceae Circium arvense 5 17.9 20-60 44+16.7
Asteraceae Achillea sp. 3 10.7 10-23 16.7+6.5
Asteraceae Lactuca sp. 1 3.6 15 15£0.0
Asteraceae Carthamus sp. 1 3.6 15 15+0.0
Asteraceae Anthemis cotula 3 10.7 20-50 33.7+15.2
Asteraceae Centaurea sp.1 3 10.7 1-8 3.7+3.8
Asteraceae Centaurea sp.2 1 3.6 5 5+0.0
Asteraceae Centaurea rupestris 1 3.6 25 25+0.0
Asteraceae Tanacetum sp. 4 14.3 2-12 7+4.2
Asteraceae Anacyclus valentinus 1 3.6 13 13+0.0
Asteraceae Leontodon sp. 1 3.6 3 3+0.0
Asteraceae Crepis sp. 2 7.1 8-31 19.5+16.3
Asteraceae Ambrosia sp. 1 3.6 2 2+0.0
Asteraceae Helminthotheca sp. 2 7.1 7-14 10.5+4.2
Fabaceae Onobrychis sp. 5 17.9 7-20 14.6+5.8
Fabaceae Melilotus officinalis 1 3.6 24 24+0.0
Fabaceae Medicago sp. 1 3.6 21 21+0.0
Fabaceae Ononis sp. 3 10.7 10-20 15.7+5.1
Fabaceae Astragalus sp.1 1 3.6 3 3+0.0
Fabaceae Astragalus sp.2 1 3.6 10 10+0.0
Fabaceae Trifolium sp. 1 3.6 8 8+0.0
Rosaceae Malus sylvestris 2 7.1 8-15 11.5+4.9
Rosaceae Prunus persica 2 7.1 25-30 27.5+3.5
Rosaceae Prunus domestica 3 10.7 3-12 6.7+4.7
Rosaceae Prunus armeniaca 1 3.6 36 36+0.0
Rosaceae Rosa sp. 1 3.6 6 6+0.0
Rosaceae Potentilla sp. 2 7.1 7-19 13+8.5
Brassicaceae Brassica napus 3 10.7 50-65 55+8.7
Brassicaceae Brassica sp. 1 3.6 10 10£0.0
Brassicaceae Aethionema sp. 3 10.7 9-40 19.3+17.9
Brassicaceae Arabis sp. 3 10.7 5-28 153+11.7
Brassicaceae Sisymbrium sp. 1 3.6 7 7%0.0
Apiaceae Eryngium sp. 5 17.9 4-55 19+23.2
Apiaceae Ferulago sp. 3 10.7 3-10 7+3.6
Apiaceae Anethum sp. 1 3.6 25 25+0.0
Apiaceae Conopodium sp. 1 3.6 24 24+0.0
Apiaceae Orlaya sp. 1 3.6 23 23+0.0
Caryophyllaceae | Gypsophila sp. 6 21.4 2-26 12.3+£10.7
Caryophyllaceae | Silene sp. 3 10.7 24-27 253+1.5
Caryophyllaceae | Dianthus sp. 2 7.1 7-11 9+2.8
Amaranthaceae | Amaranthus retroflexus 2 7.1 5-29 17+16.9
Amaranthaceae | Amaranthus sp. 1 3.6 18 18+0.0
Lamiaceae Nepeta sp. 1 3.6 20 20+0.0
Lamiaceae Salvia sp. 1 3.6 20 20+0.0
Papaveraceae Papaver bracteatum 14 50.0 1-57 14.5£15.5
Papaveraceae Papaver rhoeas 3 10.7 5-30 13.7+14.1
Continued
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Family Pollen Type Presence (n) | Frequency (%) | Range (%) | Mean range +SD (%)
Ranunculaceae | Ceratocephala orthoceras 5 17.9 3-15 82+54
Ranunculaceae | Ranunculus sp. 1 3.6 15 15+0.0
Scrophulariaceae | Verbascum agrimonifolium | 4 14.3 20-30 19.5+10.5
Scrophulariaceae | Verbascum sangaricum 2 7.1 10-15 12.5+3.5
Solanaceae Solanum lycopersicum 2 7.1 15-20 17.5+3.5
Solanaceae Cestrum sp. 1 3.6 20 20+0.0
Amarylidaceae | Allium sp. 1 3.6 4 4%0.0
Campanulaceae | Campanula sp. 2 7.1 3-4 3.5+0.7
Caprifoliaceae Scabiosa sp. 5 17.9 1-47 17+20.6
Cyperaceae Carex sp. 1 3.6 13 13+0.0
Euphorbiaceae Euphorbia scula 2 7.1 5-7 6+1.4
Geraniaceae Geranium sp. 4 14.3 1-6 3+24
Hypericaceae Hypericum sp. 2 7.1 5-9 7+2.8
Lythraceae Lythrum sp. 1 3.6 1 1+0.0
Onagraceae Epilobium sp. 1 3.6 4 4+0.0
Plantaginaceae | Plantago sp. 3 10.7 6-16 12.3+5.5
Poaceae Zea mays 2 7.1 22-55 38.5+223
Araceae Araceae 13 46.4 1-4 1.5£0.9
Berberidaceae Berberidaceae 1 3.6 23 23+0.0

Table 1. Pollen types identified in the analysed bee pollen samples and their occurrence and distribution.
Presence, The number of samples in which each pollen type was detected. Frequency, The frequency of
occurrence of each pollen type in the samples. Range, The percentage variation of each pollen type within the
samples. Mean range + SD,The average of range values + standard deviation.

Lythraceae, Onagraceae, and Amaryllidaceae showed minimal contribution, typically below 1%. This diversity
reflects the multifloral nature of all collected samples, confirming that Iranian bee pollen is derived from a rich
and varied botanical environment. The relatively wide error bars for some families, particularly Asteraceae,
Brassicaceae, and Papaveraceae, indicate considerable variability among samples, likely due to differences in
local flora, seasonality, and foraging preferences. These results are consistent with SEM analysis findings, where
Asteraceae, Fabaceae, Rosaceae, Brassicaceae, and Apiaceae were among the most taxonomically rich families.
The convergence of taxonomic richness and abundance underlines the ecological importance of these families
as consistent and abundant pollen sources for honeybee nutrition.

Palynological analysis of our samples confirmed the richness in important species of Azerbaijan Province.
Most of these plants are native and known by their high nectariferous and polliniferous potential®2. No existing
study has yet compared the plant origins of bee pollen samples collected from Iran. Results of bee pollen load
sample analyses of neighboring countries of Iran have been published mainly in Turkey. Many of the pollen types
identified in Turkish bee pollen were similar to our results, and Asteraceae, Fabaceae, Rosaceae and Brassicaceae
also represented more species than other plant families®*#3-8%. Costa et al.® reported that the family Fabaceae
was most represented in bee pollen samples from the semiarid city of Itaberaba in Brazil during the dry season
of 2007, followed by the families Asteraceae, Commelinaceae, and Poaceae. Addi & Bareke®” showed that
the highest number of visits by bees has been made to Asteraceae and Fabaceae families. Feds et al.? studied
bee pollen samples from Portugal and identified nine plant families in 22 samples; Cistaceae, Boraginaceae,
and Rosaceae were found to be the dominant pollen types. Nuvoloni et al.38 found that Rubus and Castanea
were the most abundant pollen genera in Italian bee pollen, and the pollen type variability in the samples was
related to their geographical origins. Freire et al.?® determined the botanical origins of Brazilian bee pollens,
and seven plant genus were found as predominant pollen types. Sun et al.®° studied the botanical origin of bee
pollen samples from Uzbekistan using morphological and molecular methods and reported that Capparaceae,
Apiaceae, Hypericaceae, Fabaceae, and Papaveraceae were the major sources of pollen. Bakour et al.'® found
that Rutaceae, Apiaceae, and Rosaceae were the most represented families in bee pollen samples from Morocco.

Figure 4 presents the abundance of the most frequent pollen types identified at the genus level across all
samples. The analysis shows a highly skewed distribution, where a few genera dominate the pollen composition
while most others occur at relatively low frequencies. Papaver, Cirsium, and Brassica were the most abundant
genera, each contributing significantly to the total pollen content across the samples. These genera are all
characterized by high pollen production and extensive floral availability during peak foraging periods, making
them attractive resources for honeybees. Their high representation is also consistent with the dominant families
identified in the previous figure (e.g., Papaveraceae, Asteraceae, and Brassicaceae). Genera such as Prunus,
Verbascum, Anthemis, and Eryngium were moderately abundant, ranging between 5 and 15%. These plants,
commonly found in temperate, open, and semi-natural habitats, also contribute to the seasonal foraging spectrum
and reflect the local floristic structure. In contrast, the majority of genera—including Lythrum, Ambrosia,
Leontodon, and Echinops—showed low relative abundance, indicating that while present in the environment,
they are either less preferred by bees, less abundant in the landscape, low pollen production, or flowering outside
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Samples | Geographic coordinates | Palynological analysis
s1 39°7'19.70" N SP:Scabiosa sp. (30%), Nepeta sp. (25%) IP:Leucanthemum vulgare(9%), Aethionema sp.(9%), Gypsophila
46°54'47.27" E sp.(9%), Dianthus sp.(7%), Papaver bracteatum (4%), Campanula sp. (4%), Chrysanthemum sp.(3%)
2 38°51'54.12" N PP:Brassica napus (50%) SP:Onobrychis sp. (20%) IP:Taraxacum officinale (11%), Carduus arabicus (7%),
47°1'12.49" E Gypsophila sp. (7%), Papaver rhoeas (5%)
$3 38°24'5.74" N PP:Brassica napus (50%) SP:Melilotus officinalis (24%) IP:Gypsophila sp. (11%), Onobrychis sp. (7%), Papaver
47°10'31.38" E bracteatum (7%) MP:Taraxacum officinale (1%)
S4 38°1'12.91" N SP:Zea mays (22%), Amaranthus sp. (18%) IP:Astragalus sp., (14%), Xanthium strumarium (13%), Helianthus
47°30'29.85" E anuus (11%), Senecio sp. (11%), Trifolium sp. (4%), Gypsophila sp. (3%), Araceae (3%) MP:Scabiosa sp. (1%)
S5 37°12'54.65" N PP:Scabiosa sp. (47%) SP:Verbascum agrimonifolium (30%) IP:Sisymbrium sp. (7%), Hieracium sp. (6%),
47°27'43.84" E Allium sp. (4%), Echinops sp. (3%), MP:Gypsophila sp. (2%), Araceae (1%)
6 37°7'50.44" N PP:Senecio sp. (58%) IP:Ononis sp. (10%), Papaver bracteatum (10%), Euphorbia scula (7%), Plantago sp.
47°2'50.40" E (6%), Verbascum agrimonifolium (5%), Ceratocephala orthoceras (3%) MP: Araceae (1%)
s7 37°37'0.66" N PP:Papaver bracteatum (57%) IP:Ceratocephala orthoceras (15%), Brassica sp. (10%), Astragalus sp., (10%),
46°48'5.19" E Chrysanthemum sp. (3%), Astragalus sp., (3%) MP:Carduus arabicus (2%),
S8 37°45'18.10" N PP:Artemisia sp. (50%) SP:Prunus persica (25%) IP: Ceratocephala orthoceras (13%), Chrysanthemum sp.
46°40'10.52" E (4%), Ferulago sp. (3%), Papaver bracteatum (3%) MP:Geranium sp. (1%), Araceae (1%)
9 37°36'25.89” N PP:Circium arvense (60%) IP:Carex sp. (13%), Dianthus sp. (11%), Chrysanthemum sp. (10%), Eryngium sp.
46°27'19.40" E (4%), MP: Araceae (2%)
S10 37°42'20.53" N SP:Circium arvense (40%), Papaver bracteatum (24%), Verbascum agrimonifolium (20%) IP:Achillea sp.
46°16'53.75"” E (10%), Ceratocephala orthoceras (5%), MP: Araceae (1%)
Si1 38°40'55.10" N PP:Anthemis cotula (50%) IP:Lactuca sp. (15%), Carthamus sp. (15%), Plantago sp. (15%) MP:Centaurea sp.,
46°31'40.60" E (2%), Geranium sp. (2%), Araceae (1%)
S12 38°40'6.19” N SP:Gypsophila sp. (25%), Berberidaceae (23%), Ononis sp. (20%), Onobrychis sp. (19%) IP:Ferulago sp. (8%),
46°9'6.50" E Campanula sp. (3%) MP:Tanacetum sp. (2%)
38°27/44.93" N SP:Taraxacum officinale (31%) Circium arvense (20%) Anthemis cotula (20%) IP:Verbascum sangaricum
S13 o erer (15%), Hypericum sp. (5%), Epilobium sp. (4%) MP:Eryngium sp. (2%), Carduus arabicus (1%), Papaver
46°5'55.77" E 5
bracteatum (1%) Geranium sp. (1%)
S14 38°31'39.36” N SP:Prunus armeniaca (36%) IP:Solanum lycopersicum (15%), Arabis sp. (13%), Papaver bracteatum (13%),
45°31'1.58" E Hieracium sp. (10%), Hypericum sp. (9%), Prunus domestica (3%) MP:Carduus arabicus (1%)
S15 igé}léggi” I};I PP:Brassica napus (65%) SP:Centaurea rupestris (25%) IP:Verbascum sangaricum (10%)
S16 36°30'48.35" N PP:Circium arvense (60%) SP:Achillea sp. (17%) IP: Papaver bracteatum (10%), Rosa sp. (6%), Papaver rhoeas
46°51'57.16" E (6%) MP: Araceae (1%)
S17 37°4'15.57" N SP:Aethionema sp. (40%), Papaver rhoeas (30%) IP:Ranunculus sp. (15%), Hieracium sp. (8%), Potentilla sp.
46°46'24.00" E (7%)
36°36'2.20" N . . . .
S18 45°59'48.56" E SP:Circium arvense (40%), Eryngium sp. (30%), Achillea sp. (23%) IP:Geranium sp. (4%), Leontodon sp. (3%)
S19 36°11'58.28” N SP:Prunus persica (30%), Arabis sp. (28%), Potentilla sp. (19%) IP:Anacyclus valentinus (13%), Taraxacum
45°26'1.87" E officinale (10%)
$20 36°37'40.78” N SP:Gypsophila sp. (26%), Orlaya sp. (23%), Onobrychis sp. (17%) IP:Tanacetum sp. (12%), Prunus domestica
45°6'32.78" E (12%), Trifolium sp. (8%) MP:Papaver bracteatum (2%)
21 36°53'50.60" N PP:Zea mays (55%) SP:Silene sp. (25%) IP:Helianthus anuus (8%), Centaurea sp., (5%), Amaranthus
45°21'36.37" E retroflexus (5%) MP:Centaurea sp., (1%), Araceae (1%)
$22 37°3'24.34" N SP:Papaver bracteatum (31%), Verbascum agrimonifolium (23%), Ononis sp. (17%), Plantago sp. (16%)
45°2'30.49" E IP:Tanacetum sp. (6%), Scabiosa sp. (6%) MP: Araceae (1%)
$23 37°24'46.17" N SP:Crepis sp. (31%), Silene sp. (24%), Medicago sp. (21%) IP:Aethionema sp. (9%), Tanacetum sp. (8%),
44°50'30.33" E Geranium sp. (6%) MP:Papaver bracteatum (1%)
$24 37°27'25.66" N SP:Silene sp. (27%), Anethum sp. (25%), Papaver bracteatum (25%) IP:Ferulago sp. (10%), Malus sylvestris
44°47'40.31" E (8%), Chrysanthemum sp. (5%)
$25 37°41'31.86" N PP:Eryngium sp. (55%) SP:Salvia spinosa (20%) IP:Helianthus anuus (10%), Helminthotheca sp. (7%),
44°39'32.35" E Xanthium strumarium (5%), MP: Araceae (2%), Scabiosa sp. (1%)
$26 38°11'20.56” N SP:Amaranthus retroflexus (29%), Hieracium sp. (25%), Senecio sp. (24%) IP:Helminthotheca sp. (14%),
44°29'27.24" E Araceae (4%) MP:Ambrosia sp. (2%), Lythrum sp. (1%), Carduus arabicus (1%)
38°38/56.85" N SP:Solanum lycopersicum (20%), Cestrum sp. (20%) IP:Malus sylvestris (15%), Papaver bracteatum (15%),
S27 oz 1w Onobrychis sp. (10%), Prunus domestica (5%), Arabis sp. (5%), Ceratocephala orthoceras (5%), Euphorbia
44°37'5.16" E
scula (5%)
$28 39°1'33.81" N SP:Anthemis cotula (31%), Conopodium sp. (24%), Helianthus anuus (20%) IP:Centaurea sp., (8%), Crepis sp.
44°28'0.71" E (8%), Eryngium sp. (4%), Amaranthus retroflexus (4%) MP: Araceae (1%)
Table 2. Sampling locations, and pollen types identified and their frequency in each sample. PP, Predominant
pollen (=45%); SP, Secondary pollen (16-44%); IP, Important minor pollen (3-15%); MP, Minor pollen (<3%).
the major collection periods. The presence of diverse genera, including both herbaceous and woody taxa (e.g.,
Rosa, Malus, Allium, Zea, and Salvia), emphasizes the multifloral nature of Iranian bee pollen. This diversity is a
valuable feature for consumers, as it indicates a broad range of nutritional and bioactive compounds, which can
enhance the health-promoting properties of the pollen.
Honeybees (Apis mellifera) are generalist pollinators that forage on a variety of plant species®. More
generalist collection strategies ensure that bees consume a diverse range of nutrients while also diluting their
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Fig. 3. Relative abundance (%) of identified pollen families in Iranian bee pollen samples.
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Fig. 4. Relative abundance (%) ofidentified pollen types at the genus level in Iranian bee pollen samples (Using
Minitab Statistical Software 22).

intake of plant protection products and toxins®!. During pollen collection, the bees might show preferences
regarding floral sources. The dietary needs of bees and their various life stages are diverse, as is the nutritional
quality of pollen provided by different plant families and species®. Asteraceae and Fabaceae are known as the
largest plant families in Iran in terms of the number of species®>~%, and the highest number of pollen types in
our study were those belonging to these two families. In this study, Asteraceae was not only the most diverse, but
also the most frequent plant family. Asteraceae is a large family of flowering plants with more than 2500 species
and 1600 genera. The plants of this family have the ability to grow in most habitats due to their high adaptability
and are scattered in different parts of the world except Antarctica®. According to Refahi and Alipour®?, Fabaceae
family members are known as good nectar and pollen producers, and our results confirm their observations.
The Fabaceae species have dense inflorescences with small and gently scented flowers that attract bees to collect
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pollen and nectar, highlighting the importance of this botanic family!®. In bee pollen samples evaluated by
Almeida-Muradian et al.%> and Estevinho et al.® pollen types of Fabaceae were also identified. In addition,
the study by Di Marco et al.” confirms the importance of species of this botanical family also as an important
source of nectar for bees. The Brassicaceae family stood out in the current study because of the presence of
Brassica napus. Rosaceae fruit trees are widely sought by bees at the beginning of spring, when wild plants are
not yet in flower. The Papaveraceae family was also highlighted in this work, mainly because of the presence of
the Papaver bracteatum pollen type. In addition, Zea mays from the Poacea family is an important representative
of an anemophilous taxon in this study. The findings highlight the botanical richness and ecological variety of
the regions from which the samples were collected. The dominant genera also reflect the seasonal phenology
of regional flora and underline the selective foraging behavior of honeybees in response to pollen availability,
accessibility, and nutritional value.

Physico-chemical and nutritional composition

pH

pH measurements presented values between 4.7 and 5.4 with an average of 5.1 +0.2. These results confirmed
the acidic character of the bee pollen, and are in agreement with those reported in the case of multifloral bee
pollen from Romania, Morocco, Turkey, Purtugal and India!®?!85100.101 nH js a parameter that influences
indirectly the shelf life and thus the stability of bee pollen. Low pH has an inhibitory effect on the growth of
many microorganisms. This parameter is affected by botanical and geographical origin, conditioning storage
and beekeepers’ practices'®?! (Table 3).

Sample | pH | Moisture (%) | Ash (%) | Carbohydrates (%) | Lipids (%) | Proteins (%) | Energy (kcal/100 g) | Total phenols (mg GAE/g dw) | Aerobic mesophiles (cfu/g)

S1 48 | 1.8 2.3 70.4 8.3 17.2 425.1 6.5 4.6x10°

$2 47 |19 2.7 68.7 5.6 211 410.8 6.8 4.4x10?

$3 47 |19 2.3 70.4 6.3 19.1 4147 6.0 7.3% 10

S4 47 |20 23 70.6 7.1 18.0 418.3 115 2.0x10°

$5 54 |18 3.1 73.1 37 18.3 398.9 8.8 1.7x10?

$6 51 |21 2.1 72.1 45 192 405.7 6.3 42x10°

7 49 |18 32 73.7 35 17.8 397.5 7.7 4510

S8 53 |19 2.1 69.5 7.6 18.9 422.0 8.0 1.0x10°

9 53 |19 2.8 69.6 8.9 16.8 4257 7.1 1.6x10°

S10 54 |19 2.8 724 5.8 17.1 410.2 6.6 1.2x10°

S11 48 |19 2.3 73.9 3.8 18.1 402.2 6.9 8.7x10?

S12 49 |18 2.9 69.6 6.5 192 4137 7.1 2.9%10?

S13 54 |19 2.5 74.3 42 17.1 403.4 7.8 3.6x 10

S14 54 |19 2.5 74.5 46 16.5 405.4 6.9 6.0x10°

S15 51 |21 24 744 47 16.4 405.5 6.0 5.8x10°

S16 52 |19 2.8 713 3.7 203 399.7 6.5 2.7%10°

S17 51|19 3.1 71.0 3.8 20.2 399.0 6.3 3.8x10°

s18 53 |19 24 75.8 3.1 16.8 398.3 6.9 2.4x10?

S19 49 |19 2.7 67.7 3.1 246 397.1 6.8 3.8x10°

$20 49 |19 2.7 75.1 2.1 18.2 392.1 6.4 2.4x10°

s21 48 |19 2.6 67.9 5.7 21.9 410.5 6.2 3.6x10°

S22 53 |19 2.7 75.7 32 16.5 397.6 6.7 1.2x10?

23 47 |19 2.8 71.1 34 20.8 398.2 7.1 7.8x10

S24 52 |19 2.9 72.1 42 18.9 401.8 6.8 6.0x10?

S25 53 |18 25 73.3 2.9 19.5 397.3 6.7 2.9x10°

26 54 (20 2.9 72.2 24 20.5 392.4 6.1 3.8x10°

s27 50 |18 2.8 71.2 32 21.0 397.6 6.0 6.3x10?

S28 53 |18 2.7 74.2 2.9 184 396.5 6.2 6.0x10?

Mean |51 |19 2.6 71.9 4.6 18.9 404.9 6.9 1.8x10°

SD 02 |0.1 0.3 2.3 1.8 1.9 9.5 11 1.8x10°

e |54 ] 21 32 75.8 8.9 246 4257 115 6.0x10°
|47 |18 2.1 67.7 2.1 16.4 392.1 6.0 1.2x10?
Table 3. Physico-chemical, total phenols, and microbial contamination values of bee pollen samples. Ash,
protein, lipid, and carbohydrate contents were expressed as percentages of the original sample on a dry weight
basis (g/100 g). Total phenols were expressed as mg gallic acid per g dry weight of bee pollen (mg GAE/g dw),
and aerobic mesophiles were given as colony-forming units per g of bee pollen (cfu/g).
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Moisture content

The moisture content of the bee pollen samples was found to be between 1.8% and 2.1%, with a mean value of
1.9+0.1 (Table 3). Moisture is another important parameter during the storage of bee pollen, as it influences
the pollen’s shelf life. If bee pollen is not stored in suitable conditions, high moisture content will provide an
opportunity for the growth of microorganisms. Beekeepers reduce bee pollen moisture content by drying
to prevent microbial deterioration. Bee pollen with a moisture content below ~6 g/100 g is in the acceptable
range for storage stability!2. Our samples showed an average of moisture lower than that found in other
studies!®48101103 Tt i likely because drying bee pollen by direct exposure to the sun is the most commonly used
method among beekeepers in Iran, and they dry it more than necessary.

Ash content

The amount of ash, which is the pollen inorganic fraction, in our samples ranged from 2.1% to 3.2% with a mean
value of 2.6 +0.3 (Table 3), results well within the limits of the standards that set a maximum limit of 4% for
bee pollen®. The values are also in agreement with the literature!®528710L103  Agh content is a quality parameter
that may be influenced by botanical and geographical origin, soil type, or capacity of the plant to accumulate
minerals!®104,

Total carbohydrates content

Carbohydrates are the main pollen fraction, and approximately two-thirds of bee pollen is made up of
carbohydrates. Nevertheless, their contents vary significantly, depending on factors such as the plant species,
growth conditions, and harvesting methods*""*%. In this study the carbohydrate contents ranged between 67.7%
(sample 19) and 75.8% (sample 18). The mean value was 71.9+2.3 (Table 3). These results are similar to the
findings of Feas et al.?, Yang et al.*}, Estevinho et al.%, Nogueira et al.'%, Alicic et al.'?, and De-Melo et al.!®.
The values are also higher than those found by Carpes et al.l9, Spulber et al.1% Fernandez et al.'%?, and Sagona et
al.1%_ Carbohydrates are important indicators of nutritional value and energy content, corresponding to sugars,
starch, and fibers'. The carbohydrates in pollen around the world vary greatly, ranging from 18.50 to 82.80%>!.
High values of carbohydrates in pollen are attributed to the presence of honey or nectar used by bees to compact
the grains®. However, since diverse methods have been used to identify the carbohydrate content of bee pollen,

its values also tends to vary*"7”’.

Total protein content

Protein was the second most abundant component, with values between 16.4% (sample 15) and 24.6% (sample
19). The mean value was 18.9+1.9 (Table 3). According to Campos et al. (2008)!, protein content can vary
between 10 and 40% in bee pollen. Our results were similar to those obtained by>!824528410L,103,106,109 Gardana et
al.!' observed a lower content in terms of proteins (12.3%) for bee pollen from Spain. For pollen from Portugal,
De-Melo et al.!% found that the total protein content in bee pollen samples from Brazil was 7.9% to 32.9%,
values which differ from those of our samples, likely due to their botanical origins. In addition, differences
within the same plant species growing under different environmental conditions can also affect the contents
of bee pollen. Moreover, the application of varied analytical techniques may result in dissimilar measurements
for the same type of nutrient®. Protein and amino acid concentration in pollen play crucial roles in bee health
and reproduction as well as colony development!!!~113. Although studies have indicated that honeybees do not
forage preferentially on pollen with higher protein concentrations®>!!4, the protein-to-lipid ratio in bees has
been found effective in figuring out the bees’ preference!!>!!6. Our results clearly revealed that all samples were
rich in total protein (> %16).

Total lipid content

Lipids are considered the third group of substances present in the bee pollen, after carbohydrates and proteins,
and are vital for the generation of royal jelly'%!. Total lipid content in this study was highly variable and ranged
from 2.1 (sample 20) to 8.9 (sample 9) g/100 g (mean 4.6+ 1.8) (Table 3). These results are supported by the
findings of%24>%8410L103 However, the values differ from those obtained by*® for bee pollen from China,'% for
Romanian bee pollen,'? for bee pollen from Spain, and by®® for bee pollen collected in Portugal. Lipids, such as
fatty acids, sterols, and triglycerides, are of great importance in the food industry as they represent energy source
in the diet and, consequently, directly affect the food nutritional values!!”-!18.

Energy

The energy values of the pollen, calculated using Atwater’s constant, ranged from 392.1 (sample 20) to 425.7
(sample 9) kcal/100 g. The mean value was 404.9 +9.5. The results are in agreement with those found by>#5100.119,
However, these valuse are higher than those obtained by'?":1%, The energy value is directly associated with the
number of macronutrients accumulated in a given food!?. As seen in Table 3, bee pollen is a good source of

energy.

Total phenolic content

The total phenolic content values in bee pollen samples varied between 6.0 (samples 3, 15, 27) and 11.5 (sample
4) mg GAE/g. The mean value was 6.9+ 1.1 (Table 3). The highest polyphenol content was detected in pollen
collected from several plants, whereas the lowest was detected in samples dominated by Brassica napus pollen.
These findings were in the same range as those reported for Tuscanian bee pollen (578 to 2015 mg/100gm)*2!,
and Romanian bee pollen (4.64 to 17.93 GAE mg/g)!%!, and bee pollen from Bosnia and Herzegovina (4.95
to 13.37 GAE mg/g)'%, while the values were lower than those obtained by*? for Turkish bee pollen (26.69-
43.42 GAE mg/g), by'?* for bee pollen from Brazil (33.73-75.60 GAE mg/g), by'? for bee pollen from Baltic region
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(14.2-26.8 GAE mg/g), by*! for Indian bee pollen (9.79-35.63 GAE mg/g), and by? for Portuguese bee pollen
(12.9-19.8 GAE mg/g). Straumite et al.'** found that the total phenolic content of bee pollen samples from Latvia
ranged between 4.7 and 32.1 mg GAE/g. Morais et al.?® studied the relationship between the geographical origin
and the antioxidant activity of heteroflorous pollen samples coming from different natural parks of Portugal and
found significant differences in the total polyphenol content and antioxidant activity among most of the samples
taken. These results led the authors to affirm that these differences are attributable to both geographical and
botanical origin. Polyphenols or phenolic compounds are secondary metabolites present in all parts of plants. As
carbohydrates, volatile compounds of nectar are important for the function of attraction; secondary metabolites
are considered as a plant defense and have a less obvious benefit for pollinators'?®. Phenolic content of bee
pollen varies according to its botanical and geographic origins as well as soil type, climatic conditions, time of
harvest, and beekeeper activities®>126. These phyto-compounds present a wide range of biological activities and
provide great protection against many chronic pathologies involving oxidative stress such as cancer, diabetes,
cardiovascular affections, and aging!?’.

Microbiological quality

Aerobic mesophilic microorganisms were found in all the bee pollen samples taken in this study. Their quantity
ranged from 1.2 x 10% cfu/g for sample 22 to 6.0 x 10 in sample 14 (Table 3). The mean value of APC in bee pollen
samples was 1.8 x 10% cfu/g. Arruda et al. 18 studied the microbiological quality of Brazilian bee pollen and
found aerobic mesophiles in 56% of the samples, oscillating between < 10 and 1.27 x 10® cfu/g. De-Melo et al.'?’
reported values ranging from < 10 to 1.1 x 10* cfu/g. Estevinho et al.?® identified the aerobic mesophiles in 40%
of bee pollen samples that ranged from 7.6 x 102 to 2.8 x 10° cfu/g. Nogueira et al.!%’ reported aerobic mesophiles
in 12.5% of the bee pollen samples from spain and portugal, ranging between < 10 and 8.7 x 10® cfu/g. The total
aerobic mesophiles obtained in our study were lower than those found by Beev et al.'* in Bulgaria, which
ranged from 4 x 10 to 6.7 x 10* cfu/g, and by Vargas-Abella et al.!*! in Colombia, which ranged from 9x 10° to
1.2 10* cfu/g. However, the results were higher than those reported from Portuguese bee pollen by*!*2, which
ranged from 3.6 x 10 to 1.4 x 10 cfu/g, and < 10 to 2.4 x 10® cfu/g respectively.

Bee pollen is a nutritious substance that, in proper conditions, strongly supports microbial growth. Along
with the nutritional requirements, microbial growth is affected by numerous environmental conditions, like
relative humidity, temperature, concentration of antimicrobial compounds, and explicit factors in relation to the
existing microbial flora>%®. Enumeration of aerobic mesophilic microorganisms is commonly used as a general
indicator of microbiological quality in foodstuffs'3?. The lowest APC seen in sample 22 and the highest seen in
sample 14 as well as the overall variation in microbial count of different bee pollen samples may occur because
of differences in harvesting histories, handling, and storage conditions as well as the intrinsic and explicit factors
of each sample. Various researchers have emphasized the potential adverse effect of non-hygienic collection
sites, environmental pollution, and inappropriate treatment and storage conditions on the microbial quality of
bee pollen?°%190:133 Attention to hygienic practices in pollen harvesting, handling, and storage is a key factor
in obtaining a pollen product with good microbiological quality. The microbiological quality of bee pollen,
especially the absence of fungi and pathogens, should also be considered an important criterion®. Cross-
contamination by beekeepers and pollen handlers may result in the pollen acquiring pathogenic microorganisms.
These microorganisms can easily propagate under proper conditions and reach an infective dose. Beekeepers do
not usually harvest the pollen on a regular daily basis, and pollen, which is a highly hygroscopic substance,
absorbs water in environments with relatively high humidity, making them more favorable for microbial
growth. A higher relative humidity during the handling and storage of pollen will result in higher water activity
which provides a supportive condition for the growth of a broader spectrum of microorganisms. Drying is a
crucial step in pollen production, and any impairment in this stage will cause a remarkable imperfection in the
microbiological quality. The drying step must be as quick and perfect as possible, and the conventional air drying
procedures used by Iranian beekeepers are not appropriate in this aspect. Moreover, high temperature during the
air drying process could contribute to microbial growth in the samples'?®. pH is another main factor influencing
microbial growth in foods. The 25% suspensions of the bee pollen samples had acidic pH values ranging from 4.7
to 5.4 (Table 3). Although acidic pH in this range suppresses the propagation of pathogens, most pathogens can
survive in this pH range and should be considered as a potential health risk for consumers. Our results prove this
probability and confirm the necessity of hygienic practices in producing bee pollen-based products to enhance
their microbiological quality.

Statistical analysis

Correlation analysis was conducted to explore relationships among physicochemical, nutritional, and
microbiological parameters of the 28 bee pollen samples. Figure 5 illustrates the scatter plots with fitted trend
lines, and Table S1 and Figure S1 (Supporting Information) summarizes the corresponding Pearson correlation
coeflicients, confidence intervals, and p-values. A moderate positive correlation was observed between pH and
altitude (r=0.364, p=0.057), suggesting that pollen collected from higher elevations tends to have a slightly
higher pH. Although this relationship approached statistical significance, the p-value indicates a trend rather
than a definitive association. Carbohydrate content was significantly positively correlated with pH (r=0.484,
p=0.009), implying that bee pollen with higher pH levels generally contains more carbohydrates. Conversely,
protein content and pH were negatively correlated (r=-0.377, p=0.048), indicating that lower pH samples are
likely to have higher protein content. Moisture was positively associated with aerobic mesophilic bacterial count
(APC) (r=0.542, p=0.003), highlighting that higher moisture levels can support microbial proliferation and
potentially affect microbiological quality. A similar results were obtained by*$*12%, who found that pollens with
higher water activity were positively correlated with total aerobic mesophiles.
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Fig. 5. Pearson pairwise correlation analysis ofphysicochemical and microbiological properties (Using Minitab
Statistical Software 22).

A significant negative correlation was found between energy value and ash content (r=-0.418, p=0.027), as
well as between energy and both carbohydrate content (r=-0.536, p=0.003) and protein content (r=-0.667,
p<0.001). Interestingly, energy was extremely positively correlated with lipid content (r=0.995, p<0.001),
underlining lipids as the most energy-dense macronutrient among the analyzed variables. The data also
revealed significant inverse relationships between macronutrients. For instance, lipid content was negatively
correlated with carbohydrate content (r=-0.556, p=0.002), and protein content was negatively correlated with
carbohydrates (r=-0.667, p<0.001), indicating a possible nutrient trade-off mechanism in pollen composition
depending on botanical origin.

To evaluate the influence of botanical composition on the acidity of bee pollen, regression analyses were
performed between pH values and the relative abundance of pollen from dominant plant families. The results are
presented in Fig. 6 and supported by the correlation analysis (Table S2 and Figure S1- Supporting information).
Significant negative correlations were observed between pH and the relative proportions of Brassicaceae
(r=-0.394, p=0.038), Caryophyllaceae (r=-0.397, p=0.036), and Fabaceae (r=-0.572, p=0.001). These
findings indicate that an increased presence of pollen from these families is associated with a decrease in the pH
of the final bee pollen product. The strongest inverse association was observed for Fabaceae, with pH decreasing
by approximately 0.012 units for each percentage increase in Fabaceae content. Conversely, Scrophulariaceae
showed a statistically significant positive correlation with pH (r=0.447, p=0.017), suggesting that pollen
samples with higher proportions of this family tend to be less acidic. Regression analysis confirmed a slope
coefficient of +0.01421, indicating a potential buffering effect from this botanical group. Although correlations
with Asteraceae (r=0.325, p=0.091) and Hypericaceae (r=0.328, p=0.088) were positive, they did not reach
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Fig. 6. Linear regression analysis ofbotanical origin with physicochemical and microbiological properties
(Using Minitab Statistical Software 22).

statistical significance. Overall, the data suggest that specific botanical sources contribute measurably to the
acidity profile of bee pollen, with some families exerting acidifying effects while others may have an alkalizing
influence.

The influence of botanical origin on the mineral content of bee pollen was evaluated by examining the
correlation between the proportion of specific pollen families and ash content (%). As illustrated in Fig. 6, a
statistically significant positive correlation was observed between the proportion of Papaveraceae pollen and
ash content (r=0.418, p=0.027). The 95% confidence interval for the correlation coefficient (0.053 to 0.684)
further supports the robustness of this association. Regression analysis indicated that increased representation
of Papaveraceae pollen in the samples was associated with a linear rise in ash content, suggesting a direct
botanical contribution to the mineral profile of bee pollen. This result may reflect the inherent mineral richness
of Papaveraceae-derived pollen grains, or it may suggest environmental factors related to their floral ecology that
contribute to increased inorganic residue in the final product. Arruda et al.!?® reported that there is a directly
proportional relationship between the values of ashes and the percentages of Cocos nucifera, M. verrucosa,
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Myrcia and Tapirira, and an inversely proportional relationship between content of ashes and Asteraceae,
Euphorbiaceae, and Poaceae in Brazilian bee pollen. The level of minerals in bee pollen can vary considerably
throughout the year due to differences in the floral source!>.

Statistical analyses revealed significant correlations between the relative abundance of certain pollen families
and the total carbohydrate content in the bee pollen samples. Among these, the Apiaceae family exhibited a
positive correlation with carbohydrate content (p=0.374, p=0.050), suggesting that higher proportions of
Apiaceae pollen were associated with increased carbohydrate levels in the samples. Conversely, the Poaceae
family showed a negative correlation of equal magnitude but opposite direction (p =—0.374, p=0.050), indicating
that sample richer in Poaceae pollen tended to has lower carbohydrate concentrations. These correlations were
statistically significant at the 0.05 level, with 95% confidence intervals narrowly excluding zero in both cases,
reinforcing the potential biological relevance of these relationships. The regression plot for Apiaceae (Fig. 6)
shows a clear upward trend, further illustrating this positive association. Similarly, although the plot for Poaceae
was not included, the negative correlation value supports a downward trend. Spulber et al.!%® showed that the
highest value for carbohydrate content in pollen dominated by Plantago sp. (Plantaginaceae), and the lowest in
Zea mays (Poaceae) pollen.

A statistically significant positive correlation was observed between the relative abundance of pollen from the
Rosaceae family and the protein content of bee pollen samples (r=0.383, p=0.044). This indicates that samples
containing higher proportions of Rosaceae pollen tend to have higher protein percentages. The 95% confidence
interval for the correlation coefficient (0.011 to 0.661) further supports the reliability of this association. As
shown in Fig. 6, a linear regression model illustrates the upward trend in protein content with increasing
Rosaceae pollen percentage. The regression line is accompanied by 95% prediction bands, reflecting the expected
variability in protein values. These findings suggest that Rosaceae species may contribute significantly to the
nutritional value of Iranian bee pollen, particularly in enhancing its protein profile. Conversely, the correlation
between Scrophulariaceae pollen and protein content, while negative (r=—0.372), was not statistically significant
(p=0.051). Although this relationship approaches significance, it requires further investigation with larger
sample sizes to confirm its relevance. Conti et al.!'*® reported that the pollens of Hedera (Araliaceae), Rubus
(Rosaceae) and Castanea (Fagaceae) were positively correlated with protein content, while those of Plantago
(Plantaginaceae) and Erica (Ericaceae) were negatively correlated with it. Campos et al.”” showed the differences
in protein content based on plant origin, and reported that the lowest value was observed for Actinidia chinensis
(9.70%) and the highest for Crocus sativa (26.08%). Several authors have reported that sunflower pollen has low
protein and high lipid and carbohydrate content while high protein content is characteristc for willow pollen and
pollen of Brasicaceae and Rosaceae families!?®136-13%,

The microbiological quality of bee pollen samples, assessed through aerobic mesophilic plate counts (APC),
showed statistically significant correlations with the abundance of specific pollen families. Notably, a positive
correlation was observed between Rosaceae pollen content and APC values (r=0.399, p=0.036), suggesting that
higher proportions of Rosaceae pollen may be associated with increased microbial load. The 95% confidence
interval (0.030 to 0.672) confirms the reliability of this association. As visualized in Fig. 6, the regression line
clearly indicates a rising trend in APC values with increasing Rosaceae presence. Conversely, a negative and
statistically significant correlation was found between Fabaceae pollen and APC levels (r=-0.409, p=0.031),
indicating that samples richer in Fabaceae pollen may have lower microbial contamination. This inverse
relationship could reflect the influence of bioactive compounds with antimicrobial properties, commonly found
in Fabaceae species!**-142. While Hypericaceae showed a moderate positive correlation with APC (r=0.327),
this was not statistically significant (p=0.090), suggesting a potential trend that requires further validation with
expanded datasets.

Conclusions

For the first time, the botanical origins of Iranian dried bee pollen samples were determined using scanning
electron microscopy (SEM). In addition, their physicochemical parameters, nutritional values, and
microbiological quality were investigated. The bee pollen samples were analyzed in the same form as they are
offered to consumers (i.e., processed rather than in their raw state directly from the hive). This approach ensured
that any changes resulting from post-harvest processes were accurately captured, reflecting the quality and safety
of the final product. This study provided insights into the diversity of plants used by bees in northwestern Iran,
with Asteraceae, Fabaceae, Rosaceae, Brassicaceae, and Apiaceae being the most abundant plant families found
in the bee pollen samples. Furthermore, the results demonstrated that Iranian bee pollen is a rich source of
proteins, carbohydrates, lipids, polyphenols, and energy, offering valuable nutritional benefits. The observed
similarities in the chemical composition of certain samples are likely attributed to the ecological and botanical
characteristics of the study area, which may have influenced these properties. Some samples exhibited high levels
of microbial contamination, which could be related to differences in harvesting practices, handling, storage
conditions, or intrinsic and extrinsic factors specific to each sample. Our results suggest that greater attention
should be paid to the microbiological quality of this product. The findings of this study can help local beekeepers
make informed decisions regarding the selection and management of foraging plants, thereby supporting the
health and productivity of their colonies. This information could also play an important role in quality control
and improve the commercial value of bee pollen.

Data availability

All data generated or analyzed during this study are included in this published article (and its Supplementary
information files) or are availabe from the corresponding author (A. R. Mehrabian: a_mehrabian@sbu.ac.ir) on
reasonable request.
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