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This study investigates the differences in the nutraceutical properties and mineral content in honey produced
under organic and conventional beekeeping practices. The composition and the physicochemical characteristics
of honey vary due to botanical and geographical factors. Melissopalynological analysis was used to identify the
botanical and geographical origin of 33 honey samples collected from four Italian regions. Principal Component
Analysis (PCA) was performed to analyse the variations in micro- and macroelements, antioxidant activity
(AOA), total phenolic content (TPC), and total flavonoid content (TFC). The results indicate that potassium was
the predominant macroelement (mean 562 + 74 mg/kg), while boron and iron were the most abundant mi-
croelements. TPC and TFC ranged from 25.6 + 3.2-89.3 + 6.8 mg GAE/100 g and from 1.8 + 0.2-7.6 + 0.5 mg
QE/100 g, respectively, with honeydew honey showing the highest values. Two samples contained pyrrolizidine
alkaloids (PAs), albeit lower than 7 pg/kg. PCA indicated that organic honeys contained higher levels of
aluminium, barium and silicon, and bioactive compounds, while conventional honeys showed higher iron and
titanium content. Overall, management system and floral origin significantly influenced honey’s mineral and
nutraceutical profiles, supporting the role of organic practices in enhancing honey quality.

1. Introduction

Honey is a naturally sweet substance produced by honey bees (Apis
mellifera L.) from the nectar of flowers, plant secretions, or the excretions
of sap-sucking insects. The bees collect these raw materials and mix it
with their own enzymes and compounds before depositing them in the
honeycombs, where the substance is dehydrated and allowed to mature
(Perna et al., 2012). Honey has a complex chemical composition, con-
sisting of approximately 80% sugars, primarily glucose and fructose,
15-17% water, 0.1-0.4% proteins, and about 0.2% ash. It also contains
around 300 additional compounds, including amino acids, phenolic
compounds, flavonoids, organic acids, vitamins, minerals, and enzymes.
These minor components may derive from the floral sources or be added

by bees during processing (Pauliuc et al., 2020).

The mineral content of honey ranges from 0.04% to 0.2%, reflecting
the chemical characteristics of the flora and soil in the foraging envi-
ronment. Consequently, the element profile of honey serves as an indi-
cator of its botanical and geographical origin (da Silva et al., 2016). The
main macroelements found in honey are potassium (K), phosphorus (P),
calcium (Ca), and sodium (Na), alongside microelements such as sele-
nium (Se), lead (Pb), cadmium (Cd), zinc (Zn), iron (Fe), magnesium
(Mg), manganese (Mn), aluminium (Al), silicon (Si), boron (B), tin (Sn),
barium (Ba), silver (Ag), molybdenum (Mo), chromium (Cr), and arsenic
(As) (Leme et al., 2014). Among these, potassium is the most abundant,
typically accounting for about one-third of the total mineral content
(Algarni et al., 2014). A correlation between honey colour and mineral
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composition has been clearly demonstrated using multivariate statistical
techniques. Dark-coloured honeys (such as avocado, chestnut, honey-
dew, and heather) show a strong correlation with a higher content of As,
Cd, Fe, S, and Pb, as well as Ca. Conversely, light- and medium-coloured
honeys (such as citrus, rosemary, lavender, thyme, and eucalyptus) are
more closely associated with the presence of aluminium and magnesium
(Gonzalez-Miret et al., 2005). Both macroelements and microelements
play essential roles in biological systems by regulating metabolism,
supporting physiological functions, supporting the circulatory and
reproductive systems, and acting as enzymatic cofactors (Alqarni et al.,
2014). While some elements, such as Fe, zinc Zn, and Cu, are essential
for living organisms, including honey bees, due to their crucial roles in
metabolism and in maintaining the structural integrity of biomolecules,
others, including cadmium (Cd) and lead (Pb), are non-essential and
toxic (Isani et al., 2025). The chemical elements present in honey in-
fluence its nutritional and health value. However, heavy metals and
other elements, such as cadmium, copper, lead, zinc, and arsenic, can
also accumulate in honey, reflecting contamination in the areas where
bees collect nectar and where honey plants grow (Ligor et al., 2022).

The chemical and biochemical properties of honey have attracted
significant interest due to its potential health benefits, including anti-
inflammatory, antioxidant, antimicrobial, anticarcinogenic, and antidi-
abetic effects (Becerril-Sanchez et al., 2021). These pharmaceutical
properties are largely attributed to honey’s phytochemical compounds
(Cornara et al., 2017; Samarghandian et al., 2017). However, these
health benefits can vary significantly across different types of honey,
depending on their specific bioactive components (Cornara et al., 2017;
Eteraf-Oskouei and Najafi, 2013). For instance, flavonoids such as api-
genin, chrysin, and quercetin, have been shown to inhibit the growth of
various bacteria (Das et al., 2015), while kaempferol exhibits notable
anti-inflammatory and anticancer properties (Ghaffari et al., 2012).
More than 150 phenolic compounds, including phenolic acids and fla-
vonoids, have been identified in honey (Gheldof et al., 2002; Tsiapara
et al., 2009). Research has demonstrated a strong correlation between
honey colour and its polyphenol content, indicating that darker varieties
tend to possess higher levels of phenolic compounds, which enhance
antioxidant activity (Bertoncelj et al., 2007; Gonzalez-Miret et al., 2005;
Wesotowska and Dzugan, 2017). Scientific interest in honey’s thera-
peutic potential has led to renewed research, confirming its antibacte-
rial, antioxidant, anti-inflammatory, and antitumor properties (Yong
et al., 2021). As a result, different honey types offer distinct
health-promoting effects. Traditionally, honey has been used to treat
burns, wounds, coughs, asthma, and various gastrointestinal and car-
diovascular diseases. It remains a natural product rich in both nutri-
tional and therapeutic compounds (Eteraf-Oskouei and Najafi, 2013).

The composition of honey is influenced by various factors, including
climate (e.g., sunlight and humidity), local flora, geographic origin, and
the health of honey bees (Ajibola et al., 2012; Ligor et al., 2022; Pauliuc
et al., 2020). The primary differences among honey types are deter-
mined by the nectar source, processing methods, and region of origin
(Jasicka-Misiak et al., 2018). Honey is generally classified into two main
categories based on its origin: honeydew honey, produced from the se-
cretions of aphids and scale insects that feed on trees and crops, and
nectar honey, derived from the nectar of various flowers such as rape-
seed, multifloral blooms, raspberry, heather, lavender, dandelion,
linden, buckwheat, and sunflower (Winiarska-Mieczan et al., 2021).
Monofloral honeys, which are produced predominantly from a single
plant species, are highly valued and typically command a higher market
price than multifloral honeys. To label a honey as monofloral, interna-
tional food standards require that it originates entirely or predominantly
from a single floral source and displays the characteristic organoleptic,
physicochemical, and microscopic properties of that source (da Silva
et al., 2016). However, since honey bees naturally forage from multiple
plant species, truly pure monofloral honey is rare (Kaskoniene and
Venskutonis, 2010).

Beekeeping management practices significantly impact honey bee
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health, as it can help mitigate the negative effects of various stressors,
including pests and pathogens, poor nutrition, pesticide exposure, and
climate instability (Underwood et al., 2023). Poor management can also
lead to honey contamination, posing serious health risks to both bees
and consumers. In contrast, the production of organic honey, a
high-quality, traditionally produced, and chemical-free alternative, has
increased. This method requires that honey-producing areas remain free
from chemical contamination, including airborne and soil-based pesti-
cides, as well as antibiotics. Moreover, organic beekeeping prohibits
feeding honey bees with sugar, a common practice used in conventional
apiculture to face nectar and pollen shortage in the environment
(Commission, 2008)

The aim of this study was to assess whether different beekeeping
management systems, organic and conventional, exert an influence on
the nutraceutical properties and mineral element composition of honey.
First, the botanical and geographical origins of the samples were char-
acterised through melissopalynological analysis. The levels of macro-
and microelements, as well as key bioactive compounds, including
antioxidant activity (AOA), total phenolic content (TPC), and total
flavonoid content (TFC), were then determined. Furthermore, the
presence of pyrrolizidine alkaloids, which are naturally occurring plant-
derived compounds with recognised toxicological potential, was inves-
tigated. It was hypothesised that differences in management practices,
particularly those emphasising natural approaches, bee health, and
environmental sustainability, may significantly affect specific qualita-
tive parameters of honey.

2. Materials and methods
2.1. Samples

A total of 33 different honey samples were collected from six bee-
keepers located in four Italian regions: Emilia-Romagna (n = 18), Ven-
eto (n = 5), Abruzzo (n = 6), and Friuli Venezia Giulia (n = 4). The
apiaries followed both organic and conventional management systems.
The samples included both multifloral (n = 17) and monofloral (n = 16)
honeys. Based on management practices, the honey samples were clas-
sified as either organic (n = 7) or conventional (n = 26). Detailed in-
formation on the specific honey types is provided in Table 1.

2.2. Melissopalynological analysis

To identify the botanical and geographical origin of the honey, a
qualitative and quantitative melissopalynological analysis was per-
formed following the UNI 11299:2008 standard microscopic method.
Honey samples were first diluted in ultrapure water and centrifuged.
The resulting sediment was then transferred onto a microscope slide for
examination. Pollen grains were identified, and their relative fre-
quencies were estimated by counting a minimum of 500 pollen grains at
1000x magnification using a Zeiss Axiolab light microscope (Carl Zeiss,
Inc. Germany) (Von Der Ohe et al., 2004).

2.3. ICP-OES analysis of mineral elements

ICP-OES (Inductively Coupled Plasma Optical Emission Spectros-
copy) was used for the quantitative determination of mineral elements
in the honey samples (Yiicel and Sultanoglu, 2013). The samples were
weighed and transferred into Teflon tubes, to which Suprapur nitric acid
(65%, Honeywell) and Suprapur hydrogen peroxide (30%, Carlo Erba)
for mineral analysis were added. The tubes were then sealed in her-
metically closed supports and secured with a torque wrench to with-
stand pressures of up to 100 atmospheres (atm). The digestion process
was carried out in a microwave system (Milestone Start D Microwave)
following this cycle:

— 2 min at 250 Watts,
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Table 1

Farm management and botanical characteristics and region of 33 samples.
Sample number  Honey Type  Farm Characteristic Region
S1 Multifloral Organic Emilia Romagna
S2 Multifloral Organic Emilia Romagna
S3 Multifloral Organic Emilia Romagna
S4 Apple Conventional Veneto
S5 Honeydew Conventional Veneto
S6 Apple Conventional Veneto
S7 Black Locust Conventional Veneto
S8 Multifloral Conventional Veneto
S9 Multifloral Organic Abruzzo
S10 Thyme Organic Abruzzo
S11 Black Locust Conventional Abruzzo
s12 Black Locust Conventional Abruzzo
S13 Black Locust Organic Abruzzo
S14 Black Locust Organic Abruzzo
S15 Multifloral Conventional Friuli Venezia Giulia
si6 Acer Conventional Friuli Venezia Giulia
S17 Multifloral Conventional Friuli Venezia Giulia
S18 Multifloral Conventional Friuli Venezia Giulia
S19 Multifloral Conventional Emilia Romagna
S20 Honeydew Conventional Emilia Romagna
S21 Multifloral Conventional Emilia Romagna
S22 Coriander Conventional Emilia Romagna
S23 Coriander Conventional Emilia Romagna
S24 Multifloral Conventional Emilia Romagna
S25 Multifloral Conventional Emilia Romagna
S26 Multifloral Conventional Emilia Romagna
S27 Multifloral Conventional Emilia Romagna
S28 Multifloral Conventional Emilia Romagna
S29 Multifloral Conventional Emilia Romagna
S30 Multifloral Conventional Emilia Romagna
S31 Honeydew Conventional Emilia Romagna
S32 Honeydew Conventional Emilia Romagna
S33 Honeydew Conventional Emilia Romagna

— 2 min at 400 Watts,
1 min at 0 Watts,

— 3 min at 750 Watts,
33 min of cooling.

After digestion, the mineralized samples were diluted with double-
distilled water to a final volume of 20 mL and filtered through What-
man 42 paper. The resulting solution was analysed with an ICP-OES
instrument (Spectro Arcos-Ametek). The solution was continuously
aspirated via a peristaltic pump, with the analysis procedure consisting
of the following steps:

— 60 s of pre-flushing for the nebulization system, torch, and
capillaries,

— Three measurements of 12 s each, with the final data representing
the average of these measurements.

The detection limits of the analysed elements were: Al: 0.0733 mg/
kg, B: 0.0139 mg/kg; Ba: 0.0030 mg/kg; Cu: 0.0145 mg/kg: Fe:
0.4071 mg/kg; Li: 0.0070 mg/kg; Mo: 0.0143 mg/kg; Si: 0.0782 mg/kg;
Sr: 0.0014 mg/kg; Ti: 0.0087 mg/kg; Zn: 0.1316 mg/kg; Ca: 4.7758 mg/
kg; K: 0.4837 mg/kg; Mg: 0.3344 mg/kg; Na: 0.0284 mg/kg; P:
0.0994 mg/kg; S: 0.6244 mg/kg. Quality control solutions were Astasol
(R) Mixes (ANCUS 0263 e ANCUS 0262) obtained by Analytika (Czech
Republic); included in the measurements to assure instrumental mea-
surement stability. Data are reported in mg/kg of wet weight (ww).

2.4. Nutraceutical analysis

Before performing each assay, 10% (w/v) honey solutions were
prepared in distilled water (dH20) to obtain a syrup-like consistency and
to facilitate subsequent chemical reactions. As a control, a sugar solution
(80%, w/v) was prepared by dissolving 0.2 g of sucrose, 0.8 g of maltose,
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4 g of fructose, and 3 g of glucose in distilled water to a final volume of
10 mL (Perna et al., 2013). This control was used to eliminate back-
ground interference caused by reactions involving sugars, thereby
allowing the evaluation of only the bioactive compounds present.

The FRAP (Ferric Reducing Antioxidant Power) method (Benzie and
Strain, 1996) was used to determine the antioxidant activity (AOA) of
the honey samples, based on the reducing action of antioxidants towards
the TPTZ (2,4,6-tris(2-pyridyl)-1,3,5-triazine) complex at acidic pH. The
binding of Fe* cations to the ligand results in an intense blue colour,
with absorbance is directly proportional to the antioxidant content of
the samples. The blank was prepared as described above. To each sample
tube, 2040 uL of acetate buffer was added to achieve a pH of 3.6, fol-
lowed by 200 pL of TPTZ, 200 pL of ferric chloride (FeCls), and 20 pL of
extracted sample. The tubes were briefly vortexed and incubated at 37
°C for 1 h to ensure complete reaction. Absorbance was measured at
593 nm using a Shimadzu UV-1280 spectrophotometer). Results were
compared to a calibration curve constructed with ferrous sulphate so-
lutions (Supplementary Figure 1) and expressed in uM Fe** + standard
deviation.

The Folin-Ciocalteu method (Ainsworth and Gillespie (2007), was
used to assess the total phenolic content (TPC) based on electron transfer
in an acidic environment. This reaction forms a blue chromophore due
to the complexation of phosphotungstic and phosphomolybdic acids,
with the absorption peak depending on the phenolic composition. The
blank was prepared as described above. Each tube contained 500 pL of
extract, 3950 uL of distilled water, 250 pL of Folin’s reagent (Sigma
Chemical, St. Louis, MO, USA), and 750 pL of a saturated sodium car-
bonate solution (Na=COs). The samples were incubated at 37 °C for
30 min to allow the colorimetric reaction to develop. Absorbance was
then measured at 765 nm using a Shimadzu UV-1280 spectrophotom-
eter. The TPC was determined by comparison to a calibration curve
prepared with standard gallic acid solutions (Supplementary Figure 1)
(Sigma Chemical, St. Louis, MO, USA) and expressed as mg of gallic acid
equivalents (GAE) per 100 g of product + standard deviation.

The total flavonoid content (TFC) was determined using the
aluminium chloride method, which specifically measures flavonoids
separately from other polyphenolic compounds. This method is based on
the ability of aluminium chloride to form complexes with flavonoids.
Samples were prepared in triplicate by adding 2800 pL of distilled water,
500 pL of extract, 1500 pL of 95% ethanol, 100 pL of 10% aluminium
chloride (AlCls), and 100 pL of 9.8% potassium acetate. The blank so-
lution was prepared as described previously. Samples were incubated at
room temperature for 30 min to stabilize the reaction. Absorbance was
then measured at 415 nm using a Shimadzu UV-1280 spectrophotom-
eter. TFC was calculated using a calibration curve constructed with
quercetin standard solutions (Supplementary Figure 1) (Sigma Chemi-
cal, St. Louis, MO, USA) and expressed as mg of quercetin equivalents
(QE) per 100 g of product + standard deviation.

2.5. Pyrrolizidine Alkaloids analysis

All honey samples were analysed to determine the concentration of
the main pyrrolizidine alkaloids (PAs). The identification and quantifi-
cation of 25 key pyrrolizidine alkaloids and their corresponding N-ox-
ides (Echimidine, Echimidine N-oxide, Echinatin, Echinatin N-oxide,
Europine, Europine N-oxide, Heliotrine, Heliotrine N-oxide, Inter-
medine, Intermedine N-oxide, Lasiocarpine, Lasiocarpine N-oxide,
Lycopsamine, Lycopsamine N-oxide, Retrorsine, Retrorsine N-oxide,
Seneciphylline, Seneciphylline N-oxide, Senecionine, Senecionine N-
oxide, Senecivernine, Senecivernine N-oxide, Rinderine N-oxide, Inte-
gerrimine N-oxide, Heliosupine N-oxide) was performed using a method
developed and validated by the National Reference Laboratory for Plant
Toxins in Food (LNR-TVN) at the Istituto Zooprofilattico Sperimentale
della Lombardia e dell’Emilia Romagna (IZSLER) in Bologna (Roncada
et al., 2023). PAs were separated based on retention time, ionic frag-
ments produced, and ion ratios, with retention times required to be
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within + 0.2 min of those of the respective standards. The analysis
LC-MS/MS was conducted using an Acquity Ultra-Performance Liquid
Chromatography (UPLC) system coupled to a Quattro Premiere XE triple
quadrupole mass spectrometer (Waters, Milford, MA, USA). The system
was computer-controlled, and data acquisition, peak integration, and
calibration were performed using TargetLynx v.4.1 software. The
chromatographic separation was performed on an Acquity UPLC C8
column (100 cm x 2.1 mm, 1.7 pm) (Waters Corporation, Milford, CT,
USA). Analytical standards of PAs were purchased from Phytolab (Ves-
tenbergsgreuth, Germany). PA concentrations were determined using
the least-squares regression method, with calibration curves ranging
from 0.5 to 25 ng/mL (0.5-1-2.5-5-10-25 ng/mL). The limits of
detection (LOD) and quantification (LOQ) were set at 0.5 pg/kg and
1 pg/kg, respectively. Data are expressed in pg/kg of wet weight (wwt).

2.6. Statistical analysis

Statistical analysis was performed in R (RStudio Team, 2020). To
assess the effect of organic versus conventional farming practices, as
well as the type of honey, on the content of micronutrients, macronu-
trients and bioactive compounds, separate Principal Component Anal-
ysis (PCA) were performed. The R packages used for the analysis are
reported as links: ade4, FactoMineR, Factoextra, Corrplot. Descriptive
statistics were used to summarize the data. Continuous variables are
presented as means, median + standard deviations.

3. Results

3.1. Melissopalynological analyses confirm the botanical and
geographical origins of honey

A total of 33 honey samples were analysed to determine their
botanical and geographical origins, as well as their pollen composition.
The samples originated from four Italian regions: Veneto, Abruzzo,
Friuli Venezia Giulia and Emilia-Romagna. The botanical classification
included both monofloral honeys, such as coriander (S1, S22, S23),
black locust (S7, S11, S12, S13), apple/multifloral (S4, S6), thyme (S10),
and honeydew honey (S5, S20, S31, S32, S33), with the remaining
samples classified as multifloral honeys (Table 2).

The pollen analysis revealed that Rubus spp. were frequently present
in multifloral honeys, especially those from Emilia-Romagna and Ven-
eto. Additionally, Hedysarum spp., Lotus spp., and Trifolium spp. were
found in samples from Abruzzo and Emilia-Romagna, suggesting their
contribution to regional honey profiles. The presence of Amorpha spp.,
Cruciferae, and Umbelliferae were also observed in several multifloral
samples, suggesting these plants may be potential sources of nectar. The
correlation between botanical origin and pollen percentage was partic-
ularly prominent in monofloral samples. For example, coriander honey
(S1, S22, S23) showed a high proportion of Umbelliferae pollen (ranging
from 42% to 51%), while black locust honey (S7, S11, S12, S13) con-
tained a significant percentage of Robinia spp. pollen (ranging from 19%
to 34%). Honeydew samples (S5, S20, S31, S32, S33) were identified
primarily based on honeydew-specific parameters rather than pollen
composition.

Significant regional differences in pollen composition were
observed. Emilia-Romagna’s multifloral honeys predominantly con-
tained Rubus spp. and Trifolium alexandrinum, whereas in Veneto, apple/
multifloral honeys (S4, S6) showed a higher proportion of Malus, Pyrus,
and Sorbus pollen. In Abruzzo, distinct floral compositions were noted,
with Thymbra capitata dominating thyme honey (S10) and Hedysarum
spp. prevalent in multifloral samples (S9, S11, S13, S14). In Friuli
Venezia Giulia, multifloral honey was characterized by a high presence
of Hedera spp. (S17) and Amorpha spp. (S15, S18).
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3.2. Macro- and microelements in honey samples

A total of six macroelements (Ca, K, Mg, Na, P, and S) and eleven
microelements (Al, B, Ba, Cu, Fe, Li, Mo, Si, Sr, Ti, and Zn) were quan-
tified in all honey samples. The complete dataset is provided in Sup-
plementary Table 1, while descriptive statistics are reported in Tables 3
and 4.

Among the macroelements, K was the most abundant, followed by Ca
and P, while the most abundant microelements were B and Fe followed
by Si. Meanwhile, the levels of Ti, Sr, Ba, and Mo were present at low
levels (<1 mg/kg) in all samples analysed. Analysis of the data reveals
that the mean values were consistently higher than the medians, indi-
cating positively skewed distributions. This skewness suggests the
presence of high-value outliers that elevate the average, particularly for
Kand P (Table 3). The standard deviations are large, and the coefficients
of variation exceed 100% for most elements, confirming a high degree of
variability among the samples. K and P exhibit especially pronounced
variability, which may reflect significant heterogeneity among the
samples or the influence of localized environmental or geochemical
conditions. Similarly, elements such as Cu, Li, Si also show high standard
deviations, underscoring substantial sample-to-sample differences. Sili-
con, for example, ranges from 1.09 to 13.44, contributing to its high
dispersion and variability (Table 4).

3.3. Quantification of bioactive compounds in honey samples

Analysis of the bioactive compounds (Table 5) reveals a high degree
of variability across the samples. Antioxidant activity (AOA) shows a
wide range, with a median value of zero despite a high mean and
maximum. This indicates that many samples had no detectable antiox-
idant activity, while a few samples exhibited exceptionally high values
that heavily influenced the mean. Total phenolic content (TPC) also
displays considerable variability, ranging from O to over 70 mg of gallic
acid equivalents (GAE) per 100 g. The mean is higher than the median,
suggesting a skewed distribution driven by a subset of high-value sam-
ples. Total flavonoid content (TFC), displayed a somewhat more
balanced distribution, but still shows significant dispersion. Overall,
while most samples exhibit low or moderate levels of phenolics, flavo-
noids, and antioxidant activity, a few samples strongly influence the
overall distribution (i.e., S13-S18 and S2, S5 and S8).

3.4. Two honey samples contain pyrrolizidine alkaloids

Using the method validated by the National Reference Laboratory for
Plant Toxins in Food (LOQ 1 pg/kg), PAs were found in only two samples
from Emilia-Romagna. Sample S23 (coriander) contained 7 pg/kg wwt
of Echinatine N-oxide, while sample S27 (multifloral) contained Retro-
rsine (1 pg/kg wwt), Retrorsine N-oxide (6 pg/kg wwt), Senecionine
(2 pg/kg wwt), and Senecionine N-oxide (5 ug/kg wwt). The last sample
contained pollen from Umbelliferae A. Amorpha, Cruciferae, and
Heliantus.

3.5. Farm management and botanical origin influence honey
nutraceutical parameters

To better interpret the data and identify potential patterns and
groupings, Principal Component Analyses (PCAs) were performed to
assess the effect of organic versus conventional farm management, as
well as the influence of honey type, on the honey content of microele-
ments, macroelements, and bioactive compounds.

When considering PCA for the microelement content, the first two
principal components (PC1 and PC2) accounted for 71.9% of the total
variation present in the dataset (38.7% and 33.2%. respectively). Fe, Ti
and B showed a strong positive correlation with PC1 (0.94. 0.83 and
0.75. respectively), while Li, Al, Ba, Si and Sr were most strongly
correlated with PC2 (0.80, 0.73, 0.70, 0.70 and 0.70, respectively),
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Table 2
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Botanical and geographical origin of the 33 honey samples analysed, including the predominant pollen species and their respective percentages. The threshold
percentage represents the minimum pollen proportion required for classification as a monofloral honey.

Sample Botanical origin Geographical origin Species Pollen % Threshold %

S1 Coriander Emilia Romagna Umbelliferae 51 40
Rubus 10

S2 Multifloral Emilia Romagna Rubus 29 /
Hedysarum 20
Umbelliferae 12

S3 Multifloral Emilia Romagna Rubus 14 /
Galega 10

S4 Apple/ Multifloral Veneto Malus/Pyrus/Sorbus 49 45
Rubus 15
Robinia 12

S5 Honeydew Veneto Honeydew parameter 13.55 /

S6 Apple/ Multifloral Veneto Malus/Pyrus/Sorbus 48 45
Rubus 21
Robinia 12

S7 Black Locust Veneto Robinia 21 15
Malus/Pyrus/Sorbus 14

S8 Multifloral Veneto Cruciferae 42 /
Malus/Pyrus/Sorbus 36
Salix 18

S9 Multifloral Abruzzo Hedysarum 48 /
Coronilla/Hyppocrepis 13
Trifolium incarnatum 12

S10 Thyme Abruzzo Thymbra capitata 24 20
Robinia 12

S11 Black Locust Abruzzo Robinia 19 15
Lotus 18
Hedysarum 16
Cornus sanguinea 15

S12 Black Locust Abruzzo Robinia 19 15
Lotus 12
Hedysarum 11

S13 Black Locust Abruzzo Hedysarum 34 /
Lotus 27

S14 Black Locust/Hedysarum Abruzzo Hedysarum 64 50
Robinia 10

S15 Multifloral Friuli Venezia Giulia Amorpha 51 /
Cruciferae 14

si6 Acer Friuli Venezia Giulia Acer 46 45
Prunus 24
Robinia 11

S17 Multifloral/Hedera Friuli Venezia Giulia Hedera 91 45

S18 Multifloral Friuli Venezia Giulia Amorpha 53 /
Robinia 11

S19 Multifloral Emilia Romagna Rubus 28 /
Trifolium alexandrinum 25
Galega 17

S20 Honeydew Emilia Romagna Honeydew Parameter 6.33 /

S21 Multifloral Emilia Romagna Rubus 33 /
Heliantus 26
Galega 12

S22 Coriander Emilia Romagna Umbelliferae 42 40

S23 Coriander Emilia Romagna Umbelliferae 46 40

S24 Multifloral Emilia Romagna Umbelliferae 24 /
Amorpha 10
Cruciferae 10
Heliantus 10

S25 Multifloral Emilia Romagna Umbelliferae 22 /
Amorpha 11
Cruciferae 10
Heliantus 10

S26 Multifloral Emilia Romagna Umbelliferae 26 /
Amorpha 17
Cruciferae 12
Heliantus 10

S27 Multifloral Emilia Romagna Umbelliferae 15 /
Amorpha 12
Cruciferae 10
Heliantus 10

S28 Multifloral Emilia Romagna Trifolium alexandrinum 32 /
Rubus 29
Galena 20

(continued on next page)
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Table 2 (continued)
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Sample Botanical origin Geographical origin Species Pollen % Threshold %
S29 Multifloral Emilia Romagna Trifolium alexandrinum 34 /
Rubus 29
Galena 18
S30 Multifloral Emilia Romagna Trifolium alexandrinum 32 /
Rubus 27
Galena 20
S31 Honeydew Emilia Romagna Honeydew Parameter 8.57 /
S32 Honeydew Emilia Romagna Honeydew Parameter 12.66 /
S33 Honeydew Emilia Romagna Honeydew Parameter 13.05 /
Table 3 dataset (92.2%. with PC1 and PC2 accounting for 66% and 26.2%,
able

Summary table of descriptive statistics for macroelement content in honey
samples. Data are expressed in mg/kg dry weight (dw) and are reported sepa-
rately for the six macroelements.

Ca K Mg Na P S
Mean 111.69 1013.23 34.90 34.54 80.60 44.53
SD 48.74 808.99 25.15 23.33 73.28 26.91
Median 110.26 814.44 25.50 29.99 48.78 39.46
Min 32.97 209.67 8.87 8.19 14.20 0.49
Max 250.64 3108.41 98.27 107.13 274.00 126.75

similarly contributing to the definition of their respective components
(PC). Interestingly, several significant positive correlations emerged
(P < 0.01),suchasTi-B (r=0.78),Al - Ba (r = 0.81),Al - Si (r = 0.93), Si
-Ba (r =0.82), Li - Mo (r = 0.93), Li - Ti (r = 0.91), and Ti - Mo
(r = 0.93). Considering the biplot, samples from organic farming tended
to cluster in the upper-left portion. Conversely, the samples from con-
ventional farming were more uniformly distributed throughout the
biplot. This clustering of organic samples suggests that they tend to have
a lower content of Fe, Ti and B (strongly positively correlated to PC1), a
lower level of Li (strongly negatively correlated to PC2) and higher
concentrations of Al, Ba, Si and Sr (strongly positively correlated with
PC2) (Fig. 1A).

As for the PCA of macroelement content, PC1 and PC2 accounted for
85.3% of the total variation present in the dataset, with 72.9% and
12.4% of the variance explained by the first and second components,
respectively. Thus, there was an evident prevalence of PC1 in repre-
senting the variance in the dataset. All the considered macroelements
had a strong positive correlation with PC1: Ca (r = 0.71), K (r = 0.87),
Mg (r =0.94), Na (r = 0.67), P (r =0.92), and S (r = 0.96), similarly
contributing to the definition of this component. In contrast PC2 was
mainly explained by Ca and Na (r = -0.57 and r = 0.54. respectively).
Interestingly, several significant positive correlations emerged
(P < 0.01), such as Mg - Ca (r=0.70), Mg - K (r=0.76), Mg - P
(r=0.88), Mg -S (r=0.87),P-K(r=0.81),P-S(r=0.88),K-S
(r = 0.82). Considering the biplot from the PCA, the samples from
organic farming tended to cluster in the lower-left portion on average,
while samples from conventional farming were more evenly distributed
throughout the biplot. The tendency of organic samples to cluster
together suggests that, overall, these samples tend to have lower levels
of Na, K, P, S, and Mg (Fig. 1B).

Analysing the PCA for bioactive compounds, the two principal
components (PC1 and PC2) explained almost all the variance in the

respectively). Phenolics and antioxidant activity were primarily associ-
ated with PC1 (r = 0.85 and r = 0.93, respectively), and showed a sig-
nificant positive correlation with each other (r = 0.73) (P < 0.01). PC2,
on the other hand, was mainly explained by TFC (r = 0.77). Also in this
case, the organic samples were found to be clustered in a specific portion
of the biplot (top-right of biplot), while the conventional ones were more
randomly distributed. The presence of organic samples in top-right area
of biplot indicates a higher content of bioactive compounds in this
category (Fig. 1C).

When the honey samples were labelled by honey type rather than by
farm management, a clear tendency emerged for the black locust honey
samples to differentiate from the others. All black locust samples clus-
tered together in the same biplot region. Specifically, this monofloral
honey exhibited lower contents of both microelements (Fig. 2A) and
macroelements (Fig. 2B), while showing a higher flavonoid content
(Fig. 2C).

4. Discussion

The botanical origin of honey is key to its composition and is tradi-
tionally assessed through melissopalynology, the microscopic analysis of
pollen grains (Soria et al., 2008). This method can also assist in identi-
fying geographical origin when distinctive pollen types are present,
although its effectiveness decreases in geographically close regions
(Zhang et al., 2023). In this study, 33 honey samples from four Italian
regions: Emilia-Romagna, Veneto, Abruzzo, and Friuli Venezia Giulia,
were analysed and results showed a clear links between regional prov-
enance and floral composition. Both monofloral and multifloral honeys
showed distinct botanical markers, confirming the strong influence of
local flora on nectar sources (Table 2). These results support the use of

Table 5

Summary table of descriptive statistics for bioactive compounds in honey sam-
ples. Data are expressed in mg of gallic acid equivalents (GAE) per 100 g for TPC;
mg of quercetin equivalents (QE) per 100 g for TFC and pM Fe?* for AOA in all
honey samples analysed.

TPC TFC AOA
Mean 12.91 32.87 152.64
SD 17.06 17.82 391.36
Median 6.40 37.86 0.00
Min 0.00 3.67 0.00
Max 71.53 58.51 1833.33

Table 4

Summary table of descriptive statistics for microelement content in honey samples. Data are expressed in mg/kg dry weight (dw) and are reported separately for the 11

microelements.

Al B Ba Cu Fe Li Mo Si Sr Ti Zn

Mean 2.63 7.78 0.17 0.84 6.53 0.82 0.13 5.66 0.39 0.23 2.75
SD 2.11 3.79 0.14 1.12 2.63 1.20 0.12 3.88 0.20 0.15 0.95
Median 2.00 7.81 0.14 0.56 6.62 0.09 0.06 3.78 0.39 0.20 2.57
Min 0.32 1.85 0.00 0.0 2.51 0.00 0.00 1.09 0.04 0.07 1.40
Max 7.62 14.09 0.47 11.28 11.28 2.93 0.35 13.44 0.73 0.50 6.09
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Fig. 1. Principal Component Analysis (PCA) biplot of individuals, and variables correlation circle, highlighting samples distribution for organic versus non-organic
management of hives in terms of micronutrients (A), macronutrients (B), and bioactive compounds (C) content.

pollen profiles for tracing honey origin and align with the International
Honey Commission standards for European monofloral honeys (Oddo
et al., 2004).

Honey’s mineral composition is influenced by various factors,
including soil and environmental conditions, nectar chemistry linked to
botanical origin, and beekeeping practices (Buttar et al., 2025;
Mohammed, 2022). Variations in geochemical background, anthropo-
genic inputs, and elemental bioavailability critically affect mineral
element levels. Other contributing factors include seasonal changes,
local pollution and the physiological state of bees. The differences
observed between organic and conventional honey may result from both
beekeeping practices and environmental factors. Organic honey

generally showed higher levels of bioactive compounds, such as poly-
phenols and flavonoids, likely due to pesticide-free forage areas and the
promotion of spontaneous flora. In contrast, some mineral elements
were lower, which may reflect soil management practices in organic
agriculture, such as reduced synthetic fertilization and low-impact
cultivation. Given that honey bees forage over a wide area (up to
7 km?) and those Italian organic regulations require nectar and pollen
sources within a 3-km radius to be organic or low-impact, environmental
exposure may differ between production sites. These factors highlight
the complexity of linking management practices directly to honey
composition and suggest that further research including detailed envi-
ronmental data is needed (Commission, 2008; Isani et al., 2025; Italian
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Fig. 2. Principal Component Analysis (PCA) biplot of individuals, and variables correlation circle, highlighting samples distribution for honey type in terms of

micronutrients (A), macronutrients (B), and bioactive compounds (C) content.

Ministry of Agricultural, 2009; Underwood et al., 2023).

Differences in sample preparation methods (e.g., microwave diges-
tion, wet digestion, dry ashing) and analytical techniques can further
introduce variability (Pisani et al., 2008; Vit et al., 2025), making
comparisons with literature data challenging (Bodo et al., 2020).
Nonetheless, our results broadly align with previous studies on Italian
honeys (Conti et al., 2018; Pisani et al., 2008; Squadrone et al., 2020)
and reports from other Mediterranean countries, such as Tiirkiye (Yiicel
and Sultanoglu, 2013) and Greece (Louppis et al., 2019).

In recent decades, growing research has scientifically validated the
traditional nutraceutical use of honey (Combarros-Fuertes et al., 2019;
Mara et al., 2025; Mracevic et al., 2020). Most of honey’s bioactive
compounds are phenolics, such as phenolic acids, flavonoids, procya-
nidins, and anthocyanins, along with vitamins (e.g, C and E),

carotenoids, enzymatic antioxidants (e.g., catalase, peroxidase), Mail-
lard reaction products, and mineral elements (Dzugan et al., 2018;
Pauliuc et al., 2020). Comparative studies have shown that even honeys
from the same botanical origin can vary significantly in total phenolic
content (TPC) and antioxidant activity (AOA) depending on region as
reported in Greece and Tiirkiye (Karabagias et al., 2020; Silici et al.,
2010). Conversely, Bodoé et al. (2020) found no regional effect within
Hungary. Bartkiene et al. (2020) also observed that spring honeys had,
on average, 25% lower TPC than summer ones.

In this study, TPC, TFC, and AOA showed marked variability,
reflecting the combined influence of both botanical and geographical
origins. Notably, honeydew samples exhibited the highest TPC and TFC,
consistent with their darker colour and previous findings (Bakour et al.,
2022; Starowicz et al., 2021). The highest TPC was recorded in a
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honeydew honey (S5) with 71.54 mg GAE/100 g, though still below the
value of 1353.66 mg GAE/kg reported for buckwheat honey by Dzugan
etal. (2018). Sample S5 also had the highest TFC and AOA, though again
lower than that of buckwheat honeydew. Other samples, such as S8 and
S2, also showed notable AOA values. Conversely, several samples had
very low bioactive compound levels. These results are comparable to the
low polyphenol and flavonoid contents found in Sulla and Citrus honeys
(Perna et al., 2013).

Comparing data with literature highlights both similarities and dif-
ferences, often hindered by the wide range of methods, reagents, and
reference standards used (Martinello and Mutinelli, 2021). Results
generally align with those reported for Italian honeys, especially
regarding TPC levels (Di Marco et al., 2018; Perna et al., 2013, 2012;
Pichichero et al., 2009; Preti and Tarola, 2022). When compared to
European honeys, especially from Poland (Dzugan et al., 2018), TPC
values are similarly consistent. Conversely, Malaysian honeys typically
show higher TPC values than those detected in the samples analysed
(Chua et al., 2013). As for TFC, results are generally higher than those
reported for Italian honeys (Perna et al., 2013, 2012; Pichichero et al.,
2009), while in other cases, they closely match both Italian and Polish
honeys (Di Marco et al., 2018; Dzugan et al., 2018). Comparing AOA is
more challenging due to differences in measurement units across
studies. The only direct comparison was with the results of Perna et al.
(2012), whose values for five Italian honeys were very similar.

Variations in sample preparation, extraction techniques, and quan-
tification methods hinder result comparability, even among similar
samples. Even when using the same method, such as the Folin-Ciocalteu
assay, differences in reporting units or reference standards can yield
difficult comparison. Additionally, the chemical complexity of honey
and the use of solvents with varying polarities influence extract
composition and assay results. These issues underscore the need for
standardized analytical protocols, with defined solvents, extraction
conditions, and harmonized reporting criteria, to ensure reliable clas-
sification and accurate evaluation of bee-derived products (Kocot et al.,
2018; Martinello and Mutinelli, 2021). Although many assays exist to
assess TPC and AOA, no universally accepted standard method is
available. Each assay typically targets specific antioxidant classes,
contributing to inter-method variability (Martinello and Mutinelli,
2021). Typically, results are expressed as equivalents relative to stan-
dard antioxidants (e.g., gallic acid equivalents for phenolics, quercetin
equivalents for flavonoids). Common AOA assays include DPPH, ABTS,
ORAC, CUPRAC, and FRAP, with results reported in Trolox or ascorbic
acid equivalents (Martinello and Mutinelli, 2021).

Several PAs, secondary metabolites produced by over 6.000 plant
species as a defence against herbivorous insects, have been identified in
honey, tea, herbal infusions, and dietary supplements (Knutsen et al.,
2017). These compounds are toxicologically relevant due to their gen-
otoxic and carcinogenic effects observed in animal studies (Moreira
et al., 2018). Although most of the honey samples showed no detectable
PAs, the potential health risks justify monitoring, particularly in regions
with PA-producing flora. The presence of Echinatine N-oxide in sample
$23 (a coriander monofloral honey) is challenging, because the genera
commonly known to biosynthesize Echinatine or Echinatine-N-oxide
are Senecio, Eupatorium, Cynoglossum, Heliotropium, Rindera, rather than
Coriandrum (Lu et al., 2024). As for sample S27, Senecionine and Ret-
rorsine (and their N-oxides) are characteristic PAs of Senecio and other
species of the Asteraceae family (Brugnerotto et al., 2021), and are most
likely due to the presence of Helianthus pollen, which belongs to the
Asteraceae family, in this multifloral honey. Regulation (EU, 2020)
2020/2040 establishes maximum levels of certain PAs/PANOs (Pyrro-
lizidine Alkaloid N-Oxides) in various foods, including pollen. However,
honey is not yet included, and limits have not yet been set. To fill this
gap, the European Food Security Association (EFSA) has invited to
collect data on PA content in honey from different countries. The values
observed in this study are consistent with those reported in the literature
for Italian honey (Lucatello et al., 2021; Roncada et al., 2023). Roncada
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et al. (2023) analysed 121 honey samples from various Italian regions,
revealing variability in PA content. While most samples were free of
detectable PAs, some, particularly those from Calabria, showed elevated
levels of specific alkaloids, such as Echimidine, likely due to their
botanical origin. In any case, the value of PA found in the two honey
samples are low compared to those reported for honeys of both Euro-
pean and non-European origin. For example, Kowalczyk and Kwiatek
(2022) reported that PA content in Polish honey ranged from 2.2 to
31.6 pg/kg, while the PA content in honey from other countries ranged
from 5.8 to 147.0 ug/kg (Roncada et al., 2023).

PCA analysis indicated distinct clustering trends between organic
and conventional honey samples, suggesting compositional differences
mainly related to mineral and bioactive compound content. Organic
honeys generally showed lower levels of Fe, Ti, B, and Li, but higher
levels of Al, Ba, Si, and Sr. This trend may be related to organic farming
practices that promote biodiversity and enhance soil health, indirectly
affecting mineral uptake and honey composition (da Silva et al., 2016;
Leme et al., 2014). For macronutrients, PCA explained 85.3% of the
variance, with organic honeys characterized by lower levels, potentially
due to differences in nectar composition associated to organic land-
scapes. Further research is needed to confirm these links.

PCA analysis of bioactive compounds highlighted a clear separation:
organic honeys contained higher levels of polyphenols and flavonoids,
and higher antioxidant activity, supporting the idea that organic
farming stimulates the synthesis of plant bioactive compound (Cornara
et al., 2017; Samarghandian et al., 2017). These compounds enhance
honey quality and may relate to greater biodiversity in organic foraging
areas. Black locust honey, across all production types, showed low
macro- and microelements but high flavonoid content, underscoring the
importance of botanical origin (da Silva et al., 2016). These bioactive
compounds are recognized for their health benefits (Cornara et al.,
2017; Samarghandian et al., 2017) and their key role in determining
honey quality (Gheldof et al., 2002; Tsiapara et al., 2009).

The present study contributes to the ongoing debate regarding the
influence of beekeeping practices, specifically conventional versus
organic systems, on the composition and quality of honey. Although
these systems differ primarily in terms of hive management strategies
and pest control approaches, their impact on the physicochemical and
nutraceutical characteristics of honey may be important. Conventional
beekeeping typically prioritizes productivity using synthetic pesticides,
antibiotics, and sugar-based feeds, whereas organic beekeeping avoids
synthetic inputs and relies on approved natural alternatives, empha-
sizing environmental sustainability (Parichehreh et al., 2025; Stanojevic
et al., 2024). Both systems share core objectives, such as maintaining
colony health and providing adequate hive space, which may explain
the overall compositional similarities observed. Previous studies have
reported that parameters such as pH, free acidity, TPC, AOA, mineral
content, and sensory attributes (e.g, taste and aroma) do not vary
significantly between organic and conventional honeys of the same
botanical origin (e.g., linden, chestnut, black locust) (Kavanagh et al.,
2019; Tahir et al., 2019). This is consistent with the results of present
study, which also support the notion that floral source exerts a more
pronounced influence on honey composition than farming system per se.
Notably, some differences have been reported in the levels of specific
compounds, such as hydroxycinnamic acid derivatives, which are higher
in organic honeys, possibly reflecting more diverse foraging environ-
ments and reduced chemical interference (Kavanagh et al., 2019).
Regardless of the production system, both organic and conventional
honeys contain key bioactive compounds, such as flavonoids and
phenolic acids, known for their antioxidant, anti-inflammatory, and
antimicrobial properties (Al-Waili et al., 2012; Cianciosi et al., 2018).
This underlines honey’s nutraceutical value and its potential as func-
tional food.
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5. Conclusion

In conclusion, organic beekeeping practices significantly influence
the nutraceutical properties of honey, as reflected in the analysed pa-
rameters. Organic honey generally shows higher concentrations of
bioactive compounds, such as polyphenols and flavonoids, although its
overall composition is strongly shaped by the botanical origin and the
environmental characteristics of the production area. This is particularly
evident when considering specific honey varieties from central Italian
production areas, where differences in floral sources markedly affect the
chemical profile. The application of advanced multivariate statistical
techniques, such as PCA, effectively highlighted variations in mineral
content and bioactive compounds between the two management sys-
tems. Nevertheless, the botanical source remains the predominant factor
determining the antioxidant properties and overall quality of honey.
Thus, while organic practices contribute to a more sustainable produc-
tion environment, the variability in honey composition is primarily
driven by the plants on which bees forage. Further research investi-
gating the complex interactions among botanical origin, environmental
conditions, and agricultural practices will be essential to deepen our
understanding of honey’s nutritional and functional properties.
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