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Preface to ”Authenticity of Honey: Characterization,

Bioactivities and Sensorial Properties”

Honey is a natural food product with significant nutritional value, and several studies have

proved its health-beneficial properties. The floral source of honey is one of the most significant factors

contributing to the composition of honey, as it incorporates the nectar available to be transferred

by bees during honey production. The chemical composition, stability and authenticity of honey

are integral in determining the quality of this product. Hence, unifloral honey authentication

requires different analytical procedures including sensorial profile, quality parameters and pollen

analysis combined with statistical evaluation. There is a demand for this type of study because

consumers request a greater variety of correctly characterized unifloral honeys in the market and with

more information on their functional and healing properties. Therefore, establishing well-defined

quality criteria and their origin guarantees the appreciation of honey in the market both locally and

internationally.

This book aims to collect interdisciplinary approaches that combine physicochemical,

palynological, sensory analyses and statistical treatments as tools for the authentication of honey

as food. Finally, the editors appreciate the efforts of all the authors who participated in this Special

Issue with their contributions.

Olga Escuredo and M. Carmen Seijo

Editors
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Authenticity of Honey: Characterization, Bioactivities and
Sensorial Properties

Olga Escuredo * and M. Carmen Seijo

Department of Vegetal Biology and Soil Science, Faculty of Science, University of Vigo, As Lagoas,
32004 Ourense, Spain; mcoello@uvigo.es
* Correspondence: oescuredo@uvigo.es; Tel.: +34-988-387048

Honey is a natural product well known for its beneficial properties, which depend
on its composition. This composition of honey is related to its botanical and geographical
origin, as well as its environmental and management conditions. Honey contains a wide
spectrum of components, many of which are phytochemicals found in plants; these include
compounds with highly demonstrated antimicrobial, antioxidant and anti-inflammatory
properties. Studies about the composition, properties, and botanical and geographical
origins of different honey types are relevant in society; they are especially relevant in the
honey market, as they provide knowledge to guarantee honey authenticity.

For years, the determination of the geographical and botanical origin of honey has
been based on the microscopic examination of its pollen profile. However, due to a lack of
specialists in palynology, there is a tendency to replace pollen analysis with instrumental
methods of finding biochemical markers for honey discrimination. Nevertheless, studies
on unifloral honey, particularly if they have similar physicochemical characteristics, need to
be complemented with palynological information to successfully discriminate its botanical
origin. Research based on botanical and geographical origin that delves into the chemical,
physical and health qualities—as well as the pollen profile—of honey as food is needed, to
valorize the product in the market both locally and internationally.

In this Special Issue, our aim is to publish research papers on the authenticity, charac-
terization, and biological properties of honey. Thus, various aspects of its physicochemical
composition, quality parameters, sensorial profile, functional properties, healthy com-
pounds, palynological characteristics, and the relationships of these factors with their
botanical and geographical origins, are discussed. Methods to identify the entomological
origin and possible adulteration of honey are also considered. The papers selected for this
Special Issue were subject to a rigorous peer review procedure, with the aim of rapid and
wide dissemination of research results, and their transfer to different stakeholders and the
scientific community.

The paper presented by Labsvards et al. [1] assessed the chemical profiles of 78 honeys
from Latvia (buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral honey)
using light stable-isotope-ratio mass spectrometry (IRMS), ultra-high-performance liquid
chromatography coupled with high-resolution mass spectrometry (UHPLC-HRMS), and
nuclear magnetic resonance (NMR) methods. The researchers validated the floral origin of
honeys using melissopalynology. The study showed a combination of multiple analytical
and statistical methods to differentiate between various types of monofloral honey, and to
find adequate indicators for the classification of their botanical origins. Therefore, this study
reports on the botanical authentication and quality of honey from this geographical origin.

The study carried out by Vázquez et al. [2] showed that the combination of chromato-
graphic analysis with mass spectrometry detection and principal component analysis are
adequate to investigate the botanical authentication of honey from Northwest Spain. A
miniaturized, fast and environmentally friendly experimental procedure (VE-UAE) based

Foods 2022, 11, 1301. https://doi.org/10.3390/foods11091301 https://www.mdpi.com/journal/foods1
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on liquid chromatography–tandem mass spectrometry (LC-MS/MS) was successfully de-
veloped. Specifically, the statistical treatment—based on concentrations of total phenols,
antioxidant activity and individual phenolic compounds—revealed significant differences
according to the studied honey type, demonstrating that phenolic compounds can be used
as indicators to identify botanical origins.

A melissopalynological analysis and some physicochemical parameters of 45 unifloral
honeys (raspberry, mint, sunflower, thyme and rape) and polyfloral honeys from different
regions of Romania were analyzed by Pauliuc et al. [3]. Principal component analysis
confirmed the possibility of the botanical authentication of rape, sunflower and thyme
honey samples based on the following physicochemical parameters: moisture content, pH,
free acidity, electrical conductivity, hydroxymethylfurfural content, color, total polyphenol
content, flavonoid content, DPPH radical scavenging activity, phenolic acids, flavonols,
sugars and organic acids. However, the mint honey and raspberry honey were not satis-
factorily separated. The researchers highlighted sugars, individual phenolic compounds
and organic acids as the least influential compounds in the botanical origin of the studied
honey types. It is important to note that for better classification of honey, it is necessary to
study a large number of samples from different botanical origins.

Homrani et al. [4] characterized 62 honey samples produced in different bioclimatic
areas of Algeria using palynology and their physicochemical properties. This paper
highlighted the great diversity of honey production in Algeria, evidencing the impor-
tance of honey characterization to guarantee authenticity and to valorize local production.
Some botanical taxa important for honey production, such as Eucalyptus, Brassica napus,
Hedysarum and Citrus, are common honey plants in Mediterranean areas. However, others
such as Capparis spinosa, Asparagus, Ziziphus lotus and some Apiaceae plants, are representa-
tive of the honey from this country, and are useful as markers to guarantee their authenticity.
Based on the combination of palynological characteristics, physicochemical parameters and
sensorial properties with statistical analysis, Ghorab et al. [5] differentiated 30 honey sam-
ples, produced in Babors Kabylia (North east of Algeria), by botanical origin. The pollen
spectrum performed revealed a great diversity in pollen types (96 pollen types), with the
main pollen types being the spontaneous species Fabaceae (Hedysarum, Trifolium, Genisteae
plants), Asteraceae plants, Ericaceae (mainly Erica arborea), Myrtus and Pistacia. This is the
first study to focus on sensory properties and their relationships with the botanical origin
and the physicochemical properties of honey from Algeria. Considering that this area is a
hotspot for biodiversity due to its high number of endemic plants, this study evidenced
the wide variety of honey types that can be obtained in the area. Further studies could
contribute to an increase in knowledge about these honey types and the most relevant plant
species for honey yield, and could contribute to the valorization of local beekeeping.

Bucekova et al. [6] reported the need to specify some additional standards on the
biological properties of honey. This study focused on evaluating the antibacterial activity,
the content of hydrogen peroxide (H2O2) and the protein profile of 36 commercial honeys
purchased in Slovakia, both from local beekeepers and medical-grade (recommended for
treating infected wounds). More than 40% of the commercial honeys purchased presented
low antibacterial activity, which is indicative of artificial honey (only sugars). In general,
the honey samples exhibited high antibacterial activity, while generating low levels of
H2O2. On the other hand, the honey samples from local beekeepers showed superior
antibacterial activity compared to the medical-grade honeys. Tsavea et al. [7] demonstrated
the ability of pine honeydew samples produced across Greece to generate high levels
of H2O2, even higher than other types of honeydew honey. Furthermore, due to their
high polyphenol content, a strong antioxidant activity of the honey samples was also
denoted. The breakdown of H2O2, using a catalase treatment, into a honey solution
resulted in a significant decrease in antibacterial activity. Similarly, the digestion of honey
proteins by proteinase K resulted in lower antibacterial efficacy among the studied honey
samples, depending, again, on the specific bacteria. Thus, the results suggest multiple
underlying mechanisms of the antibacterial activity of pine honeydew honeys. These
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researchers demonstrated that the antibacterial activity of honey can be easily altered using
adulteration, thermal treatment or prolonged storage; therefore, it fulfils strict criteria to be
a suitable new quality standard [6,7].

Sun et al. [8] investigated the chemical composition and the biological and anti-
inflammatory activities of Safflower honey from Northwest China, produced using nectar
from the medicinal plant Carthamus tinctorius. The extract of this medicinal plant was
studied as it has very interesting biological activity properties, but the chemical and
biological composition of honey from this botanical origin has been poorly evaluated. The
results of the study revealed a great capacity to capture DPPH and ABTS+ free radicals
of Safflower honey in vitro [8]. The special antioxidant and anti-inflammatory properties
of safflower honey revealed its potential as a novel functional food. Despite being a little-
studied honey, the future of this type of honey is encouraging due to its biological qualities
and excellent nutritional value.

Xagoraris et al. [9] analyzed the main volatile compounds of 25 autumn heather honeys
from the indigenous Greek Erica manipuliflora using solid-phase microextraction (SPME)
methodology, followed by gas chromatography–mass spectrometry (GC-MS). This is the
first study to identify a volatile profile of honey from E. manipuliflora. Optimal method
conditions were proposed for all the dominant volatile compounds, and predictive models
were provided to evaluate each volatile compound separately. The objective of this study
was to reinforce the characterization of this honey type.

Non-destructive characterization tools for quality control and the physicochemical
compounds of honey, based on the principles of spectroscopy, are considered in this Special
Issue [10]. Prediction models using portable near-infrared (MicroNIR) spectroscopy and
reference physicochemical parameters of honey were developed to authenticate 100 honey
samples from Northwest Spain. Using multivariate and partial least square regressions,
the authors developed excellent models for moisture, hydroxymethylfurfural, color and
total flavonoids, as well as acceptable statistics for electrical conductivity, pH and total
phenols. Nevertheless, further experiments are proposed, to build a robust database that
could support the use of this equipment as a quick alternative for honey authentication.

In addition to the identification of pollen grains, a great variety of particles in honey
sediment can be found using microscopic analysis. Magyar et al. [11] identified some
airborne particles present in honey from Poland and Tunisia, which provided information
for the identification of its geographical origin. The study was based on the high percentage
of anemophilous pollen grains and spores, and the great variety of particles found in the
honey sediment. The presence of siliceous marine microfossils was related to the character-
istics of the areas in which the honey was produced. The silicoflagellates are deposited from
the air onto nectareous flowers and, consequently, bees transport them to their hives. These
authors concluded that the silicoflagellates could be used as complementary indicators of
the geographical origin of honeys collected in areas characterized by diatomite outcrops.
This is the first document that provides a record of microfossils in honey, represented by
silicoflagellates, diatoms and endoskeletal dinoflagellates.

Finally, this Special Issue includes a study on the importance of differentiating the
entomological origin of honey [12]. Apis mellifera honey, A. cerana honey and A. dorsata
honey are the three dominant honey types in the Asian market. Some studies indicate that
A. dorsata honey has higher antioxidant properties and medical values than A. mellifera
honey. A. dorsata honey and A. cerana honey are vulnerable to adulteration (as a result
of false geographical and botanical origin, or from mixing their composition with sugars
or syrups), due to the higher price in the market compared to A. mellifera honey [12].
Therefore, it is important to develop fast, reliable and cost-effective identification methods
to determine the honey’s origin. Mohamadzade et al. [12] proposed a rapid and accurate
PCR-based method. In this study, three species-specific primers were designed to amplify
the short part of the NADH dehydrogenase 2 (ND2) region of mtDNA. At the same time,
with this method, the authors detected a mixture of A. mellifera honey with A. dorsata and A.
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cerana honey. Additionally, honey samples from different countries were used to evaluate
the accuracy of the developed method.

In summary, the papers published in this Special Issue cover different analytical
procedures for the identification of the botanical and geographical origins of honey. Au-
thentication of the botanical and geographical origin of honey requires multiple analytical,
statistical and mathematical methods for the determination of chemical compounds, and
also requires the characterization of its sensory properties and pollen profile. The papers
aim to report the sensory, chemical, nutritional, health and physical qualities of honey
produced in different regions worldwide. New technologies looking for different purposes
were even successfully adapted to the matrix of honey. The global trend towards healthy
foods with high nutritional value arouses curiosity and sparks multidimensional and
multidisciplinary approaches, as shown in the documents described above. The authors
who have contributed to this issue inform the scientific community about the problem of,
and the interest in, the authentication of honey as a food, which will undoubtedly help to
deepen future studies.

Author Contributions: O.E. and M.C.S. contributed equally to the writing and editing of the editorial
note. All authors have read and agreed to the published version of the manuscript.

Funding: This work did not receive external funding.
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Abstract: Pine honey is a honeydew honey produced in the East Mediterranean region (Greece and
Turkey) from the secretions of the plant sucking insect Marchalina hellenica (Gennadius) (Coccoidea:
Marchalini-dae) feeding on living parts of Pinus species. Nowadays, honeydew honey has attracted
great attention due to its biological activities. The aim of this study was to study unifloral pine
honey samples produced in Greece regarding their physicochemical parameters and antioxidant
and antibacterial activity against five nosocomial and foodborne pathogens. These honeys showed
physicochemical and microscopic characteristics within the legal limits, except for diastase activity, a
parameter known to be highly variable, depending on various factors. Substantially higher levels
of H2O2 were estimated compared to other types of honeydew honey, whereas protein content
was similar. The total phenolic content was 451.38 ± 120.38 mg GAE/kg and antiradical activity
ranged from 42.43 to 79.33%, while FRAP values (1.87 to 9.43 mmol Fe+2/kg) were in general
higher than those reported in the literature. Various correlations could be identified among these
parameters. This is the first attempt to investigate in depth the antibacterial activity of pine honey
from Greece and correlate it with honey quality parameters. All tested honeys exerted variable but
significant antibacterial activity, expressed as MIC and MBC values, comparable or even superior to
manuka honey for some tested samples. Although honey antibacterial activity is mainly attributed to
hydrogen peroxide and proteins in some cases (demonstrated by elevated MICs after catalase and
Proteinase K treatment, respectively), no strong correlation between the antibacterial activity and
hydrogen peroxide concentration or total protein content was demonstrated in this study. However,
there was a statistically significant correlation of moisture, antioxidant and antibacterial activity
against Klebsiella pneuomoniae, as well as antioxidant and antibacterial activity against Salmonella ser.
Typhimurium. Interestingly, a statistically significant negative correlation has been observed between
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diastase activity and Staphylococcus aureus antibacterial activity. Overall, our data indicate multiple
mechanisms of antibacterial activity exerted by pine honey.

Keywords: honeydew; pine honey; physicochemical parameters; melissopalynology; sensory evaluation;
bioactivity; antimicrobial; antioxidant

1. Introduction

Honey is a sweet, supersaturated solution of carbohydrates, composed of glucose,
fructose, oligo- and polysaccharides, water, and other substances, such as proteins, en-
zymes, vitamins, minerals, phenolic compounds and amino acids that are of nutritional and
health significance [1]. The chemical composition of honey and physicochemical parame-
ters are variable and related to the botanical origin, geographic area and environmental
conditions [2,3].

Pine honey is a honeydew honey produced by honeybees from the secretions of the
plant sucking insect Marchalina hellenica (Gennadius) (Coccoidea: Marchalinidae) feeding
on living parts of Pinus species. It is a typical honeydew honey, with high ash content,
pH value and electrical conductivity. Additionally, the fructose and glucose content are
low; therefore, its tendency to crystallize is low. This type of honey is produced in the
Mediterranean region and specifically in Greece and Turkey. It constitutes 60–65% and
50% of the total annual honey production in Greece and Turkey, respectively [4]. It is of
high nutritional value due to, among others, its high content of minerals such as potassium,
calcium, iron, phosphorus, magnesium, sodium and zinc [5].

Greek legislation has adopted the Council Directive 2001/110/EC [6] regarding the physic-
ochemical properties of honey. In addition, the Government Gazette B-239/23–2-2005 [7] de-
scribes the required properties for monofloral Greek honey varieties, according to which the
electrical conductivity of Greek pine honey must be higher than 0.9, while also the presence
of honeydew elements must be significant.

In recent decades, scientific interest has been focused on the antibacterial activity
of diverse types of honey against clinical and foodborne pathogens [8–16] as well as on
antioxidant activity [12,17–20]. Recently, honey antibacterial activity has been proposed
as a valuable parameter determining its quality which takes into account the biological
properties of honey [21].

Hydrogen peroxide (H2O2) is often considered as the major antibacterial compound
of honey and it is produced by the enzyme glucose oxidase, which converts glucose into
gluconic acid [22]. Several studies have clearly demonstrated the strong correlation be-
tween the antibacterial activity and the presence of H2O2 in certain types of blossom
honeys [23–27]. However, a recent study by Farkasovska et al. [25] reported a weak or no
correlation between antibacterial activity against particular bacteria and H2O2 concentra-
tion in linden honey samples. Similarly, despite the high level of H2O2 measured in Slovak
honeydew honeys, no significant correlation was found between their overall antibacterial
activity and the level of H2O2 [28]. In addition to H2O2, peptides and proteins such as bee
defensin-1 and MRJP glycoproteins have been isolated from various honeys exhibiting an-
tibacterial activity through cell lysis [29,30]. Additionally, phytochemicals such as phenolic
compounds may significantly contribute to the antibacterial and antioxidant activity of
honey, in particular honeydew honey [31].

A small fraction of honey’s composition (2–5% of honey dry weight) contains com-
pounds responsible for a plethora of biological properties, such as anti-inflammatory,
antimicrobial antimutagenic, antioxidant, antiproliferative and antithrombotic [32,33].
The antioxidant activity involves the deactivation of free radicals, and it is classified into
two mechanisms: hydrogen atom transfer (HAT) and electron transfer (ET). In the for-
mer, a hydrogen atom is donated to the radical, while in the latter, a single electron is
transferred [34]. Phenolics are a class of phytochemicals that are primarily responsible for
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the antioxidant activity exerted by honey. Other non-phenolic compounds with the same
activity are enzymes (catalase and peroxidase), ascorbic acid and carotenoids. Phenolic
compounds that have been reported in honey include phenolic acids (coumaric, caffeic,
ellagic, ferulic and chlorogenic acids) and flavonoids (chrysin, kaempferol, pinosembrin,
quercetin, galangin, hesperetin, and myricetin) [35]. Very often, the presence of these
compounds is expressed as total phenolic content, and it is positively correlated with the
antioxidant capacity as well as antibacterial activity of the tested honey [27,34].

The aim of this study was to characterize unifloral pine honeys produced in Greece
regarding their physicochemical parameters, antioxidant activity as well as their antibacte-
rial activity against nosocomial and foodborne pathogens. To the best of our knowledge,
this is the first in-depth attempt to investigate the antibacterial activity of pine honey from
Greece and correlate it with various honey properties.

2. Materials and Methods

2.1. Honey Samples

Twenty-seven pine honey samples from diverse locations in Greece (Figure 1) were
selected from samples collected in the framework of the national Emblematic Action
“The Honeybee Routes”. The classification as pine honey was based on the organoleptic,
microscopic (honeydew elements) and electrical conductivity (>0.9 mS/cm) measurement
(Table S1, Figure S1).

 
Figure 1. Locations of collected pine honey samples across Greece.

All samples were stored in glass containers at −18 ◦C until analysis. Before all assays,
the samples were homogenized by stirring thoroughly for at least 3 min. Crystalized
samples were liquefied in gentle heat of less than 40 ◦C for 5 min. Manuka honey UMF
24+ (MGO 1122) (Steens™, New Zealand, LOT 20NZH18) was used as reference honey to
compare antibacterial activity of pine honey samples.
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2.2. Microscopic Examination

Microscopic examination was performed according to von der Ohe et al. [36]. Hon-
eydew elements (HDE) have been counted and the ratio HDE/P (Pollen) is given as the
number of honeydew elements over the number of pollen grains from nectariferous plants.
Quantitative melissopalynological analysis was based on the method of Yang et al. [37] and
results are expressed as total number of all pollen grains (PG) in 10 g honey.

2.3. Physicochemical Parameters

All measurements of the physicochemical parameters were performed in duplicate
(n = 2) unless otherwise stated.

2.3.1. Reagents

Glycerol standard (≥99%) and starch soluble (for analysis) were purchased from Merck
(Darmstadt, Germany). Glacial acetic acid (≥99.8%), potassium iodide (≥99.5%), sodium
chloride (≥99.5%), sodium hydroxide (≥98%) and buffer solution (pH 4, 7 and 10) were
purchased from Honeywell (Charlotte, NC, USA). Sodium acetate trihydrate (99%) was
purchased from PENTA chemicals (Prague, Czech Republic) and conductivity standard
(1413 μS/cm, 20 ◦C) was purchased from LLG International (Meckenheim, Germany). Io-
dine (99.5+) and zinc acetate dihydrate (for analysis) were from Fisher Chemical (Waltham,
MA, USA). Potassium hexacyanoferrate (II) trihydrate (98+%) was purchased from Alfa
Aesar (Ward Hill, MA, USA). Sodium bisulfite was purchased from Acros Organics (Geel,
Antwerp, Belgium).

2.3.2. Moisture Content

Moisture content at 20 ◦C was determined from the refractive index of honey using a
honey refractometer (Hanna, HI, USA). Initially, 2 g of honey was weighed and liquefied in
an ultrasonic bath for a few minutes at 35 ◦C. Then, a small amount of liquefied, homoge-
nized sample was spread on the surface of the prism and we marked the measurement on
a percentage scale.

2.3.3. pH and Free Acidity

The determination of pH and free acidity was held by titration to pH 8.3 at 20 ◦C, ac-
cording to the ‘Harmonised Methods of the International Honey Commission (IHC)’ [38]. A
pH/conductivity device (Hanna, HI 9811-5, USA) was employed. The free acidity of honey
measured the content of free acids, expressed in milliequivalents/kg honey (meq/kg).

2.3.4. Electrical Conductivity

Electrical conductivity at 20 ◦C was determined with the aforementioned portable
pH/conductivity device, following the method of the IHC, except for the amount of honey
which was reduced to 5 g (from 20 g in the initial method) as it was found to give the same
results (data not shown). Results are expressed in mS/cm [38].

2.3.5. Color Analysis

Color measurements were performed using a color photometer (Hanna, HI 96785,
USA), that measures the light transmittance of honey compared to analytical-grade
glycerol. Honey samples of about 2 g were warmed gently in an ultrasound bath for
a few minutes at 35 ◦C. The liquid honeys without air bubbles were transferred into
a plastic cuvette and the color was read. Color grades were expressed in millimeters
(mm) Pfund scale [24].

2.3.6. Hydroxymethylfurfural (HMF) after White

For the estimation of HMF content after White, a UV-VIS Spectrophotometer (Shimadzu,
UV-1700, Japan) was employed according to the ‘Harmonised Methods of the IHC’ [38].
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The method determines the concentration of 5-(hydroxymethyl-)furan-2-carbaldehyde. Re-
sults were expressed in milligrams per kilogram (mg/kg).

2.3.7. Diastase Activity (DN) after Schade

The procedure followed was in accordance with the respective method of IHC. For
each sample of honey, a repeater was prepared to achieve accuracy in the result and
calculate the repeatability (r). The unit of measurement of the enzyme is the unit DN
(diastase number) which corresponds to the amount of enzyme needed for breaking down
0.01 g of starch in 1 h at 40 ◦C [38].

2.3.8. Sugars

For the determination of fructose, glucose and sucrose, a High-Performance Liq-
uid Chromatography with Refractive Index Detector (HPLC-RID) technique was used.
The preparation of the samples was achieved according to the literature [38], while for
the separation and detection, the following parameters were used: column: Zorbax Car-
bohydrate Analysis (4.6 mm ID × 150 mm × 5 μm), temperature 35 ◦C, mobile phase:
acetonitrile/water (75/25, v/v), flow rate: 1.8 mL min−1. For the quantification, a five-point
calibration curve was created and evaluated for each sugar.

2.4. Sensory Evaluation

For the sensory evaluation of samples, a two-round procedure was applied. At the
first one the trained testers checked the botanical origin of the sample answering with
Yes/No to the question: is the sample pine honey? At the second round, applied only
for pine honeys, evaluating the visual, taste and aromatic characteristics, samples were
classified in three levels: 3. very good, 2. medium, 1. good evaluated pine honey [39].

2.5. Bacterial Strains and Growth Conditions

All tested bacterial strains were isolated, identified and characterized by standard
laboratory methods (kindly provided by Professor Spyros Pournaras, School of Medicine,
University of Athens, Athens, Greece). Antibacterial activity of pine honeys was tested
against Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa, Salmonella
ser. Typhimurium and Staphylococcus aureus. The bacteria were routinely grown in Mueller
Hinton Broth or Mueller–Hinton Agar (Lab M, Bury, UK).

2.6. Determination of Minimum Inhibitory Concentration (MIC)

The determination of minimum inhibitory concentration (MIC) of tested honeys was
carried out in sterile 96-well polystyrene microtiter plates (Kisker Biotech GmbH & Co.
KG, Steinfurt, Germany) using a spectrophotometric bioassay as described by Tsavea
and Mossialos [40]. Approximately 5 × 104 CFUs in 10 μL Mueller–Hinton broth was
added to 190 μL of twofold diluted test honey (including manuka honey) at different
concentrations which ranged from 25 to 0.78% (v/v). As control, Mueller–Hinton broth
inoculated with bacteria was used. Optical density (OD) was determined at 630 nm using
an ELx808 absorbance microplate reader (BioTek Instruments, Inc., Winooski, VT, USA),
at t = 0 (prior to incubation) and after 24 h of incubation (t = 24) at 37 ◦C. The OD for
each replicate well at t = 0 was subtracted from the OD of the same replicate well at t = 24.
The following formula was used to determine the growth inhibition at each honey dilution:
% inhibition = 1 − (OD test well/OD of corresponding control well) ×100. The MIC was
determined as the lowest honey concentration which results in 100% growth inhibition [40].
MICs were determined in triplicates in at least two independent experiments.

2.7. Determination of Minimum Bactericidal Concentration (MBC)

Minimum bactericidal concentration (MBC) is the lowest concentration of any
antibacterial agent that could kill tested bacteria. In order to determine the MBC, a
small quantity of sample contained in each replicate well of the microtiter plates was
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transferred to Mueller–Hinton agar plates by using a microplate replicator (Boekel
Scientific, Feasterville, PA, USA). The plates were incubated at 37 ◦C for 24 h. The MBC
was determined as the lowest honey concentration at which no grown colonies were
observed [41].

2.8. Determination of H2O2 Accumulation in Honey Samples

The ability to generate H2O2 in the diluted honey samples was determined using a
Megazyme GOX assay kit (Megazyme International Ireland Ltd., Wicklow, Ireland) with
some modification [27], which is based on the release of H2O2 after GOX catalysis of the
oxidation of β-D-glucose to D-glucono-δ-lactone. As a standard, 9.8–312.5 μM diluted H2O2
was used. A total of 40% (w/w) of the honey solutions in 0.1 M potassium phosphate
buffer (pH 7.0) were prepared and incubated for 24 h at 37 ◦C. Each honey sample and
H2O2 standard were tested in duplicate in a 96-well microplate. The resultant H2O2 reacts
with p-hydroxybenzoic acid and 4-aminoantipyrine in the presence of peroxidase to form
a quinoneimine dye complex, which has a strong absorbance at 510 nm. The absorbance
of reaction was then measured at 510 nm using a Synergy HT microplate reader (BioTek
Instruments, Winooski, VT, USA).

2.9. Total Protein Content

Total protein content was measured using Quick StartTM Bradford reagent (Bio-Rad,
Hercules, CA, USA) according to manufacturer’s instructions.

2.10. Determining the Protein Profile of Honey Samples

For protein determination, 15 μL aliquots of diluted honey samples (50% w/w in
distilled water) were loaded on 12% SDS-PAGE gels [Acrylamide/Bis solution, 37.5:1 (40%
w/v), 2.6% C] and separated using a Mini-Protean II electrophoresis cell (Bio-Rad, Hercules,
CA, USA). Protein content was assessed after gel staining with Coomassie Brilliant Blue
R-250 (Sigma-Aldrich, Darmstadt, Germany).

2.11. Determination of the Antibacterial Activity Due to H2O2 and Proteinaceous Compounds

The MIC of honey treated with bovine catalase or proteinase K was determined and
compared with that of untreated honey [40]. Briefly, 50% (v/v) honey in Muller–Hinton
broth containing 100 μg/mL proteinase K (Blirt, Gdansk, Poland) or 600 U/mL bovine
catalase (Serva, Heidelberg, Germany) was incubated for 16 h at 37 ◦C and then tested after
being diluted twofold.

2.12. Total Phenolic Content (TPC) and Antioxidant Activity
2.12.1. Reagents

All the solvents used were of analytical grade. Methanol was purchased from Sigma-
Aldrich Co (St. Louis, MO, USA). Sodium carbonate, L-ascorbic acid, 2,2-diphenylpicrylhydrazyl
(DPPH.), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), gallic acid (97.5%), fructose (>99.5%), glucose
(>99.5%), maltose monohydrate (>99%), sucrose (>99.5%), Sigma-Aldrich Co (St. Louis, MO,
USA). Folin–Ciocalteu (2N) phenol reagent, Iron (III) chloride hexahydrate and Iron (II) Sulfate
heptahydrate (FeSO4·7H2O) were from Honeywell-Fluka (Harvey St., Muskegon, MI, USA).

2.12.2. Sample Preparation

Five grams of honey was dissolved in 50 mL of distilled water. To eliminate the
interferences of reducing sugars, the blank measurements were performed using an artificial
honey containing: 40% fructose, 30% glucose, 8% maltose, 2% sucrose and 20% water [42].
All measurements were performed in triplicate (n = 3).

2.12.3. Total Phenolic Content (TPC)

The total phenol content was determined by a modified colorimetric assay using
the Folin–Ciocalteu reagent [43,44]. Briefly, honey samples were dissolved in distilled
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water (0.1 g/mL), until a clear solution was obtained. Then, 100 μL of the honey
solution was added to 1000 μL of Folin–Ciocalteu reagent previously diluted 1:10 with
distilled water. After one minute, 300 μL of saturated sodium carbonate (Na2CO3)
solution was added. The mixture was vortexed for 2 min, and the content was trans-
ferred into a 1.5 mL cuvette; absorbance was determined after one hour of incubation
in the dark at 750 nm against a blank solution. A calibration curve was constructed
with gallic acid (0.02–0.2 mg/mL) and the results were expressed as mg of gallic acid
equivalents (GAE) per kg of honey.

2.12.4. Ferric Reducing Antioxidant Power (FRAP)

The reducing capacity of honey was estimated by the FRAP assay. This method
involves the reduction of the ferric 2,4,6-tripyridyl-s-triazine complex (Fe+3-TPTZ) to its
ferrous, colored form (Fe+2-TPTZ) in the presence of antioxidants [45]. The FRAP reagent
consists of 2.5 mL of 10 mM of TPTZ (2,4,6-tripyridyl-s-triazine) solution in 40 mM HCl,
2.5 mL of 20 mM of FeCl3 and 25 mL of 0.3 mM of acetate buffer, pH 3.6. Aliquots of
100 μL of the honey solution (0.1 g/mL) were mixed with 900 μL of FRAP reagent and
the absorbance of the reaction mixture was measured at 593 nm after incubation at 37 ◦C
for 30 min. A standard aqueous solution of FeSO4-7H2O (0.05–0.5 mM) was used for the
construction of the calibration curve and the results were expressed as mmol Fe+2/Kg
of honey.

2.12.5. Antiradical Activity (DPPH)

The radical scavenging activity of honey was estimated spectrophotometrically us-
ing the stable free radical 2,2-diphenyl-1-picryl-hydrazile (DPPH). The principle of the
method is based on the discoloration (purple) of DPPH solution in the presence of an
antioxidant [46]. In short, 0.75 mL of DPPH solution (136 μM) was mixed with 0.375 mL
of the honey solution (0.1 g/mL). The mixture was shaken vigorously and then incu-
bated for 60 min at 25 ◦C in the dark; the absorbance of the remaining DPPH was de-
termined at 517 nm against a blank solution. The scavenging activity was expressed
as a percentage of absorbance reduction (RSA%) according to the following equation:
RSA % = [(At = 0 − At = 60)/At = 0] × 100, where At = 0 is the absorbance of the solution at
t = 0 min and At = 60 is the absorbance of the DPPH solution after 60 min of incubation [47].
All measurements of standards and samples were performed in triplicate.

2.13. Statistical Analysis

Correlation analysis was conducted using Spearman’s correlation analysis. Data from
Table S1 were tested to study any correlation among the variables. Values of p < 0.05
indicated statistically significant differences. Statistical analysis was performed using the
SPSS version 13.0 statistical package (SPSS, Inc., Chicago, IL, USA).

3. Results and Discussion

3.1. Microscopic Examination

A significant number of honeydew elements were detected in all honeys. The great
majority of the samples also contained fungal spores which are present solely in pine hon-
eys [48]. The HDE/P ratio showed a great variation and was on average 8.23 ± 16.98, while
the total number of pollen grains in 10 g of honey was 57 871 ± 55 867 (Tables 1 and S1). In
about half of the samples, the HDE/P ratio was below 3, which is the minimum value for
honeydew honeys proposed in the past [49]. However, later studies have shown that the
HDE/P ratio of honeydew honeys may vary and Greek pine honeys have relatively few
honeydew elements and large numbers of pollen grains [39,48,50–53]. Thus, the samples
were considered typical Greek pine honeys.
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Table 1. Mean values of physicochemical parameters.

Mean SD Min Max

Moisture (%) 16.1 1.0 14.0 18.2
pH 4.7 0.2 4.0 5.0
Free Acidity (meq/kg) 25.5 4.6 18 38
Electrical conductivity (mS/cm) 1.11 0.13 0.91 1.36
Color (mm Pfund) 91.9 15.9 60 118
HMF (mg/kg) 1.00 1.25 0 4.42
Diastase activity (DN) 20.90 8.71 6.95 37.29
Fructose (%) 31.81 2.64 25.9 39.2
Glucose (%) 25.94 4.30 14.4 33.2
Fructose + Glucose (%) 57.75 6.15 45.7 69.8
Fructose/Glucose 1.26 0.23 1.02 2.17
HDE/P 8.23 16.98 0.13 83.78
PG/10gr 57,871 55,867 4994 232,443
H2O2 (μM) 3341 921 1911 5620
Protein (μg/g of honey) 552 128 301 827
TPC (mgGAE/kg) 451.38 120.38 277.07 693.32
FRAP (mmol Fe+2/kg) 4.91 1.85 1.87 9.43
DPPH (RSA%) 1 60.11 9.21 42.43 79.33

1 RSA: Radical Scavenging Activity. SD: Standard Deviation.

3.2. Physicochemical Parameters

The average physiochemical parameters of pine samples are presented in Table 1
(full data are available as Supplementary Materials Table S1). Moisture content, pH value
and free acidity averaged 16.1 ± 1.0%, 4.7 ± 0.2 and 25.5 ± 4.6 meq/kg, respectively,
values in accordance with previous publications regarding pine honey produced in Greece
and Turkey [54–58]. Electrical conductivity values ranged between 0.91 and 1.31 mS/cm,
averaging 1.11 ± 0.13 mS/cm. Moisture, free acidity, and electrical conductivity values
are within legal requirements [6,7] for unifloral Greek pine honey (less than 20%, less
than 50 meq/Kg honey and more than 0.9 mS/cm, respectively). Color values averaged
91.9 mm Pfund but presented high variability among samples (SD = 15.9). HMF was as
low as 1 ± 1.25 mg/Kg of honey, with seven samples having no HMF at all, with these
values being well below the legal limit of 40 mg/Kg. It is known that Greek pine honey has
a low tendency to form HMF [59], which may be attributed to the less acidic nature of pine
honey compared to other honey varieties. Fallico et al. [60] reported that, among others,
pH values were correlated with the formation of HMF in honey and high pH honeys had a
lower formation of HMF. Diastase activity averaged 20.9 ± 8.71 DN which is in accordance
with previous works with Greek pine honey [56,57], but visibly higher than values reported
for Turkish pine honey [55,58].

It should be stated that a certain number of samples showed relatively low diastase
activity, two of them being slightly lower than the legislation limit of 8 DN (see Table S1).
Honey enzyme is affected by storage and exposure to high temperatures [61]; however, this
is not the case here as the samples are fresh. Fluctuation within a certain honey variety of
fresh honey samples is known and can be explained by poor processing of nectar by the
bees during an abundant nectar flow or seasonal activity of the pharyngeal glands [62], age
of the bees, environmental conditions and beekeeping practices [61].

Fructose concentration was higher than glucose, ranging from 25.87 to 39.22%, while
glucose from 14.38 to 33.20%. The average value for the sum of fructose and glucose was
found to be 57.75 ± 6.15%, characteristic for a honeydew honey, like pine honey is. In all
samples this value (min = 45.65%, max 69.76%) covers the legislation level for honeydew
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honeys “more than 45 g/100 g honey” [6]. Fructose/glucose ratio averaged 1.27 proving
that pine honey has a moderate tendency to crystallize [63].

3.3. H2O2 Concentration and Total Protein Content of Pine Honeys

Antibacterial activity of honey is mainly attributed to accumulated H2O2 in diluted
honey. The average value of accumulated H2O2 in 40% of honey solutions after 24 h was
3341 ± 921 μM and ranged from 1911 to 5620 μM (Table 1). The observed average ability of
pine honey samples to generate high levels of H2O2 is substantially higher than in other
types of honeydew honey, whereas total phenolic content was similar in both groups of
honeydew honey samples [28]. In our previous study, the average value of H2O2 of Slovak
honeydew honeys and blossom honeys was 1800 and 743 μM, respectively [27,28]. We
assume that polyphenolic compounds, including specific flavonoids, contribute to higher
levels of H2O2 by their pro-oxidant activities and/or the ability to act as electron acceptors
in enzymatic reactions [28].

Apart from H2O2, defensin-1, an antibacterial bee-derived peptide found in honey,
can contribute to the overall antibacterial activity of honey [30,64]. However, the effective
concentration of defensin-1 at MIC of honeydew honeys is rather low and its contribution
seems to be significant only in blossom honey [28].

Although the overall protein content can vary from honey to honey, the profile of
the honey’s most abundant proteins is similar among natural honey of different botanical
and geographical origin. In the present study, the average of total honey protein content
was 552 ± 128 μg/g, ranging from 301 to 827 μg/g (Table 1). The SDS-PAGE analysis
showed an identical protein pattern among pine honeydew honeys where MRJP1 was
the most dominant protein (Figure S2). These observations are in accordance with other
studies where MRJP1 protein was found to be the most prominent band in all tested honeys,
including medical-grade ones [65–67]. In fact, all major proteins identified in honey are
of bee origin [66,68] and are secreted by hypopharyngeal glands into the nectar during
collection and processing [69]. It has been proposed that some of these bee proteins and
peptides including MRJP1 and defensin-1 could be considered as markers of honey quality
and authenticity [30,70].

3.4. Total Phenolic Content (TPC) and Antioxidant Activity

Antioxidant activity is the outcome of different pathways which are not fully eluci-
dated. Numerous assays are commonly employed to determine the antioxidant effect of a
substrate. The lack of validated and standardized antioxidant protocols poses a challenge
when authors compare their data [42,71]. Therefore, data regarding the antioxidant activity
of pine honey are limited and discrepancies are observed.

In the present work, the total phenolic content was estimated to be 451.38 ± 120.38 mg
GAE/kg, which is in line with the majority of previously published data. Cavrar et al. [72]
studied pine honeys from northern Turkey and reported TPC values of 496 ± 148 mg
GAE/kg. Similarly, Nayik et al. [73] determined the TPC of pine honeys from the Kashmir
valley and found values of 598.4 ± 3.3 mg GAE/kg. In another study of Turkish pine
honeys, Can et al. [33] found similar TPC values of 614.2 ± 55.9 mg GAE/kg. Higher TPC
values were found by Karabagias et al. [74] (1583 ± 338 mg GAE/kg) regarding pine honey
from Greece. In the lower range were the values by Ozkok et al. [75], reported for pine
honeys from Turkey (155.55 ± 2.04 mg GAE/kg).

The antiradical activity of pine honeys was expressed as the percentage of the ab-
sorbance reduction (RSA%) of the stable DPPH radical at 517 nm. The values we measured
ranged from 42.43 to 79.33% which are in excellent agreement with previously published
data from Ekici et al. [76] (57.49 ± 20.15%) and Nayik et al. [73] (55.37 ± 6.8%). The re-
ducing power of pine honeys was determined with the FRAP reagent and expressed as
mmolFe+2/kg. The values ranged from 1.87 to 9.43 mmol Fe+2/kg, and in general were
higher than those reported by Can et al. [33] (1.48 ± 0.83 mmol Fe+2/kg).
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3.5. Correlations of Parameters

Correlations were looked into among physicochemical parameters using Spearman’s
rho test and the results are presented in Table S2. Moisture content was negatively correlated
with H2O2 value (r = −0.471, p = 0.013). Free acidity and pH were negatively correlated
(r = −0.447, p = 0.019), which is logical since free acids contribute to a more acidic nature of
honey. In addition, free acidity was positively correlated with several parameters, namely
color (r = 0.577, p = 0.002), protein content (r = 0.556, p = 0.003), TPC (r = 0.592, p = 0.001),
DPPH (r = 0.410, p = 0.034) and FRAP (r = 0.493, p = 0.009). Color has been found to correlate
with TPC and DPPH [77]. Apart from free acidity, color was positively correlated with the
electrical conductivity (r = 0.482, p = 0.011), which was expected since minerals considerably
contribute to the color of honey [78] and has been demonstrated in the literature [79]. In
addition, positive correlations of color were found with H2O2 (r = 0.381, p = 0.050), TPC
(r = 0.399, p = 0.039) and FRAP (r = 0.547, p = 0.003). Dark honeys are known to have
higher antibacterial potential, which is partly connected to the H2O2 value [80], yet this was
not shown in our work. In addition, phenolic compounds contribute to honey color [81]
and FRAP has been related to color intensity [82–84]. Diastase activity was negatively
related to fructose (r= −0.425, p = 0.027) for no apparent reason, and positively to protein
content (r = 0.590, p = 0.001), which was expected due to the protein nature of enzymes.
The HDE/P ratio was negatively correlated with fructose content (r = −0.422, p = 0.028)
and DPPH (r = −0.417, p = 0.030). H2O2 value was strongly positively correlated with
protein content (r = 0.501, p = 0.008). Higher amount of protein could relate to a higher
amount of glucose oxidase which is involved in the production of hydrogen peroxide. As
expected, TPC, DPPH and FRAP showed a very strong positive correlation with each other
(r = 0.637 and 0.684, p < 0.001). In the literature, correlations among these three parameters
depend on the honey type [17,81,85]. These data indicate that the antioxidant activity is
mainly attributed to phenolic compounds. FRAP values were positively correlated with
fructose/glucose ratio (r = 0.412, p = 0.033) and H2O2 value (r = −0.497, p = 0.008). Finally,
HMF was not correlated with any other physicochemical parameter.

3.6. Antibacterial Activity of Pine Honey

Nosocomial infections are a major cause of high morbidity and mortality both in devel-
oping and developed countries. Most common nosocomial pathogens include
A. baumannii, P. aeruginosa, S. aureus and K. pneumoniae. Infections caused especially by
hypervirulent strains of those pathogens are very difficult to treat due to multidrug resis-
tance. Therefore, alternative therapeutic approaches to combat nosocomial infections are
urgently needed [86]. On the other hand, S. Typhimurium-related serotypes are implicated
in salmonellosis, the second most common gastrointestinal infection in Europe, thus leading
to serious public health issues and economic losses in the food industry [87].

It is generally acknowledged that MIC measurement in broth is a more sensitive and
quantitatively accurate method to study honey antimicrobial activity in comparison to an
agar-well diffusion assay due to slower diffusion rates of active substances in agar [9,33].
Therefore, MICs of honeys were determined in broth using a spectrophotometric-based assay.

Honey samples exerted antibacterial activity against all tested bacterial strains. MIC
and MBC values are presented in Table 2. MIC values of tested honeys against S. aureus
varied from 3.125% (v/v) to 12.5% (v/v). Nine honeys exhibited comparable MIC values
to manuka honey with an MIC of 3.125% (v/v). Regarding K. pneumoniae, the MIC values
of tested honeys varied from 6.25% (v/v) to 12.5% (v/v) while manuka’s MIC value has
been determined at 6.25% (v/v). Thirteen honeys demonstrated an MIC value equal to
manuka honey. Similarly, for honeys that tested against A. baumannii and S. Typhimurium,
the MIC values varied from 6.25% (v/v) to 25% (v/v), whereas the MIC value of manuka
honey has been determined at 6.25% (v/v). Five and twelve honey samples, respectively,
demonstrated MIC values equal to manuka honey. Interestingly, MIC values of honeys
tested against P. aeruginosa ranged from 6.25% (v/v) to 25% (v/v) whereas the MIC value
of manuka has been determined at 12.5% (v/v), meaning that two honey samples exerted
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superior antibacterial activity against this particular pathogen, while twenty-one honeys
were comparable to that of manuka.

Table 2. Antibacterial activity of pine honeys (n = 27) compared to manuka honey expressed as MIC
and MBC values.

Honey Number
S. aureus A. baumannii K. pneumoniae S. Typhimurium P. aeruginosa

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC

1 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 25 ND
2 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 25 ND
3 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 12.5 ND
4 3.125 3.125 12.5 12.5 6.25 6.25 6.25 12.5 25 ND
5 6.25 6.25 12.5 12.5 6.25 6.25 12.5 12.5 12.5 ND
6 12.5 12.5 25 25 12.5 12.5 12.5 12.5 12.5 ND
7 6.25 6.25 12.5 12.5 6.25 6.25 6.25 12.5 12.5 ND
8 3.125 3.125 12.5 12.5 6.25 12.5 12.5 12.5 12.5 ND
9 6.25 6.25 12.5 12.5 12.5 12.5 6.25 6.25 12.5 ND
10 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
11 12.5 12.5 6.25 6.25 6.25 6.25 6.25 6.25 12.5 ND
12 3.125 3.125 25 25 6.25 6.25 6.25 6.25 12.5 ND
13 6.25 6.25 25 25 6.25 6.25 6.25 6.25 12.5 ND
14 6.25 6.25 6.25 6.25 6.25 6.25 12.5 12.5 12.5 ND
15 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
16 3.125 3.125 6.25 6.25 6.25 6.25 6.25 6.25 6.25 ND
17 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
18 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
19 3.125 3.125 12.5 12.5 6.25 6.25 6.25 6.25 6.25 ND
20 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 ND
21 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 25
22 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
23 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
24 3.125 3.125 6.25 6.25 12.5 12.5 25 25 25 25
25 6.25 6.25 12.5 12.5 12.5 12.5 6.25 6.25 12.5 12.5
26 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
27 6.25 6.25 6.25 6.25 12.5 12.5 12.5 12.5 12.5 12.5

Manuka 3.125 3.125 6.25 6.25 6.25 6.25 6.25 6.25 12.5 12.5

Values expressed as % (v/v). ND: Not Determined.

The variation in MICs could possibly reflect differential bacterial susceptibility due to
distinct antibacterial mechanisms. Furthermore, it has been shown that S. aureus, a Gram-
positive bacterium was, in general, more susceptible to honey and other bee products
compared to Gram-negative bacteria [12,88], which is in accordance with the present study.
However, in a recent study that tested blossom honeys from the Greek island of Lemnos,
it was demonstrated that Gram-positive bacteria were more resistant compared to the
Gram-negative bacteria [89].

In order to find out whether honey samples exert bacteriostatic or bactericidal activity,
MBC was determined (Table 2). The MBC values of all tested honey, including manuka
honey, against all tested bacterial strains were identical to the MIC values, demonstrating
that pine honey kills bacteria, not just inhibits their growth.

Overall, the antibacterial activity exerted by pine honeys, especially of those honeys
demonstrating superior or comparable activity to manuka, warrants further investigation.
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3.7. Antibacterial Activity of Pine Honey Could Be Attributed to Multiple Mechanisms

The underlying mechanisms that could contribute to exerted antibacterial activity
were further assessed in those honey samples demonstrating comparable or superior
antibacterial activity to manuka. In that respect, catalase-treated honeys demonstrated
higher MIC values up to 16-fold in some cases (some honeys against S. aureus, for instance)
compared to untreated samples (Figure S3). Of note, two honey samples tested against
P. aeruginosa did not demonstrate higher MICs after catalase treatment.

Similarly, after proteinase K treatment, 2 out of 14 honey samples tested against
P. aeruginosa, 9 out of 12 against S. Typhimurium, 10 out of 14 against S. aureus and 6 out of
11 against K. pneumoniae demonstrated higher MICs up to 4-fold. Surprisingly, no increase
in MIC value was observed for all tested honeys against A. baumannii after proteinase K
treatment, indicating that proteins present in honey that might exert antibacterial activity
have no effect on this certain pathogen (Figure S3).

Spearman’s analysis was performed to assess the correlation between the physico-
chemical parameters and antibacterial activity. It is shown (Table 3) that no correlation
between pH, HMF content, H2O2 concentration and the antibacterial activity was observed.
Surprisingly, there is a statistically significant positive correlation of moisture and MIC
and MBC values against K. pneuomoniae, indicating that moisture negatively affects the
antibacterial activity against K. pneuomoniae. A statistically significant positive correlation of
antibacterial and antioxidant activity was observed for K. pneumoniae and S. Typhimurium.
Interestingly, a statistically significant negative correlation was observed between DN and
S. aureus’s MIC and MBC values, indicating that higher diastase activity correlates with
higher antimicrobial activity against S. aureus.

Table 3. Correlation coefficient (r) and significance (parenthesis) values calculated by Spearman’s
correlation analysis.

S. aureus A. baumannii K. pneumoniae S. Typhimurium P. aeruginosa

MIC MBC MIC MBC MIC MBC MIC MBC MIC

Moisture
0.363 0.363 0.148 0.148 0.481 ** 0.408 * 0.371 0.367 0.157

(0.058) (0.058) (0.451) (0.451) (0.010) (0.031) (0.052) (0.054) (0.424)

pH
−0.036 −0.036 0.137 0.137 0.117 0.127 −0.110 −0.213 −0.171
(0.855) (0.855) (0.487) (0.487) (0.552) (0.518) (0.579) (0.277) (0.385)

HMF
−0.092 −0.092 −0.065 −0.065 −0.327 −0.371 −0.345 −0.272 −0.135
(0.641) (0.641) (0.741) (0.741) (0.089) (0.052) (0.072) (0.161) (0.493)

DN
−0.584 ** −0.584 ** −0.097 −0.097 −0.155 −0.161 −0.194 −0.262 −0.010

(0.001) (0.001) (0.624) (0.624) (0.431) (0.414) (0.324) (0.178) (0.960)

H2O2
−0.242 −0.242 −0.297 −0.297 0.137 0.232 0.155 0.098 −0.216
(0.215) (0.215) (0.125) (0.125) (0.486) (0.234) (0.430) (0.620) (0.269)

Protein
−0.420 * −0.420 * −0.197 −0.197 −0.137 −0.089 −0.125 −0.035 −0.174
(0.026) (0.026) (0.316) (0.316) (0.486) (0.651) (0.528) (0.861) (0.377)

TPC
0.051 0.051 −0.285 −0.285 0.288 0.411 * 0.316 0.346 −0.101

(0.795) (0.795) (0.142) (0.142) (0.137) (0.030) (0.102) (0.072) (0.609)

DPPH
0.306 0.306 −0.365 −0.365 0.554 ** 0.554 ** 0.381 * 0.371 −0.190

(0.113) (0.113) (0.056) (0.056) (0.002) (0.002) (0.045) (0.052) (0.334)

FRAP
0.136 0.136 −0.202 −0.202 0.563 ** 0.688 ** 0.432 * 0.421 * −0.216

(0.490) (0.490) (0.302) (0.302) (0.002) (0.000) (0.022) (0.026) (0.270)

* Correlation is statistically significant at the 0.05 level; ** Correlation is statistically significant at the 0.01 level.
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Overall, our data indicate multiple mechanisms of antibacterial activity exerted by pine
honey. This is further supported by our recent study, whereas RNA−sequencing analysis
revealed that pine honey affected the transcriptomic profile of P. aeruginosa by inducing the
expression of 189 genes and by suppressing the expression of 274 genes [90]. Pine honey
treatment exerted a broad range of action on several pathways and biological processes,
including oxidative stress, transmembrane transport and regulation of DNA-templated
transcription, two-component regulatory systems, ABC transporters and SOS response.
Interestingly, pine honey downregulates key physiological responses in P. aeruginosa such
as quorum sensing, bacterial chemotaxis and biofilm formation [90].

4. Conclusions

In this study, 27 pine honeydew samples showed physicochemical and microscopic
characteristics within the legal limits, except for diastase activity, a parameter known to
be highly variable depending on many factors. The ability of pine honeydew samples to
generate high levels of H2O2 is substantially higher than in other types of honeydew honey,
whereas protein content was similar. Furthermore, due to their high polyphenol content,
a strong antioxidant activity of honey samples was demonstrated. In addition, various
correlations were identified among these parameters.

The antibacterial activity of pine honeydew honey samples was variable and MICs
of honey solutions varied from 3.125 to 25% depending on the pathogen. The breakdown
of H2O2 by catalase treatment into honey solution resulted in a significant decrease in
antibacterial activity. Similarly, the digestion of honey proteins by proteinase K resulted in
lower antibacterial efficacy among honey samples, again depending on specific bacteria.
Interestingly, the antibacterial activity of proteinase K-treated honey samples against A.
baumannii was not affected at all. Taken together, these observations suggest multiple
underlying mechanisms of antibacterial activity of pine honeydew honeys.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods11070943/s1, Table S1: Full data of each tested honey, Table S2:
Correlation coefficient (r, first value) and significance (second value) of physicochemical parameters
of pine honey calculated by Spearman’s correlation analysis, Figure S1: Sensory three−point scale
evaluation of pine honey samples, Figure S2: Protein profile of pine honeydew honey samples (n = 27)
from Greece, Figure S3: MIC values after proteinase K (MICp) and bovine catalase (MICc) treatment
of honey samples.
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Abstract: Honey is a widely used natural product and the price of honey from Apis cerana (ACH) and
A. dorsata (ADH) is several times more expensive than the one from A. mellifera (AMH), thus there are
increasing fraud issues reported in the market by mislabeling or mixing honeys with different entomo-
logical origins. In this study, three species-specific primers, targeting the NADH dehydrogenase 2 (ND2)
region of honeybee mitochondrial DNA, were designed and tested to distinguish the entomological
origin of ACH, ADH, and AMH. Molecular analysis showed that each primer set can specifically
detect the ND2 region from the targeted honeybee DNA, but not from the others. The amplicon size
for A. cerana, A. dorsata and A. mellifera were 224, 302, and 377 bp, respectively. Importantly, each
primer set also specifically produced amplicons with expected size from the DNA prepared from
honey samples with different entomological origins. The PCR adulteration test allowed detection of
1% of AMH in the mixture with either ACH or ADH. Furthermore, real-time PCR and melting curve
analysis indicated the possible discrimination of origin of honey samples. Therefore, we provide the
newly developed PCR-based method that can be used to determine the entomological origin of the
three kinds of honey.

Keywords: honey; entomological origin; mitochondrial DNA; NADH dehydrogenase 2; PCR

1. Introduction

Honey is a sweet natural product produced by honey bees using the nectar, secretions
of living parts, or honeydew of plants [1,2]. Due to the broader geographical distribution,
Apis mellifera honey (AMH), A. cerana honey (ACH), and A. dorsata honey (ADH) are the
three dominant types of honey in the Asian market. Giant honeybee (Apis dorsata F.) is
distributed throughout South and Southeast Asia and China [3]. The colonies of A. dorsata
are generally found in rainforests or on the cliffs, but they also can be occasionally found
in building ledges of urban areas. Even though A. dorsata is not domesticated and cannot
be maintained for honey harvest or pollination purposes, it plays an important role in the
pollination of tropical rainforest plants and local crops [4–6]. Due to the fact that A. dorsata
is considered the most defensive honeybee compared to other Apis spp., ADH is harvested
by highly motivated experts (so-called honey hunters) [7]. Furthermore, ADH contains the
highest concentration of phenolic compounds and flavonoids compared to other honeys,
thus exhibiting high DPPH (2,2-diphenyl-1-picrylhydrazy) free radical-scavenging activity,
FRAP (Ferric reducing-antioxidant power assay) values and the lowest AEAC (Ascorbic
acid Equivalent Antioxidant Capacity) values, as well. This indicates that ADH has strong
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antioxidant properties and medical values [8,9]. Asian honeybee (A. cerana F.) is widespread
in South, South East, and Eastern Asia from Afghanistan to Far East Russia and Japan [10].
It is one of the domesticated honeybees; however, due to its lower productivity compared
to A. mellifera, most beekeepers prefer A. mellifera over A. cerana [11]. In addition, high
interspecific competition between A. mellifera and A. cerana on the same niche resulted in
the decline of A. cerana colonies in many countries such as China and Korea in the last
decades [11–13]. This led to lower production of ADH and ACH compared to AMH.

Although honey is one of the most widely consumed natural products, it is one of the
most counterfeited food products in the market [14]. Due to the fast growth of the human
population and the rising demands toward the consumption of organic and local products,
the entomological origin of honey has been taken into consideration. Therefore, the market
price of ADH and ACH is several times higher than AMH. This situation makes ADH
and ACH vulnerable to adulteration problems, either by mislabeling (claiming the false
geographical, botanical, or entomological origin of honey) or by mixing (overfeeding the
bees with sugars, adding sweeteners or syrups, and dilution with cheaper honey) in order
to increase the economic profit [2,3,15–19].Thus, it is important to develop rapid, reliable,
and cost-effective identification methods for the entomological origin of honey to solve the
adulteration problem in the market.

Molecular detection of the entomological origin of honey by using the set of specific
primers is regarded as a rapid, accurate, and suitable tool for the identification of the origin
of animal products and processed foods [20–23]. Considering the method of processing
honey by honeybees, the bee cells can remain inside of the honey. Given the opportunity to
extract bee DNA from honey, it is possible to use it for the identification of the entomological
origin of honey. Compared to the other identification methods for entomological origin of
honey, such as SDS-PAGE or chemical-based methods [12,24,25], the DNA-based method is
more precise, quick, and suitable for analysis of a large sample size [26]. Recently, several
studies were conducted using DNA-based methods to identify the entomological origin
of honey. Zhang et al. [26] developed a gDNA-based method for the identification of two
different major honeys, AMH and ACH, in the market. Two sets of primers were designed
to amplify Major royal jelly protein 2 (MRJP2) gene, resulting in the different sizes of PCR
product in the gel electrophoresis, making it useful to discriminate ACH from AMH. In
addition, it is also possible to identify the honey samples through Real-Time PCR based on
their melting temperature analysis [26].

Mitochondrial DNA (mtDNA) is present in most cells with high copy numbers. It is
characterized by a high genetic variation between related species but a low intraspecific
variation [27–29]. Therefore, it is suitable to use mtDNA for taxonomic and phylogenetic
analysis. Targeting the cytochrome oxidase I (COI) gene of mtDNA, Kim et al. [30] designed
species-specific primers to differentiate ACH and AMH. PCR with designed primer sets
produced amplicons with a length of 133bp and 178 bp for A. mellifera and A. cerana,
respectively. Although the size of the amplicons is distinguishable and even applicable for
relatively old honey samples, Zhang et al. [26] reported the designed primers for A. mellifera
was not species-specific as they made the same length of band from ACH-originated DNA
extracts in China. Soares et al. [31] developed species-specific primers to amplify the
intergenic region of tRNAleu-cox2, enabling the detection of A. cerana DNA using PCR. In
addition, they discriminated ACH and AMH using high-resolution melting curve analysis
targeting the 16S rRNA gene, making it possible to detect the entomological origin of
ACH. However, the lack of species-specific primer designed for mtDNA of A. mellifera
makes it difficult to use it for adulteration studies. The only species-specific primer set
that is available to detect A. mellifera is provided by Zhang et al. [26]. However, the size
of the PCR product (~560 bp) is largely applied to relatively old honey samples due to
DNA degradation, and it is important to design species-specific primers targeting smaller
regions. On the other hand, there is no species-specific primer available for reliable and
cost-effective identification of the entomological origin of ADH.
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In this study, we aimed to develop a rapid and accurate PCR-based method to recog-
nize the entomological origin of ADH, ACH, and AMH. This method can also be applied
to discriminate between pure and adulterated honey. We also aimed to provide species-
specific primers targeting smaller parts of mtDNA to avoid the negative effect of possible
DNA degradation, which may happen during the storage of honey. In this study, three
species-specific primers for ADH, ACH, and AMH were designed to amplify the short
part of the NADH dehydrogenase 2 (ND2) region of the mtDNA. Our experiment suggests
that species-specific primer sets targeting ND2 not only successfully distinguished ADH,
ACH,s and AMH, but also detected mixed 1% AMH from ADH or ACH. Additionally,
several honey samples from different countries were used to evaluate the accuracy of the
developed method.

2. Material and Methods

2.1. Schematic Overview of the Experimental Design

In this study, 3 species-specific primer sets were designed to test the traceability of
the entomological origin of honey. The specificity and sensitivity of the primers were
tested first with the DNA extracts from honeybees with different geographical origins.
Then, the DNA extracts from artificially mixed honey samples were used to evaluate the
applicability of using designed primer sets in honey authentication. Subsequently, the
developed method was used to check the entomological origin of honey provided by honey
hunters and beekeepers (Figure 1).

Figure 1. Schematic overview of the experimental design.

2.2. Designing Species-Specific Primers

NADH dehydrogenase 2 (ND2) region of mitochondrial DNA was used as a target area.
The complete mitochondrial genome sequence of A. cerana, A. dorsata and, A. mellifera
were obtained from NCBI (Table S2) and used for designing species-specific primers using
OLIGO 7 primer analysis software (Table 1). The Primer-BLAST tool was initially used to
determine primer specificity (http://www.ncbi.nlm.nih.gov/tools/primer-blast accessed
on 25 March 2020). Designed primers were synthesized by Macrogen (Daejan, Korea).
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Table 1. Specific-primers for honey identification, nucleotide sequence, primer length, and the
expected length of PCR product.

Species Primer 5′-3′ Length Target Fragment

A. cerana
AC-F TCATTAGATTTTACAAAATCAGATCA 26

224 bp
AC-R CTTATAACTAAATATGTTAATGATCATA 28

A. dorsata
AD-F TATATTAATTGTTATAACTTACATAAATAA 31

302 bp
AD-R GGATTAAGAATATATAATATTCATATTTT 29

A. mellifera
AM-F CTATTAGATTTACTAAAACAGATACT 26

377 bp
AM-R ATAATTAAATGAATATAAAATAATTATAGCA 31

2.3. Evaluate the Specificity and Sensitivity of Designed Primer Sets Using Bee DNA

- DNA extraction from honeybees

DNA extracts from adult or larvae samples of honeybees of A. cerana (5 adults from
Nepal, 5 adults from Korea), A. dorsata (5 larvae from Thailand, 5 adults from Nepal) and
A. mellifera (5 adults from Nepal, 5 adults from Korea) were used to test the specificity
and sensitivity of the primer sets. Bee DNA was extracted from the left hind leg of adult
honeybee or head and thorax part of larvae using DNeasy blood and tissue kit (Qiagen,
Hilden, Germany) following manufacturer’s instruction.

- Specificity and sensitivitytest of designed primers

The DNA extracts from honeybees with different geographical origins were used to
examine the specificity of the designed species-specific primers. The PCR procedure was
carried out in a 20 μL reaction volume mixture containing 100 ng of template DNA and
1μL of each primer (10 pmole/μL) using AccuPower PCR PreMix (Bioneer, Daejan, Korea).
The thermal cycling procedure contained an initial pre-denaturation at 95 ◦C for 5 min, and
35 cycles of 95 ◦C for 30 s, 52 ◦C for 30 s, 72 ◦C for 40 s, and a final extension of 72 ◦C for
5 min in a BIOER thermal cycler. 7 μL of PCR products were analyzed using 2.5% agarose
gel in TAE buffer and the bands were visualized by EcoDye (BIOFACT) and gel document
system (GSD-200D).

To evaluate the detection limit of the species-specific primers, DNA extracts from
different bee samples were serially diluted by 10-fold (100 to 0.01 ng/μL) and used for
PCR analysis.

- Melting curve analysis by real-time PCR

DNA extract from honeybees were used to evaluate the possibility of using real-time
PCR-based detection of adulteration of ACH and ADH. The real-time PCR was carried out
using 10 μL of 2X Real-Time PCR Master Mix (BioFACT) including SYBR Green I, 100 ng of
DNA template and 1 μL of each primer (10 pmole/μL) in 20 μL of total reaction mixture.
PCR cycling was as follows: 95 ◦C for 15 min, following 35 cycles of 95 ◦C for 30 s, 52 ◦C for
30 s and 72 ◦C for 40 s. For analyzing melt curve, real-time PCR products were denatured
at 95 ◦C for 15 s, annealed at 52 ◦C for 1 min then followed by melting curve ranging
from 52 to 95 ◦C with temperature increments of 0.3 ◦C every 20 s. The data of real-time
PCR and melt curve analysis were processed using FQD-96a V1.0.13 software (BIOER,
Hangzhou, China).

2.4. PCR-Based Sensitivity Test of Honey Samples

- Preparation of honey samples

Three pure honey samples (ACH and AMH from Korea and ADH from Thailand)
were used to test the sensitivity of species-specific primers to detect honey adulteration.
AMH was mixed with ACH or ADH in different proportions (100:0, 99:1, 95:5, 50:50, 20:180,
0:100), and then used for DNA extraction.
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- DNA extraction from honey samples

To extract DNA from honey samples, 40 mL distilled water was added to 15 g of
honey, incubated at 45 ◦C for 30 min, vortexed and centrifuged at 15,000 rpm for 30 min.
The supernatant was discarded, and the pellet was dissolved in 1 mL of distilled water
and centrifuged at 15,000 rpm for 15 min. The supernatant was discarded, and the pellet
was used for DNA extraction using DNeasy mericon Food Kit (Qiagen, Hilden, Germany)
following manufacturer’s protocol. The concentration and purity of the DNA extracts were
evaluated using Nano Drop spectrophotometer (Life Real). Extracted DNA was used for
the subsequent PCR analysis.

- Polymerase chain reaction (PCR)

For sensitivity (or adulteration) test, 2 rounds of PCR were performed with same
primer sets. In the first round of PCR, 100 ng of DNA was used as a template DNA
following the same protocol described above. Then, 5 μL of PCR product was used as a
template DNA for the second round of PCR with the same protocol described above. A total
of 7 μL of final PCR products were analyzed in 2.5% agarose gel. In addition, PCR using
DNA extracts from honey samples (10 with ACH and 5 with ADH labels) was conducted
for honey adulteration test using the species-specific primers. Two rounds of PCR were
performed as described above. To confirm the amplified DNA sequence, PCR products
were analyzed in 2.5% agarose gel, purified and sequenced by Macrogen (Daejan, Korea)
using an ABI 3130xl capillary automated.

2.5. Adulteration Analysis of the Honey Samples

- Honey samples

The purity of 20 honey samples (10 ACH, 5 ADH and 5 AMH) from different localities
(Nepal, Thailand and Korea) were evaluated. ACH samples were provided by beekeepers
from Nepal (n = 2), Thailand (n = 5) and Korea (n = 3). ADH samples were provided by
honey hunters from Thailand (n = 5). AMH samples were harvested directly by beekeepers
from Korea (n = 5) (Table S1). All samples were collected in 2020. Honey samples were
stored at −20 ◦C and 4 ◦C prior to DNA extraction, respectively.

- DNA extraction and PCR-based authentication of honey samples

DNA was extracted from all honey samples using the method that was described
before. PCR using DNA extracts from honey samples (10 with ACH and 5 with ADH labels)
was conducted to check honey adulteration using the species-specific primers. There were
100 ng of DNA used for the first PCR and 5 μL of PCR product used as a template DNA in
the second PCR following the procedure described before. PCR products were analyzed
in 2.5% agarose gel and sequenced by Macrogen (Daejan, Korea) using an ABI 3130xl
capillary automated. All sequences were generated in both directions and the forward and
reverse sequences were assembled in BIOEDIT v7.0.5.2 (Hall, 1999) to produce a consensus
sequence for each sample and the assembled sequences generated in this study were used
to confirm the identification through DNA barcoding and have been deposited in GenBank
under accession numbers MW660861-MW660880.

- Data analysis

From melting curve analysis, melting temperatures for 3 species of honey bees were
compared by one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test.
p values less than 0.05 were considered to be statistically significant. The statistical analysis
was conducted using The R project software version 4.0.5 [32].

3. Results

3.1. Specificity Test of Species-Specific Primers

The DNA extracts from different honeybees with different geographical origins were
used to examine the specificity of the designed species-specific primers. Each primer

27



Foods 2022, 11, 9285

set successfully amplified ND2 region from the DNA samples extracted from A. cerana,
A. dorsata, and A. mellifera with an amplicon size of 224, 302, and 377 bp, respectively
(Figure 2). None of the non-specific DNA amplification was observed with tested primer
sets, suggesting these three species-specific primers can be successfully used to distinguish
the origin of the honeybee at the DNA level.

Figure 2. Agarose gel electrophoresis of PCR products amplified from DNA extracted of honeybees
with species-specific primers. Bee DNA (Lanes 1–3: A. cerana DNA, Lanes 4–6: A. dorsata DNA,
Lanes 7–9: A. mellifera DNA) Primers (Lanes 1, 4 and 7: A. cerana specific primers AC-F/AC-R,
Lanes 2, 5 and 8: A. dorsata specific primers AD-F/AD-R, Lanes 3, 6 and 9: A. mellifera specific primers
AM-F/AM-R), M: 100 bp ladder.

3.2. Sensitivity Test of Primers Using Bee and Honey DNA

To evaluate the sensitivity of PCR-based assay, DNA samples from 3 different bees
(A. cerana, A. dorsata and A. mellifera) were serially diluted (100 to 0.01 ng/μL) and used
for PCR. The PCR condition using primer sets showed that all primer sets are able to
amplify the specific bands (Figure 3). From the A. dorsata DNA, the AD-F/AD-R primer set
successfully amplified the band with the expected size (302 bp) (Figure 3A). The intensity of
characteristic bands was gradually raised as the concentration of DNA template increased,
and the band could be visible when the DNA template was as low as 0.1 ng. From the
A. mellifera (Figure 3B) and A. cerana DNA, similarly, AM-F/AM-R and AC-F/AC-R primer
sets were also able to amplify specific bands with a detection limit of total 0.1 ng template
DNA in the PCR reaction. This suggests that our species-specific primers can be used to
detect the origin of honeybee samples with a low amount of DNA.

In other to test the ability to detect the target DNA among pure and adulterated
honey samples, AMH was mixed with either ADH or ACH in different proportions. DNA
was extracted from pure and mixed honey and used for the subsequent PCR analysis.
Importantly, although the same amount of DNA (100 ng) from honey and bee samples was
used for PCR, we were not able to detect the specific band from the first round of PCR
with DNA from honey, unlike with DNA from bees (Figures 2 and 3). This is likely due
to actual amount of bee DNA being lower in DNA extracted from honey, as the honey
sample contains biological tissues of other organisms (e.g., plant, microorganism, and other
insect tissues). Thus, we performed another round of PCR by using 5 μL of PCR product
as a template for analyzing the honey samples. In the second round of PCR, AC-F/AC-R
and AD-F/AD-R primer sets produced a single band at the expected size with DNA from
100% ACD (Figure 4A, lane 1) and 100% ADH (Figure 4B, lane 1), respectively. On the
contrary, the AM-F/AM-R primer set failed to amplify the band from the DNA extracted
from 100% ACH (Figure 4A, lane 2) or 100% ADH (Figure 4B, lane 2). Neither AC-F/AC-R
nor AD-F/AD-R primer sets amplified the specific bands from DNA extracted from 100%
AMH (Figure 4A,B, lane 11).
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Figure 3. Sensitivity test of the designed species-specific primers using serially diluted DNA extract
of A. dorsata (A), A. mellifera (B), and A. cerana (C). Lane M, DNA marker; Lane 1, 100 ng; lane 2, 10 ng;
lane 3, 1 ng; lane 4, 0.1 ng; lane 5, 0.01 ng; lane 6, negative control.

Figure 4. Adulteration test with artificially mixed honey samples. PCR products amplified from DNA
extracted either from mixtures of ACH and AMH (A) or ADH and AMH (B) were analyzed by DNA
gel electrophoresis. The proportions of AMH inside either ACH or ADH and usage of species-specific
primer sets are shown. AC-F/AC-R, A. cerana specific primers; AD-F/AD-R, A. dorsata specific
primers; AM-F/AM-R, A. mellifera specific primers; M, 1 kb ladder.
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DNA form ACH and ADH with different concentrations of AMH were also tested
with species-specific primers (Figure 4A,B, lanes 3–12). In both conditions, the species-
specific band of for A. mellifera was visible when the concentration of AMH was as low
as 1%. The intensity of A. mellifera species-specific band gradually increased when the
DNA from mixed honey with a proportion of 1 to 50% AMH were used and remained
constant up to 100% AMH. To examine the possibility of using species-specific primer sets
in the practical adulteration assay, 20 honey samples labeled as ADH, ACH, and AMH
from different localities were tested. Analysis of the sequences of PCR products indicated
that the primer sets are specific enough to detect the entomological origin of honey from
different geographical localities.

3.3. Melting Curve Analysis by Real-Time PCR

To evaluate the possibility of use of melting curve analysis for detecting ACH or ADH
adulteration, a real-time PCR experiment was conducted using the same PCR condition and
primer sets and DNA extracted from honeybees. The result was confirmed using agarose
gel electrophoresis and sequencing. Melting curve analysis of real-time PCR products
demonstrated two distinct curves allowing the discrimination of A. dorsata from A. mellifera
(Figure 5A) and of ADH from AMH. The melting temperature (Tm) of amplicons generated
from A. dorsata (69.2 ± 0.1 ◦C) was distinct from the A. mellifera (72.4 ± 0.1 ◦C); hence, the
detection of Tm could be an alternative method to detect the origin of ADH in addition
to standard PCR method. Melting curve analyses of PCR products between A. cerana and
A. mellifera were also performed (Figure 5B). Tm of amplicons of A. cerana (71.9 ± 0.2 ◦C)
was distinct from A. mellifera (72.4 ± 0.1 ◦C) but very similar; hence, the use of Tm for
distinguishing A. cerana and A. mellifera need more caution. The results of one-way ANOVA
indicated that there was a significant difference between the Tm values of all three species
(F value = 325.2, p-value < 0.001).

Figure 5. Conventional melting curves obtained by real-time PCR amplification targeting ND2 region
of mtDNA using DNA extracts from honeybees. (A) A. dorsata (Tm = 69.2 ± 0.1) and A. mellifera
(Tm = 72.4 ± 0.1). (B) A. cerana (Tm = 71.9 ± 0.2) and A. mellifera (Tm = 72.4 ± 0.1).

4. Discussion

Although previous attempts based on DNA barcoding of 16S rRNA and COI genes
were helpful to inspect mislabeling [33], it was not functional to detect honey adulter-
ation. In spite of the availability of species-specific primers to differentiate ACH from
AMH [30], the primers developed by Kim et al. [30] were only applicable to honey origi-
nated from Korea but failed to differentiate ACH and AMH originated from China [26].
Since Soares et al. [31] only developed species-specific primers (AC1-F/AC1-R) to amplify
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111 bp of tRNAlux-cox2 intergenic region of A. cerana mtDNA, the new A. mellifera species-
specific primers were needed for the adulteration test. In addition, although AC1-F/AC1-R
primers were useful in the discrimination of ACH from AMH, unlike ACF2/ACR2, they
also amplified the non-specific band from ADH DNA extract, suggesting AC1-F/AC1-R
was not enough to distinguish ACH from ADH (Supplementary Figure S1). In this study,
we provided not only the first species-specific primer set to identify ADH, but also two
new species-specific primer sets to identify ACH and AMH. Notably, our newly designed
primers successfully amplified specific bands only from the targeted DNA sample and
were able to discriminate both ACH and ADH from AMH, and vice versa, thus providing
new DNA-based assay for testing entomological origin of honey (refer to Figure 4A,B).

Zhang et al. [26] developed a gDNA-based method for the identification of two
different major honeys from domesticated honeybees in the market. Two sets of primers
(C-F/C-R for A. cerana and M-F/M-R for A. mellifera) were designed to amplify the Major
royal jelly protein 2 (MRJP2) gene, resulting in the different size of PCR product in the gel
electrophoresis, making it useful to discriminate ACH from AMH. In addition, it is possible
to identify the honey samples through real-time PCR-based Tm analysis. Although the
predicted size of the PCR product was 212 bp for A. cerana and 393 bp for A. mellifera, but the
length of amplicons for A. mellifera was 560 bp from the PCR, as the primers were designed
based on complementary DNA (cDNA) without an intron. ACH and AMH samples were
distinguishable using C-F/C-R and M-F/M-R primer sets; however, 560 bp tends to be long
for accurate honey identification and adulteration test with relatively old honey samples,
which can possibly have DNA degradation problems. Honey is a complex matrix, and
its phenolic/H2O2 induced oxidative stress would lead the DNA that remained inside
honey to be easily degraded as storage time increased [31,34–36]. Notably, Schnell et al. [37]
reported the diminished rate of successful amplification of amplicon size larger than 380
bp and in the fragmented DNA, thus the amplification of short amplicons is preferable [38].
Thus our new species-specific primer sets with amplicon size ranging 224~377 bp (refer
to Figures 2 and 3) would provide a better chance to successfully examine the old honey
samples. Although the speed of degradation of DNA inside honey is not well understood
and very difficult to predict accurately as different honey have different biochemical
compositions, DNA degradation problem needs to be considered while examining the
entomological origin of honey via DNA-based assay.

Real-time PCR-based identification of the entomological origin of honey was suc-
cessfully developed previously to discriminate ACH and AMH using species-specific
primers [26,31]. Refer to the Figure 5, the primer sets developed in the present study can be
used to differentiate the entomological origin of three different types of honey. Although
ADH and AMH can be simply differentiated using melting curve analysis, this method
should be applied to differentiate ACH and AMH with caution due to the close Tm of the
amplicons. Tm-based identification method is quick and accurate without the requirement
of the gel electrophoresis step. Thus, it will provide a possible high-throughput analyses
method for the identification of the origin of honey.

The cost of conducting analysis for one honey sample using the combination of
two-round PCR and subsequent gel electrophoresis using the methodology described in
current research is 6.4$ per honey sample (DNA extraction kit, PCR master mix, agarose
powder, ladder, TBE buffer, staining dye and primer cost), however, these expenses for
authentication analysis using Real-Time PCR technic is about 5.2$ (DNA extraction, master
mix, and primer cost). The electricity and labor cost required to run the equipment have
not been considered in our calculation. Although the cost of the authentication analysis
per sample is slightly lower using Real-Time PCR, it is more expensive to establish such
facilities in comparison to the conventional PCR method. Furthermore, according to our
calculations, the duration of analysis using Real-Time PCR is slightly longer (~35 min) than
conventional PCR.
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5. Conclusions

Three species-specific primer sets targeting the NADH dehydrogenase 2 (ND2) region
of mtDNA were designed and successfully applied to trace the entomological origin of
honey produced by different honeybees, A. cerana, A. dorsata and A. mellifera. In addition,
the A. mellifera specific primer set is applicable in honey fraud detection. The possibility of
using melting curve analysis in discrimination of the origin of honey using the same primer
sets is also confirmed. Our preliminary studies indicated the impossibility of providing
species-specific primers with a smaller size of PCR product in the mitochondrial DNA
(except the one provided by Soares et al. [7] for ACH). However, further studies targeting
nuclear DNA are required. PCR-based method using species-specific primers provides a
rapid and cost-effective method to screen the entomological origin of honey. Therefore, the
development of new primer sets to identify honey produced by other species of honeybees
will be valuable. On the other hand, more studies are needed to understand the pace
of DNA degradation in honey and the applicability and limitations of using molecular
methods in the authentication of older honey samples.
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Abstract: The economic significance of honey production is crucial; therefore, modern and efficient
methods of authentication are needed. During the last decade, various data processing methods and
a combination of several instrumental methods have been increasingly used in food analysis. In this
study, the chemical composition of monofloral buckwheat (Fagopyrum esculentum), clover (Trifolium
repens), heather (Calluna vulgaris), linden (Tilia cordata), rapeseed (Brassica napus), willow (Salix cinerea),
and polyfloral honey samples of Latvian origin were investigated using several instrumental analysis
methods. The data from light stable isotope ratio mass spectrometry (IRMS), ultra-high performance
liquid chromatography coupled with high-resolution mass spectrometry (UHPLC-HRMS), and nu-
clear magnetic resonance (NMR) analysis methods were used in combination with multivariate
analysis to characterize honey samples originating from Latvia. Results were processed using the
principal component analysis (PCA) to study the potential possibilities of evaluating the differences
between honey of different floral origins. The results indicate the possibility of strong differentiation
of heather and buckwheat honeys, and minor differentiation of linden honey from polyfloral honey
types. The main indicators include depleted δ15N values for heather honey protein, elevated concen-
tration levels of rutin for buckwheat honey, and qualitative presence of specific biomarkers within
NMR for linden honey.

Keywords: honey; light stable isotope mass spectrometry; ultra-high performance liquid chromatography;
high resolution mass spectrometry; nuclear magnetic resonance; principal component analysis; floral origins

1. Introduction

Due to its sweet taste and antibacterial properties, honey is in high demand in today’s
market. In 2018, approximately 2000 tons of honey from 103,000 beehives were produced in
Latvia. In Europe more generally, the demand for honey is higher than local producers can
produce, and therefore a large part is imported [1]. Honey is an expensive product when
compared to other sweeteners. Counterfeit honey is considered to be honey that contains
added amounts of other cheaper sweeteners. Directive 2014/63/EU of the European
Parliament and the Council clearly defines what constitutes natural honey. To protect the
interests of consumers and regulate the fair price of honey in today’s market, methods
of honey authenticity and quality indicators are constantly evolving. One or several
modern instrumental methods are increasingly used with which quality characteristics
are determined, as well as the authenticity of honey is assessed by applying chemometric
methods [2].

Although IRMS has been used mainly to determine the presence of C4 sugar addi-
tives, measurements of light stable isotopes have increasingly been used to determine the
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botanical or geographical origin of honey. δ13C and δ15N values for honey and proteins
provide useful information in distinguishing samples of different floral types of honey
(acacia, chestnut, citrus, eucalyptus, rhododendron, and polyfloral honey) [3].

Polyphenol compound concentrations are considered as potential useful variables
for floral origins [4]. The polyphenol profile is a useful tool for geographical and floral
origin assessment. A robust UHPLC-HRMS method for polyphenol quantification is often
used [5–7]. Sugaring-out assisted liquid–liquid extraction (SULLE) sample preparation has
been proven to be an optimal choice of honey studies using HRMS equipment [5].

Nuclear magnetic resonance (NMR) is increasingly used to evaluate the authenticity
of honey. The information provided by the proton NMR spectrum, in combination with
various chemometric methods, is used to distinguish between honey of different botanical
origins. Depending on the task to be performed, chemometrics can be performed for the
whole spectrum or only for a certain interval. In most cases, the region characteristic
of aromatic compounds (9–6 ppm) or the region characteristic of aliphatic compounds
(3–0.5 ppm) are used [8,9]. A study in Brazil successfully distinguished between citrus,
eucalyptus, and wildflower honey, and some honey was found to be counterfeit [10]. A
similar approach was used by Spiteri et al. for the assessment of geographical origin [11].
Samples of acacia honey from Eastern Europe and Italy were compared. Due to the different
flora, characteristic floral markers were found in the samples [12].

Principal component analysis (PCA) in chemistry allows for the study of the proper-
ties of different datasets of chemical compounds. Determining which compounds have
similar properties and which study objects form groups, one can also try to predict the
properties of the study object or belonging to a group. Various instrumental analyses are
practically effective for the analysis of principal components, wherein the spectral image is
obtained, for example, the total ion chromatogram after the retention time, under different
conditions [13]. Quantitative values of various honey compounds, isotope ratio values,
etc., quality indicators can be used to analyze the principal components. Depending on
the purpose of the study (counterfeits, origin of flowers, geographical regions, etc.), honey
types are selected, chemical instrumental analyses are performed, and the results are used
for the analysis of principal components to determine the formation of groups [10,14–16].

The main aim of this study was the use of different methodologies to classify the
botanical origin of various types of monofloral Latvian honey to target the mislabeling of
protected destination of origin (PDO) products. One of the goals was to gather the data
on fresh samples collected directly from the beekeepers of Latvia instead of processed and
commercially available honey. Further, we validated the true floral origin using melissopa-
lynology analysis. Finally, we evaluated multiple criteria to classify individual monofloral
variety honeys by using a combination of analytical methods (IRMS, UHPLC-HRMS and
NMR) and statistical treatment of experimental data and PCA analysis.

2. Materials and Methods

2.1. Samples

A total of 78 different honey samples were collected directly from the beekeepers in the
territory of Latvia, declared as of natural origin and of specific monofloral varieties. The true
botanical origin of the samples was further examined by melissopalynology analysis [17]
and later confirmed or deemed of lesser, polyfloral quality. The criteria of specific pollen
for monofloral honey [18] was reached for 4 buckwheat (Fagopyrum esculentum) (>25%),
6 clover (Trifolium repens) (>45%), 3 heather (Calluna vulgaris) (>40%), 3 linden (Tilia cordata)
(>17%), 4 rapeseed (Brassica napus) (>70%), and 3 willow (Salix cinerea) (>45%) honey
samples. The other 55 honey samples were polyflorals and kept for honey analysis to make
an assessment for the capability of potential floral origins indicators.
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2.2. IRMS
2.2.1. Protein Extraction by Dialysis

Honey proteins were prepared according to the method described by Bilikova [19]
with slight readjustments. A 15 g sample of honey was weighed, and 15 mL of deionized
water was added. Semi-permeable SnakeSkin (10K MWCO) dialysis membrane was filled
with a homogeneous clear honey solution. After dialysis, the purified protein solution was
quantitatively transferred into a beaker and placed in the drying oven at 40 ◦C for about
48 h until the proteins were dried. Then, proteins were weighed and stored at 4 ◦C until
IRMS analysis.

2.2.2. δ13C and δ15N, and Total Carbon and Nitrogen Analysis

Continuous flow IRMS (Nu Horizon) coupled with an elemental analyzer (EuroEA3024)
was used for the analysis. The complete combustion of the samples and the operation of the
element analyzer were verified by performing stability tests on the equipment. Certified
reference materials USGS-40 and USGS-41 were used as reference materials. The device
conditions were prepared as described in previously published method [20].

2.3. UHPLC-HRMS
2.3.1. Chemicals

Analytical standards of 3,4-dihydroxybenzoic acid (>98.2%), acacetin (>98.7%),
apigenin (>99%), caffeic acid (>98.5%), catechin (>99%), chlorogenic acid (>99%), chrysin
(>99%), daidzein (>99%), galangin (>98.5%), gallic acid (>95.5%), genistein (>99%),
(-)-epicatechin (>90.3%), folic acid (>91.2%), formononetin (>99%), isovitexin (>99%),
luteolin (>99.9%), myricetin (>98%), o-coumaric acid (>99.7%), p-coumaric acid (>99.6%),
p-hydroxybenzoic acid (>99.9%), pantothenic acid (>98.6%), phenylacetic acid (>99.7%),
rhamnetin (>99%), rutin trihydrate (>94%), quercetin (>98%), sinapic acid (>96%), syringic
acid (>98.5%), trans-ferulic acid (>99.8%), vanillic acid (>98.2%) were purchased from
Extrasynthese (Lyon, France) or Sigma-Aldrich (St. Louis, MO, USA). The standard of
(-)-cis, trans-abscisic acid (>99.9%) was purchased from Santa Cruz Biotechnology (Dallas,
TX, USA), and kaempferol (>97%) was purchased from ChromaDex (Santa Ana, CA, USA).
HPLC-MS grade acetonitrile (MeCN) and dimethyl sulfoxide (DMSO) were purchased
from Merck (Darmstadt, Germany), while formic acid (FA), hydrochloric acid (HCl), and
sodium chloride (NaCl) were purchased from Sigma-Aldrich.

2.3.2. SULLE Sample Preparation

Samples were prepared by the previously published SULLE method [5]. A total of
0.5 g of honey was added in an Eppendorf tube within 0.5 mL of 10% NaCl in 0.01M HCl
(pH = 2). A total of 1 mL of MeCN was added to the mixture, and the tube was vortexed
for another 1 min at 2000 rpm followed by 1 min centrifugation at 15,000 rpm. The upper
organic phase was collected in a 2 mL crimp top chromatography vial. The procedure was
repeated until the total collected organic phase amount of about 1.9 mL. The organic phase
was dried under a gentle nitrogen flow at room temperature and reconstituted in 0.5 mL of
water/MeCN mixture (98:2 v/v) with added 0.1% FA. Extracts were stored at 4 ◦C, in the
dark, before the analysis.

2.3.3. UHPLC-HRMS Systems

Liquid chromatography analysis was performed using a Dionex UltiMate 3000 UHPLC
system (Thermo Scientific, Oleten, Switzerland) equipped with a Kinetex PFP column
(3.00 × 100 mm, 1.7 μm, 100 Å), obtained from Phenomenex (Torrance, CA, USA). LC
system was coupled to a high-resolution mass spectrometer Q Exactive (Thermo Scientific,
Bremen, Germany). LC parameters: 5 μL injection volume, 40 ◦C column temperature,
10 ◦C sample temperature, flow rate set to 0.450 mL·min−1, diverter valve was switched to
mass spectrometer at 1.3 min. The mobile phase A (0.1% formic acid in H2O) and B (0.1%
formic acid in MeCN) were used in gradient mode: 4 min preinjection equilibration held
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at 2% B; 0–3 min at 2–5% B; 3–9 min at 5–98% B; 9–13 hold at 98% B; 13–14 return to the
initial 2% B.

Heated electrospray (HESI) interface was used in positive and negative ionization
mode, and polarity switching method was used with the following parameters: ion source
voltage in negative/positive ionization (2500 V/3500 V), 280 ◦C temperature for ion transfer
tube, 450 ◦C evaporator temperature.

2.4. NMR
2.4.1. Sample Preparation

The method proposed by Schievano et al. was used and adjusted for available equip-
ment to acquire 1H-NMR spectra of honey [21]. A total of 200 ± 3 mg of honey was
dissolved in 1.0 mL of D2O buffer solution. The resulting solution was transferred to an
NMR tube, and 1H-NMR spectra were acquired. D2O buffer solution was prepared by
dissolving 1.02 g of KH2PO4 and 0.96 mg of NaN3 in 20 mL of D2O. The buffer solution
pH was adjusted to 4.4 with 85% H3PO4.

2.4.2. 1H-NMR Spectra Acquisition

NMR spectra were acquired with Bruker BioSpin GmbH, Rheinstetten, Germany,
Fourier300 spectrometer (working frequency of 300 MHz for 1H) equipped with a 5 mm
DUL 13C-1H/D Z-gradient EasyProbe. 1H-NMR spectra were acquired with noesypr1d
pulse program using 125 ms mixing time and −40 dBW presaturation power level during
recycle delay and mixing time, 2 s relaxation delay (D1), 6103 Hz spectral width, 64k points
of time-domain (TD), and 8 dummy scans (DS). The acquisition time for one scan was
5.37 s. Constant receiver gain (rg = 3) was used.

2.4.3. 1H-NMR Spectra Processing

Acquired 1H-NMR spectra were processed with MestReNova software (version 14.1.1).
FID was zero-filled to 128k points, and exponential apodization (0.3 Hz) was used. Manual
phase correction and automatic baseline correction (Whittaker smoother) were performed.
Chemical shifts were referenced to α-glucopyranose doublet (δ = 5.320 ppm). 1H spectra
were binned using signal integral sum 0.5–3.0, 6.0–9.0 ppm with a bin width of 0.01 ppm.
The binned spectra were normalized to the total area.

2.5. Statistical Analysis

The data processing was performed using statistical software Minitab 17.1.0. One-way
ANOVA analysis of variance was performed in order to assess the significant differences
of the variable between monofloral and polyfloral honey samples. The confidence level
(p = 0.05) was used for every ANOVA test. Tukey comparison procedure for assuming
equal variances was used for every variable obtained from IRMS and UHPLC-HRMS
methods while Fisher comparison was used once for total N assessment in honey proteins.
Principal component analysis was performed for data reduction in order to find potential
chemical compound biomarkers for floral origins. The correlation matrix was used for
analysis. As a pre-step, the software performed standardization of variables, meaning a
variable was rescaled to have a mean of zero and a standard deviation of one. Principal
component scores and their correlation coefficients are stored in a Supplementary Excel
file. The formation of monofloral group clusters or positions in the score plot was used to
assess the potential of variable capability as a marker.

3. Results and Discussion

3.1. IRMS Analysis of Honey Proteins

C and N isotope ratio and total weight fraction of monofloral and polyfloral honey
samples is presented in Table 1. The ANOVA one-way results show that there was no
significant variance, with a confidence level of 95% between monofloral and polyfloral
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honey, by using δ13C values (p = 0.08). Tukey test simultaneous differences of means for
δ13C are described in Supplementary Material (Figure S1).

Table 1. IRMS analyses results by floral origins of honey.

Floral Origins
δ13C, ‰ δ15N, ‰ Total C, % Total N, %

Mean SD Mean SD Mean SD Mean SD N

Buckwheat −28.7 0.7 6.8 1.5 48.1 1.4 9.6 0.5 4
Clover −27.7 0.9 6.5 1.7 50 4 8 2 6

Heather −28.13 0.10 −2.3 1.0 47.4 0.6 10.0 0.6 3
Linden −26.7 0.2 5.8 0.7 50 2 7.0 0.7 3

Rapeseed −27.5 0.5 4.9 1.1 53 4 6.4 0.8 4
Willow −27.6 0.5 6.5 1.0 56 7 6 2 3

Polyfloral −27.4 0.9 4 3 51 6 8 2 55

The carbon isotope ratio in honey proteins is directly influenced by carbon fixation in
plants from which bees are gathering honey. Therefore, carbon isotope analysis is mainly
used for C4 plant additive determination in honey. Nevertheless, the δ13C values are often
used for floral origins determination [3,22].

After extractions of sugars, the honey proteins showed δ13C values in a range of
−25.47‰ to −29.64‰, which is characteristic for C3 plants [23]. Moreover, in comparing
polyfloral honey proteins (δ13C = −27.4 ± 0.9‰) with other results, we found that δ13C
values are more depleted than of Mediterranean region honey proteins. δ13C values are
dependent on the amount of sun exposure to plants and air humidity; therefore, an increase
of sunny days and less precipitations increases the δ13C values [24].

The nitrogen isotope ratio for honey proteins reflects the nitrogen content of the
soil where plants from which bees have gathered the nectar grow. δ15N > 0.0‰ values
indicate that the nitrogen is biologically fixed in soil, and values near 0.0‰ show that the
nitrogen is obtained from air. Results show clover honey proteins are enriched with heavy
nitrogen isotope, although the plant is considered as gathering nitrogen via Rhizobium
bacteria [25]. Exceptional honey proteins were extracted from heather honey, indicating
depleted nitrogen ratio values and statistically different significance (p = 0.001) using
ANOVA one-way Tukey tests (see Figure S2). In total, 11 out of 78 honey proteins showed
negative δ15N values. These samples of honey were heather monoflorals and polyflorals
that had reported the presence of heather (Calluna vulgaris) pollen (see the Supplementary
Excel file).

Total carbon and nitrogen in honey proteins were found to have no particular statistical
difference using the ANOVA test. p-values were found for total carbon (p = 0.5) and total
nitrogen (p = 0.06), although total nitrogen p-values were close to 0.05, which suggests
that results could be capable for further floral origin discrimination investigation. Using
the Fisher test, we found that there are differences in heather and buckwheat (increased
total nitrogen) honey proteins between willow and rapeseed (decreased total nitrogen)
(see Figure S3). Total nitrogen in proteins generally is ≈16% [26]. Obtained nitrogen
mass fraction results suggest that after dialysis, pure protein is not obtained, but instead a
mixture of protein and other molecularly large compounds that could not be separated via
dialysis such as lipids and pollen [27,28].

3.2. UHPLC-HRMS Analysis

A total of 31 organic compounds (13 phenolic acids, 14 flavonoids, 2 vitamins, 2 plant
hormones) were successfully quantified in polyfloral honey and various monoflorals. The
biochanin A, biotin, and procyanidin A2 were found only in a few samples near the LOQ,
and these compounds were omitted for future assessments.

In Figure 1, concentrations for the 27 most common found compounds in polyfloral
honey of origins of Latvia are shown. The highest concentrations of phenolic acids were
obtained for p-hydroxybenzoic acid (3923 ± 3522 μg/kg), abscisic acid (4174 ± 2238 μg/kg),
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p-coumaric acid (2685 ± 1271 μg/kg), and ferulic acid (1638 ± 572 μg/kg) while kaempferol
(1432 ± 728 μg/kg) was the flavonoid and pantothenic acid B5 (986 ± 412 μg/kg) was
vitamin with the highest average concentrations.

Figure 1. Boxplots of organic compound concentration (μg/kg) in polyfloral honey determined by
UHPLC-HRMS; results converted in decimal logarithm scale.

Formononetin, chrysin, and folic acid were not shown by boxplot because these
compounds were found over LOQ only 6 to 21 polyflorals, suggesting these compounds
are characteristic of a specific floral origin. Apigenin was also omitted, although it was
found in 43 polyfloral honey samples but slightly over LOQ, and the mean value was
2 ± 3 μg/kg.

The results come in good agreement with another study showing similar concentration
levels of the same compounds, except apigenin, which was found in larger concentrations
by Lo Dico et al. [7]. The one-way ANOVA tests of Tukey comparison were performed to
honey groups of different floral origins. The six compounds showed statistically significant
differences that could be used for monofloral honey samples or speciation of honey floral
origins. Rutin interval plot and graphical summary of differences of mean are shown
in Figure 2.

Rutin showed a statistically significant difference in buckwheat honey and in the other
types of honey. In buckwheat honey, rutin showed a concentration of 572 ± 167 μg/kg,
while polyfloral honey contained from <5 (LOQ) to 696 μg/kg with a mean of 53 μg/kg.
Two polyfloral samples (P5 and P42) had notably higher concentrations of rutin, corre-
sponding to 649 and 696 μg/kg, respectively, equivalent to high buckwheat pollen presence
for polyflorals (17 and 24%, respectively). It was less found in linden and rapeseed honey
and not found at all in heather honey. This comes in good agreement with melissopa-
lynology results, as buckwheat (Fagopyrum esculentum) pollen was found in clover and
willow monofloral honeys in a range of 0–6%. Other statistically significant differences
within honey floral origins were found using vanillic acid, quercetin, p-hydroxybenzoic
acid, p-coumaric acid, and pantothenic acid B5 (see Table 2). The monofloral clover and
willow honey interfered to discriminate buckwheat honey from other types of floral origins
using p-hydroxybenzoic acid and p-coumaric acid concentrations. Interference could be
explained by buckwheat pollen presence in clover and willow monofloral honey. The
quercetin concentrations showed a statistical difference between buckwheat and heather
honey. While quercetin has no potential as a specific floral marker, it would be very helpful,
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since both share similar visual properties as dark-colored honeys [29,30]. Similarly, pan-
tothenic acid and vanillic acid can be used for specific floral origin request determination,
or could be a helpful indicator with a combination of other variables.

 
 

(a) (b) 

Figure 2. One-way ANOVA test of statistically significant difference between monofloral buckwheat,
clover, heather, linden, rapeseed, willow, and polyfloral honey (a) using interval plot (μg/kg) as
graphical summary with 95% confidence interval bars, and (b) using Tukey comparison of 95%
confidence intervals.

Table 2. Comparison of chemical compound mass concentrations (μg/kg) quantified by UHPLC-
HRMS that share statistically significant differences between groups of floral origins.

Floral Origins

Mean ± SD, μg/kg

p-Hydroxybenzoic
Acid

p-Coumaric
Acid

Pantothenic
Acid (B5)

Quercetin
Vanillic

Acid

Buckwheat 13,863 ± 4472 A 5561 ± 1159 A 910 ± 247 AB 1297 ± 511 A 602 ± 329 AB

Clover 7907 ± 4809 AB 3963 ± 991 AB 764 ± 193 AB 523 ± 204 AB 477 ± 164 AB

Heather 2984 ± 494 B 2519 ± 738 B 1513 ± 250 A 198 ± 86 B 190 ± 29 B

Linden 1423 ± 1004 B 2509 ± 161 B 558 ± 243 B 475 ± 390 AB 447 ± 337 AB

Rapeseed 1740 ± 248 B 2341 ± 499 B 577 ± 87 B 986 ± 167 AB 725 ± 28 AB

Willow 6753 ± 3252 AB 4550 ± 1529 AB 1017 ± 131 AB 726 ± 445 AB 1014 ± 619 A

Polyfloral 3923 ± 3522 B 2685 ± 1271 B 986 ± 412 AB 824 ± 419 AB 585 ± 288 AB

AB—results marked with a different superscript letter are significantly different using ANOVA one-way Tukey
test (p < 0.05). Letter “A” indicates affiliation to a group with higher means and letter “B” indicates affiliation to a
group with lower means, while “AB” shows affiliation for both groups.

Comparing honey of Polish origins, the authors of [31] found similar levels of
p-coumaric acid and quercetin in heather honey. However, Latvian honey showed lower
concentrations of chrysin, galangin, and apigenin but higher concentrations of luteolin than
Polish honey. Rapeseed honey of Romanian origins share similar levels of chlorogenic acid
and p-coumaric acid but increased of gallic acid, p-hydroxybenzoic acid,
3,4-dihydroxybenzoic acid, vanillic acid, caffeic acid, and myricetin [32]. In another study,
p-hydroxybenzoic acid is mentioned as a commonly found compound in clover and heather
honey. Moreover, p-coumaric and vanillic acid are reported as commonly found in heather
honey, while our study shows that concentration levels were not different from Latvian
polyfloral honey. Quercetin is usually found in clover honey [33]. Regardless of other
studies, recent preliminary UHPLC-HRMS results of Latvian honey showed rutin as a
suggestable indicator for buckwheat honey. However, increased rutin concentration levels
for a few polyflorals containing notable buckwheat pollen percentage were also observed.
This suggests a need for further investigation to determine a threshold level of rutin in
order to distinguish buckwheat honey from polyfloral honeys.
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3.3. Principal Component Analysis

All data for PC scores and loadings are available in the Supplementary Information in
the form of excel spreadsheets. The carbon and nitrogen isotope ratio and total element
percentage were used for PCA to determine the Latvian honey floral origins using a
single IRMS method. The variables were standardized, and a correlation matrix was
used since variables were expressed in different units of measurement. Eigenvalues were
expressed in the scree plot (see Figure S4). PC1-PC3 described variability by 94.6%, and
these components were used for evaluation. A total of 15 samples were considered as
outliners using a Mahalanobis distance criteria and were withdrawn from PCA. The outliner
samples were coded as follows: monofloral buckwheat (B1), clover (C1), rapeseed (R2),
willow (W1), and polyfloral (P2, P5, P8, P18, P20, P23, P24, P26, P33, P42, P47) honey. In
Figure 3a, the heather honey formed a cluster away from other honey samples because of
PC1. After the investigation of loading coefficients (see Figure 3b), it appears that PC1 had
a high positive correlation (r = 0.50) of nitrogen isotope ratio and total carbon in proteins
(r = 0.53) but negative correlation of total nitrogen in proteins (r = −0.67). The monoflorals
of heather honey were significantly different (p = 0.001) of depleted δ15N values, while total
carbon and total nitrogen showed no significant differences. Nevertheless, in comparing
the means of the heather honey and other types of origins, we found that the mean of total
carbon was the lowest, and total nitrogen was highest for heather honey. Polyflorals (P3, P6,
P14, P55) that formed cluster with monofloral heather honey also contained heather pollen
(31%, 10%, 38%, 4%). The honey sample P46 had 6% of heather pollen content and it was
the only honey sample that had heather pollen more than 4%; moreover, it was not located
in the cluster. Other polyfloral honey samples with heather pollen >4% (P2—24%; P8—35%;
P18—22%) were classified as outliners and had similar δ15N values but increased means of
total carbon and decreased means of total nitrogen. This highlights the need to monitor the
total carbon and nitrogen content in honey protein IRMS analysis when monofloral heather
honey purity must be assessed.

  

(a) (b) 

Figure 3. PCA of monofloral buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral
honey samples: (a) score plot between PC1 and PC2, and (b) loading plot of variables obtained by
IRMS (δ13C, δ15N, total C and N in honey proteins).

The concentrations of phenolic acids, flavonoids, vitamins, and plant hormones in
honey were used for PCA of UHPLC-HRMS assessment. The catechin, chrysin, folic acid,
and formononetin were omitted for evaluation, and 27 compound concentrations (μg/kg)
were standardized and a correlation matrix was constructed. After evaluation of the scree
plot (see Figure S5), we used the PC1-PC3 for further analysis, since they cover the most
variability of data (45.7%). A total of 11 samples were considered as outliners using a
Mahalanobis distance criteria and were withdrawn from PCA. The outliner samples were
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coded as follows: monofloral clover (C2, C5) and polyfloral (P7, P8, P20, P26, P29, P37,
P43, P46, P53) honey. The formation of an exceptional cluster such as with IRMS results
were not observed. The PC2 has strong positive correlation of p-hydroxybenzoic acid
(r = 0.39), rutin (r = 0.38), and p-coumaric acid (r = 0.34), and these compounds were previ-
ously discussed as potential buckwheat honey floral markers. The location of buckwheat
honey in score plot (see Figure 4a) was outside of the majority of samples, but buckwheat
honey was found to have higher PC2 scores than other honey. The polyflorals (P5, P42, P51,
P54) with similar PC2 scores also had buckwheat pollen (17%, 24%, 16%, 4%). The PC3 was
not selective for certain floral group but depended on the ratio of 3,4-dihydroxybenzoic
acid (r = 0.43) and abscisic acid (r = −0.35) concentrations.

  

(a) (b) 

Figure 4. PCA of monofloral buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral
honey samples: (a) score plot between PC2 and PC3, and (b) loading plot of 27 organic compound
concentrations obtained by UHPLC-HRMS.

Due to the presence of a wide range of chemical compounds found in honey, NMR is
considered to be one of the most prominent methods for food analysis [34]. The complete
identification of chemical compounds from 1H-NMR spectra is a difficult task because of
compound low concentrations and signal overlays. Nevertheless, the honey of similar floral
origins share a similar 1H-NMR spectra image, and therefore principal component analysis
(PCA) was used to conduct an assessment of honey without full quality analysis. The
1H-NMR spectra of honey samples were transformed into the spectral bins from
0.5 to 3 ppm (aliphatic region) and 6 to 9 ppm (aromatic region), with a bin width of
0.01 ppm before the principal component analysis. Carbohydrate region (3–6 ppm) was
excluded for the PCA due to the presence of high intensity peaks that are sensitive to
scaling method prior to PCA and strongly affect cluster forming in a PCA plot [35]. Further-
more, minor and specific carbohydrate 1H NMR signals were not resolved using 300 MHz
NMR spectrometer, which could improve PCA discrimination [21,36,37]. The obtained
scree plot and PCA plots of Latvian honey samples are shown in Figure S6. The PC1-PC3
had exceptionally high contribution of data variability, explaining 29.2% of the variance
from 552 variables. PCA plot with PC1 and PC3 of studied Latvian honeys of monofloral
honeys (Figure 5a) could be described in several groups as follows: (1) buckwheat, clover,
and willow honeys with mostly negative PC1; (2) linden honeys with positive PC1 and
mostly positive PC3; and (3) heather honeys with positive PC1 and negative PC3. Rapeseed
honeys showed cluster near PC1 and PC3 cross-point that indicated absence of specific
compounds. Honey grouping could be explained by using PC1 and PC3 loading plots
(see Figure 5b,c). In the case of buckwheat, clover, and willow honeys, 1H-NMR spec-
tral bins with δ = 6.87–6.82, 7.16–7.21, 1.67–1.74, and 0.90–1.02 ppm contributed to neg-
ative PC1 score. This can be explained with the presence of tyrosine (δ = 6.87–6.82 and
7.16–7.21 ppm), leucine (δ = 1.67–1.74 ppm), and isoleucine and valine (δ = 0.90–1.02 ppm).
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These amino acids have been previously found in a higher level for buckwheat honey [38].
Surprisingly, in Latvian monofloral clover and willow honeys, these amino acids were
found as well. For the linden monofloral honey, 1H-NMR spectral bins with δ = 2.40–2.47
and 7.15–7.23 ppm contributed to positive PC1 score, and bins with δ = 6.14–6.18 and
7.15–7.23 ppm for positive PC3 score. Linden honey 1H-NMR spectra-specific bins can be
attributed to the cyclohexa-1,3-diene-1-carboxylic acid (CDCA) derivatives (δ = 6.14–6.18
and 7.15–7.23 ppm) that are specific markers of monofloral linden honey [38]. Lastly, the
heather honey showed resolved cluster position in PCA plot that was mostly affected by
1H-NMR spectral bins with δ = 7.28–7.32 and 2.37 ppm. These bins can be assigned to
the previously found carboxylic acids, such as phenylacetic acid, 3-phenyllactic acid and
benzoic acid (δ = 7.28–7.32 ppm), and pyruvic acid (δ = 2.37 ppm) [38,39]. Typical binned
1H-NMR spectra of analyzed monofloral honeys with the assigned compounds are shown
in Figure S7. It was shown that PCA in combination with 1H-NMR showed clear separation
of monofloral heather honey from other studied honeys. Unfortunately, monofloral honeys
with negative PC1 could not be resolved in separate clusters, and other statistical methods
should thus be used (e.g., OPLS-DA) [38,40].

 

(a) (b) 

 
(c) 

Figure 5. PCA of monofloral buckwheat, clover, heather, linden, rapeseed, willow, and polyfloral
honey samples: (a) score plot between PC1 and PC3; loading plots of PC1 and PC3 for 1H-NMR
spectra with bin width 0.01 ppm for intervals (b) 9.0–6.0 ppm and (c) 3.0–0.5 ppm.
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4. Conclusions

The chemical profile of monofloral buckwheat, clover, heather, linden, rapeseed, wil-
low, and polyfloral honey samples of Latvian origins was assessed by IRMS, UHPLC-HRMS,
and NMR methods in order to find suitable indicators that could be used for the classifi-
cation of botanical origin of honey. The depletion in δ15N values in honey proteins was
suggested as indicator for heather honey (δ15N = −2.3 ± 1.0‰). Moreover, the total N
in proteins indicated potential distinctiveness between the pairs of willow and rapeseed
honey, and buckwheat and heather honey. After the data treatment using PCA, the total
nitrogen and total carbon in honey proteins were taken into account for recognition of
heather honey origins. Out of 31 organic compounds quantified by UHPLC-HRMS, rutin
showed a selective difference as a buckwheat honey indicator. p-Hydroxybenzoic acid,
p-coumaric acid, pantothenic acid (B5), quercetin, and vanillic acid were found to have sta-
tistically different concentration levels within different monofloral honey types and could
be used as specific indicators for monofloral honey purity. The polyphenol profile comes in
good agreement with other studies, with the exception of the few compounds that were re-
ported with higher concentrations in foreign country honey. The NMR qualitative analysis
showed distinguishment among monofloral buckwheat, heather, and linden honey. Using
NMR tyrosine, proline, alanine, and lactic acid, we found characteristic chemical shifts in
buckwheat honey, with monosubstituted benzene derivatives and ethanol in heather honey
and CDCA derivatives in linden honey. This study proves the validity of the combination
of multiple analytical methods, statistical data treatment, and PCA to differentiate various
natural monofloral honey classes, thus guaranteeing botanical authentication and the honey
quality and origin.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods11010042/s1, Figures S1 and S2: Tukey simultaneous 95% confidence intervals differences
of mean for δ13C and δ15N. Figure S3: Fisher simultaneous 95% confidence interval differences
of mean for total N (%). Figures S4–S6: PCA scree plots (δ13C, δ15N, total C and N in proteins;
27 organic compound quantified by UHPLC-HRMS; 1H-NMR spectra intervals 9.0–6.0 and
3.0–0.5 ppm). Figure S7: 1H-NMR spectra interval (0.5–3.0 and 4.5–8.5 ppm) overlayed comparison of
monofloral buckwheat, clover, willow, linden, heather, and rapeseed honey. Supplementary workbook.
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Abstract: Honey is a natural product well known for its beneficial properties. It contains phytochem-
icals, a wide class of nutraceuticals found in plants, including compounds with highly demonstrated
antimicrobial and antioxidant capacities as phenolic compounds and flavonoids. The main goal of
this work is the development of a miniaturized and environmentally friendly methodology to obtain
the phenolic profile of Galician honeys (Northwest Spain) from different varieties such as honeydew,
chestnut, eucalyptus, heather, blackberry and multi-floral. The total phenolic content (TPC) and
antioxidant activity (AA) were also evaluated. As regards sample preparation, miniaturized vortex
(VE) and ultrasound assisted extraction (UAE) employing aqueous-based solvents were performed.
Individual quantification of 41 target phenolic compounds was carried out by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Results revealed the presence of 25 phenolic compounds in
the 91 analyzed samples, reaching concentrations up to 252 μg g−1. Statistical tools such as analysis
of variance (ANOVA) and principal component analysis (PCA) were employed to obtain models that
allowed classifying the different honeys according to their botanical origin. Obtained results, based
on TPC, AA and ∑phenolic compounds showed that significant differences appeared depending
on the honey variety, being several of the identified phenol compounds being responsible of the
main differentiation.

Keywords: honey; polyphenols; phenolic profile; total phenolic content; antioxidant activity; liquid
chromatography; tandem mass spectrometry; principal components analysis

1. Introduction

Honey is a natural food product well known not only for its nutritional value, but
also for its antimicrobial, antiviral, antifungal, anticancer, and antidiabetic properties,
as several in vitro and in vivo studies have demonstrated [1]. From a compositional
point of view, honey is a highly concentrated solution of complex mixture of sugars:
fructose (38%), glucose (31%), water (17%), maltose (7%), as well as trisaccharides, other
higher carbohydrates, sucrose, minerals, vitamins, and enzymes. Its composition depends
strongly on the plant species from which the nectar or the honeydew was collected, and
other factors, such as postharvest treatments, geographical, environmental or climate
conditions [2,3]. Honey is among the top ten foods with the highest adulteration rate in
the European Union, that implies a detrimental to its quality and consumers safety [4].
To protect this valuable food, a Codex standard for honey was adopted by the Codex
Alimentarius Commission in 1981, being further revised in 1987, 2001 and 2019, to regulate
its production and storage, establishing parameters to guarantee its quality [5]. In 2001,
the European Council, following the Codex recommendations, established the Directive
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2001/110/EC [6], amended 2014/63/EU [7] that laid down the production and trading
parameters of honey within the member states of the EU. However, several countries
issue national provisions, decisions, and guidelines defining their own physicochemical,
organoleptic and microscopic characteristics, enhancing the difficulties of the applicability
of harmonized regulations [8].

The identification of honey botanical origin is a valuable information to assure honey
quality. In this way, the analysis of its phenolic composition has been employed as a
tool for its classification and authentication [1,9,10]. Phenolic compounds are secondary
metabolites of plants generally involved in their defense against ultraviolet radiation or
pathogens and have been recognized as the main responsible for the antioxidant activity
of honey [11–13]. The most abundant phenol- types in honey are flavonoids, especially
flavones and flavanols, as well as phenolic acids derived from benzoic and cinnamic
acids [2,14].

Several analytical procedures have been reported to determine honey physicochemical
properties including colour, viscosity, pH, moisture, free acidity, electrical conductivity,
sugars, HMF (hydroxymethylfurfural) content, formol index and insoluble solids [15–19],
but due to the high number of existing honey varieties, more specific techniques are needed.
The use of chromatography coupled to mass detectors (MS) to obtain a deep chemical
characterization of this product is a very valuable option. However, the major drawback
for honey analysis is sample preparation since it is a very complex matrix. To estab-
lish the honey aromatic profile, the combination of solid-phase microextraction (SPME)
with gas chromatography-mass spectrometry (GC-MS) has been the main employed tech-
nique [20–22]. On the other hand, for the determination of more polar analytes, including
phenolic compounds, traditional sample preparation involves the use of solid-liquid or
liquid-liquid (SLE, LLE) before LC-MS or HPLC-UV analysis. However, these techniques
are long time consuming, requiring large amounts of organic solvents and further clean-up
steps before analysis. Microwave-assisted extraction (MAE) and ultrasound assisted ex-
traction (UAE) have been also proposed as extraction techniques to determine phenolic
compounds in honey, but their use was not satisfactory in the presence of thermosensitive
flavonoids such as quercetin, kaempferol or myricetin, that are almost degraded as conse-
quence of radiation. On the other hand, both extraction techniques seemed to be suitable
for the extraction of phenolic acids [20].

Therefore, the goal of this work is the development of a miniaturized analytical
methodology to obtain the phenolic profile of Galician honeys (Northwest Spain) from
different varieties and nectar sources. A green, fast and low-cost sample preparation
strategy based on vortex extraction (VE) followed by ultrasound assisted extraction (UAE)
employing aqueous- based solvents was assessed. Individual quantification of 41 target
phenolic compounds was carried out by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Other indexes such as the total phenolic content (TPC) and antioxidant
activity (AA) were also evaluated. Finally, advanced statistical tools such as analysis of
variance (ANOVA) and principal component analysis (PCA) were employed to obtain
models that allow classifying the different honeys according to their origins.

2. Materials and Methods

2.1. Chemicals, Reagents and Materials

The target phenolic compounds, their CAS numbers, molecular mass, log Kow, re-
tention time and MS/MS transitions are summarized in Table 1. Methanol and ultrapure
water, both MS grade, were supplied by Scharlab (Barcelona, Spain). Hydrochloric acid,
formic acid, Folin–Ciocalteu’s phenol reagent (2M), 2,2-diphenyil-1-picrylhydrazyl (DPPH),
and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox®) were purchased
from Sigma–Aldrich (Darmstadt, Germany). Sodium carbonate was supplied by Panreac
(Barcelona, Spain).
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Table 1. Target phenolic compounds: CAS number, molecular mass (Mm), log Kow, retention time, ionization mode and
MS/MS transitions.

Phenolic Compounds CAS
Mm

(g mol−1)
log Kow

Retention
Time (min)

Ionization
Mode 1

MS/MS
Transitions 2

gallic acid 149-91-7 170.1 0.70 2.61 − 169.02 → 125.04 (17)
169.02 → 153.1 (15)

phloroglucinic acid 71989-93-0 188.1 1.28 4.22 +
168.98 → 150.99 (17)
168.98 → 83.02 (23)

168.98 → 107.02 (22)

β-resorcylic acid 3 89-86-1 154.1 1.63 5.00 +
153.00 → 109.05 (16)
153.00 → 65.09 (19)
153.00 → 67.07 (23)

protocatechuic acid 3 99-50-3 154.1 0.86 5.00 +
152.98 → 109.04 (17)
152.98 → 91.04 (28)

152.98 → 108.03 (26)

caftaric acid 67879-58-7 312.2 0.21 4.78 − 310.96→ 178.97 (17)
310.96 → 148.96 (14)

protocatechualdehyde 139-85-5 138.1 1.09 5.05 +
137.07 → 136.11 (21)
137.07 → 91.09 (24)
137.07 → 92.13 (25)

procyanidin B1 20315-25-7 578.5 5.07 −
577.03 → 407.06 (26)
577.03 → 288.93 (25)
577.03 → 424.97 (26)

p-hydroxybenzoic acid 99-96-7 138.1 1.58 5.35 − 137.00 → 93.00 (17)
137.00 → 65.00 (27)

gentisic acid 490-79-9 117.1 1.74 5.38 +
152.96 → 108.00 (24)
152.96 → 81.02 (21)

152.96 → 109.01 (16)

catechin 18829-70-4 290.3 0.51 5.50 + 289.00 → 245.02 (17)
289.00 → 203.11 (22)

3-hydroxyphenylacetic acid 621-37-4 152.2 0.85 5.70 − 151.00 → 65.00 (20)
151.00 → 79.00 (20)

procyanidin B2 29106-49-8 578.5 2.29 5.96 −
577.03 → 407.06 (26)
577.03 → 288.93 (25)
577.03 → 424.97 (26)

gentisaldehyde 1194-98-5 138.1 1.53 6.11 +
136.99 → 108.02 (21)
136.99 → 81.08 (18)

136.99 → 109.04 (14)

chlorogenic acid 327-97-9 354.3 1.01 6.12 +
353.00 → 191.07 (22)
353.00 → 85.09 (43)
353.00 → 93.07 (45)

3-hydroxybenzaldehyde 100-83-4 122.1 1.29 6.22 +
121.02 → 93.05 (20)
121.02 → 92.05 (23)

121.02 → 120.04 (19)

4-hydroxybenzaldehyde 123-08-0 122.1 1.36 6.25 +
122.97 → 95.05 (13)
122.97 → 51.10 (36)
122.97 → 77.05 (20)

vanillic acid 121-34-6 168.2 1.43 6.29 − 167.00 → 108.00 (27)
167.00 → 152.00 (18)

γ-resorcylic acid 303-07-1 154.1 2.20 6.33 +
153.00 → 109.05 (17)
153.00 → 65.09 (21)

153.00 → 135.02 (16)

α-resorcylic acid 99-10-5 154.1 0.86 6.33 +
152.97 → 109.01 (15)
152.97 → 65.06 (16)
152.97 → 67.05 (20)

veratric acid 93-07-2 182.2 1.61 6.45 + 182.96 → 137.08 (6)
182.96 → 106.99 (22)
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Table 1. Cont.

Phenolic Compounds CAS
Mm

(g mol−1)
log Kow

Retention
Time (min)

Ionization
Mode 1

MS/MS
Transitions 2

caffeic acid 331-39-5 180.2 1.15 6.50 − 178.98 → 135.03 (19)
178.98 → 134.01 (28)

epicatechin 35323-91-2 290.3 0.51 6.56 + 289.00 → 245.02 (17)
289.00 → 203.11 (22)

epigallocatechin gallate 989-51-5 458.4 2.56 6.79 +
457.15 → 169.05 (21)
457.15 → 125.09 (42)
457.15 → 305.09 (21)

gallocatechin gallate 84650-60-2 458.4 2.56 7.29 +
457.15 → 169.05 (21)
457.15 → 125.09 (42)
457.15 → 305.09 (21)

procyanidin A2 41743-41-3 576.5 2.52 7.32 −
577.09 → 287.00 (32)
577.09 → 136.98 (62)
577.09 → 425.08 (13)

umbelliferone 93-35-6 162.1 1.58 7.80 +
162.99 → 107.04 (22)
162.99 → 77.05 (34)
162.99 → 91.05 (20)

p-coumaric acid 501-98-4 164.2 1.79 7.89 +
163.02 → 119.07 (18)
163.02→ 93.07 (37)

163.02 → 117.05 (38)

catechin gallate 130405-40-2 442.3 2.62 8.01 +
441.13 → 289.13 (20)
441.13 → 125.08 (42)
441.13 → 169.05 (24)

trans-ferulic acid 537-98-4 194.2 1.51 8.33 − 192.80 → 177.90 (12)
192.80 → 133.90 (16)

veratraldehyde 120-14-9 166.2 1.22 8.92 +
167.01 → 139.05 (13)
167.01 → 108.05 (21)
167.01 → 124.03 (18)

4-anisaldehyde 123-11-5 136.1 1.76 10.03 +
136.97 → 109.05 (12)
136.97 → 77.05 (23)
136.97 → 94.04 (18)

miquelianin 22688-79-5 478.4 0.20 10.32 + 479.09 → 461.50 (14)
479.09 → 302.96 (18)

rutin 153-18-4 610.5 0.15 10.35 −
609.18 → 270.92 (96)
609.18 → 178.87 (44)
609.18 → 300.01 (37)

isoquercitrin 482-35-9 463.4 0.76 10.43 + 465.07 → 256.90 (41)
465.07 → 302.97 (14)

myricetin 529-44-2 318.2 1.42 11.43 +
319.00 → 153.02 (31)
319.00 → 217.06 (31)
319.00 → 245.06 (27)

3,4,5-trimethoxycinnamic acid 90-50-6 238.2 1.58 11.59 +
239.03 → 221.04 (11)
239.03 → 162.99 (27)
239.03 → 190.01 (19)

3,5-dimethoxybenzaldehyde 7311-34-4 166.2 1.87 11.81 + 167.15 → 124.03 (17)
167.15 → 77.05 (26)

quercetin 117-39-5 302.2 1.48 12.10 + 303.09 → 229.10 (28)
303.09 → 153.04 (33)

kaempferol 520-18-3 286.2 1.96 12.57 − 285.07 → 184.91 (30)
285.07 → 239.12 (35)

apigenin 520-36-5 270.2 3.02 12.63 −
269.09 → 117.12 (37)
269.09 → 149.12 (26)
269.09 → 151.06 (26)

chrysin 480-40-0 254.2 3.52 13.24 +
253.13 → 143.18 (30)
253.13 → 63.20 (34)

253.13 → 145.16 (31)
1 “−”and “+” indicate negative and positive ionization modes, respectively. 2 Underlined MS/MS transition used for quantification
purpose.3 Isomers: 2,4/3,4-dihydroxybenzoic acid.
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Phenolic individual standard stock solutions (500–1000 μg mL−1) were prepared
in methanol. Further dilutions and mixtures were prepared in acidified water (0.1%
formic acid)/methanol (80:20, v/v) (AW/MeOH). All solutions were stored at −20 ◦C and
protected from light. All chemicals and reagents were of analytical grade.

A vortex stirrer by Velp Scientifica (Usmate, Italy) and an ultrasound bath (50 kHz)
from JP Selecta (Barcelona, Spain) were employed to perform the extractions.

2.2. Honey Samples

Ninety-one honey samples from Galicia (Northwest Spain) were kindly supplied
by the protected geographical indication (P.G.I.) Mel de Galicia. Samples were received
in glass jars sealed with aluminum caps. They were stored in the original containers at
controlled temperature (15 ◦C) and kept away from light until their analysis.

The methodology used for the study of the botanical characteristics was based on
the determination of the pollen contained in the honey by centrifugation. In total, 52%
of the honey samples contained between 2000 and 10,000 grains of pollen per gram of
honey, according to the classes of Maurizio; 39% of these samples contained between 10,000
and 50,000 grains of pollen per gram of honey [19]. The pollen spectrum of the samples
consisted of 82 different pollen types, with 45% of them likely to be labelled as monofloral,
while the remaining 55% were considered multi-floral, in which was included 16% whose
majority origin was honeydew (HD). As regards monofloral honeys, the chestnut (CN,
34%), the blackberry (BL, 27.3%), the eucalyptus (EU, 25%) and, to a lesser extent, the
heather (HE, 13.7%) stand out.

It should be noted that, as for the main proportion of the honey produced in Galicia,
the main types were Castanea, Eucalyptus, Erica, Rubus and Cytisus, all of them in the
dominant category or as companion in the pollen spectrum of honey.

2.3. VE-UAE Procedure

Under the optimal experimental conditions (see Section 3.2), 0.1 g of honey were
weighted in a 1.8 mL glass vial and 1 mL of acidified water (0.1% formic acid)/methanol
(80:20, v/v) (AW/MeOH) was added. The vial was sealed with an aluminum cap furnished
with PTFE-faced septa and the solution was stirred by vortex for 1 min. Afterwards, the
vial was immersed in an ultrasound bath for 1 min (20 ◦C, 50 KHz). The obtained extract
was filtered through 0.22 μm polytetrafluoroethylene (PTFE) filters and directly injected in
the LC-MS/MS system for phenols analysis (see Section 2.6). The experimental procedure
is summarized in Figure 1.

Figure 1. Schematic representation of the VE-UAE experimental procedure.

2.4. Determination of TPC

The total phenolic content (TPC) of honey samples was determined according to the
Folin–Ciocalteu (FC) colorimetric method described by Singleton and Rosssi [23]. Honey
sample preparation was performed employing a modified method of Pauliuc et al. [16].
Briefly, 0.5 g of honey sample were diluted in 5 mL of methanol/water (40:60, v/v, pH = 2,
HCl) and magnetically stirred for 15 min. Afterwards, 1.3 mL of this solution was diluted
(1:10, v/v) in water up to a final volume of 13 mL. Then, an aliquot of 5 mL was placed on a
Falcon tube and 100 μL of Folin–Ciocalteu’s phenol reagent and 1 mL of Na2CO3 solution
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(20%, w/v) were added. The Falcon tubes were kept away from light for 30 min. After-
wards, the absorbance was measured at 760 nm in a UV-Vis spectrophotometer Shimadzu
UVmini-1240 (Kyoto, Japan). The TPC was quantified employing a calibration curve pre-
pared with gallic acid standards solutions ranging between 1–20 mg L−1 (R2 = 0.9990) and
expressed as mg of gallic acid equivalent (GAE) per 100 g of honey (mg GAE 100 g−1).

2.5. Determination of AA

The antioxidant activity (AA) was determined by a modified method of Brand–
Williams et al. [24]. Briefly, 200 μL of the honey solution (0.5 g of honey diluted in 5 mL of
methanol/water, 40:60, v/v, pH = 2, HCl) were introduced in a Falcon tube and 3.9 mL
of the DPPH reagent solution (0.1 mM in methanol) were added. After 30 min in the
absence of light, the absorbance was measured at 515 nm. The AA was quantified em-
ploying a calibration curve prepared with Trolox® (0.1–0.9 mmol TRE g−1, R2 = 0.9970).
The AA were expressed as micromoles of Trolox® equivalents (TRE) per 100 g of honey
(μmol TRE 100 g−1).

2.6. LC-MS/MS Analysis

The optimal instrumental conditions for the detection of the target phenols were adapted
from Celeiro et al. [25]. LC-MS/MS analysis was performed employing a Thermo Scientific
(San José, CA, USA) instrument based on a TSQ Quantum UltraTM triple quadrupole
mass spectrometer equipped with a HESI-II (heated electrospray ionization) source and an
Accela Open autosampler with a 20 μL loop. The chromatographic separation was achieved
on a Kinetex C18 column (2.6 μm, 100 × 2.1 mm) with a guard column (SecurityGuardTM

ULTRA Holder) obtained from Phenomenex (Torrance, CA, USA). The injection volume
was 10 μL and the column temperature was set at 50 ◦C. The mobile phase consisted of
water (A) and methanol (B), both containing 0.1% formic acid. The eluted program started
with 5% of B (held 5 min), it was up to 90% of B over 11 min (held 3 min). Then, initial
conditions were reached in 5 min. The mobile phase flow rate was 200 μL min−1. The total
run time for each injection was 20 min. The mass spectrometer and the HESI-II source were
working simultaneously in the positive and negative mode (see ionization mode for each
target compound in Table 1). Selected reaction monitoring (SRM) acquisition mode was
implemented monitoring 2 or 3 transitions per compound (see Table 1), for an unequivocal
identification and quantification of the target compounds. The system was operated by
Xcalibur 2.2 and Trace FinderTM 3.2.

2.7. Statistical Analysis

Analysis of variance (ANOVA) and principal component analysis (PCA) were per-
formed employing Statgraphics Centurion XVIII software package (Manugistics, Rockville,
MD, USA).

3. Results

3.1. Selection of the Solvent

The 41 target phenols present a high polarity range, as can be seen in Table 1, with log
KOW values ranging between 0.2 and 3.5. Therefore, their chromatographic separation and
response are expected to be highly dependent on the dilution solvent. Different aqueous-
based solvents were tested since one of the objectives of this work is the development of a
green methodology, reduced usage of toxic solvents.

Experiments were performed employing standard solutions containing the 41 target
phenols at 200 μg L−1 prepared in: methanol (MeOH), acidified water with 0.1% formic
acid (AW) and acidified water (0.1% formic acid)/methanol (80:20, v/v) (AW/MeOH).
Results for some target phenols from high polar to low polar ones are shown in Figure 2.
As can be seen, both aqueous based- solvents provided the highest chromatographic
response for most compounds, especially for the highest polar ones, such as cinnamic- and
benzoic- acids derivatives (gallic-, caftaric-, gentisic-, chlorogenic- acid, etc.). In contrast,
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the use of methanol to prepare the standard solutions for these compounds, resulted in
chromatographic responses up to three times lower than those obtained with the aqueous-
based solvents. Regarding medium polarity compounds, lower differences were observed
for some compounds (α-resorcylic acid, umbelliferone, veratraldehyde, etc.) between the
responses for the three tested solvents, whereas others achieved worse response for MeOH
(epicatechin, p-coumaric acid, etc.). On the other hand, higher responses were obtained
with AW/MeOH and MeOH for the low polar compounds, such as the flavonols quercetin
and kaempferol and the flavones apigenin and chrysin.

Figure 2. Chromatographic response for some phenols standard solutions (200 μg L−1) prepared in AW: acidified water
(0.1% formic acid); AW/MeOH: acidified water (0.1% formic)/methanol (80:20, v/v); MeOH: methanol. * Divided/10.

As it is well known, the solvent not only affects the chromatographic response (abun-
dance) of the analytes, but also highly affects the retention efficiency and thus, the chro-
matographic peak shape. Figure 3 shows the comparison between the chromatographic
peaks for protocatechualdehyde (Figure 3a) and chlorogenic acid (Figure 3b) (200 μg L−1)
prepared in AW, AW/MeOH and MeOH.

As can be seen, the standard prepared in methanol presented the worst peak shape,
whereas standard prepared in AW and AW/MeOH showed in both cases satisfactory
peak resolution. This behaviour was similar for most compounds, especially for those
eluting first. Therefore, in view of these results, both aqueous based-solvent solutions were
selected for further experiments.

3.2. VE-UAE Optimization

As previously commented, honey is a viscous and complex matrix, which makes not
easy work with. Therefore, the selection of the most suitable extraction solvent is crucial
to obtain the highest extraction efficiency. In this case, the extraction solvent and sample
amount were optimized to obtain not only the highest extraction efficiency, but also to
assess the possibility of miniaturizing the sample preparation procedure, fulfilling with the
green chemistry principles.
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Figure 3. Peak shape comparison standard solutions (200 μg L−1) prepared in AW, AW/MeOH and
MeOH for: (a) protocatechualdehyde; (b) chlorogenic acid.

3.2.1. Extraction Solvent

Both aqueous-based solvents pre-selected in the preliminary studies, AW and AW/MeOH
(see Section 3.1), were employed to prepare the honey samples. In this case, 0.1 g of honey
in 1 mL of solvent were employed. Results for some detected compounds in two different
honey samples from different origin, honeydew (HD) and multi-floral (MF) are represented
in Figure 4a. In general, responses were similar for both aqueous- based solvents, exclud-
ing kaempferol, apigenin and chrysin. For these compounds, higher chromatographic
responses, up to two times, were obtained in the two honey varieties, when AW/MeOH
was employed as extractant. These results are in concordance with those previously ob-
tained for the standard solutions of these flavones derivatives. For this reason, the solution
AW/MeOH was selected.

3.2.2. Sample Amount

Until now, in most honey studies the employed amount of sample usually involves
the use of several grams of honey [16,20,26]. Since one of the objectives of the work is to
obtain a miniaturized methodology with a low sample, reagents and solvents consumption,
two different sample sizes were evaluated: 0.1 g and 0.5 g diluted 1:10 w/v. Results are
depicted in Figure 4b, for two honey samples varieties, HD and MF. As can be seen, in
all cases responses were similar employing 0.1 g and 0.5 g, concluding that the use of
only 0.1 g of honey were representative and homogeneous. Therefore, 0.1 g of honey
sample and 1 mL of AW/MeOH were selected, allowing a miniaturization of the extraction
VE-UAE procedure.
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Figure 4. Optimization of the (a) extraction solvent; (b) sample size for two honey varieties (HD10 and MF32). * Response
multiplied ×5; ** multiplied ×20.

3.3. VE-UAE-LC-MS/MS Performance

Under the optimal experimental conditions that involve the use of only 0.1 g of
honey sample diluted in 1 mL of AW/MeOH, the whole VE-UAE-LC-MS/MS method
was validated in terms of linearity, accuracy and precision. Limits of detection (LODs)
were also calculated. Results are summarized in Table 2. Calibration curves were prepared
in AW/MeOH containing the 41 target phenolic compounds, covering a concentration
range for most compounds from 5 to 10,000 ng L−1, with 11 concentration levels (5, 10,
20, 50, 100, 200, 500, 1000, 2000, 5000 and 10,000 ng L−1) and three replicates per level.
The method showed a good linearity, with coefficients of determination (R2) higher than
0.99. Instrumental precision was evaluated within a day (n = 4) and amongst days (n = 5)
for all the calibration concentration levels. Relative standard deviation (RSD) values for
200 μg L −1 are shown in Table 2, with mean values about 10%. To assess the accuracy of
the proposed method, recovery studies were carried out employing a multi-floral honey
sample (MF28). It is worth noting that only a few methods demonstrated accuracy for such
a high number of phenolic compounds in honey samples and most of them imply the use of
artificial matrices [20] or further experimental steps, mainly based on solid-phase extraction
(SPE) to remove matrix components such as sugars [27]. The study was performed spiking
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the honey sample with the 41 target phenolic compounds at 2 μg g−1. Results depicted in
Table 2 show that recovery values ranged between 70 and 100% for most compounds with
RSD values lower than 8%. Recovery percentages obtained in other studies that apply UAE
were higher for some phenolic acids (gallic acid, p-coumaric acid) while higher values were
obtained in the present study for other compounds, such as myricetin and kaempferol. The
degradation of some flavonoids during the extraction procedure assisted with irradiation
was demonstrated [20]. Those undesirable effects were not observed in the present study
since UAE was only applied for 1 min.

Table 2. VE-UAE_LC-MS/MS performance: Linearity, precision, recoveries and LODs.

Phenolic Compounds

Linearity Precision (RSD, %)

Recovery (%)
LOD

(ng g−1)R2 Intra-Day
(n = 4)

Inter-Day
(n = 5)

gallic acid 0.9985 5.3 3.5 58.3 ± 9.0 39

phloroglucinic acid 0.9996 10 9.1 84.3 ± 4.7 137

β-resorcylic acid 1 0.9954 11 7.2
78 ± 11 54

protocatechuic acid 1 0.9937 3.4 4.5

caftaric acid 0.9973 2.0 9.9 101 ± 5 22

protocatechualdehyde 0.9906 8.6 14 75.3 ± 5.2 16

procyanidine B1 0.9993 18 16 78 ± 11 17

gentisicacid 0.9996 14 16 90.5 ± 7.3 20

catechin 0.9917 6.5 15 61 ± 12 46

procyanidine B2 0.9926 3.9 18 59.0 ± 5.1 18

gentisaldehyde 0.9993 5.2 15 69.2 ± 1.0 91

chlorogenic acid 0.9992 4.3 2.6 59.2 ± 2.7 7.1

3-hydroxybenzaldehyde 0.9986 8.2 20 71.7 ± 4.4 17

4-hydroxybenzaldehyde 0.9978 13 15 113 ± 2 35

γ-resorcylic acid 0.9949 1.2 4.7 141 ± 2 14

α-resorcylic acid 0.9903 7.7 5.3 133 ± 7 12

veratric acid 0.9988 16 14 80.5 ± 4.6 40

caffeic acid 0.9962 4.3 5.6 76.1 ± 0.8 8.8

epicatechin 0.9946 11 9.7 54.7 ± 0.6 6.9

epigallocatechin gallate 0.9940 18 16 76.1 ± 8.0 121

gallocatechin gallate 0.9990 17 3.9 45.1 ± 8.3 79

procyanidine A2 0.9975 1.6 6.4 83.8 ± 4.2 12

umbelliferone 0.9928 8.9 12 106 ± 1 8.0

p-coumaric acid 0.9980 2.6 6.8 66.6 ± 1.7 7.9

catechin gallate 0.9988 7.9 11 71.7 ± 0.4 16

veratraldehyde 0.9999 4.2 4.1 77.3 ± 1.0 10

4-anisaldehyde 0.9953 5.2 9.1 88.9 ± 6.2 30

miquelianin 0.9928 13 6.1 115 192

rutin 0.9928 8.3 13 95.3 ± 6.7 29

isoquercitrin 0.9915 15 2.1 - 163

myricetin 0.9982 10 18 103 ± 19 216
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Table 2. Cont.

Phenolic Compounds

Linearity Precision (RSD, %)

Recovery (%)
LOD

(ng g−1)R2 Intra-Day
(n = 4)

Inter-Day
(n = 5)

3,4,5-trimethoxycinnamic acid 0.9944 12 12 86.9 ± 5.3 21

3,5-dimethoxybenzaldehyde 0.9985 15 13 76.5 ± 9.5 156

quercetin 0.9992 10 19 - 39

kaempferol 0.9906 5.9 9.7 61.5 ± 5.9 45

apigenin 0.9168 7.5 5.4 53.8 ± 2.8 7.0

chrysin 0.9948 10 6.6 70.3 ± 13 55

trans-ferulic acid 0.9972 7.5 4.2 105 ± 2.2 41

vanillic acid 0.9980 2.1 5.5 87.0 ± 5.7 24

p-hydroxybenzoic acid 0.9922 9.8 4.9 n.c. 7.0

3-hydroxyphenylacetic acid 0.9977 7.1 4.4 n.c. 60
1 Sum of both isomers: 2,4/3,4- dihydroxybenzoic acid; n.c. Not calculated since the concentration in the sample was higher than the spike
level (see sample MF28 in Table S2c).

Limits of detection (LODs) were calculated as the compound concentration giving a
signal-to-noise ratio of three (S/N = 3) employing the honey sample spiked with the target
compounds. Results depicted in Table 2 show that they were at the ng g−1 level for all
target phenolic compounds.

3.4. Analysis of Real Honey Samples
3.4.1. TPC and AA

TPC and AA results for the 91 analyzed samples are summarized in Tables S1 and S2
for samples collected in 2018 and 2019, respectively. The ranges, mean and median concen-
trations for TPC, AA and individual phenolic compounds are shown in Table 3.

Results for TPC were similar in the two evaluated seasons. As shown in Table 3, TPC
values ranged between 48–203 mg GAE 100g−1. As expected, a relationship seems to exist
between the total concentration of target phenolic compounds and the TPC values, since
the highest TPC was found in the heather sample HE1 that shows the highest sum of
phenolic compounds, 252 μg g−1. On the other hand, most of EU and BL honey samples
achieved low TPC.

The AA index ranged between 15–1017 μmol TRE 100 g−1 for the two seasons. Samples
of honeydew achieved the highest antioxidant activity, reaching 1006 and 1017 μmol TRE
100 g−1 in sample HD4 and HD11, respectively. Results are in concordance, since most
honey samples with high TPC values achieved high AA, as well. In the same way, the
honey sample (EU11) with the lowest TPC (48 mg GAE 100 g−1) also reached the minimum
AA concentration (15 μmol TRE 100 g−1).

Results of TPC and AA obtained in the Galician honeys were in consonance with those
reported in other honeys from the same and different origin [19,28]. Thus, both indexes do
not allow differentiating Galician honeys from other honeys, although they might allow to
distinguish between the different honey varieties (see also Section 3.5).
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3.4.2. Individual Phenolic Content

Individual target phenolic compounds concentrations, as well as the sum of them for
the 91 analyzed samples are summarized in Tables S1 and S2, and concentration ranges for
the analyzed varieties are shown in Table 3.

Among the 41 target phenolic compounds, 22 were found in the samples of the
2018 season whereas 25 were detected in samples of 2019. The highest concentration of
individual phenolic compounds was found in the heather variety (HE), with total phenolic
compounds concentrations reaching 252 μg g−1, especially owing to the high content of
3-hydroxyphenylacetic acid (242 μg g−1 in sample HE1). The sum of phenolic compounds
was highly influenced by the concentration of this compound since it was found in 33 of
the 91 analyzed samples at a mean value of 35 μg g−1 and in the range 0.41–242 μg g−1. It
is worth noting that these high 3-phenoxyphenylacetic acid contents do not confer high
antioxidant activities to the HE honey, compared with those containing honeydew.

Regarding those samples that were not highly affected by 3-phenoxyphenylacetic acid,
honeydew honeys (HD) contained high concentration of the sum of phenolic compounds,
with 35 and 25 μg g−1 in 2018 and 2019 seasons, respectively. In the same way, the mixture
chestnut/honeydew variety (CN/HD) reached concentrations up to 30 μg g−1 for the sum
of the target phenolic compounds. On the other hand, the lowest concentration for the
sum of phenolic compound was detected in a eucalyptus honey (EU11) with 3.4 μg g−1. In
general, results were similar in both seasons and the values were in concordance with the
TPC and AA.

The most abundant phenolic compound, detected in all the analyzed honey samples,
was p-hydroxybenzoic acid, in a concentration range from 0.68 to 5.1 μg g−1. Other benzoic-
and hydroxycinnamic- derivates acids, such as gallic or protocatechuicacid, were found at
high concentrations, up to 10 μg g−1 in honeydew (HD), 8.0 μg g−1 in chestnut/honeydew
(CN/HD) and 4.6 μg g−1 in blackberry (BL) varieties. It is important to note that 7 of the
14 chestnut samples collected during the 2019 campaign contained honeydew, which could
contribute to the concentration increase. In HD samples, gentisic acid (present in 86 honeys)
reached the highest mean concentration of 2.7 μg g−1. Additionally, p-coumaric acid, which
was found in all samples, achieved concentrations up to 12 μg g−1 in multi-floral (MF)
honeys. P-coumaric acid content fluctuations could be observed within the same variety;
however, the highest concentrations and fluctuations occurred in multi-floral (MF) honeys,
with values ranging from 0.1 to 12 μg g-1.

Veratric acid was detected only in six honey samples of several types (BL, CN, HD
and MF) at concentrations around 1.5 μg g−1.

As regards aldehydes, 3-hydroxybenzaldehyde and 4-hydroxybenzaldehyde appeared
in several samples of different honey varieties (EU, BL HE, CN and MF) at concentrations
of up to 1.2 and 2.0 μg g−1, respectively. It is important to note the absence of these
two aldehydes in the honeydew samples as well as in the chestnut honeys with honey-
dew (CN/HD), except in sample HD10 in which 3-hydroxybenzaldehyde appeared at a
concentration of 0.10 μg g−1.

Concerning other families, 2 of the 3 targeted flavonols were found in the samples:
quercetin in 69 samples and kaempferol in 40 honey samples, whereas myricetin was not
detected in any sample. Additionally, the flavones chrysin and apigenin were found in 91
and 84 honey samples, respectively. They were present at concentrations up to 5.9 μg g−1,
for chrysin in BL8, and 0.43 μg g−1, for apigenin in MF5. In contrast, flavanol compounds
(catechin, epicatechin, gallocatechin gallate) were not detected in the analyzed samples.
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3.5. Chemometric Study
3.5.1. Analysis of Variance (ANOVA)

One way ANOVA was performed to assess statistical differences between the botanical
origin of honeys based on their bioactive properties (TPC and AA) and their phenolic
profile/composition at a 95% of confidence level. One way ANOVA was selected instead
of two ways because the harvest year was not statistically significant (data not shown).

The mean values and box-and-whiskers plots obtained from TPC and AA values are
depicted in Figure 5a,b, respectively.

Figure 5. Mean values and box-and-whiskers plots for the different honey varieties based upon
(a) TPC; (b) AA.

Concerning TPC, three different homogeneous groups could be determined and be
easily visualized in Figure 5a. One group was formed by BL and EU honey varieties, the
second one was formed by CN and MF, and the last group was formed by CN/HD, HD
and HE honeys. These results were confirmed with those obtained in a multiple range least
significant difference (LSD) test (data not shown).

Regarding AA (Figure 5b), three statistically different groups were obtained. The first
one formed by HD, the second by the mixture CN/HD and the rest of honey varieties (BL,
CN, EU, HE and MF) constituted the third one.

Considering the total concentration of phenolic compounds found in the analyzed
samples (see Figure 6), only two groups could be differentiated. This was in concordance
with the multiple range test: one formed by HE honey variety, and another group formed
by the other varieties (BL, CN, CN/HD, EU, HD and MF). These results demonstrate the
high influence of the concentration of 3-hydroxyphenylacetic acid in the sum of phenolic
compounds, since it was detected at concentrations over to 200 μg g−1 in the HE samples,
as already mentioned in Section 3.4.2.
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Figure 6. Mean values and box-and-whiskers plots for the different honey varieties based upon the
sum of target phenolic compounds concentration.

3.5.2. Principal Components Analysis (PCA)

Honey classification based upon the presence of different target phenolic compounds
was one of the objectives of this study. For this reason, a principal components analysis
(PCA) was employed by means of a data matrix including the 91 analyzed samples and
25 variables given by the responses of the 25 phenolic compounds detected after LC-
MS/MS analysis.

The phenolic compounds responses were auto-standardized by the Statgraphics soft-
ware. Only principal components with the largest eigenvalues and greater than one were
retained (Kaiser criterion). Six principal components (PC) were then retained and were
enough to explain about 70% of variance (data not shown). As an example, the PC1 and
PC2 and the PC1 and PC3 scatter plots for the 91 samples of different honey varieties are
depicted in Figure 7a,b, respectively. A plot of component weights for PC1 and PC2 is also
depicted in Figure 7c.

PC1 was mainly positively influenced by acids (gallic acid, β-resorcylic acid, proto-
catechuic acid and gentisic acid), and negatively by aldehydes (protocatechualdehyde,
3-hydroxybenzaldehyde, 4-hydroxybenzaldehyde and 4-anisaldehyde) (Figure 7c).

In contrast, PC2 was highly positively affected by phenolic acids (caffeic acid, trans-
ferulic acid and p-coumaric acid), flavones (apigenin and chrysin), flavonols (quercetin
and kaempferol) (Figure 7c).

As can be seen in Figure 7a,b, three different groups can be distinguished. Honeydew
(HD) honeys as well as chestnut with honeydew (CN/HD) can be classified as one group
positively highly influenced by PC1. On the other hand, three samples of heather honey
(HE), negatively affected by PC1, can be gathered, whereas BL honeys are clearly differenti-
ated according to PC2. Besides, a group including some of the EU honey samples can be
differentiated.

Chestnut honeys are not clearly differentiated by any of the PC, although four of them
(CN6, CN8, CN9 and CN10) show a simultaneous high concentration of quercetin, chrysin
and trans-ferulic acid, as expressed in PC2 (Figure 7a). Blackberry honeys also contain high
proportions of these three compounds plus kaempferol.

The plot of component weights depicted in Figure 7c indicates which compounds are
dominant for each type of honey. For honeydew honey, gallic acid is the main chemical
marker along with β-resorcylic acid and protocatechuic acid.
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Figure 7. PCA analysis. Scatter plot of (a) PC1 and PC2; (b) PC1 and PC3; (c) plot of component
weights for PC1 and PC2 of the 91 analyzed samples. HE: heather, HD: honeydew, CN: chestnut,
CN/HD: chestnut/honeydew, EU: eucalyptus, MF: multi-floral, BL: blackberry.
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In the case of heather honeys, 4-anisaldehyde, 3-hydroxyphenylacetic acid and 4-
hydroxybenzaldehyde appear as main markers.

Most of the 32 multi-floral honeys are located at the centre of the PCA-2D component
plots, confirming that with such a mixture of nectars coming from multiple plant species,
no specific group and no specific origin can be identified.

Nevertheless, these results also show that PCA is a suitable approach to identify
groups of honey from different botanical origins.

4. Conclusions

91 Galician honeys obtained from different botanical origins and nectar sources were
analyzed to assess their similarities, differences and correlations in terms of phenolic
profiles. A miniaturized, fast and environmentally friendly methodology based on VE-
UAE-LC-MS/MS was successfully developed. Results revealed the presence of 25 out of
the 41 target phenolic compounds in the 91 analyzed samples. TPC and AA were also
evaluated, showing mean values around 121 mg GAE 100g−1 of honey and 340 μmol TRE
100g−1, respectively. ANOVA and PCA results based on TPC, AA and ∑phenolic com-
pounds concentrations, revealed significant differences depending on the honey variety,
demonstrating that phenolic compounds can be used as indicators to identify their floral
origin. This study proves that the combination of chromatographic analysis with mass spec-
trometry detection and PCA are suitable tools to investigate the botanical authentication of
honey and to guarantee its quality and origin.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10112616/s1, Table S1: concentration (μg g−1) of target phenolic compounds, TPC
(mg GAE 100g-1) and AA (μmol TRE 100g−1) for: (a) EU, BL, CN and HD; (b) HE and MF honeys
in the 2018 season. Table S2: concentration (μg g−1) of target phenolic compounds, TPC (mg GAE
100g−1) and AA (μmol TRE 100g−1) for: (a) EU and BL; (b) CN, CN/HD and HD; (c) HE and MF
honeys in the 2019 season.
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Abstract: For long heather honey has been a special variety due to its unique organoleptic char-
acteristics. This study aimed to characterize and optimize the isolation of the dominant volatile
fraction of Greek autumn heather honey using solid-phase microextraction (SPME) followed by gas
chromatography-mass spectrometry (GC-MS). The described approach pointed out 13 main volatile
components more closely related to honey botanical origin, in terms of occurrence and relative
abundance. These volatiles include phenolic compounds and norisoprenoids, with benzaldehyde,
safranal and p-anisaldehyde present in higher amounts, while ethyl 4-methoxybenzoate is reported
for the first time in honey. Then, an experimental design was developed based on five numeric factors
and one categorical factor and evaluated the optimum conditions (temperature: 60 ◦C, equilibration
time: 30 min extraction time: 15 min magnetic stirrer velocity: 100 rpm sample volume: 6 mL
water: honey ratio: 1:3 (v/w)). Additionally, a validation test set reinforces the above methodology
investigation. Honey is very complex and variable with respect to its volatile components given the
high diversity of the floral source. As a result, customizing the isolation parameters for each honey is
a good approach for streamlining the isolation volatile compounds. This study could provide a good
basis for future recognition of monofloral autumn heather honey.

Keywords: autumn heather honey; Erica manipuliflora Salisb.; volatiles; gas chromatography-mass
spectrometry; solid-phase microextraction; optimization; response surface methodology

1. Introduction

Honey bees (Apis mellifera L.) are primary pollinators with an important role in ecosys-
tem conservation [1], offering many services and products, such as honey. Honey through
the centuries has always been a vital food for humans, with many health properties [2,3].
The Mediterranean region, specifically Greece pronounces a set of several common and rare
monofloral honeys in international markets [4]. Additionally, nowadays few rare honeys,
like heather, have become increasingly well-known for their special characteristics and
have received several awards in national and international food quality or taste competi-
tions [5]. The term “heather” is used for plant species belonging to Erica and Calluna genera.
However, this term is used to describe the honey produced from Calluna vulgaris (L.) Hull
and not from other Ericaceae botanical sources [6]. In relation to honey from common
species, including Erica arborea L., Erica carnea L., and Erica cinerea L., the given names are
“Tree heath”, “Spring heather”, and “Bell heather”, respectively [6].

Foods 2021, 10, 2487. https://doi.org/10.3390/foods10102487 https://www.mdpi.com/journal/foods67
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Greek flora includes four Ericaceae nectar-secretion bee plants. Two of them are spring
flowering species including Erica arborea L., and Rhododendron sp. while the other two
(Erica manipuliflora Salisb. and Arbutus unedo L.) bloom in autumn. Erica manipuliflora is
indigenous in Greece and is known as “autumn heather”, while the traditional term used
is “sousoura”. However, honey from E. manipuliflora should not be confused with other
heather honeys produced during autumn, including from C. vulgaris, and Erica multiflora L.
Monofloral autumn heather honey can be quite easily produced [7], as its collection period
does not coincide with the blooming of other bee plants, with the exception of A. unedo
honey, which blooms in late autumn and its blooming period follows that of E. manipuliflora.

Greek autumn heather honey is well-known for its extraordinary aroma profile, char-
acterized by perfume reminiscent “caramel” notes, which is worth studying since data
for this honey variety are scarce. In the last twenty years, just two studies [8,9] have dealt
with the volatile fraction of E. manipuliflora honey. However, there are numerous studies
concerning heather honey [7,10–17]. As shown in a review study [18], the above studies
refer to different botanical species, geographical origin, number of samples, isolation, and
analysis procedures.

The volatile isolation method is usually followed by gas chromatography-mass spec-
trometry (GC-MS), and plays a significant role in the qualitative and quantitative deter-
mination of volatiles. Solid-phase microextraction (SPME) as a volatile fraction extraction
methodology constitutes a simple procedure with no pre-treatment of samples and envi-
ronmentally friendly solvents [19]. The main factors, including temperature, equilibration
time, extraction time, sample volume, water-honey ratio, and magnetic stirring velocities
contribute simultaneously to the isolation of volatiles, sometimes synergistically [20]. For
this reason, it is necessary to study all-factors-at-a-time, in terms of their effectiveness of
volatiles isolation. This may be possible by using multivariate statistic techniques, like
response surface methodology (RSM) [20,21].

The aim of the present study was the identification and semi-quantification of the
volatile fraction of indigenous monofloral Greek autumn heather honey from E. manipuliflora.
The main SPME factors were simultaneously examined for their potential to isolate the
dominant volatile fraction and each molecule separately using RSM.

2. Materials and Methods

2.1. Honey Samples

The analyses of volatiles were carried out to 25 honey samples provided directly by
Greek beekeepers. Samples were produced during the 2019–2021 harvest period. The
botanical origin was assessed by the beekeepers and then confirmed by melissopalynologi-
cal [22], and physiochemical analysis [23,24], as previously described [25]. Floral origin
was confirmed firstly according to European [26] and secondly according to the more strict
Greek [27] legislation (sum of fructose and glycose not less than 60% w/w; sucrose content
not more than 5% w/w; moisture content not more than 20% w/w; electrical conductivity
not more than 800 (μS cm−1); diastase activity (Schade scale) not less than 8; HMF not more
than 40 mg kg−1; heather pollen not less than 45%). Honey samples were kept in the dark
at 4 ◦C in hermetically closed glass bottles until further analysis.

2.2. Experimental Design

A central composite design (CCD) was used combined with RSM methodology by
Box and Wilson [28]. A flexible design structure was constructed to accommodate a custom
model, with numeric and categorical independent factors and irregular constrained regions.
Five numeric factors (A, B, C, D, and E) and one categorical factor (F) were analyzed by
a quadratic design domain. A total of 38 runs were determined by a selection criterion
chosen during the experimental design (Table 1).
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Table 1. Independent experimental factors and design layout runs.

Run A: Temperature
B: Equilibration

Time
C: Extraction

Time
D: Magnetic

Stirrer Velocity
E: Sample
Volume

F: Water:
Honey Ratio

Units ◦C min min rpm mL v/w

1 30.0 5.0 15.0 700.0 4.0 1:3

2 30.0 5.0 60.0 400.0 2.0 1:1

3 30.0 5.0 15.0 100.0 6.0 1:1

4 30.0 5.0 30.0 700.0 6.0 3:1

5 30.0 5.0 15.0 100.0 2.0 1:3

6 30.0 15.0 15.0 100.0 4.0 3:1

7 30.0 15.0 60.0 700.0 6.0 1:3

8 30.0 15.0 15.0 700.0 2.0 1:1

9 30.0 30.0 30.0 400.0 6.0 1:3

10 30.0 30.0 60.0 100.0 2.0 1:3

11 30.0 30.0 60.0 700.0 6.0 1:1

12 30.0 30.0 60.0 100.0 6.0 3:1

13 30.0 30.0 15.0 700.0 6.0 3:1

14 30.0 30.0 30.0 100.0 4.0 1:1

15 30.0 30.0 60.0 700.0 2.0 3:1

16 45.0 5.0 60.0 100.0 6.0 1:3

17 45.0 5.0 60.0 700.0 2.0 1:3

18 45.0 5.0 15.0 400.0 4.0 1:1

19 45.0 15.0 60.0 100.0 2.0 1:1

20 45.0 15.0 60.0 700.0 6.0 3:1

21 45.0 30.0 15.0 100.0 6.0 1:3

22 45.0 30.0 30.0 100.0 2.0 3:1

23 45.0 30.0 15.0 700.0 2.0 1:3

24 60.0 5.0 60.0 100.0 2.0 3:1

25 60.0 5.0 15.0 100.0 6.0 3:1

26 60.0 5.0 60.0 700.0 6.0 1:1

27 60.0 5.0 30.0 100.0 2.0 1:1

28 60.0 5.0 15.0 700.0 6.0 1:3

29 60.0 5.0 60.0 400.0 6.0 3:1

30 60.0 5.0 15.0 700.0 2.0 3:1

31 60.0 15.0 30.0 400.0 2.0 1:3

32 60.0 30.0 60.0 100.0 6.0 1:1

33 60.0 30.0 30.0 700.0 4.0 3:1

34 60.0 30.0 15.0 100.0 2.0 1:1

35 60.0 30.0 15.0 700.0 6.0 1:1

36 60.0 30.0 60.0 700.0 6.0 1:3

37 60.0 30.0 60.0 700.0 2.0 1:1

38 60.0 30.0 15.0 100.0 4.0 1:3
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The responses of the volatile compounds expressed as chromatographic area (%)
were used as dependent variables. For this purpose, a randomly selected sample was
used for response prediction. The model’s fitness was confirmed by analysis of variance
(ANOVA) and the determination coefficient (R2) using p-values. Dependent variables were
also confirmed by the Box-Cox, correlations, and normality of residuals statistical tests.
All possible optimized solutions, for (a) volatile profile and (b) each volatile molecule
separately were evaluated by maximizing desirability indices. The robustness of the model
was validated with response data of 24 samples according to the optimum SPME solution.

Statistical analysis was carried out using Desing-Expert 11.0.5.0 (Stat-Ease, Inc.,
Minneapolis, MN, USA).

2.3. Isolation and Analysis of Volatile Compounds

Isolation of the volatile fraction was done based on experimental design layout run
(Table 1) using a manual holder with triple-phase divinylbenzene/carboxen/polydimethyl-
siloxane (DVB/CAR/PDMS) fiber 50/30 μm (Supelco, Bellefonte, PA, USA) with length of
1 cm. Before each analysis, fibers were conditioned at 270 ◦C. Moreover, a blank sample
was performed for cleaning from previous volatile residues. Then, a predetermined volume
ratio of water: Honey (v/w) was transferred in 15 mL screw top (22.7 × 86 mm) vials with
PTFE/silicone septa and a portion of 20 μL (300 μg mL−1 in methanol) of benzophenone
(Alfa Aesar, Kandal, Germany) was added as an internal standard.

RSM experiments were performed using a Trace Ultra gas chromatograph (GC)
(Thermo Scientific Inc., Waltham, MA, USA), coupled with a mass spectrometer (MS)
(DSQII, Thermo Scientific Inc., Waltham, MA, USA). GC-MS was performed with a Restek
Rtx-5MS (30 m × 0.25 mm i.d., 0.25 μm film thickness) chromatography column with he-
lium as carrier gas at a 1 mL min−1 rate. The chromatography conditions and temperature
program have been previously described [29]. In brief, the GC inlet temperature 260 ◦C
in the splitless mode for 3 min, with a 0.8 mm injector liner (SGE International Pty Ltd.,
Ringwood, Australia). Oven temperature was adapted to 40 ◦C for 6 min, then increased
to 120 ◦C at a rate of 5 ◦C min−1, followed by an increment of 3 ◦C min−1 up to 160 ◦C
and up to 250 ◦C with a step of 15 ◦C min−1. Finally, the temperature of 250 ◦C was kept
constant for 1 min. The transfer line and injector temperatures were maintained at 290 and
220 ◦C, respectively. Electron impact was 70 eV, and mass spectra were recorded at the
35–650 mass range.

The peak identification was achieved with the Wiley 275 mass spectra library, and
the arithmetic index provided by Adams [30]. Retention Index (RI) values of volatile
compounds were calculated using n-alkane (C8–C20) standards (Supelco, Bellefonte, PA,
USA). The isolated compounds were semi-quantified against the internal standard (ben-
zophenone) and expressed as mg kg−1 of honey. All samples were analyzed in triplicate.

3. Results and Discussion

3.1. Evaluation of Isolated Volatile Compounds

In total, 49 volatile compounds were identified, including esters, hydrocarbons, alco-
hols, aldehydes, ketones, acids, terpenoids, and others (Table 2).

Esters have been encountered almost always in all blossom and honeydew honeys
with some of them being dominant volatiles [18]. In our results, most esters were detected in
small amounts except for methyl nonanoate. However, methyl nonanoate has been reported
at much higher concentrations in honeydew honey, like fir and pine [29]. This presence
could occur in the collection period of pine honey by the bees in October. Moreover,
methyl octanoate and methyl dodecanoate can be related to the above conjecture [29]. Ethyl
4-methoxybenzoate was a derivative coming from p-anisic acid which has been reported
in Erica arborea L. honey [10] by a Likens-Nickerson steam distillation (L-N) isolation
technique. However, ethyl 4-methoxybenzoate was worth studying as it has not been
detected in other botanical sources yet.
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Table 2. Volatile compounds isolated from headspace of autumn heather honey.

No. Volatile Compounds
CAS

Number
RT a RI b Min

(mg kg−1)
Max

(mg kg−1)
Average

(mg kg−1)

Esters

1 methyl benzoate 93-58-3 17.3 1093 0.00 0.33 0.02

2 methyl octanoate 111-11-5 18.3 1124 0.00 0.17 0.06

3 ethyl benzoate 93-89-0 19.6 1165 0.00 1.68 0.11

4 methyl 2-phenylacetate 101-41-7 19.8 1179 0.00 0.32 0.04

5 methyl 2-hydroxybenzoate
(methyl salicylate) 119-36-8 20.4 1192 0.00 0.54 0.06

6 methyl nonanoate 1731-84-6 21.3 1222 0.06 0.44 0.16

7 methyl decanoate 110-42-9 24.3 1322 0.00 0.10 0.05

8 ethyl 4-methoxybenzoate
(Ethyl anisate) 94-30-4 28.7 1458 0.00 0.24 0.02

9 methyl dodecanoate 111-82-0 30.8 1521 0.00 0.06 0.01

10 bis(2-methylpropyl)
benzene-1,2-dicarboxylate 84-69-5 39.0 1859 0.00 0.07 0.02

Hydrocarbons

11 octane 111-65-9 6.3 800 0.00 0.18 0.06

12 nonane 111-84-2 10.3 898 0.00 0.16 0.03

13 undecane 1120-21-4 17.6 1101 0.10 0.52 0.21

14 dodecane 112-40-3 20.7 1201 0.00 0.18 0.02

Alcohols

15 oct-1-en-3-ol 3391-86-4 13.4 981 0.00 0.26 0.02

16 2-ethylhexan-1-ol 104-76-7 15.1 1029 0.00 0.16 0.03

17
5-(3,3-dimethyloxiran-2-yl)-3-

methylpent-1-en-3-ol
(cis-linalool oxide)

5989-33-3 16.6 1072 0.00 0.35 0.07

18 2-phenylethan-1-ol 60-12-8 17.9 1114 0.00 0.34 0.06

19
4-methyl-1-(prop-1-en-2-

yl)cyclohex-3-en-1-ol
(1,8-methadien-4-ol)

3419-02-1 20.0 1183 0.00 0.54 0.02

20 3,4,5-trimethylphenol 527-54-8 24.0 1314 0.00 0.93 0.08

21 4,6,10,10-tetramethyl-5-
oxatricyclo[4.4.0.01,4]dec-2-en-7-ol 97371-50-1 29.3 1476 0.00 0.11 0.01

22
6,6-dimethyl-5-

methylenebicyclo[2.2.1]heptan-2-ol
(6-camphenol)

3570-04-5 30.5 1510 0.00 0.38 0.02

Aldehydes

23 furan-2-carbaldehyde (furfural) 98-01-1 7.4 826 0.01 2.61 1.14

24 benzaldehyde 100-52-7 12.6 959 0.02 1.44 0.18

25 octanal 124-13-0 14.2 1001 0.00 0.15 0.05

26 2-phenylacetaldehyde 122-78-1 15.6 1041 0.00 0.85 0.16

27 nonanal 124-19-6 17.7 1104 0.07 0.46 0.19
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Table 2. Cont.

No. Volatile Compounds
CAS

Number
RT a RI b Min

(mg kg−1)
Max

(mg kg−1)
Average

(mg kg−1)

28
2,6,6-trimethylcyclohexa-1,3-diene-

1-carbaldehyde
(safranal)

116-26-7 20.6 1198 0.00 0.54 0.12

29 decanal 112-31-2 20.8 1205 0.00 0.35 0.15

30 4-methoxybenzaldehyde
(p-anisaldehyde) 123-11-5 22.4 1261 0.00 1.36 0.23

Ketones

31 1-(furan-2-yl)ethan-1-one 1192-62-7 10.6 907 0.07 0.34 0.16

32 cyclohex-2-en-1-one 930-68-7 14.7 1015 0.00 0.15 0.01

33 3,5,5-trimethylcyclohex-2-en-1-one
(a-isophorone) 78-59-1 18.2 1120 0.01 4.16 0.43

34
2,6,6-trimethylcyclohex-2-ene-1,4-

dione
(4-oxoisophorone)

1125-21-9 18.9 1143 0.01 0.89 0.13

35
2-hydroxy-3,5,5-trimethylcyclohex-

2-en-1-one
(2-hydroxyisophorone)

4883-60-7 19.0 1145 0.00 0.29 0.09

36 1-(1,4-dimethylcyclohex-3-en-1-
yl)ethanone 43219-68-7 19.1 1149 0.00 0.22 0.02

37
(E)-1-(2,6,6-trimethylcyclohexa-1,3-

dien-1-yl)but-2-en-1-one
(β-damascenone)

23726-93-4 26.0 1377 0.00 0.16 0.05

38 (E)-4-(2,4,4-trimethylcyclohexa-1,5-
dien-1-yl)but-3-en-2-one 187519 c 27.6 1420 0.00 0.10 0.01

39
(E)-1,6,6-trimethyl-7-(3-oxobut-1-

en-1-yl)-3,8-
dioxatricyclo[5.1.0.02,4]octan-5-one

192009 c 28.0 1437 0.00 0.23 0.05

40
(E)-4-(2,6,6-trimethylcyclohexa-1,3-

dien-1-yl)but-3-en-2-one
(Dehydro-beta-ionone)

1203-08-3 29.2 1474 0.00 0.10 0.01

41 1-(4-(tert-butyl)-2,6-
dimethylphenyl)ethan-1-one 2040-10-0 33.3 1584 0.00 0.14 0.04

42 (E)-3,5,5-trimethyl-4-(3-oxobut-1-
en-1-yl)cyclohex-2-en-1-one 20194-68-7 35.0 1654 0.00 0.09 0.02

Acids

43 nonanoic acid 112-05-0 23.2 1288 0.00 0.27 0.11

Terpenoids

44 1-methyl-4-propan-2-ylbenzene
(p-cymene) 99-87-6 14.9 1022 0.00 0.15 0.01

45
1-methyl-4-(prop-1-en-2-

yl)benzene
(p-cymenene)

1195-32-0 17.2 1090 0.00 0.18 0.02

46 1-methoxy-4-propylbenzene
(4-propylanisole) 104-45-0 23.5 1299 0.00 0.83 0.04
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Table 2. Cont.

No. Volatile Compounds
CAS

Number
RT a RI b Min

(mg kg−1)
Max

(mg kg−1)
Average

(mg kg−1)

Others

47 (2S,8aR)-2,5,5,8a-tetramethyl-
3,5,6,8a-tetrahydro-2H-chromene 41678-29-9 23.9 1306 0.00 0.09 0.01

48 1,1,5-trimethyl-1,2-
dihydronaphthalene 357258 c 25.2 1352 0.00 0.19 0.08

49 8-isopropyl-1-methyl-1,2,3,4-
tetrahydronaphthalene 81603-43-2 31.5 1535 0.00 0.11 0.05

a RT: Retention time (min); b RI: Experimental retention index; c NIST#.

Hydrocarbons were detected in most samples with undecane having the highest
average compared to the rest. This class of volatiles is very common among honeys [18].

The chemical group of alcohols including 5-(3,3-dimethyloxiran-2-yl)-3-methylpent-
1-en-3-ol (syn: cis-Linalool oxide) [11,17] and 2-phenylethan-1-ol [10,13,19] have been
previously identified as dominant volatiles compounds of citrus, acacia, chestnut, and
thyme honeys [18]. The compound, 3,4,5-trimethylphenol, has been previously de-
scribed as one of the major volatile compounds of heather honey from Poland [14]. Fur-
thermore, 4,6,10,10-tetramethyl-5-oxatricyclo[4.4.0.01,4]dec-2-en-7-ol and 6,6-dimethyl-
5-methylenebicyclo[2.2.1]heptan-2-ol (6-camphenol) have been reported in Erica spp. hon-
eys from Iberian Peninsula [17]. Nevertheless, the latter was not identified in all of
our samples.

Aldehydes were detected in all samples, in smaller or larger amounts. Octanal,
nonanal, and decanal were present in small quantities and are considered as impor-
tant components of honeydew honey volatile profile [18]. Benzaldehyde [11,19] and
2-phenylacetaldehyde [13,16,17] were detected in all samples at a remarkable concen-
tration. In addition, 2,6,6-trimethylcyclohexa-1,3-diene-1-carbaldehyde (safranal) [7]; 4-
methoxybenzaldehyde (p-anisaldehyde) [10], and furan-2-carbaldehyde (furfural) [13]
have been attributed to heather honey.

Ketones include many degraded carotenoids related to heather honey. Some of
these compounds, such as 3,5,5-trimethylcyclohex-2-en-1-one (a-isophorone); 2,6,6-
trimethylcyclohex-2-ene-1,4-dione (4-oxoisophorone); 2-hydroxy-3,5,5-trimethylcyclohex-2-
en-1-one (2-hydroxyisophorone); (E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one
(β-damascenone); (E)-1,6,6-trimethyl-7-(3-oxobut-1-en-1-yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-
5-one; and (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-3-en-2-one [10,13,14,31] are
known heather honey compounds, all of which have been detected in our samples. Notably,
1-(furan-2-yl)ethan-1-one was found in all samples.

Terpenoids, acids, and other compounds do not include significant volatile compounds
of heather honey, except for 1,1,5-trimethyl-1,2-dihydronaphthalene and 8-isopropyl-
1-methyl-1,2,3,4-tetrahydronaphthalene, that have been identified in another study as
well [17].

Other studies refer to hotrienol, cis-linalool oxide, and 2-phenylacetaldehyde as the
main volatile compounds of Erica spp. honey [13,17,19]. However, this is not confirmed
by our samples. Hotrienol was not detected in any of our samples. Oxide of cis-linalool
was linked with hive atmospheres or combustion of wood/vegetation during beekeeping
activity [32], and 2-phenylacetaldehyde also had been reported in relevant concentrations,
while some studies attribute this molecule to long-term storage by enzymatic catalysis of
phenylalanine or heat treatment [33]. Furan derivatives identified in some of our samples,
emanate from thermal processing and/or prolonged storage [34–36] and cannot be related
to honey botanical origin.
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3.2. Optimization of Each Dominant Volatile Compound

Several SPME conditions (A: Temperature; B: Equilibration time; C: Extraction time;
D: Magnetic stirrer velocity; E: Sample volume; F: water: honey ratio) were investi-
gated to determine the most suitable conditions for each volatile compound. A total
of 13 volatile compounds were chosen for optimization (responses R1-R13) (Table 3). These
compounds were selected as they constitute dominant and characteristic responses of
autumn heather honey.

Table 3. Dominant volatile compounds (responses R1-R13).

Response Volatile Compound Min (%Area) Max (%Area) Mean (%Area) Std. Dev.

R1 benzaldehyde 1.59 6.70 4.52 1.22

R2 3,5,5-trimethylcyclohex-2-en-1-one 0.00 1.11 0.59 0.36

R3 2,6,6-trimethylcyclohex-2-ene-1,4-dione 0.00 2.90 1.32 0.75

R4 2-hydroxy-3,5,5-trimethylcyclohex-2-en-
1-one 0.53 2.88 1.42 0.55

R5 2,6,6-trimethylcyclohexa-1,3-diene-1-
carbaldehyde 0.98 4.57 2.37 0.81

R6 4-methoxybenzaldehyde 0.00 13.52 6.25 4.07

R7 3,4,5-trimethylphenol 0.00 0.72 0.22 0.29

R8 1,1,5-trimethyl-1,2-dihydronaphthalene 0.00 6.09 2.00 1.53

R9 (E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-
1-yl)but-2-en-1-one 0.00 1.80 1.13 0.40

R10
(E)-1,6,6-trimethyl-7-(3-oxobut-1-en-1-
yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-

5-one
0.00 1.38 0.63 0.53

R11 ethyl 4-methoxybenzoate 0.00 3.96 1.39 1.30

R12 (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-
1-yl)but-3-en-2-one 0.00 2.18 0.37 0.48

R13 4,6,10,10-tetramethyl-5-
oxatricyclo[4.4.0.01,4]dec-2-en-7-ol 0.00 1.35 0.75 0.40

Prior to undertaking the processing steps, data for each volatile compound were con-
firmed by normal distribution, Box-Cox test, determination of coefficient (R2) and ANOVA
(Table 4). The condition number of coefficient matrix (<10) did not indicate multicollinear-
ity. Additionally, all responses followed the normal distribution. Box-Cox test provides a
guideline for selecting the correct power law transformation. If the 95% confidence interval
around this lambda includes 1.00, it does not require a specific transformation. Table 4
shows the lambda values at the 95% confidence range, as well as the current lambda.
R-square (R2) constitutes a measure of the amount of variation around the mean explained
by the model. The ANOVA in this case confirms the adequacy of the model (p-value < 0.05)
and indicated whether the model terms were significant. Significant model terms may
have a real effect on the response.

ANOVA results showed many considerable independent SPME conditions, while
some of them could contribute in combination. At the same time, equations were developed
in terms of coded factors that can be used to make predictions about the response for given
levels of each factor. By default, the high levels of the factors are coded as +1 and the low
levels are coded as −1. The coded equation is useful for identifying the relative impact
of the factors by comparing the factor coefficients. However, these equations should be
considered with caution because it is not safe to use them as panacea for modeling future
responses. In this case, all these results are presented in Table 5.
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Table 4. ANOVA, Box-Cox and determination of coefficient (R2) of each response subjected to the model.

ANOVA (p-Value < 0.05) Box-Cox R2

Response A * B * C * D * E * F * CI Low a Current Lambda CI High a

R1 0.19 0.50 0.40 0.35 0.60 0.00 0.26 1.00 3.02 0.988

R2 0.23 0.84 0.11 0.05 0.04 0.01 −0.04 1.00 1.09 0.979

R3 0.09 0.12 0.54 0.19 0.44 0.00 0.28 1.00 1.24 0.988

R4 0.00 0.30 0.33 0.44 0.11 0.04 −1.63 1.00 2.28 0.932

R5 0.09 0.53 0.73 0.36 0.17 0.07 −2.22 1.00 2.35 0.895

R6 0.00 0.53 0.00 0.64 0.74 0.00 0.33 1.00 2.35 0.997

R7 0.39 0.05 0.74 0.52 0.35 0.00 −0.79 1.00 1.23 0.978

R8 0.00 0.41 0.37 0.07 0.59 0.00 0.00 1.00 1.88 0.985

R9 0.66 0.95 0.35 0.18 0.12 0.00 0.70 1.00 2.85 0.956

R10 0.00 0.39 0.97 0.24 0.32 0.09 −0.17 1.00 1.78 0.991

R11 0.00 0.32 0.01 0.70 0.23 0.00 −0.11 1.00 0.83 0.988

R12 0.11 0.31 0.66 0.18 0.98 0.72 −0.61 1.00 1.40 0.913

R13 0.29 0.04 0.08 0.13 0.37 0.01 0.30 1.00 2.02 0.986
a 95% confidence interval level. * A: Temperature; B: Equilibration time; C: Extraction time; D: Magnetic stirrer velocity; E: Sample volume;
F: water: honey ratio.

Table 5. Contingent combinations of the SPME conditions and final equation in terms of
coded factors.

R1
MT a F AD DF B2 D2

CE b +0.69 +0.31 +0.39 +0.75 −0.81

R2
MT E F AC AF

CE +0.08 +0.21 −0.13 −0.28

R3
MT F AC AF CF DE A2 D2

CE +0.56 −0.20 +0.14 +0.20 +0.13 −0.42 −0.43

R4
MT A F

CE −0.47 +0.21

R5
MT

No significant model terms
CE

R6
MT A C F

CE +0.99 +0.53 −0.14

R7
MT F AB AC AD BD CF A2 E2

CE −0.18 +0.10 +0.09 +0.08 −0.09 −0.06 +0.17 +0.31

R8
MT A F AF

CE −0.88 −0.12 +0.60

R9
MT F A2

CE +0.21 −0.39
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Table 5. Cont.

R10
MT A A2

CE +0.50 −0.42

R11
MT A C F AF

CE +0.96 +0.27 +0.60 +0.40

R12
MT

No significant model terms
CE

R13
MT B F AB AF BE DE E2

CE −0.09 +0.16 −0.12 +0.13 +0.12 −0.11 −0.21
a MT: model term; b CE: coded equation.

After these steps, optimization models were developed based on each volatile molecule.
The results are presented in Table 6 and were evaluated by desirability indices. A high
level of ideal cases is coded as 1 and low level as zero. A predicted mean for each volatile
response is also included.

Table 6. Optimum conditions, desirabilities and predicted mean for each dominant volatile compound.

Response A * B * C * D * E * F * Desirability Predicted Mean (%Area)

R1 60 5 60 700 6 1:1 1.000 4.07 ± 0.36

R2 45 30 15 700 2 1:3 1.000 0.96 ± 0.18

R3 60 30 15 100 4 1:3 1.000 1.63 ± 0.22

R4 60 30 15 100 4 1:3 1.000 0.85 ± 0.19

R5 45 30 15 100 6 1:3 1.000 1.97 ± 0.71

R6 60 15 15 100 2 1:3 1.000 12.61 ± 0.64

R7 45 30 15 100 6 1:3 1.000 0.11 ± 0.02

R8 60 5 15 700 6 1:3 1.000 0.64 ± 0.11

R9 60 15 30 400 2 1:3 1.000 0,77 ± 0.23

R10 60 30 30 100 4 1:3 1.000 0.84 ± 0.22

R11 60 30 15 100 2 1:1 1.000 2.48 ± 0.39

R12 60 30 60 700 6 1:3 1.000 1.09 ± 0.39

R13 60 30 15 700 6 1:1 1.000 0.98 ± 0.27

* A: Temperature; B: Equilibration time; C: Extraction time; D: Magnetic stirrer velocity; E: Sample volume; F: water: honey ratio.

Experimental findings showed that optimum conditions of some volatiles required
the maximum value of model terms. However, this conclusion is overturned by extraction
time and magnetic stirrer velocity. As previously described, extraction time was a signifi-
cant parameter, along with magnetic stirrer velocity, which in some cases, allowed better
isolation of some compounds [20], whilst usually shortened the equilibration time.

3.3. Optimization and Validation of Dominant Volatile Compounds

The optimum conditions proposed for dominant volatile compounds of autumn
heather honey were A: 60 ◦C B: 30 min C: 15 min D: 100 rpm E: 6 mL F: 1:3 (v/w). Pre-
dicted mean (% Area) was estimated for benzaldehyde (4.53%), 3,5,5-trimethylcyclohex-
2-en-1-one (0.88%), 2,6,6-trimethylcyclohex-2-ene-1,4-dione (1.64%), 2-hydroxy-3,5,5-
trimethylcyclohex-2-en-1-one (0.80%), 2,6,6-trimethylcyclohexa-1,3-diene-1-carbaldehyde
(1.29%), 4-methoxybenzaldehyde (12.21%), 3,4,5-trimethylphenol (0.12%), 1,1,5-trimethyl-
1,2-dihydronaphthalene (0.66%), (E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-
one (0.15%), (E)-1,6,6-trimethyl-7-(3-oxobut-1-en-1-yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-
5-one (0.71%), ethyl 4-methoxybenzoate (2.88%), (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-
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yl)but-3-en-2-one (0.77%), and 4,6,10,10-tetramethyl-5-oxatricyclo[4.4.0.01,4]dec-2-en-7-ol
(0.97%). Moreover, the desirability of optimized model was calculated at 1.000.

The validation of the above results was carried out with a test set of 24 sam-
ples. All responses (R1-R13) were isolated in all samples with the confirmed opti-
mum conditions of the proposed method. Data mean (% Area) was estimated for ben-
zaldehyde (2.62%), 3,5,5-trimethylcclohex-2-en-1-one (6.14%), 2,6,6-trimethylcyclohex-
2-ene-1,4-dione (1.90%), 2-hydroxy-3,5,5-trimethylcyclohex-2-en-1-one (1.29%), 2,6,6-
trimethylcyclohexa-1,3-diene-1-carbaldehyde (1.75%), 4-methoxybenzaldehyde (3.62%),
3,4,5-trimethylphenol (0.98%), 1,1,5-trimethyl-1,2-dihydronaphthalene (1.21%), (E)-1-
(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one (0.84%), (E)-1,6,6-trimethyl-7-(3-
oxobut-1-en-1-yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-5-one (0.60%), ethyl 4-methoxybenzoate
(0.43%), (E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-3-en-2-one (0.37%), and 4,6,10,10-
tetramethyl-5-oxatricyclo[4.4.0.01,4]dec-2-en-7-ol (0.37%).

The extraction temperature indicated a notable effect on total volatility (Figure 1). The
ideal temperature for the isolation of compounds with lower molecular weight and high
volatility was 30 ◦C. Contrariwise, 60 ◦C was better for molecules with lower volatility
(Table 6). In our case, the temperature of 60 ◦C was selected. Considering the above results,
the higher the extraction temperature the larger the partition coefficients of compounds [14].
Nonetheless, this relation was not linear because higher temperatures may lead to the
formation of by-products or thermal decomposition [20].

Figure 1. Chromatograms of the same sample at different temperatures (30, 45, and 60 ◦C).

The equilibration time, also known as “thermostating time”, showed an uncommon
high value at 30 min. Figure 2 presents the desirability surface area of all responses.

77



Foods 2021, 10, 2487

Due to the nature and molecular structure variability of autumn heather honey volatiles,
compounds with short equilibration time can be displaced from the headspace of the vial
gradually, by compounds with higher equilibration time. However, it is not a factor that
significantly affects the efficiency of the system [14], since it reacts with other parameters at
a relative moderate impact, as observed from the ANOVA test (Table 5).

Figure 2. Desirability contour of equilibration time as a function of temperature of all responses.

Extraction time is critical for the sample to establish equilibrium with the SPME fiber
coating. A typically 15 min extraction time showed a good performance. This parameter
depends on the interactions of the molecules and can be lower when using the headspace
technique and interact with high concentration samples. At the same time, it should be
considered that many volatiles encumber the overall sensitivity and drive the specific
compounds out of the fiber, which is easier to happen at prolonged extraction. On the
other side, some studies indicated that the efficiency increases together with the extension
of extraction time [14]. Obviously, the assessment is very difficult due to the intrinsic
variability of honeys.

The magnetic stirrer speed, as previously referred to by Xagoraris [20], was confirmed
to interact with most of the responses. However, this contribution is not always important
as shown by the coded equation. Although one can assume that compounds with lower
volatility require greater velocities, and in our case, 100 rpm gave satisfactory results. Thus,
maintaining consistent agitation improves the accuracy and precision of the system.

The optimum sample volume was 6 mL, while this parameter had minimum impact
on the isolation. Nevertheless, sensitivity is better when the headspace volume is small
and fiber extracts faster compounds with higher volatility [37].

Finally, the ratio of water: Honey was proven a significant parameter. Honey is
highly viscous and the addition of water enables the sample agitation, while also water
evaporation drifts more easily the volatiles from honey. However, the excessive addition of
water tends to dilute the honey reducing the concentration of specific molecules. The most
favorable water: Honey ratio was 1:3 (v/w).

Reviewing the literature, in other botanical origin honey samples, different optimiza-
tion conditions are reported. Ceballos [38] suggested the analytical conditions of the
optimized SPME method by RSM as 60 μm PDMS/DVB fiber, 6 g honey, 3 mL water, and
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20% w/w sodium chloride, 20 min for thermostatic time, 30 min for extraction at 60 ◦C.
Plutowska [14] referenced the following conditions: CAR/PDMS/DVB fiber, 5:1 w/w
honey to water ratio, 3 g sample, equilibration time 10 min, extraction time 30–60 min, and
temperature at 60 ◦C. Bianchi [39] examined four different sets of conditions for volatile
fraction isolation from thistle honey. Bianchin [40] proposed a new optimization strategy
based on the use of three different extraction temperatures (60, 40, and 30 ◦C) followed
by equilibration time (60, 36, and 6 min), respectively, in a single assay. Robotti, [41]
reported as optimal extraction conditions for multi-floral honeys (extraction temperature:
70 ◦C; extraction time: 60 min; salt percentage: 27.50% w/w). Da Costa [42] reported the
optimum condition for extraction of volatile compounds were as follows: equilibration
time of 15 min, extraction time of 45 min, and extraction temperature of 45 ◦C.

On the basis of the above considerations, it is difficult to predict the factors that can
affect the isolation of each volatile compound of honey. In a previous study, the optimized
combination of isolation conditions of thyme honey was different with temperature (60 ◦C),
equilibration time (15 min), extraction time (30 min), magnetic velocity speed (700 rpm),
sample volume (6 mL) and water honey ratio (1:3 v/w) [20]. Each honey has its unique com-
position thus requiring different optimization conditions regarding volatile compounds.

4. Conclusions

In terms of this research, the volatile fraction of 25 honey samples from in-
digenous monofloral autumn heather honey was investigated. The most important
compounds indicating the botanical origin of this honey are benzaldehyde, 3,5,5-
trimethylcclohex-2-en-1-one, 2,6,6-trimethylcyclohex-2-ene-1,4-dione, 2-hydroxy-3,5,5-
trimethylcyclohex-2-en-1-one, 2,6,6-trimethylcyclohexa-1,3-diene-1-carbaldehyde, 4-
methoxybenzaldehyde, 3,4,5-trimethylphenol, 1,1,5-trimethyl-1,2-dihydronaphthalene,
(E)-1-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one, (E)-1,6,6-trimethyl-7-(3-
oxobut-1-en-1-yl)-3,8-dioxatricyclo[5.1.0.02,4]octan-5-one, ethyl 4-methoxybenzoate,
(E)-4-(2,6,6-trimethylcyclohexa-1,3-dien-1-yl)but-3-en-2-one, and 4,6,10,10-tetramethyl-
5-oxatricyclo[4.4.0.01,4]dec-2-en-7-ol. These compounds were identified in almost all sam-
ples in significant concentrations, with few exceptions. Obviously, the assessment of a
quantitative reference value is very difficult to be set due to endogenous or exogenous fac-
tors. Some of the above volatiles were previously reported in heather honey. However, the
autumn heather honey from E. manipuliflora has not been previously investigated. The main
volatile compounds were analyzed using a well-suited RSM methodology and predictive
models were created to evaluate each volatile separately. Moreover, preconized optimum
conditions (A: 60 ◦C B: 30 min C: 15 min D: 100 rpm E: 6 mL F: 1:3 (v/w)) were proposed for
all dominant volatiles. In addition, a validation set amplified the results by responsiveness.
This study reinforces the more reliable characterization of the volatile profile of autumn
heather honey, aiming at the assessment of its botanical origin. In addition, it investigates
the most common isolation factors, in terms of their ability to isolate their aroma fraction
with relative abundance.
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and Simona Saint Martin 6

Citation: Magyar, D.; Dumitrica, P.;

Mura-Mészáros, A.; Medzihradszky,
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Abstract: Siliceous marine microfossils were unexpectedly discovered during the analysis of flower
honey samples from Poland and Tunisia. The microfossils were represented by protist with siliceous
skeletons: silicoflagellates, diatoms, and endoskeletal dinoflagellates. This is the first record of such
microfossils in honeys. Based on the high percent of anemophilous pollen grains and spores in the
sample, it was hypothesized that silicoflagellates were deposited from the air onto the nectariferous
flowers, then bees harvested them with the nectar. Based on the comparison of pollen content of
honeys and flowering calendar of Tunisia, the harvest time of honey was identified as a period
between 1 April and 31 May 2011. Trajectory analysis of air masses in this period confirmed that
siliceous microfossils could be aerosolized by wind from the rocks of the so-called Tripoli Formation
of Messinian age (6–7 Ma). Similar to the Tunisian case, the Polish trajectory simulation also supports
the hypothesis of atmospheric transport of silicoflagellates from outcrops of Oligocene age in the
Polish Outer Carpathians. In the case of diatom content of honey, however, the source can be both
natural (wind) and artificial (diatomaceous earth filters). For a correct determination, natural sources
of siliceous bioparticles, such as wind transport from nearby outcrops should be also considered.
Silicoflagellates could be used as complementary indicators of the geographical origin of honeys
collected in areas characterized by diatomite outcrops, supporting the results obtained with other
methods; thus, such indicators merit further studies within the area of honey authenticity.

Keywords: honey; Silicoflagellata; diatoms; pollen; spores

1. Introduction

The identification of the origin of food is one of the most important issues in food
quality control [1]. Depending on its geographical origin (the region where the beehives
are located and the surrounding environment), honey can acquire different characteristics
and properties. Therefore, geographical origin is an important parameter with respect to
honey differentiation and valorization.

The determination of the geographical origin of honey relies on microscopical exam-
ination of its pollen profile if it is specific enough in the area of interest. Because of the
limitations of this method (being expensive, time-consuming, and strongly dependent on
the qualifications and judgement of the analyst), there is a tendency to replace pollen anal-
ysis by finding other markers for honey discrimination. Minerals and trace elements [1],
and fungal spore content [2] are some of the parameters that have been examined for the
recognition of the origin of honeys. However, when microscopical analysis of honeys is
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performed, one can see a great variety of particles, other than pollen grains or spores. Some
of them belong to insect parts, most commonly bee hair, tracheae and, especially in Pinus
honeydew honeys, wax produced by Pseudococcidae. Surprisingly, some particles come
from microfauna as well (Acari, Rotifera, eggs of Tardigrade). Plant trichomes, starch, and
phytoliths are also common components of honey samples. As a sign of human activity,
microplastics can also be observed in honey under the microscope. These particles are often
overlooked during the routine melissopalyonolgical analysis of samples. As no attention is
paid to them, they remain unidentified, although they would be useful in the analysis.

During our research to find new indicators of the origin of the honeys, unusual multi-
radiate structures were found in honey samples that originated from Poland and Tunisia.
Therefore, we aimed to identify these particles and other accompanying components in
honey to find any indication of their origin.

2. Materials and Methods

The honeys were purchased from food shops in Poland (according to the information
on the product label, the honey was harvested from Fagopyrum esculentum in Stróze, near
Nowy Sącz, 2013) and Tunisia (mixed floral honey, Nabeul, 2011). Ten grams were taken
from 250 g of previously homogenized honey, dissolved in 20 mL of distilled water at 40 ◦C,
centrifuged for 5 min at 2500 rpm, and allowed to settle. The sediment was recovered in
10 mL of distilled water and again centrifuged. The sediment was then collected with a
Pasteur pipette and dried onto microscope slides at 40 ◦C. It was then mounted in glycerine-
gelatine and covered [3,4]. The entire surface of the preparation was scanned under 600×
magnification of an Olympus CX 31 microscope. Preliminary identification indicated that
multiradiate particles may belong to extinct microscopic organisms, occurring as fossils.

To see the frequency of occurrence of these particles, we studied samples from a
collection containing 106 honeys, prepared according to the method mentioned above.
These samples were listed in the Supplement 1 with their collection code, type, botanical
origin, and location.

Because the Polish (P) and the Tunisian (T) honeys were particularly rich in the
investigated multiradiate particles, further analyses were performed. To identify the
geographical origin of the multiradiate particles, a combination of methods was applied.
First, fungal spore and pollen composition were determined.

Among fungal spores, honeydew indicators were not found [2], but indicators of floral
origin (Metschnikowia reukaufii, P,T) and common airborne fungi were present (Alternaria sp.
P,T, Aspergillus/Penicillium P,T, Bipolaris spicifera T, Botrytis sp. P, Chaetomium sp. P,T, Cladospo-
rium spp. P,T, Coprinus sp. P,T, Curvularia sp. T, Diplodia frumenti T, Drechslera biseptata T,
Drechslera/Helminthosporium T, Ellisembia sp. T, Epicoccum nigrum P,T, Ganoderma sp. P,
Leptosphaeria spp. P, Melampsoridium sp. T, Paraphaeosphaeria michotii P, Periconia sp. T, Per-
onosporaceae P, Pithomyces chartarum T, Polythrincium trifolii P, Pucciniaceae T, Rhizopus sp. T,
Stemphylium sp. P,T, Telephoraceae P, Torula sp. P,T, Trichothecium roseum P, Tripospermum spp.
P, Ustilaginomycetes P,T, other Ascomycota). Pollen content was expressed as percentage of
pollen grains (N = 300) [5]: P: Brassica 34%, Centaurea cyanus 5%, Fagopyrum 5%, Trifolium 2%,
Ericaceae and Tilia < 2%; T (in descending order of frequency; data are shown on Figure 1):
Poaceae spp., Brassicaceae (Brassica cf. napus), Eucalyptus sp., Myrtus sp., Acacia sp., Ericaceae
sp., Carex sp., Caryophyllaceae, Chenopodiaceae, Compositae-Tubuliflorae, Trifolium sp.,
Umbelliferae, Vicia sp., Zea mays, Boraginaceae, Compositae-Liguliflorae, Convolvulus sp.,
Echium sp., Labiatae, Polygalaceae sp., Rumex sp. [6,7]. Percentage of pollen grains also
showed that dominant taxa are anemophylic.
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Figure 1. Combined aerobiological and phenological calendar of pollen taxa found in Tunisian honey. a: Flowering time
from aerobiological data [8] covering northern Tunisia shown in green; deep green indicates the main pollination period.
b: Flowering time from another aerobiological dataset [8] covering Tunisia shown in red. Dark shades mean flowering
peaks, according to the original illustrations. c: Flowering time from phenological data [9] shown in yellow. ‘Pollen taxa %’
means the relative abundance of pollen taxa in the Tunisian honey. In [8], taxa are referred to as: Amaranthaceae (instead
of Chenopodiaceae), Erica (instead of Ericaceae), Borago (instead of Boraginaceae), Brassicaceae (instead of Brassica cf.
napus), and Myrtaceae (instead of Myrtus), in [10]: ‘Graminees’ (instead of Poaceae), ‘Myrtacees’ instead of Myrtus), in [9]:
Eucalyptus gomphocephalla (instead of Eucalyptus). Polygalaceae, found in low numbers (<0.5%) are not shown, as flowering
data is not available for this region.

Consequently, we hypothesized that multiradiate particles found in the honey samples
might also have airborne origin. To test this hypothesis, we searched for the possible
source of multiradiate particles. The source of airborne particles can be identified with
the calculation of wind trajectory of air masses carrying particles from long distances.
An important information for calculations is the time (year and month) of honey harvest.
However, in case of the Polish honey, only the year (2013) was known. Harvesting period
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was determined to be July–August according to the blooming of Fagopyrum esculentum [11].
In the case of Tunisian honey, the year 2011 was shown on the product’s label. The
month of acquisition was known as well (31 July). Therefore, the month of harvest had
to be identified. With this aim, a forensic palynological method was used [12,13]. To
collect information on pollination of local melliferous plants, phenological calendars were
reviewed [9]. Because the dominant pollen taxa in the honey belonged to anemophilous
plants, data from aerobiological literature were also considered [8] (data from the year of
2011) [10]. Number of pollen taxa found in the honey was summarized by month and
illustrated on a histogram (Figure 1). According to this analysis, the honey was most
probably harvested during the months of April and May.

To investigate whether atmospheric conditions supported the transport of aerosol
particles from the suspected source area to the harvesting region, an atmospheric dispersion
model was applied for the flowering periods (P: July–August 2013, T: April–May 2011). The
dust emission flux was estimated to be a cubic function of the friction velocity, according to
the dust emission model presented by Bagnold [14], discussed more recently by Xuan [15],
and applied as described in a previous study [16]. The threshold friction velocity was set
to 0.5 ms−1, a medium value within the range of experimental results of Marticorena and
Bergametti [17]. If the friction velocity was higher than the threshold friction velocity and
no precipitation occurred, 1000 particles were released in every hour from each of 20 levels
between 1–1000 m above ground; and their atmospheric trajectories were simulated for
48 h. Meteorological data was obtained from the GDAS FNL (Global Data Assimilation
System—Final Analysis) database [18] with 3 h temporal and 0.25◦ spatial resolution.
Atmospheric dispersion was simulated with the Lagrangian particle dispersion model
RAPTOR that calculates advection, turbulent dispersion, and deposition [19,20]. As the
extent and amount of mobilizable dust is unknown, sensitivity maps were produced with
unit m−3, normalized to a total sensitivity of 1 over the entire domain. This way, the spatial
and temporal pattern of the dispersion could be investigated while the amount of deflated
dust remains unknown.

3. Results and Discussion

Our investigations have shown that honey from Tunisia (T), Morocco (M), Africa (A),
Greece (G) Poland (P), and Romania (R) contained silica skeletons of planktonic marine
Silicoflagellata belonging to Dictyocha fibula (T), Distephanopsis crux (T), Stephanocha speculum
(A,G,P,R), Stephanocha cf. speculum (M), Stephanocha speculum speculum (T), Stephanocha
speculum speculum f. notabilis (T) (Figure 2, Table 1). Diatoms, e.g., Actinocyclus divisus,
Coscinodiscus marginatus, Coscinodiscus (?) sp., Fragilaria (?) sp., Hantzschia amphioxys,
Mastogloia (?) sp., Melosira sp., Nitzschia (?) sp., Thalassionema nitzschioides, and very
rare endoskeletal siliceous dinoflagellates belonging to Actiniscus pentasterias were also
found (Figure 3, Table 1). To our knowledge, this is the first record in the literature of
silicoflagellates and other protists with siliceous skeletons occurring in honey.

Silicoflagellates are planktonic marine chloroplast-bearing protists with a flagellum
and a siliceous skeleton formed of distally closed hollow bars known to have existed
starting from the mid-Cretaceous (Albian) to recent. Their skeletons usually comprise 1–2%
of the siliceous component of marine sediments [21] and in some cases, as for example in
some Sarmatian deposits from Romania, they are so abundant that practically these rocks
could be called silicoflagellitites. Their skeleton has a rather simple geometrical form and
consists usually of two parts: a basal ring and an apical structure, both interconnected by
bars. All these elements have a special descriptive nomenclature [21,22]. Dictyocha fibula is
a species characteristic of warm water, whereas Stephanocha speculum is much more frequent
in colder waters. Distephanopsis crux is a Miocene and Pliocene species that became extinct
at the base of the Pleistocene [23]. All these three species are common in the diatomites of
the so-called Tripoli Formation of Messinian age that can be visible in outcrops and found
also in cored sediments [24–27] in the Mediterranean area. They were deposited 6–7 million
years ago before the period of the closing of the Mediterranean Sea, which determined the
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famous “Messinian Salinity Crisis” that lasted until the Pliocene [28]. These diatomites are
well known especially in Spain, Italy, Crete, Cyprus, and in the northwestern part of Africa,
in Morocco and Algeria. The only mining of Messinian diatomites, formerly active in the
Oran region in Algeria [29], has long been abandoned.

Table 1. Silicoflagellates, diatoms, and cyanobacteria found in honey samples.

Name Chloroplast Major Group Occurrence Habitat Sample Code Country Source

Dictyocha fibula
Ehrenberg no Silicoflagellata fossil marine FH29Af Tunisia floral

Distephanopsis crux
(Ehrenberg) no Silicoflagellata fossil marine FH29Af Tunisia floral

Stephanocha
speculum

(Ehrenberg)
no Silicoflagellata fossil marine FH25Af Africa floral

Stephanocha
speculum no Silicoflagellata fossil marine HP09Gr Greece honeydew,

Pinus

Stephanocha
speculum no Silicoflagellata fossil marine FH33Po Poland floral,

Fagopyrum

Stephanocha
speculum no Silicoflagellata fossil marine UK02Ro Romania unknown

Stephanocha cf.
speculum

(Ehrenberg)
no Silicoflagellata fossil marine FH28Af Morocco floral

Stephanocha
speculum speculum

(Ehrenberg)
no Silicoflagellata fossil marine FH29Af Tunisia floral

Stephanocha
speculum speculum f.
notabilis Locker &

Martini

no Silicoflagellata fossil marine FH29Af Tunisia floral

Achnanthes sp. no Diatom * freshwater UK05Cz Czech
Republic unknown

Achnanthes sp. living Diatom * freshwater UK05Cz Czech
Republic unknown

Achnanthidium sp. living Diatom * freshwater HH19It Italy honeydew

Actiniscus
pentasterias
Ehrenberg

no dinoflagellates fossil and
actual marine FH29Af Tunisia floral

Actinocyclus divisus
(Grunow) Hustedt no Diatom fossil and

actual marine FH29Af Tunisia floral

Aulacodiscus sp. no Diatom * marine UK02Ro Romania unknown

Aulacoseira distans
(Ehrenberg)
Simonsen

no Diatom fossil and
actual freshwater UK04Ge Germany unknown

Aulacoseira distans
(Ehrenberg)
Simonsen

no Diatom fossil and
actual freshwater HC04It Italy floral, Castanea

Aulacoseira distans
(Ehrenberg)
Simonsen

no Diatom fossil and
actual freshwater UK02Ro Romania unknown

Aulacoseira cf.
distans (Ehrenberg)

Simonsen
no Diatom fossil and

actual freshwater FH33Po Poland floral,
Fagopyrum

Aulacoseira sp. no Diatom * freshwater UK02Ro Romania unknown

Aulacoseira sp. no Diatom * freshwater HA05Gr Greece honeydew,
Abies
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Table 1. Cont.

Name Chloroplast Major Group Occurrence Habitat Sample Code Country Source

Chroococcus sp. living Cyanobacteria * mainly
freshwater HA05Gr Greece honeydew,

Abies

Chroococcus sp. living Cyanobacteria * mainly
freshwater UK07Sv Switzerland unknown

Chroococcus sp. living Cyanobacteria * mainly
freshwater HH29Sl Slovakia honeydew

Chroococcus sp. living Cyanobacteria * mainly
freshwater UK04Ge Germany unknown

Chroococcus sp. living Cyanobacteria * mainly
freshwater FH14Mx Mexico floral

Chroococcus sp. living Cyanobacteria * mainly
freshwater HH04It Italy honeydew

Chroococcus sp. living Cyanobacteria * mainly
freshwater HH04It Italy honeydew

Chroococcus sp. living Cyanobacteria * mainly
freshwater UK05Cz Czech

Republic unknown

Coscinodiscus ? sp. no Diatom fossil and
actual marine FH33Po Poland floral,

Fagopyrum

Coscinodiscus ? sp. no Diatom fossil and
actual marine FH29Af Tunisia floral

Coscinodiscus
marginatus
Ehrenberg

no Diatom fossil and
actual marine FH29Af Tunisia floral

Coscinodiscus sp. no Diatom fossil and
actual marine UK02Ro Romania unknown

Cyclostephanos
dubius Hustedt

(Round)
no Diatom fossil and

actual freshwater HA04Gr Greece honeydew,
Abies

Cyclostephanos
dubius Hustedt

(Round)
no Diatom fossil and

actual freshwater HA05Gr Greece honeydew,
Abies

Cyclotella sp. no Diatom fossil and
actual freshwater HH31Hu Hungary honeydew

Fragilaria ? sp. ? Diatom ? freshwater FH29Af Tunisia floral

Fragilaria
intermedia?

Grunow (Grunow)
living Diatom fossil? recent

to actual freshwater UK05Cz Czech
Republic unknown

Fragilaria? sp. no Diatom * freshwater HH30Hu Hungary honeydew

Hantschia
amphioxys

(Ehrenberg)
Grunow

no Diatom fossil and
actual freshwater FH33Po Poland floral,

Fagopyrum

Hantzschia
amphioxys
Ehrenberg
(Grunow)

no Diatom fossil and
actual freshwater HH31Hu Hungary honeydew

Mastogloia ? sp. living Diatom * freshwater/brackish FH29Af Tunisia floral

Nitzschia ? sp. no Diatom ? marine? FH29Af Tunisia floral

Nitzschia paleacea
Grunow in van

Heurck
living Diatom * freshwater HH30Hu Hungary honeydew

Nitzschia sp. living Diatom * freshwater FH20Cu Cuba floral

Nitzschia sp. living Diatom * freshwater UK07Sv Switzerland unknown

Nitzschia sp. living Diatom * freshwater FH31Hu Hungary floral,
Foeniculum
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Table 1. Cont.

Name Chloroplast Major Group Occurrence Habitat Sample Code Country Source

Nitzschia sp. living Diatom * freshwater FH31Hu Hungary floral,
Foeniculum

Oscillatoria sp. living Cyanobacteria * mainly fresh-
water/marine HA17Gr Greece honeydew,

Abies

Scenedesmus sp. living green algae * freshwater HA15Gr Greece honeydew,
Abies

Thalassionema
nitzschioides
(Grunow)

Mereschkowsky

no Diatom fossil and
actual marine FH29Af Tunisia floral

centric sp. no Diatom * ? HH04It Italy honeydew

pennate sp. living Diatom * freshwater HH08It Italy honeydew

pennate sp. living Diatom * freshwater HA03Gr Greece honeydew,
Abies

* for the living taxa not designated to species level, the geological record is not indicated.

 
Figure 2. Silicoflagellates and diatoms found in floral honey. (A,B). Dictyocha fibula. (C,D). Distephanopsis crux. (E). Stephanocha
speculum speculum. (F). Stephanocha speculum speculum f. notabilis. (G–I). Stephanocha speculum. (A–F) from Tunisia, (G) Poland,
(H) Romania, (I) Greece. Scale bar: 20 μm.
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Figure 3. Diatoms, dinoflagellates, fungal spores, and pollen grains found in floral honey from
Tunisia. (A,B). Thalassionema nitzschioides. (C). Mastogloia sp., (D). Actinocyclus divisus. (E). fragment
of Coscinodiscus. (F). Coscinodiscus marginatus, (G). Actiniscus pentasterias. (H). Curvularia sp., (I). Acacia
sp., (J). Polygalaceae sp., (K). Convolvulus sp., Scale bar: 20 μm.

The diatomites are porous rocks of marine or lacustrine origin. The marine di-
atomites originated in zones of high planktonic fertility. The lacustrine diatomites were
especially formed in lakes of volcanic craters or in zones with volcanic tufs. Although
they are very light due to the porosity of diatom frustules, they may contain up to
3000 frustules/mm3 [30]. Therefore, we hypothesized that these marine siliceous mi-
crofossils found in honey are of airborne origin. They may have been deposited as airborne
dust on the flowers from where the bees collected them with the nectar. The presence
of other particles (pollen grains, fungal spores, dinoflagellates, and diatoms) corroborate
this hypothesis.

Diatoms can become airborne from outcrops (e.g., by mining activity), by deflation
from dried lakebeds, or after swamp fires and storms [31] or via sea-foam and bursting
bubbles [32]. Geissler and Gerloff [33] showed that the species composition of airborne
diatoms above the city of Berlin is identical to the composition of diatoms in Berlin lakes
and rivers. Folger [34] as well as many others, found Melosira granulata and Stephanodiscus
astrea to be the most common diatoms in airborne dust samples from the Equatorial Atlantic.
Cyclotella and Stephanodiscus spp. were found in high quantities as house dust in a building
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constructed on a dried lakebed in Hungary (Magyar, unpublished observation). Specimens
of Corethron, another marine diatom, were recently detected in Late Cretaceous amber [35];
the authors considered that the amber forest grew in a nearshore environment where
wind introduced the marine diatoms into the terrestrial realm. The occurrence of airborne
algae in the atmosphere has been recorded as early as the middle of the 19th century. In
1833, aboard the famous vessel Beagle, Charles Darwin observed airborne diatoms in the
dust from North Africa deposited on the board when it was near Cape Verde Islands [36].
Ehrenberg [37] reported 18 species of freshwater diatoms from the dust samples sent by
Darwin. Since then, North African dust particles associated with diatoms were frequently
observed [38]. Diatoms from the Bodélé Depression (once part of Mega-Lake Chad, North
Africa) are the main source material for the dust [39]. Direct sampling of the atmosphere
in various environments (e.g., terrestrial, marine, and freshwater) provided evidence that
airborne algae are naturally occurring in the aerial biota [40]. In the Tunisian honey we
investigated, recent diatoms were present. Mastogloia sp. and Thalassionema nitzschioides
contained chloroplasts, thus they could be recent, originating from sea spray or high tide
and wind.

Actiniscus pentasterias is a Miocene to recent species of endoskeletal dinoflagellates. Its
star-like specimens with five, rarely four arms are frequent in marine sediments with other
siliceous microfossils [41]. Its stellate arched structure, although rather small, is very easily
recognized in microscope slides. Each spicule represents one of the two spicules present in
a living cell and disposed symmetrically face to face with their concave sides opposed in
the ovoid cell. Usually, they are separated in fossil material, but interconnected specimens
by the end of the rays can be encountered when the sample is not treated too much with
hydrochloric or other acids that can dissolve the points of interconnection. Rather neglected
in the fossil samples, it was studied in detail by Dumitrica [41] who described several
species and tried to make an order in this group.

There are no diatomites and therefore no mining of diatomites in Tunisia. However,
the closest Messinian diatomites are those of Sicily about 250 km to 300 km from Nabeul
(the location of honey harvest) to the northeast [26,27].

Atmospheric dispersion simulations performed in the period April–May 2011 revealed
a situation when atmospheric conditions supported the transport of dust from Sicily to the
region of Nabeul. Dust emission was assumed only when the threshold friction velocities
exceeded 0.5 ms−1 and no precipitation occurred. Among these, 21–22 May was charac-
terized by northerly-northeasterly winds in Sicily, brought by a Mediterranean cyclone
marking the end of an 18-day long drought. Dry surface conditions with approaching
thunderstorms were ideal for gust fronts and evaporative cooling, a well-known pattern
for deflation [42]. According to WMO synop reports from the hilltop meteorological station
of Enna (20 km to the northeast and 350 m above Caltanissetta) on the night of 21–22 May
2011, repeated thunderstorms with or without precipitation occurred, although yielding a
total precipitation of only 3 mm/12 h. This confirms the potential for evaporative cooling
and the formation of gust fronts. Thunder with no rain and the 1-h mean wind velocity
reaching 30 km/h was reported at 3 UTC. Continuous rain inhibiting further deflation
initiated at approximately 6 UTC; however, the total precipitation remained relatively low
during the day (12 mm/24 h). Atmospheric dispersion maps of particles released from
Caltanissetta between 18–6 UTC on 21–22 May 2011 (Figure 4) confirm the potential of the
deflated dust to reach Tunisia. In the flow of the cyclone, the dust would have travelled in
a moist environment to North Africa and deposited efficiently with rain onto the surface.

It might also be noted that in the previous week (10–18 May 2011), a documented
Saharan dust event had occurred in Portugal [43], related to the ongoing shallow cyclonic
activity over the Mediterranean. While dust transport typically occurs northward on the
leading edge of cyclones, similar dust transport potential is present on the rear edge of a
cyclone towards North Africa.
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Figure 4. An episode of air mass possibly transporting microfossils from the emission area (Caltanissetta, Sicily) to the
honey harvesting area shown on an atmospheric dispersion sensitivity map [m−3] for the dust deflated between 18–6 UTC,
21–22 May 2011. Red dots in the small map show the distribution of Messinian diatomites.

Therefore, trajectory simulations support the hypothesis of atmospheric transport of
silicoflagellates from Sicily to Nabeul.

Stephanocha speculum was found in a Polish product labelled as Fagopyrum honey. Since
this silicoflagellata occurs from the Miocene to Recent, one can suppose that it comes from
the diatomite intercalated in the Middle Miocene from the Silezian Basin [44]. Outcrops of
Oligocene age diatomites in the Carpathians are exposed on the surface (Figure 5); thus,
particles as small as silicoflagellate skeletons can be lifted from outcropping on the surface
of soft sediments and transported by winds, being a plausible source of silicoflagellates
to explain our observations. It is possible that the source of these silicoflagellata is a
diatomite in eastern part of the Polish Outer Carpathians, 60 km from the honey harvesting
area [45]. A simulation study was performed with the atmospheric dispersion model for
the harvesting period July–August 2013, i.e., the blooming of F. esculentum [11]. The source
area was represented by the location 49.8 N and 22.6 E and sensitivity maps were produced
for each day to investigate whether the atmospheric conditions were suitable to deflate
particles and transport them to the harvesting location near Stróze, Poland. It was found
that in the beginning and the end of the harvesting period, e.g., on 4 July and 26 August,
atmospheric conditions supported the potential transport of microfossils to the honey
harvesting area (Figure 6). Meteorological observations reported from Nowy Sącz, located
in a distance of 20 km from Stróze, confirmed that between 10–19 UTC on 4 July and 9–16
UTC on 26 August 2013, easterly-northeasterly winds dominated the area, potentially
transporting microfossils from the upwind direction. No precipitation but trace had been
reported for the previous four days. Similar to the Tunisian case, the Polish trajectory
simulation also supports the hypothesis of atmospheric transport of silicoflagellates from
outcrops of Oligocene age (possibly quarries).
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Figure 5. A quarry located in the Carpathians, Sibiciu de Sus, Romania—a possible source of airborne microfossils. Photo
courtesy of Emilia Tulan.

Figure 6. An episode of air mass possibly transporting microfossils from the emission area (red dot) to the honey harvesting
area near Stróze, Poland; shown on an atmospheric dispersion sensitivity map [m−3] for the dust deflated on 26 August
2013. Red dots on the small map show the distribution of Oligocene-Miocene diatomites.

The dominance of the Poaceae pollen in the Tunisian honey sample corroborates our
hypothesis that the particles were deposited from the atmosphere. Poaceae produce typical
anemophilous pollen grains, and their presence in honey is rare and incidental in North
African honeys [46]. Fungal spores were also the common members of the airspora.
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Surprisingly, we did not find any scientific report on the presence of silicoflagel-
lata in air samples, possibly because aerobiological networks focus on the monitoring of
pathogenic bioaerosols, e.g., allergenic pollen grains and spores, rather than other parti-
cles [47]. Further studies are needed to study the presence of silicoflagellates and diatoms
in air samples and honeys harvested within the area of diatomite outcrops.

In our honey collection, a total of 21 countries are represented by samples, 14 of them
from Europe (most of them were from Italy, Greece and Hungary). Silicoflagellates were
observed in three of our European honey samples (Pinus honeydew honey from Greece;
Fagopyrum esculentum honey from Poland, Stróze; and honeydew honey from Romania,
Odorheiu Secuiesc). No silicoflagellates were found in eight other Pinus honeydew honey
samples collected from Greece, and four Fagopyrum esculentum samples collected from
Poland, Stróze or nearby (Królów, Lipowy and Wiśniowa). Other two samples (Robinia
pseudo-acacia honey and a honeydew honey) collected from Stróze or nearby (Pogorzany)
were analysed, but again, with negative results.

In case of North African honeys, samples from Egypt, Morocco, and Tunisia were
available for analysis. Silicoflagellates were found in the honeys originating from the latter
two countries. For Morocco, there is a possible source from Messinian diatomite outcrops
known in Boudinar and Melilla basins and for Tunisia the closest possible source may be the
Messinian diatomites outcrops in Sicily [48,49]. Another positive sample was found from
Africa, but more precise information on the origin of the honey is not available. Because
data on the composition of the North-African honeys are uncommon [9], information on
new indicators of geographical origin of honeys in this region is useful. According to
our findings, the occurrence of silicoflagellates may be expected in honey harvested near
diatomites in Algeria, Crete, Hungary, Poland, Romania, Sicily, and Spain. We propose
further studies on the presence of microfossils in honeys of other areas of the world as well.

The identification of the origin of food is one of the most important issues in food
quality control [1,50]. Considering the increasing global trade and owing to the higher
economic value of specific honeys (e. g. those having protected geographical indication),
such products are targets of adulteration through incorrect labelling and fraudulent ad-
mixing with honey of lower value and quality. Thus, in order to promote fair competition
among producers, and protect consumers, there is a growing need to assess the authenticity
of honey, particularly with regard to geographical origins [1]. Microfossil identification
could be compared with other microscopy-based analytical methods, such as melissopaly-
nology. These methods allow a good differentiation of honeys, however, are not suitable
for application in the case of filtered honeys. Melissopalynology has a limitation in its
application in honey adulterated by pollen addition [1]. Silicoflagellates can be used as non-
quantitative indicators, as the mere presence of their distinct siliceous skeletons can indicate
the geographical source of honeys. Because no particle counting is needed, the analysis is
less time-consuming than quantitative microscopical methods. (Similar, non-quantitative
indicators of honey origin were previously proposed on the basis of biodiversity of fungal
spores [2].) Our findings encourage the confirmation of honey origin also by recording
the occurrence of microfossil elements during routine melissopalynological analysis. Sil-
icoflagellata skeletons are characteristic multiradiate particles and it is easy to observe
them in honey samples, thus they seem to be good candidates of indicators of geographical
origin of honeys in food analysis. The most frequent species was Stephanocha speculum
(1 particle/g honey), followed by Dictyocha fibula and Distephanopsis crux (both having
0.3/g; data from the Tunisian sample). Only Stephanocha speculum was found in the other
honey samples from Africa and Europe. The limitation of our method is the low frequency
of microfossils in honeys. Observation of the presence of silicoflagellates can be used in a
complementary way. Because of their low frequency in honey, only positive findings can
be interpreted as indicators of geographical origin. Apparently, silicoflagellates in honeys
are not common, but if detected, can provide a strong evidence of geographical origin of
the honey.
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Marine species of diatoms (Coscinodiscus marginatus, Actinocyclus divisus and Thalas-
sionema nitzschioides) have a large geological range and are also known in actual assem-
blages. They are known in Messinian diatomites in the Mediterreanean area, but since
they have a very large geological time span distribution, they cannot be considered as
markers for Messinian [26,48]. Thus, silicoflagellates only support a possible Messinian
age. Consequently, diatoms cannot be used as indicators of the honey origin. It should be
mentioned that fossil diatoms can have another source in the honeys: diatomite earth filters.
The use of diatomite earth filters is largely known in food industry. The presence of fossil
diatoms was already observed in honey, and is explained by the use of diatomite filters in
order to: (a) filtration to obtain pure honey [1] (b) forge [51,52]. Forgers combine two kinds
of honey: a local honey with another kind of honey that is much cheaper. Diatomaceous
earth filter aids completely remove the pollen, and thus prevent any identification of source
by analysis of pollen. In our samples, three categories of diatoms were found: fossil marine
diatoms, freshwater diatoms, and living freshwater pennate diatoms.

1. Fossil marine diatoms (ex. Coscinodiscus marginatus, Actinocyclus divissus) together
with fossil silicoflagellates. Their occurrence can be explained:

(a) By wind transport from fossil diatomite (e.g., Tripoli formation);
(b) Contamination from filters made from diatomite earth. Diatomite used for the

fabrication of filters may be made from marine diatomites that contain marine diatom
genera like Coscinodiscus and Actinocyclus.

2. Freshwater centric diatoms (e.g., Aulacoseira distans, Cyclotella), known from
Miocene, Pliocene up to day in freshwater and lacustrine assemblages. Their occurrence
might be explained:

(a) By wind transport from fossil diatomite from strata of fossil freshwater diatoms.
(b) Contamination from filters made from diatomite earth. For example, in France,

there is known exploitation of fossil lacustrine diatomite Miocene in age from Massif
Central that might be used for the fabrication of filters [53]. This lacustrine diatomite
contains Aulacoseira distans and Cyclotella. Recovery of Aulacoseira sp. was reported from
only pressed honey sample in Nigeria, Africa, and interpreted as an indication of secondary
contamination during processing [46].

3. Living freshwater pennate diatoms that present the chloroplasts and cellular
content, together with living cyanobacteria (Chroococcus and Oscillatoria) and green algae
(Scenedesmus). Obviously, living diatoms do not originate from diatomite earth filters. Their
occurrence might be explained:

(a) By wind transport. Nitzschia and Chroococcus were common living diatom and
cyanobacteria in our samples (especially in Cuba, France, Greece, Hungary and Italy).
These genera were reported to be airborne [54,55].

(b) The presence of green microalgae (e.g., Scenedesmus) is characteristic of honeydew
honeys as well [56]. When honey bees collect honeydew, they may also collect other
attached structures such as algae that grow on plants. In our samples, such algae were not
associated with silicoflagellata, but were found in honeys of honeydew origin.

(c) Freshwater, as a source cannot be excluded either. Adding water to honey is a
known authentication technique to increase the volume. Food analytical tests, such as
microscopic yeast count and analysis of fermentation products are available to indirectly
detect this type of honey adulteration [1].

Each of the above-mentioned hypotheses can be considered as true alone, but they
are not exclusive (i.e., diatoms and silicoflagelates transported by wind and living diatoms
were added using freshwater).

In case of the Tunisian honey, matching evidences (wind trajectory analysis and
high percentage of anemophilous pollen and spores) indicate that the source of siliceous
bioparticles is possibly not the result of filtration, but air. In the unknown African honey,
a high percentage of anemophilous pollen (Chenopodiaceae) was found too, leading to
similar hypothesis. The Polish product was labelled as Fagopyrum honey. Our pollen
analysis confirmed the presence of this pollen. Here, again both trajectory analysis and
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pollen composition suggested natural sources of particles in the honey. In the Romanian
honey, fungal indicators (Metschnikowia, Retiarius and Tripospermum) suggested that the
origin is mixed floral and honeydew honey, but of natural (i.e non-forged) source [2].
Similar evidences are available in the honey sample from Altenst, Germany, where conidia
of a honeydew-indicator hypomycete (Retiarius) were found with the freshwater diatom
Aulacoseira distans. Consequently, the presence of siliceous bioparticles in honey does not
necessarily indicate the manipulation of the product. For correct determination, natural
sources of siliceous bioparticles, such as wind transport from nearby outcrops, should
also be considered. According to a world map showing main directions of atmospheric
transport of diatoms, presented by Harper and McKay [57], the occurrence of windborne
microfossils in honeys might be a world-wide phenomenon.

4. Conclusions

Silica skeletons of planktonic marine silicoflagellates were found in honey samples
from Greece, Morocco, Poland, Romania, and Tunisia. In Tunisia, the source of silicoflagel-
late content of honey is suspected to be the wind erosion of microfossils from the Tripoli
Formation of Messinian age in nearby Sicily. In Poland, the source is similarly shown in the
Polish Outer Carpathians, but with low diversity of silicoflagellata species. Atmospheric
trajectory analysis confirmed the possibility of atmospheric transport of deflated grains
in the harvesting period. Therefore, silicoflagellates could be used as indicators of the
geographical origin of honeys collected in areas characterized by diatomite outcrops. It
was demonstrated that the diatom content of honey can have both natural (wind) and
artificial (filters) sources.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10020421/s1, Supplement 1: The studied honey samples. Data are organized by collection
code, botanical origin, type and location.
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Abstract: There is an increase in the consumption of natural foods with healthy benefits such as
honey. The physicochemical composition contributes to the particularities of honey that differ
depending on the botanical origin. Botanical and geographical declaration protects consumers
from possible fraud and ensures the quality of the product. The objective of this study was to
develop prediction models using a portable near-Infrared (MicroNIR) Spectroscopy to contribute to
authenticate honeys from Northwest Spain. Based on reference physicochemical analyses of honey,
prediction equations using principal components analysis and partial least square regression were
developed. Statistical descriptors were good for moisture, hydroxymethylfurfural (HMF), color
(Pfund, L and b* coordinates of CIELab) and flavonoids (RSQ > 0.75; RPD > 2.0), and acceptable
for electrical conductivity (EC), pH and phenols (RSQ > 0.61; RDP > 1.5). Linear discriminant
analysis correctly classified the 88.1% of honeys based on physicochemical parameters and botanical
origin (heather, chestnut, eucalyptus, blackberry, honeydew, multifloral). Estimation of quality
and physicochemical properties of honey with NIR-spectra data and chemometrics proves to be
a powerful tool to fulfil quality goals of this bee product. Results supported that the portable
spectroscopy devices provided an effective tool for the apicultural sector to rapid in-situ classification
and authentication of honey.

Keywords: honey; quality control; authentication; botanical origin; NIR; modified partial least
squares; linear discriminant analysis

1. Introduction

Healthy habits are part of our daily life. In recent years, there is a greater concern for
health taking care of the daily diet and physical activity. Honey is a healthful food produced
by honeybees from floral nectar or secretions of plants or some kind of aphids. Increasing
honey consumption can be attributed to the consumer interest in natural foods with health
benefits [1,2]. The properties derive from its particular chemical composition, as well as its
sensorial characteristics and depend mainly on the flowers and biogeographical regions in-
volved in its production [1–6]. Although they are also affected by processing, manipulation,
packaging, and storage time [3,4,7], hence ensuring product quality is essential.

The quality and authenticity of its geographical and botanical origins remain as im-
portant factors in reliable marketing [2,8]. This bee product can be classified according
to their botanical source as unifloral honey (if arising predominantly from a single plant
species), multifloral honey (obtained from multiples plant species), or honeydew when was
from secretions in plants. In north-western Spain, unifloral honeys of eucalyptus, chestnut,
heather, and blackberry are produced, and there is also a good production of honeydew
honey [9]. Since 2007, these unifloral honeys in European countries were recognized in the
Protected Geographical Indication (PGI) Miel de Galicia (Commission Regulation (EC) No
868/2007 of 23 July 2007). Honeydew honeys are currently in revision process to include
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them in this designation. The increasing demand for unifloral honeys, with protected desig-
nation of origin (PDO) and PGI, generally perceived as high-quality products, produced an
increase in their commercial value and, at the same time, an increase in counterfeiting [10].
Undoubtedly, food products with high value-added require exhaustive controls examining
a large number of samples that guarantee quality [11].

Microscopic pollen analysis is commonly used to determine the botanical origin of
honey, and in some cases, the geographical origin [1,12]. Pollen profile is a useful tool in
the identification of the main pollen of honey sample, as a result of bees collecting nectar.
Accurate identification is aided by standards and pollen databases [13]. Nevertheless, this
approach is time-consuming and strongly dependent on the qualifications and experience
of the analyst [1,6,13]. Although for exact determination of honey origin, sensory, and
physicochemical properties are also needed [12,14,15].

To assess honey quality standard methods are used, including spectrophotometric,
refractometric, titration and melissopalynological methods [12,16]. Some quality param-
eters (such as water content, pH, electrical conductivity, acidity, hydroxymethylfurfural
(HMF) content, diastase activity, or reducing sugars) inform about the botanical origin and
confirm the adequate manipulation and storage of honey [2,3,16,17].

On the other hand, the color is one of the most common commercial attributes of
honey. Consumers have preferences and the particular tonalities in honey depend on
the botanical origin, deriving from certain chemical compounds such as the polyphenols,
carotenoids, or minerals [14,18–21]. Consequently, the correct classification of botanical
origin of honeys based on color allows beekeepers and exporters to determine the most
advantageous market destination for this apicultural product [14].

In the food industry, the concern for public health and detection of possible frauds
regarding the labelling of commercial products have led many regulatory bodies to de-
mand rigorous inspections. Hence, raw material identification or verification is a common
quality-control practice. However, common analytical chemistry determinations such
as high-performance liquid chromatography typically take a long time to complete, is
expensive and destructive for samples. Recently, non-destructive characterization tools
for quality control based on the principles of spectroscopy were introduced [11]. More
specifically, the near-infrared (NIR) technique has expanded its scope of application in
the past decade, through the rapid integration of technologies from various fields [7].
Large amounts of spectral data, characterized by an intercorrelation among the recorded
spectral variables, can be processed [11]. Unfortunately, this technology is heavily de-
pendent on reference conventional methods to develop a calibration model and to their
validation [13,22]. The assessment and interpretation of spectroscopy instrumentation are
usually not straightforward, and the application of chemometric approach is crucial to
guarantee the success of this technique. Major advantages of NIR spectroscopy are that it
requires little to no preparation, its rapidness, safety to the analyst, non-destructiveness,
and multicomponent remote analysis [13,23].

NIR technology has been described as a successful tool in analytical instrumentation
and quality control in various fields such as food adulteration, authenticity control, the as-
sessment of physicochemical attributes, rheological, or technological properties [1,13,23–26],
as well as in petrochemical industries, plastic contaminants, pharmaceuticals, cosmetics,
and medical applications [22,27]. This method has been widely used in the field of honey
quality detection, such as in the determination of 5-hydroxymethylfurfural [24,28–30],
diastase activity [7], moisture and reducing sugar content [23,24,28,31], compounds with
antioxidant activity such polyphenols or minerals [1,25], floral origin discrimination [5,6,32],
and honey adulteration [33,34].

A high standard of quality for honey is achieved by developing alternative methods
that are simple, fast, cheap, and reliable. In this context, the objectives pursued with the
present study were (a) assessment the potential of portable microNIR and chemometric
techniques for the prediction of main physicochemical parameters in the honey; (b) assess-
ment the ability to discriminate different honey types combining the linear discriminate
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analysis with main physicochemical attributes and botanical profile. The physicochemical
data by conventional methods (moisture, pH, EC, HMF content, diastase index, color,
phenols, and flavonoids) of 100 samples from Northwest Spain for the development NIR
regression models and discrimination of honey samples were included.

2. Materials and Methods

2.1. Honey Samples

A total of 100 honey samples of the label Protected Geographical Indication Miel de
Galicia (northwest Spain) were used for this study. The samples were collected directly
from the beekeepers and stored refrigerated at 4 ◦C until further analysis. All the physic-
ochemical determinations were conducted in duplicate, after the homogenization of the
samples. NIR models were developed using 84 samples for the calibration group and
16 samples for external validation group. Each honey sample were registered by triplicate
and the mean value was used for the chemometric treatment.

2.2. Palynological Analysis

The pollen analysis of the honey samples was performed based on the method pro-
posed by Louveaux, et al. [35], with some adaptations [9]. The honey samples (10 g) were
diluted in distilled water and centrifuged at 4500 rpm for 10 min (first centrifugation), the
obtained sediment was re-dissolved and centrifuged for 5 min (second centrifugation). The
slide for the microscopical analysis was prepared by duplicate with 100 μL of the sediment.
The pollen grains were identified using a Nikon Optiphot II microscope (Nikon UK Ltd.,
London, UK) at 400× or 1000×. The results were expressed in percentage considering the
total number of pollen grains counted.

2.3. Determination of Quality Parameters

The moisture was measured with a digital refractometer (ABBE URA-2WAJ-325;
Auxilab S.L., Navarra, Spain) on a drop of honey sample. The refractive index values at
20 ◦C, were converted to moisture content using the Chataway table.

Then, 5 g honey dissolved in 25 mL bi-distilled water were used to determine the
pH and the electrical conductivity (EC). The pH was measured directly using a pH meter
(Crison micro pH 2001; Crison Instruments S.A., Barcelona, Spain). EC was measured in a
honey solution considering the moisture content of sample with a portable conductivity
meter (Knick Portamess 913 Conductivity, Beuckestr, Berlin). Results were expressed
in μs/cm.

HMF content and the diastase activity were determined following the methodology
proposed by Bogdanov et al. [36]. The HMF content (expressed in mg/100 g) was estimated
using the White spectrophotometric method. This method considers the difference between
the UV absorbance at 284 nm of a honey solution and the same solution after adding
bisulphite. The HMF level was calculated after subtraction of the background absorbance at
336 nm using a UV-Visible Spectrophotometer (Jenway 6305 UV-Visible Spectrophotometer,
Staffordshire, UK).

The diastase activity was calculated through the hydrolysis rate of the starch solution
by the α-amylase present in a honey buffer solution at 40 ◦C (Schade method). The amount
of starch converted was determined measuring the absorbance of the honey solution at
660 nm for different time points until an endpoint when the absorbance was less than
0.235. An UV-Visible spectrophotometer (Jenway 6305 UV-Visible Spectrophotometer,
Staffordshire, UK) was used for this purpose. Diastase activity was expressed as diastase
number (DN) or grams of starch hydrolyzed each hour per 100 g honey at 40 ◦C.

2.4. Determination of Color

The color of samples was determined with a portable Minolta Chroma Meter CR-210
colorimeter (Konica Minolta, Tokyo, Japan). The CIE L a*b* coordinates were registered,
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where L is the luminance component (ranging from 0 to 100), while a* and b* are chromatic
coordinates related with the gradient red/green and yellow/blue, respectively.

A HANNA Honey Color C221 colorimeter was also used to determine the color in mm
Pfund. The honey must be fluid to be analyzed correctly. For crystallized or weakly fluid
honeys, they were heated up to 45 ◦C in a thermostatic bath until the complete fluidification.
Approximately 4 mL of sample was placed in a cuvette and sonicated to eliminate bubbles.
The measure was taken after calibration with glycerin (Glycerol HANNA instruments).

2.5. Determination of Total Phenol and Flavonoid Content

Folin–Ciocalteu spectrophotometric method adapted to honey was used for the de-
termination of the phenol content [37]. This method is based on the oxidation of the
phenolic compounds forming a bluish complex. The samples (0.1 g/mL) were mixed
with the reactive of Folin–Ciocalteu and the absorbance at 765 nm was measured using a
UV–Vis spectrophotometer (Jenway 6305, UK). Gallic acid solutions (0.01–0.50 mg/mL) as
a reference standard were used. Finally, the total phenolic content was expressed as gallic
acid equivalents in mg/100 g honey.

The total flavonoid content was measured by spectrophotometry using the Dowd
method adapted by Arvouet-Grand et al. [38]. The method uses a solution of aluminum
chloride that reacts with the flavonoids present in the honey solution (0.33 g/mL). Solutions
developed a yellow color for which absorbance was determined spectrophotometrically at
425 nm. Quercetin solutions (0.002–0.01 mg/mL) as reference standard were used. The
results were expressed as equivalents of quercetin in mg/100 g honey.

2.6. Near Infrared Spectroscopy Measurement

A portable MicroNIR Pro v2.5 equipment (MicroNIR 1700 ES, VIAVI, Santa Rosa,
CA, USA) was used for acquisitions of NIR spectra data on honey samples (Figure 1).
The samples properly homogenized were placed to the spectrometer housed in 4 mm
borosilicate glass vials with measurements performed through the bottom of the vials. The
vials were coupled directly with an adapter to the system NIR, and each sample a minimum
of three times was scanned. The NIR spectrophotometer includes an instrument designed
to measure diffuse reflectance in the NIR region of the electromagnetic spectrum [39].
A tungsten light bulb composes the system as the radiation source, and a linear-variable
filter (LVF) connected to a linear indium gallium arsenide (InGaAs array detector) are
integrated into the equipment itself. This equipment used a Spectralon® ceramic tile as
a white reference (100% reflectance) of politetrafluoroetilen (~99%). Therefore, a 99%
diffuse reflectance panel was used for the 100% reference value, and the 0% reference
value was taken by leaving the tungsten Lampson with an empty support (known as dark
Current Scan). Spectra were recorded using the instrument acquisition software MicroNIR™
Pro v.2.2 (VIAVI, Santa Rosa, CA, USA). The measuring of reflectance in the NIR zone
was recorded in a range between 900 and 1700 nm at intervals of 6 nm in the spectra.
To minimize sampling errors, all the samples were analyzed in triplicate and the mean was
used in statistical treatments. The diffuse reflectance signal of the NIR spectrum is referred
to as reflectance (R), using log (1/R) values for performing chemometric analyses [40]. The
advantage of portable MicroNIR systems is its easy handling and size. The MicroNIR
dimensions are 45 mm in diameter and 42 mm in height, weighing about 60 g, and it
is equipped with a 128-pixel detector array. In addition, the MicroNIR can be directly
connected to a USB port of any laptop [27].
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Figure 1. Near-Infrared (NIR) spectra of honey samples recorded by portable MicroNIR.

2.7. NIR-Chemometric Analyses

Chemometric techniques for the calibration of the main physicochemical parameters
of honey were applied. Spectral data of samples corresponding to the samples of the
calibration set were analyzed by principal component analysis (PCA) [41]. Anomalous
spectra were detected by applying the Mahalanobis distance (H-statistic). Considering an
H-value greater than 3 (the spectra not belonging to the population), the equations are not
used to make any prediction. The modified partial least squares (MPLS) regression method
was used to obtain the NIR equations. Partial least squares (PLS) regression is similar to
principal component regression (PCR) but uses both reference data and spectral information
to form the factors useful for fitting purposes. Using the T ≥ 2.5 criterion, samples that
presented high residual values when they were predicted were eliminated from the set.
Therefore, statistical parameters of the calibration were obtained for each of the components
after removing the samples for spectral (H criterion) or chemical (T criterion) reasons. To
optimize the multivariate regression equations, the spectral scattering effects were taken
into account with several mathematical treatments: multiplicative scatter correction (MSC),
standard normal variate (SNV), D-trend (DT), and SNV-DT [42]. A nomenclature using
4 digits was used (1,4,4,1), in which the first digit is the number of the derivate, the second
is the gap over which the derivative is calculated, the third is the number of data points in
a running average or smoothing, and the fourth is the second smoothing.

Cross-validation is recommended to select the optimal number of factors and to avoid
over fitting [43]. The calibration set is divided into several groups for the cross-validation.
Each group is then validated using a calibration developed on the other group of samples.
Validation errors generated are combined into a root mean square error of cross-validation
(RMSECV). This statistic is considered the best single estimate for the prediction capability
of the equations [44]. Cross-validation was performed by splitting the population into
eight groups for all cases.

The performance of the models was determining by the squared correlation coefficient
for predicted versus measured quantified in cross-validation and the ratio of standard de-
viation (SD) to SECV of the data set. RPD (ratio of performance to deviation) is the relation
between SD and RMSEC, and it is desired to be larger than 2 for a good calibration, and an
RPD ratio less than 1.5 indicates poor predictions and the model cannot be used for further
prediction [44]. The statistics used to select the best equation for each physicochemical
parameter were the highest RSQ (multiple correlation coefficients) and the lowest SECV
(standard error of cross-validation) [25]. The software used for chemometric analysis was
WinISI II version 1.50 (Infrasoft International, LLC, Silver Spring, Maryland, MD, USA).
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2.8. Linear Discriminant Analysis

Linear discriminant analysis (LDA) is a supervised classification technique, which uses
a class member known for the analysis. In this case, the known variable was honey type
determined by palynological analysis. Considering the pollen profile, six honey groups
were characterized: heather, chestnut, eucalyptus, blackberry, honeydew, and multifloral.
LDA was applied to the collected reference data set (physicochemical and botanical data)
to determine a linear combination of these groups of subjects. LDA is considered as a
dimensional reduction method to determine a lower dimension hyperplane on which the
points will be projected from the higher dimension space [10]. A linear function of the
variables is sought which maximizes the ratio of between-class variance and minimizes
the ratio of within-class variance. STATGRAPHICS Centurion XVI software (Statpoint
Technologies, Inc., The Plains, VA, USA) was used for treatment of data.

3. Results

3.1. Physicochemical Properties of Honeys: Reference Values

The descriptive analysis of physicochemical data obtained by reference methods are
summarized in (Table 1). The data are expressed in function of two groups established for
the NIR treatment (calibration and validation).

Table 1. Reference physicochemical data of honey samples selected for the calibration and validation sets.

Calibration Set (N = 84) Validation Set (N = 16)

Mean SD Min Max Mean SD Min Max

Moisture (%) 17.9 1.1 15.5 20.6 18.0 1.0 16.2 19.6
EC (μs/cm) 869.2 307.6 302.5 1649.5 825.5 296.8 277.0 1334.5

pH 4.2 0.3 3.7 4.8 4.2 0.3 3.7 4.7
HMF (mg/100 g) 0.1 0.2 0.0 1.7 0.1 0.2 0.0 0.5

Diastase index 29.0 9.3 10.1 44.0 27.9 8.0 13.6 36.7
Pfund (mm) 98.2 31.2 41.0 150.0 91.0 35.5 36.0 150.0

L 69.5 10.4 51.9 84.5 74.5 16.7 53.2 88.0
a* 7.4 5.2 −3.1 14.6 4.8 8.3 −3.9 14.2
b* 23.1 9.2 2.8 36.2 22.4 10.7 2.3 33.5

Phenols (mg/100 g) 126.3 51.9 36.3 254.5 120.3 63.8 24.6 233.3
Flavonoids (mg/100 g) 6.7 3.2 3.0 16.7 6.1 3.3 2.8 15.7

EC: electrical conductivity; HMF: hydroxymethylfurfural; N: number of samples; SD: standard deviation.

3.2. NIR Calibration Equations

The calibration process was performed with chemometric techniques using the spectra
and the physicochemical data of the samples. The samples were split randomly in two
groups: calibration group with 84 samples, and external validation group with 16 sam-
ples (Table 1). Firstly, a principal component analysis was carried out with the samples
corresponding to the calibration group. The spectral variability explained ranged between
99.36% and 99.99%. The principal components required for each parameter were 8 for
moisture, EC, HMF and L and b* coordinates, phenols and flavonoids; 5 for pH; 7 for
diastase index; 9 for a* coordinate; and 6 for color (Pfund scale). During the cross-validation
process, the identified outliers with the T and H criteria were removed of the calibration
set. before of the development of equations. According to both criteria were deleted the
following samples: 13 for moisture, 10 for EC, eight for pH, 29 for HMF, 11 for diastase
index, 11 for Pfund, 15 for L, a* and b* coordinates, 11 for phenols, and 13 for flavonoids.

Calibrations were performed by MPLS using spectral data and the physicochemical
data of honey. Table 2 shows the best mathematical treatment, the concentration range,
standard deviations and the calibration descriptors for each parameter. The obtained
results indicated that it was possible to predict most of the physicochemical parameters
in honey samples with portable microNIR system. The degree to which the calibration
fits the data set was calculated by considering the highest RSQ, and the lowest SEC and
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SECV. Moisture, EC, HMF, Pfund, L and b* coordinates of CIELab scale, phenols, and
flavonoids presented high RSQ coefficient (between 0.74 and 0.90). Values of RSQ lower
than 0.70 had pH, diastase index and a* coordinate of CIELab. Although, the standard
errors of calibration (SEC) and of cross-validation (SECV) were acceptable in all cases,
presenting a minimum difference, which is an indicator that the NIR models obtained are
suitable in the ranges indicated with the portable microNIR.

Table 2. Statistical descriptors of modified partial least squares (MPL)S calibration models for each physicochemical parameter.

Variable Math Treatment N Mean SD Est. Min Est. Max SEC RSQ SECV RPD

Moisture (%) None 1,4,4,1 71 17.6 1.0 14.8 20.5 0.5 0.75 0.8 2.0
EC (μs/cm) None 1,4,4,1 74 891.2 301.5 0.0 1795.8 155.1 0.74 217.9 1.9

pH None 0,0,1,1 76 4.2 0.3 3.4 5.0 0.2 0.61 0.2 1.6
HMF (mg/100 g) None 1,4,4,1 55 0.1 0.1 0.0 0.3 0.0 0.83 0.1 2.4

Diastase index Detrend only 1,4,4,1 73 30.3 8.6 4.6 56.1 5.8 0.54 8.0 1.5
Pfund (mm) None 2,10,10,1 73 96.9 31.6 2.0 191.8 11.3 0.87 20.3 2.8

L Detrend only 1,4,4,1 69 69.3 8.7 43.2 95.3 2.8 0.90 5.4 3.2
a* None 2,4,4,1 69 7.5 4.6 0.0 21.4 3.0 0.57 3.9 1.5
b* None 1,4,4,1 69 24.2 8.8 0.0 50.6 3.0 0.88 5.6 2.9

Phenols (mg/100 g) Detrend only 2,8,6,1 73 120.2 47.3 0.0 262.2 24.5 0.73 38.7 1.9
Flavonoids (mg/100 g) None 2,8,6,1 71 6.4 2.7 0.0 14.4 1.1 0.84 2.1 2.5

EC: electrical conductivity; HMF: hydroxymethylfurfural; N: number of samples; SD: standard deviation; RSQ: multiple correlation
coefficients; SEC: standard error of calibration; SECV: standard error of cross-validation; RPD: ratio performance deviation.

3.2.1. Internal Validation of Models

Cross-validation method (internal validation) was used to study the predictive capac-
ity of the obtained models. The samples of the calibration set were divided into a series
of subsets. Six cross-validation sets in all cases were checked, one group for the results
(prediction) and the other to construct the calibration model. The process was implemented
as many times as there were groups, such that all of them passed through the calibration set
and the prediction set. The results of internal validation (predicted values versus reference)
for physicochemical variables in NIR is shown in (Figure 2). Considering the statistics
SEP and SEP corrected (C) was deduced that the calibration models for moisture, EC,
HMF, Pfund, a* and b* coordinates, phenols, and flavonoids were adequate. Therefore, the
estimation of these physicochemical parameters was possible with good results.

The RPD statistic was used to determine the predictive capacity of reference methods
for NIR calibration. The parameters of moisture, HMF, Pfund, a* and b*, and flavonoids had
the higher values of RPD (>2.0). This is indicative of a good calibration of the data. While,
EC, pH, and phenols showed an acceptable calibration, with values of RPD higher than 1.5.
Diastase index and L coordinate had a RPD value of 1.5, resulting the poorest model.

3.2.2. External Validation of the Models

In external validation the solidity of the method is checked with 16 new honey samples
which were not used in the calibration models (Table 1). The average of the sample spectra
was taken, the equations obtained were applied, and the NIR values were compared with
the reference in accordance with the residuals and the root mean square error (RMSE). In
general, the results obtained for each physicochemical parameter analysed were satisfactory.
The means of the residuals were between 0.12 for HMF and 188.37 for EC. RMSE values
were between 0.18 and 270.36 for HMF and EC, respectively. The predicted values by the
calibration models were compared with the reference data using the Student test for paired
values (p < 0.05). The significance level showed that there were no differences between
the results obtained (values were higher than 0.05), ranging the value between 0.07 for L
coordinate and 0.92 for moisture (Table 3). Therefore, it can be concluded that the method
provides significantly comparable data to the reference physicochemical data.
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Figure 2. Measured references values versus the NIR values in the prediction set of honey samples.
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Table 3. External validation of physicochemical properties in honeys by NIR (16 samples).

Constituent Mean Residual RMSE p

Moisture (%) 0.87 1.02 0.92
EC (μs/cm) 188.37 270.36 0.16

pH 0.25 0.28 0.33
HMF (mg/100 g) 0.12 0.18 0.26

Diastase index 9.25 10.82 0.12
Pfund (mm) 24.81 29.12 0.18

L 10.21 14.76 0.07
a* 6.76 8.65 0.20
b* 6.09 7.68 0.58

Phenols (mg/100 g) 43.11 52.51 0.55
Flavonoids (mg/100 g) 1.92 2.58 0.83

EC: electrical conductivity; HMF: hydroxymethylfurfural; RMSE: root mean standard error.

3.3. Botanical Origin of Samples: Pollen Fingerprint

Eighty-four pollen types corresponding to 50 botanical families were identified in the
honey samples. The best represented families were Fagaceae, Leguminosae, Ericaceae,
Rosaceae, and Myrtaceae. According to their botanical origin, 10 samples were classified as
blackberry honey (Rubus), 22 samples as chestnut honey (Castanea sativa), 9 as eucalyptus
honey (Eucalyptus), 5 as heather honey (Erica), 18 as honeydew honey, and 36 as multifloral
honey. The principal pollen types in each honey type are showed in (Table 4).

Table 4. Main pollen types identified in the samples by type honey.

Honey Type N Main Pollen Type Secondary Pollen Types Other Significant Pollen Types

Blackberry 10 Rubus (58.5%) Castanea (26.4%) Erica, Cytisus type, Eucalyptus Echium, Trifolium type

Chestnut 22 Castanea (76.1%) Rubus, Cytisus type, Erica, Trifolium type, Echium

Eucalyptus 9 Eucalyptus (72.8%) Cytisus type, Castanea, Erica, Rubus, Conium maculatum
type, Salix

Heather 5 Erica (35.5%) Castanea (37.9%) Cytisus type, Eucalyptus, Rubus, Echium, Plantago

Honeydew 18 Castanea (52.3%) Rubus (18.6%) Cytisus type, Plantago, Salix, Erica

Multifloral 36 Castanea (41.3%) Eucalyptus (21.0%) Rubus, Cytisus type, Erica, Trifolium type, Salix,
Echium Cynoglossum

Main pollen type: predominant pollen type in samples (frequently dominant pollen but not always). Secondary pollen types: 15–45% of
pollen spectra; Other significant pollen types: <15% of pollen spectra.

The blackberry honeys had a mean value of 58.5% for Rubus pollen, while Castanea
was secondary pollen (26.4%). Other important pollen types in sample were Erica, Cytisus
type, Eucalyptus, Echium, and Trifolium type. The averaged percentage of Castanea in
chestnut honeys was 76.1%. Rubus was also present in all samples with a mean value of
14.2%. Other important pollen types were Cytisus type, Erica, Trifolium type, and Echium.
For eucalyptus honeys, Eucalyptus pollen had a mean value of 72.8%. Other significant
pollen types were Cytisus type, Castanea, Rubus, Erica, Conium maculatum type, and Salix.
In heather honeys, Castanea pollen was the pollen type with the highest mean value (37.9%)
and a representation of 100% of the samples and the mean value for Erica was 35.5%
corresponding to a slightly underrepresented pollen in samples. Cytisus type, Eucalyptus,
and Rubus were also present in all samples.

The predominant pollen type in honeydew honey was Castanea, commonly found as
dominant pollen (mean value of 52.3%). Rubus is usually secondary pollen and Cytisus
type, Erica, Plantago, and Salix were also well represented pollen.

Multifloral honeys had diverse pollen spectra. Commonly Castanea was the main
pollen type and Eucalyptus secondary pollen while, Rubus, Cytisus type, Erica, Trifolium
type, Salix, Echium, and Cynoglossum appeared as other significant pollen.
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3.4. Discrimination of the Samples by Honey Type

LDA was used to classify honey samples according the honey type. Main pollen
types (Castanea sativa, Eucalyptus, Erica, and Rubus) and physicochemical characteristics
(moisture, EC, pH, HMF, diastase index, color, phenols, and flavonoids) were included.

Five discriminant functions represented the 100% of variability of the data in the
discriminant analysis (Table 5). The cumulative contribution rate of the first two linear dis-
criminant functions accounted for 66.07%, which represented the largest fraction of overall
variability in the dataset. In the first function a Wilks’ Lambda = 0.01, Chi-Square = 432.3,
DF = 75, p < 0.01 was formed; and in the second function a Wilks’ Lambda = 0.04,
Chi-Square = 296.4, DF = 56, p < 0.01. The significant value (p < 0.05) of Wilks’ Lambda
showed that the discriminant function was basic for the differentiation of the investigated
groups. In addition, the higher values of eigenvalue and canonical correlations showed the
high power of discrimination of the first two functions.

Table 5. Discriminant functions and statistics extracted of linear discriminant analysis.

Discriminant
Function

Eigenvalue
Relative

Percentage
Canonical

Correlation
Wilks Lambda Chi-Square DF p

1 3.64 38.77 0.89 0.01 432.27 75 <0.001
2 2.56 27.30 0.85 0.04 296.44 56 <0.001
3 1.73 18.37 0.80 0.13 183.97 39 <0.001
4 0.98 10.44 0.70 0.34 95.25 24 <0.001
5 0.48 5.13 0.57 0.67 34.79 11 <0.001

p: significance level.

Figure 3 shows the representation of the first two functions of discriminant analysis
applied to all the honey samples. The graphical projection shown that honey types were
satisfactorily differentiated. The overall correct classification rate was 88.1% for all samples
(Table 6). The groups of unifloral samples (heather, eucalyptus, and blackberry) showed
a correct classification (100% of samples) with the higher discrimination rate. Chestnut
honeys and honeydew honeys were correctly classified with 83.4% and 83.3%, respectively.
Finally, multifloral honeys had a correct classification of 83.3%. Regarding chestnut and
honeydew honeys, 3 and 2 samples, respectively, were interchanged of group. This is possi-
ble due to the closeness of these samples, produced in same biogeographical area and from
the same plant species but with different predominance. For this reason, some samples are
difficult to classify being possible they are chestnut honeys with honeydew contributions.

Figure 3. Plot of the first two functions of linear discriminant analysis based on main pollen types and physicochemical
characteristics of honeys.
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Table 6. Results of classification of honey samples considering the linear discriminant analysis.

Groups Predicted Group Member

Honey Type N Heather Chestnut Eucalyptus Blackberry Honeydew Multifloral

Heather 5 N 5 0 0 0 0 0
% 100 0 0 0 0 0

Chestnut 22 N 0 19 0 0 3 0
% 0 83.4 0 0 13.6 0

Eucalyptus 9 N 0 0 9 0 0 0
% 0 0 100 0 0 0

Blackberry 10 N 0 0 0 10 0 0
% 0 0 0 100 0 0

Honeydew 18 N 0 2 0 0 15 1
% 0 11.1 0 0 83.3 5.6

Multifloral 36 N 2 1 1 1 1 30
% 5.6 2.8 2.8 2.8 2.8 83.3

Percent of cases correctly classified: 88.1%

N: number of samples; %: correct classification.

4. Discussion

The increasing consumption of natural products demands authenticity evaluations [33].
The first step in authenticity is the knowledge of a common pattern in samples with the
same botanical and geographical origin. This is increasingly demanded by beekeepers,
consumers, and by control entities. Furthermore, declarations of the botanical and geo-
graphical origin of honey are important to protect consumers from possible frauds and
quality flaws.

In this context, the development of rapid and easy techniques to check quality and to
typify many samples in a short time is a challenge. Some analytical methodologies aimed at
foods authentication and traceability have been developed [11]. The best known is the NIR
technology, which is enjoying increasing popularity in the fresh food and food processing
industry. NIR spectroscopy represents an emerging analytical technique due to its low
running costs, simple, non-destructive, environmentally friendly, rapid application, and
allows several analytes to be detected simultaneously in large number of samples [7,23,26].

Quantitative or qualitative chemometric tools are necessary for the development of
calibration or classification methods of groups of samples. The calibration of NIR models
allows estimating with accurately desired parameters in unknown samples, but with a
previous calibration with reference data obtained by conventional methods. PLS is ap-
plied in order to extract analytical information from the spectra and it has contributed
much to spectral analysis works [7,26,40]. This method was used to develop quantitative
calibration models on honeys matrix [1,7,23–25,29]. The correlation of the NIR spectral
information with the main physicochemical parameters of reference in honey was anal-
ysed in the present study in order to assess the usefulness of portable microNIR in the
analysis of quality and authenticity of this bee product. The use of this portable instru-
ment constitutes an opportunity to honey industries to follow the progress of a product
throughout the manufacturing process (traceability), to ensure food security movement,
and to take trade decisions. The best calibration models were obtained for HMF, color
(Pfund, L and b* coordinates by CieLAB) and flavonoid content, with a high capacity of
prediction (RPD > 2). However, moisture, EC, pH, and phenols had lower values of RPD
but acceptable (RPD > 1.5).

HMF and diastase content in honey are important parameters for assessing the quality
and particularly its freshness. According to the Honey Quality and International Regulatory
Standards, HMF must be absent or present in very low concentrations (with a maximum
limit of 40 mg/kg), and the diastase activity must not be less than or equal to eight in
fresh honey. All the honey samples analyzed in this study met these reference standards.
Apriceno et al. [29] showed excellent results in Italian honeys based in NIR spectroscopy,
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with correlation coefficient of prediction of 0.98 and RPD higher than three. However,
the prediction accuracy for HMF in honey by NIR was poor and unreliable in other
studies [24,28]. Perhaps this is due good results are obtained with a large number of
samples and it is sometimes difficult to work with quality samples knowing the provenance.
Stöbener et al. [30] developed models for determining HMF content in honey using by
Fourier transform attenuated total reflection infrared spectroscopy (ATR-FTIR), resulting
coefficients of determination for calibration higher than 0.8. However, they observed for
the proper development of a method used to determine trace compounds (such is the
case of HMF), it is necessary to use a large number of calibration samples in a wide range
of concentrations. Diastase is one the most important enzymes of honey, enriches the
nutritional and therapeutic function of this bee product, and it is used as an important
index to evaluate honey qualities [7]. In addition, the traditional chemical method for the
determination of diastase content is complicated and time-consuming. Therefore, there
is an urgent demand for a non-destructive and rapid method to measure this enzyme.
However, the predictive capacity by NIR with the samples set selected in the present study
for diastase activity was not satisfactory. Huang et al. [8] showed for diastase activity a
prediction coefficient of 0.89 through a heating process based on visible and near-infrared
spectroscopy. These researchers, in addition to the dependence of temperature and heating
time on the diastase content, confirmed the relationship of the enzyme with the botanical
origin of honey.

The range of estimation of phenols and flavonoids was similar to reported by a NIR
benchtop equipment [25]. However, the results obtained in the calibration by PLS were bet-
ter (with RSQ > 0.89 and RPD > 3). The polyphenols are secondary plant metabolites, which
are determinants in the sensory and nutritional quality of honey, and they are recognized
as having high scientific and therapeutic interest. The association of color with botanical
origin and its important role in characterization of honey is well reported [9,14,19,21]. The
highest polyphenolic content related with dark honeys (heather, chestnut or honeydew
honeys), manifesting the importance of this parameter in the authenticity of honeys. Ac-
cording to Sipos et al. [13] the objective characterization of the color of different products
and quantification of the differences between them is a fundamental area of research. Food
color is the first sensation that consumers perceive, and it greatly influences their decision
to purchase [45]. It is therefore important to distinguish small nuances in color that can dif-
ferentiate similar honey as dark shades, as occurred with heather, chestnut and honeydew
honeys. Therefore, the determination of different physicochemical characteristics combined
with statistical techniques is essential to distinguish common patterns in samples.

As we have commented previously, different physicochemical properties have been
used to authenticate the botanical origins of honey worldwide. Among the physicochemi-
cal parameters best differed the botanical origin of honeys were pH, EC, color, sugar profile,
phenols, flavonoids, minerals, and volatile profile [2–4,14,16,17]. Among chemometry
applications, LDA is used to differentiate groups of samples based on a common pattern.
LDA confirmed that honeys of heather, eucalyptus and blackberry analysed in present
study were 100% correctly classified. In the case of chestnut and honeydew honeys, the
great similarity in some physicochemical characteristics complicates their differentiation, al-
though the classification in this study resulted satisfactory (>83%). The high discrimination
power of conventional physicochemical and color parameters by LDA has been previously
reported for unifloral honeys. The variables with the greatest discriminatory power using
LDA for unifloral honeys (Citrus and Eucalyptus) from southern Spain were water activity
and EC [46]. Citrus honeys from Greece, Egypt, Morocco, and Spain correctly classified
with rates of 97.3% [8]. Recently, combining physicochemical and botanical variables with
LDA, correctly discriminated (97.6%) chestnut and honeydew honeys produced in the
Northwest Spain [9].

Honey is the most researched bee product. However, some of the common deter-
minations (such as those referring to quality parameters), beekeepers require qualified
laboratories to guarantee the quality of the products in market. This implies more time for
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the commercialization of honey and an economic cost. Undoubtedly, the development of
NIR technology with spectral-chemical information, as well as the application of portable
equipment such as microNIR is an alternative for the beekeeping sector. The results ob-
tained shows that portable microNIR equipment is a useful alternative that is comparable
to the conventional technology for the determination of main physicochemical parameters
in honey. The demand for increasingly versatile equipment by the food industry means that
innovative and technological development is present. Development of portable vis/NIR
systems including linear variable filter (LVF) of low-cost, with innovation in optical system
design, miniaturization of equipment, applying it to non-professionals, which communi-
cates through wireless technology [7,22] make them more attractive. The possibility of in
situ identification of the quality parameters and physicochemical properties of honey by
beekeepers in industries without destruction of sample is a desired advantage.

5. Conclusions

Versatility is a well-defined quality of portable NIR equipment and meets the needs of
the primary sector in search of fast and competitive solutions. Results presented in this
study showed that NIR spectroscopy by portable microNIR might be useful for the identi-
fication of floral origin of honeys from Northwest Spain. Although further experiments
are proposed to build a robust database, which could support the use of this equipment as
a quick alternative for honey authentication. Specifically, for HMF and diastase index, it
would be interesting to establish temperature thresholds that allow adjusting the prediction
with more reliable results in terms of its application.
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Abstract: This study aimed to characterize the honeys of Babors Kabylia through sensory, melis-
sopalynological and physico-chemical parameters. Thirty samples of honey produced in this region
were collected over a period of two years and analyzed. All the samples presented physico-chemical
parameters in conformity with legislation on honey quality, with few exceptions, linked mainly
to beekeeping management. The pollen spectrum revealed a great diversity with 96 pollen types.
The main pollen types were spontaneous species as Fabaceae (Hedysarum, Trifolium, Genisteae plants),
Asteraceae plants, Ericaceae (Erica arborea L.) or Myrtus and Pistacia. The sensory properties of
samples showed a high tendency to crystallization, the colors were from white to brown, but most of
them had gold color. Smell and odor corresponded mainly to vegetal and fruity families and in taste
perceptions besides sweetness highlighted sourness and saltiness notes. Seventeen samples were
polyfloral, one was from honeydew and twelve were monofloral from heather, genista plants, sulla,
blackberry or Asteraceae. Heather and the honeydew samples showed the darkest color, the highest
electrical conductivity and phenol and flavonoid content. A statistical analysis based on the most
representative pollen types, sensory properties and some physico-chemical components allowed the
differentiation of honey samples in terms of botanical origin.

Keywords: honey; Babors Kabylia; sensorial properties; melissopalynology; quality parameters;
multivariate analysis

1. Introduction

Honey is one of the apian products more linked to the territory in which was produced,
due to plant communities of the area, climate, soil and apicultural practices drive its
characteristics. In Algeria, beekeeping is considered an integral part of the agricultural
and rural routine. It is practiced in several regions but has been more important in the
north of the country thanks to the appropriate climatic conditions and the great floristic
biodiversity that provides honey resources during most of the year [1]. There are more
than 20,000 beekeepers with 700,000 hives throughout Algeria, mainly are modern hives
(Langstroth type and lesser Dadant type) and rarely are traditional hives. About 90% are
independent and amateur and only 10% are professionals.
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Babors Kabylia’s region is situated at the North east of Algeria being one of the
most interesting regions for honey production in bio-geographical terms [2]. It has been
considered as a biodiversity hotspot because of the richness of its flora and the presence
of high number of endemic plants [3]. Within this large plant biodiversity, melliferous
plants constitute an important part, so that it is possible to produce a wide variety of
honey types [4–7]. According to [8,9], the plant species visited by the bees as well as the
environment in which the honey was produced seem to have a strong influence on its
quality and quantity; hence, it is possible to relate it to its geographical origin and on the
other hand, honey could be a footprint of its environment.

The tellien sector of the Babors is made up of folded and scaled units. The soils are
of a shisty and marly calcareous nature. Its Mediterranean-type climate is characterized
by a rainy season mainly consisting of thunderstorms and torrential rains, concentrated
during a very wet period from October to March with an average annual rainfall of
nearly 900 mm/year, and a dry season between June and September. The vegetation is
characterized by woodlands and shrubs, spontaneous plants, agricultural fields and other
grasslands and hedgerows, forming a relatively heterogeneous landscape with numerous
forage opportunities for honeybees.

The relief is from the sea level to high mountains (more than 1200 m). At the north
slopes of these mountains, the forest vegetation is very dense with woodlands of resinous
species such as Cedrus atlantica (Endl.) Carrière and Abies numidica de Lannoy ex Carrière.
and caducifolia oaks such as Quercus canariensis Willd. and Quercus afares Pomel. The
southern slopes are practically devoid of forest vegetation being shrubs such as Calicotome
spinosa (L.) Link. and some herbaceous plants as Ampelodesma mauritanicus (Poir.) Durand
& Schinz. At altitudes below 1200 m, appear some degraded green oak forests (Quercus ilex
L.), but is the domain of cork oak forest (Quercus suber L.), with firstly the humid facies of
Cytisus villosus Pourr. and then, at lower altitudes, the thermophilic facies of Erica arborea
L. Most of the beekeeping is practiced in this area. The maquis constitutes an interesting
plant community for apiculture; more particularly Erica arborea and Pistacia lentiscus L.
association, which covers the slopes located at less than 600 m of altitude in inland regions.
It includes, among others, Cistus salviifolius L., Arbutus unedo L., Clinopodium vulgare L.,
Lavandula stoechas L., Daphne gnidium L. and Genista tricuspidata Desf. Its degradation also
promotes a great biodiversity of spontaneous species characteristics of stripped soils: Cistus
monspeliensis L., Bellis sylvestris Cirillo, Hypochaeris radicata L., Hedysarum coronarium L.,
Stachys ocymastrum (L.) Briq. and Poaceae as Ampelodesmos mauritanicus, Briza maxima L.,
Aira tenorei Guss., Festuca coerulescens Desf. or Cynosurus echinatus L. [10].

On the side of Draa El Kaid, between 500 and 700 m of altitude, close to the villages,
grows a shrub with Retama sphaerocarpa (L.) Boiss., Calicotome spinosa, Thymus munbyanus
subsp. ciliatus (Desf.) Greuter & Burdet., Capparis spinose L., Ziziphus lotus (L.) Lam. and Teu-
crium polium L. On the North, the Gouraya National Park, have a vegetation characterized
by a degraded shrub with Pinus halepensis Mill. dominated by Quercus coccifera L., Erica
arborea, Erica multiflora L., Stachys ocymastrum and Glebionis coronaria (L.) Spach. [10]. Main
agricultural crops are near to the coast and the rivers. The most common are Solanaceae
as potatoes, tomatoes, peppers or Brassicaceae as cauliflower crops. Fruit arboriculture
is represented by orchards of orange, lemon, apples and sometimes medlar. Deserving a
special mention for viticulture are olives and fig trees.

Honey, the fruit of collaboration between the plant and animal worlds, has always
been considered a sacred product because of its attributed nutritional and therapeutic
benefits [11]. Furthermore, beekeeping is an environmentally friendly practice useful to
promote local economy in areas with water scarcity and to facilitate pollination services
in highly valued ecosystems. As occurs in many parts of the world, in Algeria, people
prefer local beekeeping and consumers get their honey directly from beekeepers, trusting
them for the quality and botanical origin of the honey. However, the characteristics of local
productions are poorly studied and most Algerian honeys are mislabeled. In this context,
increasing knowledge in local honeys contributes to their valorization and to avoid frauds
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for consumers. One of the main tasks is the authentication of the predominant botanical
origin and quality. In this framework, sensory characteristics are the first attributes dis-
tinguished for consumers and together with melissopalynology deepen in the botanical
and geographical origin of the honey [12]. Physico-chemical parameters complete the
information to characterize local productions.

The objective of this study was to investigate the characteristics of the honey produced
in one of declared Mediterranean biodiversity hotspots. For this purpose, thirty honey
samples collected during the years 2018–2019, in the Babors Kabylia’s region, a large
geographical area of Northern Algeria, were analyzed.

2. Materials and Methods

2.1. Study Area and Honey Samples

The present study was conducted on 30 honey samples obtained from Apis mellifera
intermissa apiaries situated throughout Babors Kabylia’s region (North East of Algeria).
The samples were collected during spring and summer seasons (2018–2019) and the honey
extraction from the combs was by centrifugation (Table 1). Then the samples were stored
in glass jars at −4 ◦C until its analysis.

Table 1. Geographical origin of honey samples and period of harvest.

Sample Area Harvest Period Altitude (a.m.s.l.)

M01 Timsyet (Tizi N’berber) Summer 312
M02 Draa El-Gaid Summer 580
M03 Ighil Hassan Summer 320
M04 Lota village Summer 20
M05 Tahalaket (Tichy) Summer 167
M06 Ijouyaze Sahel Summer 205
M07 Adrar Oufarnou Summer 280
M08 Ait Aissa, Aokas Summer 185
M09 Djermana (Aokas) Summer 250
M10 Agwni Oukouche (Melbou) Summer 596
M11 Ouagaz Ichaabanen (Aokas) Summer 245
M12 Annar Assam Summer 335
M13 Annar Assam Summer 335
M14 Timsyet (Tizi N’berber) Summer 312
M15 Tahalaket Spring 167
M16 Tizi N’berber Summer 350
M17 Ouagaz Ichaabanen Summer 245
M18 Mechta Ledjbel (Ziama) Summer 590
M19 Draa El-Gaid Summer 580
M20 Tabelout Summer 305
M21 Tasabounet Summer 220
M22 Zentout-Tamrijet Summer 290
M23 Melbou Summer 03
M24 Ait Idir-Adekar Summer 500
M25 Tizi Ahmed Summer 330
M26 Agounane-Derguina Summer 300
M27 Djoa-Ajloh (Tichy) Summer 260
M28 AiT Anane-Derguina Summer 80
M29 Tababort Summer 600
M30 Boukhlifa Summer 280

During the harvest season, the main melliferous plants of the region were identified
and reference slides of pollen were prepared [13], for comparison with the pollen types
found in the honey samples.
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The following determinations were carried out: sensorial analysis (color, smell, taste
and aroma), melissopalynological analysis and physico-chemical analysis (quality parame-
ters, phenol and flavonoid content and main mineral content).

2.2. Sensorial Analysis

Sensory analysis (visual, olfactory and gustatory characteristics) of collected honey
samples was performed by a tasting panel constituted of a group of tasters (8 people)
previously selected and trained according to international standards. The sensory test was
performed in a sensory room under natural white light at room temperature. The samples
were presented to the panel as 20 mL in small transparent glasses. Water was provided for
rinsing the mouth between samples. Each honey sample was individually evaluated by
descriptive grades using scales (1–10). The descriptors used for the evaluation can be seen
in Table 2.

Table 2. Main descriptors used for sensorial analysis.

Sensory Perception Descriptors

Estate Liquid, Crystallized
Color White, Straw, Gold, Orange, Brown
Smell Vegetal, Floral, Animal, Chemical, Fruity, Degraded
Taste Sweetness, Bitterness, Saltiness, Sourness

Aroma Vegetal, Floral, Animal, Chemical, Fruity, Degraded
Tertiary attributes Astringency, Spicy

2.3. Melissopalynological Analysis

Pollen analysis was performed for quantitative results (number of pollen grains per
gram of honey) and qualitative results (pollen spectra of the honey samples).

2.3.1. Quantitative

The methodology is based on the methods of melissopalynology [13]. Ten grams of
honey were weighed and fully dissolved in 40 mL of warm distilled water (not above 40 ◦C).
The solution was centrifuged for 10 min at 4500 rpm and the supernatant was discarded.
Afterwards, 40 mL of distilled water was added prior to centrifugation for 5 min. The
supernatant was again discarded until a volume of 5 mL and then the sediment was
vortexed. For the microscopical analysis two drops (10 μL) of this sediment were deposited
in separate, over a slide. The total number of pollen grains in each drop were counted and
the results were expressed as number of pollen grains per g of honey considering the mean
value of both drops. Honeys are grouped considering the number of pollen grains per
gram of honey (PG/G) into one of the following classes: Class I with less than 2000 pollen
grains; Class II with 2000 to 10,000 pollen grains; Class III with 10,000 to 50,000 pollen
grains; Class IV with between 50,000 and 100,000 pollen grains; and Class V with more
than 100,000 pollen grains.

2.3.2. Qualitative

The obtained sediment for quantitative analysis was centrifuged again and the su-
pernatant was discarded. After vortexing, two drops (100 μL) of sediment were placed
separately on a slide and distributed over an area of about 24 × 24 mm. Examination of
pollen slides was performed using an optical microscope (400× or 1000×, as appropriate).
The percentage of representation for each type of pollen was calculated by counting at least
500 pollen grains per sample. The pollen grains were classified as pollen type, as genus or
a single species, when it was possible. Following the recommendations suggested by [13],
the pollen frequency classes were determined.
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2.4. Physico-Chemical Analysis and Color Determination

Quality parameters including honey freshness (HMF and diastase content), moisture,
electrical conductivity, pH and free acidity were determined in duplicate and following
methodologies proposed by the International Honey Commission [14].

2.4.1. Honey Freshness

HMF content was determined through the White spectrophotometric method. The
absorbance of a honey solution was measured at 284 and 336 nm with a UV-visible spec-
trophotometer (Thermo Scientific Helios Gamma, Chorley, UK) against a blank. The
determination of diastase activity was based on the quantity of starch converted by a honey
solution and the absorbance of the resulting blue color. It was determined spectropho-
tometrically at 660 nm using a UV-visible spectrophotometer (Thermo Scientific Helios
Gamma, Chorley, UK) at different times to an end point below 0.235. Diastase activity was
expressed in diastase index (DI) Gothe Scale.

2.4.2. Other Quality Parameters

Water content was determined with a Carl-Zeiss Jena refractometer by measuring the
refractive indices at 20 ◦C. The percentage of water was calculated using the CHATAWAY
table. Electrical conductivity was performed at 20 ◦C in a 20% (w/v) honey solution
(dry matter basis) in CO2-free deionized distilled water using a portable conductivity
meter (Knick Portamess® 913 Conductivity, Beuckestr, Berlin, Germany). The values were
expressed in mS/cm. pH was measured by a pHmeter (WTW inoLab pH 750) on a solution
containing 10 g of honey dissolved in 75 mL of distilled water; the same solution was
titrated for free acidity with 0.1 M sodium hydroxide (NaOH) solution up to a pH of 8.3.
The results were expressed in meq/kg.

2.4.3. Color of Honey

Color determination was carried out using a HANNA Honey colorimeter (HANNA
C221 Honey Color Analyzer, Rhode Island, RI, USA), previously calibrated with glyc-
erin (Glycerol HANNA instruments, Rhode Island, RI, USA), which gives the values in
millimeters Pfund.

2.4.4. Polyphenol and Flavonoid Content

The total phenolic content (TPC) was determined using an adapted Folin-Ciocalteu
method [15]. Briefly, a honey solution for each sample was prepared (0.1 g/mL) and
mixed with 10 mL of distilled water, 1 mL of Folin–Ciocalteu reagent and 4 mL of 7.5%
sodium carbonate (Na2CO3) solution up to a final volume of 25 mL. After incubation
at room temperature in dark for 1 h, the absorbance of the solution was measured by
spectrophotometry at 765 nm. Gallic acid (GA) was chosen as a standard, using various
concentrated solutions (0.01–0.50 mg/mL), and then a calibration curve was obtained. The
results were expressed as gallic acid equivalents in mg/100 g of honey.

Total flavonoid content (TFC) was measured using an adaptation of the Dowd
method [16]. The same first stock honey solution (0.1 g/mL) prepared for the deter-
mination of phenol content was used. This solution was dissolved until a concentration
of 0.33 g/mL and 0.5 mL of 5% aluminum chloride (AlCl3) solution was added prior to
incubation in dark for 30 min. The reaction yields a yellow color and their absorbance
was determined spectrophotometrically at 425 nm after incubation in dark for 30 min.
The TFC was calculated using a calibration curve with different quercetin solutions (0.002
to 0.01 mg/mL) and the results were expressed as mg equivalent of quercetin per 100 g
of honey.

2.4.5. Mineral Composition Analysis

Mineral content of honey was quantified by inductively coupled plasma mass spec-
trometry (ICP-MS) and by Atomic Absorption spectrometry (AAS) using a Spectrometer
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Varian SpectraAA-600 (Agilent Technologies, Santa Clara, CA, USA). First, the samples
were warmed and sonicated to facilitate the homogenization of honey, then 5 mL of HNO3-
H2O2 9:2 were added to 0.5 g aliquots of the homogenized honey and afterwards were
digested in a microwave oven (CEM MARSX press model) [17]. ASS was used to determine
Na, K, Ca, Mg and Fe and ICP-MS for quantifying Mn, Cu, Zn, Cd, Pb and P. The results
were expressed as mg per 100 g of honey.

2.5. Data Analysis

Sensorial data was analyzed using the XLSTAT Sensory tool by Addinsoft (Paris,
France). This package let to obtain the characterization of the samples considering the
attributes perceived by the 8 tasters. The procedure for sample characterization and panel
evaluation was used. Significant statistical differences were set as p-value < 0.05. The
radar charts for monofloral samples were done using the factorial values obtained in the
characterization of products.

The package Analyzing data of XLSTAT was used as an exploratory statistical tool to
reduce dimensionality of the multivariate data and to visualize them graphically, with min-
imal loss of information. PCA analysis was applied to identify groups of samples according
to their botanical origin. This multivariate analysis allowed to summarize the information
includes in the variables studied into a small number of principal components or factors
providing a simplified interpretation of data variance through mathematical methods.

3. Results and Discussion

3.1. Sensorial Profile of Samples

Organoleptic properties are the first attributes that consumer can observed. These
comprise visual properties as state, color, smell and aroma perceptions and taste. The
descriptors considered in this work, to describe honey samples, had different discriminant
power (Figure 1). The most useful were visual color, the different families of smell (animal,
chemical, floral, fruity and vegetal), the persistence of smell, aroma perceptions (mainly
fruity, vegetal, animal and floral families) and the saltiness for taste descriptors. The rest of
the descriptors have been poorly detected so presented non-significant values.
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Figure 1. Sensorial descriptors used and their discriminant power.

All the samples were crystallized when the sensorial analysis was performed. Hence
the scale used for color descriptors was from white to brown. The clearest samples were
classified like straw color (two samples), 13 had gold color, five orange color and 10 brown
color. The size of crystals was very fine or fine in 14 samples, medium in 15 samples while
only one sample had large crystals. The tasters described the intensity of the smell as low
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being the predominant the vegetal in 21 samples, fruity in three and floral in two samples;
however, secondary perceptions were mainly fruity, floral and in six samples, animal. The
persistence of the odor was generally low or extremely low. Regarding the taste, besides
the sweetness, tasters detected a degree of sourness and saltiness in most of the samples
while bitterness was less common. When the aroma was considered, the most common
perceptions were fruity, floral and in lesser extent vegetal. The most usual descriptors for
vegetal smell or aroma were leaves, wood, mint, resin or cinnamon, for fruity were fresh
fruit, tropical fruit, peach, dry grapes or fig, for floral were rose, lavender and violet and for
animal leather and wax (except two samples in which tasters made associations with urine).
Astringency was detected in a few samples. Finally, it should be mentioned that 15 samples
had an intense smell to smoke (degraded family), that could be caused during the honey
harvest. To protect quality beekeepers should improve honey management techniques.

3.2. Pollen Spectra and Main Botanical Origin of Samples

Ninety-six different pollen types were identified in the pollen spectrum of the honey
samples including 77 nectariferous taxa and 19 taxa which do not produce nectar. Samples
present a great diversity of pollen types, the mean value was 26, but 12 samples had more
than 30 different pollen types. The botanical families Fabaceae, Asteraceae, Apiaceae and
Lamiaceae provide the 36.0% of the pollen types, standing out the diversity of Fabaceae
plants which were 15.3% of identified types. Within this family, Genista and Hedysarum
pollen types were the most frequent pollen grains. The first was present in 96.7% of the
samples and the second one in 83.3% of them.

Genista was dominant pollen in three samples and the maximum value reached was
73.9% whereas Hedysarum was dominant pollen in two samples and had a maximum value
of 63.2%. For Asteraceae plants, Galactites t. was found in 70.0% but the values in the
pollen spectra were lower than 7%, while Aster t., identified in 50.0% of honeys, had a
maximum value of 39.7%. The most frequent Lamiaceae pollen was Stachys t., found in
70% of samples with a maximum value of 9.7%. Other common pollen type was Thymus
t. (46.7% of samples) but values were always below 3%. Finally, Apiaceae plants mainly
as Foeniculum vulgare t. and Pimpinella anisum t. were found in 73.3% and 50.0% honeys,
respectively (Table 3).

Table 3. Frequency classes of the main pollen types.

Family Pollen Type
Max.
(%)

D
(≥45%)

A
(45–15%)

R
(15–3%)

I
(3–1%)

Present 1

Amaryllidaceae Allium t. 5.7 - - 1 - 11
Anacardiaceae Pistacia 30.0 - 2 7 4 22

Apiaceae Daucus carota t. 3.9 - - 2 2 7
Apiaceae Foeniculum vulgare t. 9.0 - - 5 6 22
Apiaceae Pimpinella anisum t. 6.0 - - 3 4 15

Asparagaceae Asparagus acutifolius 21.0 - 1 - - 1
Asteraceae Aster t. 39.7 - 1 3 5 15
Asteraceae Galactites t. 6.9 - - 3 3 21

Boraginaceae Echium 4.4 - - 2 6 17
Capparaceae Capparis spinosa 12.7 - - 1 - 4

Cistaceae Cistus t. 11.7 - - 1 6 19
Cyperaceae Carex 5.0 - - 1 2 6
Ericaceace Erica 72.8 4 7 7 4 25
Fabaceae Astragalus 22.1 - 1 - - 1
Fabaceae Ceratonia siliqua 7.3 - - 1 1 2
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Table 3. Cont.

Family Pollen Type
Max.
(%)

D
(≥45%)

A
(45–15%)

R
(15–3%)

I
(3–1%)

Present 1

Fabaceae Genista t 73.9 3 15 8 1 29
Fabaceae Hedysarum 63.2 1 - 7 6 20
Fabaceae Lotus t 7.3 - - 4 5 21
Fabaceae Spartium junceum t. 16.8 - 1 5 1 8
Fabaceae Trifolium repens t. 17.9 - 1 10 4 26
Fagaceae Castanea 17.1 - 1 1 - 2
Fagaceae Quercus 7.6 - - 2 2 12

Lamiaceae Stachys t. 9.7 - - 6 7 21
Lythraceae Punica granatum 10.5 - - 1 3 5
Myrtaceae Eucalyptus 41.9 - 2 4 4 16
Myrtaceae Myrtus communis 25.9 - 3 12 4 24
Oleaceae Olea europaea 6.1 - - 1 1 4
Rosaceae Crataegus t. 7.1 - - 4 2 8
Rosaceae Prunus t. 4.9 - - 2 1 12
Rosaceae Rubus 58.7 1 1 3 7 21
Salicaceae Salix 11.6 - - 4 1 11

Tamaricaceae Tamarix 5.7 - - 1 1 4
1 Max.: maximum value reached by the pollen type in samples, D: number of samples in which the pollen type is dominant (percentage
≥ 45%), A: number of samples where the pollen type is between 45% and 15%, R: number of samples where the pollen type is between
15% and 3%, I: number of samples where the pollen type is between 3% and 1%, present: number of samples where the pollen type was
identified. t.: pollen type common for different plant genera.

Despite the frequency of the mentioned botanical families in the honey samples,
some other plants highlighted in the pollen spectra of honeys. The first was Erica genus,
represented by the species E. arborea and E. multiflora. This pollen type was found in 70.0%
of samples and had a maximum value of 72.8%, being dominant pollen in four samples
and secondary pollen in seven samples. In addition, Myrtaceae is well represented in
the area due to the presence of Eucalyptus, used to reforestation, and Myrtus that grows
in Mediterranean area commonly below 600 m, both are present as secondary pollen in
samples. Pistacia is other representative Mediterranean taxa, was present in 73.3% of
honeys frequently with values under 15% but was secondary pollen in two samples. The
area of study had an important rainy period that contributes to facilitate the introduction
of some forest species in mountain areas as Castanea. The genus was only found in two
samples, but its high bee value merit is to be considered. In the case of Rosaceae plants, the
stand out, Rubus, presented in 70% of samples as being in one dominant pollen. Another
mention should be made to the presence of Asparagus pollen, with a value of 21.0% in
one sample.

The honey samples had medium pollen content in quantitative terms. Values ranged
from 1117 to 23,196 grains/g, with an average of 6710 grains/g. Most of the samples
(66.7%) were classified in class II of Maurizio and 23.3% in class III. Only 10% of samples
had low pollen content (Class I). This is according to the use of centrifugation to extract
honeys from the combs.

3.3. Quality Evaluation of the Honey Samples

Overall, most of the honey samples showed acceptable quality parameters that were
in accordance with the international legislation on honey quality [18].

The evaluation of the degree of freshness gave good results for most of the samples.
HMF values were below the limit of 40 mg/kg, having a mean value of 9.0 mg/kg. The
lowest value was 1.3 mg/kg and the highest value was 31.8 mg/kg. Regarding diastase
content, samples had extremely low values with a mean value of 11.3 DI. The minimum
diastase level was 4.8 DI and the maximum was 29.0 DI. Ten honey samples had a di-
astase activity below 8 DI (the minimum legal limit in international standards without
considerations about HMF content).
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One important parameter for honey stability is water content. It varied from 16.4% to
19.8%, with a mean value of 18.1%. Most of the samples were collected during July and
August and only one in April, but there were no differences in water content in relation
to the date of harvest. Electrical conductivity was in general medium with a mean value
of 0.60 mS/cm, a minimum of 0.29 mS/cm and a maximum value of 1.35 mS/cm. For
pH, the values oscillated from 3.5 to 4.4 with a mean value of 3.9. The values of electrical
conductivity correspond mainly to blossom honeys; however, six samples presented values
over 0.80 mS/cm. Regarding to free acidity, all samples had values below the maximum
permitted in European legislation which is 50 meq/kg [18], ranging from 14.1 meq/kg
to 46.5 meq/kg with a mean value of 32.4 meq/kg. According to Pfund scale, the color
of samples varied from extra light amber (37 mm), to dark amber (135 mm) with a mean
value of 77 mm. In addition to the differentiation between blossom honeys and honeydew
honeys, the EC of honey is strongly related to its organic acids, ash content and proteins [19].
Therefore, the higher the content of the latter, the higher the obtained conductivity. A high
content of organic acid and salts increases the free acidity present in honey.

3.3.1. Mineral Content

Considering the average value of samples, the most abundant minerals were K fol-
lowed by P, Na, Ca and Mg. The average value of K was 135.1 mg/100 g varying from a
minimum of 43.1 mg/100 g to a maximum of 394.5 mg/100 g. P varied from 17.6 mg/100 g
to 36.6 mg/100 g and had an average of 25.8 mg/100 g and Na, averaged 11.0 mg/100 g
and ranged from 3.5 to 24.9 mg/100 g. Ca and Mg, had similar mean values of 7.5 mg/100 g
and 5.5 mg/100 g, respectively, whereas Fe, Mn, Cu, Zn, were found with the lowest values
ranging from the maximum value of 1.2 mg/100 g for Fe in some samples to values lower
than 0.2 mg/100 g. Cd and Pb were always under the limit of detection. Normally, darker
honeys had higher mineral content so heather honeys, chestnut honeys and honeydew
honeys have the main values [20]. It has been proved by [21] that the botanical origin of
honey has an impact on its elemental composition.

3.3.2. Total Phenolic and Flavonoid Content

The phenol content (TPC) and flavonoid content (TFC) are other interested parameters
in honeys. TPC values ranged from 41.8 mg GAE/100 g to 128.3 mg GAE/100 g, with a
mean value of 70.6 mg GAE/100 g, while TFC were in accordance with TPC and ranged
from 2.3 mg QE/100 to 9.7 mg QE/100 g, with a mean value of 4.9 mg QE/100 g.

These results were included within the interval found by [22] on honey samples from
the same region and close to those reported by [23] on honeys from Algeria. Furthermore,
TPC values were included in the range reported by [24] on Italian honey. Regarding TFC it
is possible to find a great variation in values depending on the methodology used, but these
values are higher than other reported from Moroccan honey [25] and Czech honey [26].

Both parameters are related with botanical origin of honey and hence with color,
mineral content and electrical conductivity [20]. Previous studies have demonstrated
a strong relationship between the phenolic profile of different honey types and their
antioxidant capacities [20,27,28]. Therefore, further study of biological activities of honey
produced in Babors Kabylia, such as the antioxidant power of honey samples, would be
very interesting and necessary to show the correlation between the botanical origin and the
content of phenolic compounds.

The most critical values for the quality of these samples correspond to water content
and diastase index. All the analyzed samples presented a water content below the limit
established by international legislation. However, values were higher than those reported
for honeys from semiarid areas of Algeria [29]. Indeed, honeys produced in dry regions
should have lower moisture content than honeys produced in humid regions. Similar
values were reported by [7,30] on honeys produced in a nearby region, as well as those
produced in the Mediterranean coast [6], coinciding with the humid area of Algeria. In any
cases, the studied samples had relatively high-water content that should be considered due
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to their relationship with stability and conservation of honey. Furthermore, high quality
honeys should contain low HMF content and high Diastase index. Both parameters are
thermosensitive and increase with aging and prolonged heating of honey [31]. Diastase
content was frequently lower than the stablished limit in international legislation; however,
HMF content does not exceed the limit. Similar values to those found in these sample was
reported by [31] for Algerian honeys but higher values were also found [7]. It is essential to
remark that water content and diastase index are dependent on several factors, including
botanical and geographical origin, environmental and seasonal conditions, the degree
of maturity and the beekeepers’ handling during the honey harvest [32]. Studies on the
common practices of honey management by beekeepers are necessary to determine the
degree of influence on honey quality. In any case, the lack of professionalism combined
with the quasi-total absence of training sessions related to beekeeping, hive maintenance,
honey resources in the region and harvesting management, in addition to the propagation
of Varroa disease and the absence of a legislative framework for quality recognition, can
lead to problems linked to the quality of Algerian honey. In this context, to promote
competitiveness with imported honey in the conventional market, it is recommended
to promote knowledge of the characteristics of local honey and the participation of all
stakeholders who can take actions to maintain the quality of the product.

3.4. Multivariate Analysis Applied to the Interpretation of Samples Characteristics and
Typification of the Honey Samples

Data on the sensorial analysis, the main pollen types in the pollen spectra of samples
and some physico-chemical parameters were used for PCA analysis. In total, 34 stan-
dardized variables were introduced to create the covariance matrix. The five first factors
explained 92.0% of the variance of the data, and the first two 77.6%. The first principal
component (PC1) represented 62.3% of the variance and had the main correlation coeffi-
cients with the parameters of visual color (0.843), Pfund color (0.968), TPC (0.976), TFC
(0.959), and Erica (0.856). The second one (15.2% of the variance) had the highest positive
correlation coefficient with Genista (0.936) and negative with Hedysarum (−0.733). Some
of the variables are highly correlated and appeared together in the biplot (Figure 2a). At
the right, sensorial perceptions such as vegetal odor and aroma, saltiness, bitterness and
sourness taste and persistence of taste and smell, pollen types such as Erica or Pistacia and
electrical conductivity, color, TPC, TFC and PH. At the left, are animal smell and sweetness
taste together the pollen types Eucalyptus, Myrtus, Rubus, Aster and Hedysarum.

In the biplot of the two first components, the cases are dispersed but some similar
samples appeared close (Figure 2b). At the right, it can be seen a group of samples with
reference H (heather samples) and one Hd (honeydew sample). Up are the samples with
the highest content in Genista pollen type and down, at the left, are the samples with the
highest content of Hedysarum, Aster and the sample with Rubus as dominant pollen. In the
center, there are a group of samples classified as polyfloral honeys (P).

Analyzing the results, main taxa for honey production in this hotspot for biodiversity
were Erica, Hedysarum, Genista plants and in lesser extent Myrtus, Eucalyptus and some
Asteraceae plants. The importance of these plants for honey production was mentioned
before by [4,33,34].
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Figure 2. Principal Component Analysis (PCA). (a) Loading biplot of the variables included in the
analysis, (b) Score biplot of the samples regarding component 1 and 2; P: Polyfloral, H: Heather.

The shrubs occupy a large surface in deforested areas and slopes of the mountains.
These Mediterranean maquis has a great interest for apiculture, being the most representa-
tive species Erica arborea developing mainly on nutrient-poor acidic soils and Erica multiflora
growing in calcareous soils. Both have been found in samples and give recognized and
high valued unifloral honeys. Other plants such as Ceratonia siliqua L., Pistacia, Calicotome,
Spartium junceum L., and Genista, and some Lamiaceae like Thymus or Lavandula, Phillyrea
latifolia L. or different species of Cistus and Quercus form plant communities with Erica,
so their pollen appears in honeys samples. It is worth mentioning the controversy on
the apicultural value of Genisteae plants; while some species are considered that do not
produce nectar (such as Calicotome spinosa), others are considered good nectariferous source
for honeys such as Retama sphaerocarpa [35] or Spartocytisus supranubius (L.f.) Christ ex G.
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Kunkel [36]. In the case of some Genista species, Chamaecytisus and Retama nectar secretion
was reported [37]. Furthermore, through the pollen spectra of samples, the great diversity
in pollen types can be observed, and further, the high number of pollen types by sample in
accordance with biodiversity of the area. In this sense, melissopalynology is a key analysis
with which to identify geographical origin of honeys and to determine melliferous species
in the area where honey has been collected [38].

Mainly, the apiaries were in altitudes lower than 600 m above sea level and near to
villages. In these areas, shrubs and spontaneous plants are most common; therefore, they
predominate in the pollen spectra of honeys. Spontaneous species have high melliferous
yield; among them, standing out are the Fabaceae plants such as Hedysarum, which is
represented in the area for some species [39], many species of Trifolium, Lotus and other
as Securigera atlantica Boiss and Reut., Scorpiurus muricatus L., Tetragonolobus purpureus
Moench, Astragalus echinatus Murray. and Medicago polymorpha L. The importance of
Fabaceae for honey production in the region was mentioned previously, either to produce
monofloral honeys and/or to participate importantly in the production of polyfloral hon-
eys [4,33,40–42]. Their importance also appears in studies carried out on honeys from the
Mediterranean regions of Algeria [2,7,34,43].

Other important herbaceous plants for honey yield were Lamiaceae and Asteraceae;
both are the most visited after Fabaceae [44]. The best represented pollen type in sam-
ples belonging to the family Lamiaceae was Stachys, which includes plants like Stachys
ocymastrum or Phlomis bovei Noë and many other plants of this family; these are probably
exclusives of the area. Something similar occurs with Asteraceae plants; the best repre-
sented pollen type was Aster t. with a pollen grain morphology similar for plants such as
Aster, Helichrysum stoechas (L.) Moench, Dittrichia viscosa (L.) Greuter or Phagnalon saxatile
(L.) Cass., frequently occurring plants in the area. Other pollen types of Asteraceae were
identified in samples in lesser extents, but due to the possible contribution of these plants
to honey production and the fact that they normally appear underrepresented in the pollen
spectra of honeys [35], a deep investigation about vegetation and plant distribution in the
area could help in the identification of honeybee resources.

3.5. Characteristics of the Different Honey Types

The interpretation of the data allowed us to classify 12 samples, such as unifloral six
heather honeys, two sulla (Hedysarum) honeys, two Genista honeys, one blackberry (Rubus)
honey, one Asteraceae honey), one like honeydew honey and the rest, as polyfloral.

Table 4 shows the mean and standard deviation values for physicochemical and main
pollen parameters. Polyfloral honeys showed the highest variation between samples in
most of the variables as correspond to the heterogeneity of the group. A great variation
in pollen content within polyfloral samples was noted, ranging from class I, II and III,
although some heather honeys, Hedysarum, Asteraceae and honeydew were found to be in
class III. Regarding color, polyfloral honeys were mainly light amber, as found in Genista,
Hedysarum, Asteraceae and Rubus honeys. However, honeydew and heather honeys were
the darkest honeys. The honeys presented similar water content that ranged from 16.8 to
19.6%. However, in terms of electrical conductivity and pH, honeydew honey presented
the highest values. At the other extremes were Genista honey with the lowest electrical
conductivity and Rubus honey with the lowest pH.
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Although Genista honeys had the lowest free acidity, all honey types had similar
values. The same occurred with the HMF content. Honeydew honey had the highest
average value of diastase index, while the lowest level was observed in heather honeys.
This difference could be explained by the fact that the concentration of diastase depends on
several factors, including handling conditions, and could not be a reliable indicator of the
honey’s origin. It could therefore be explained by the fact that the honeys may have been
heated or improperly stored. The TPC and TFC also varied depending on the type of honey.
Honeydew honey followed by heather honeys had the higher values of these compounds.
Finally, the mineral content was higher in honeydew honey. Secondly, the high content of
K, Ca, Mg and Fe in heather honeys were noteworthy. However, followed by Honeydew
honey, the P content was higher in Asteraceae and Hedysarum honeys. Rubus honey type
showed a light amber color but also a low TPC and TFC, although this type of honey
showed a wide variation in color and varied from extra light amber to dark amber [45]. It
is therefore necessary to study more Rubus honeys from this region to verify this finding.

The sensorial profile of the different honey types can be seen in Figure 3. The six
samples of heather honey presented a common pattern with dark color (brown), when
crystallized, predominant vegetal smell (leaves and resin), some floral features and fruity
(dry and tropical fruit). The persistence of the smell was low whereas the persistence of
the taste was medium, and samples presented saltiness, bitterness and sourness in similar
intensity. The aroma was mainly fruity and vegetal. The Genista samples had similar
pattern in smell and aroma but different color, one had straw color and the other orange
color (both were crystallized). The smell was mainly floral and in lesser extent fruity and
aroma was mainly fruity. The persistence of smell was low, and the persistence of the
taste was medium, the intensity of the sweetness was high and presented some saltiness
and sourness notes. Sulla honeys were the most different regarding their sensorial profile,
one was darker than the other and the smell and the aroma of one of them was animal
(leather) while the other had floral and fruity smell. The persistence of the smell and the
taste were similar in both cases. Asteraceae samples presented orange color, fruity smell
and aroma with low intensity and persistence for smell, aroma and taste. Regarding the
blackberry honey, highlighted the floral and fruity smell and the fruity aroma as well as
the predominance of sweetness in taste. Finally, the honeydew sample had brown color,
vegetal odor, fruity aroma and the highest persistence of smell.

The published scientific information about sensory profile of honey is scarce [12,35,46,47]
and no information is available about sensorial properties of honey produced in Algerian
country. The heather honeys were the most known and have similar sensorial profile to
those previously described [35,48]. Regarding the sulla honeys were mainly described
with floral smell but these samples were different in the smell having one of them fruity
smell and the other animal smell, both with very low intensity [49]. Finally, the sensorial
properties of Genista honeys are poorly described in literature, but its sensorial properties
are near to other honey obtained from Fabaceae plants as Spartocytisus supranubius [36].
Other honey types are poorly known regarding their sensorial properties.

This is the first study focuses on the sensory properties of honey and their relation-
ships with the botanical origin and the physicochemical properties of honeys from Babors
Kabylia Region. Considering that this area is a hotspot for biodiversity and have a high
potential for honey production, further studies could contribute to increase knowledge in
the characteristics of the honey, the types that can be obtained and the most relevant plant
species for honey yield and definitely contribute to the valorization of local beekeeping.
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Figure 3. Chart diagrams for sensorial perceptions of monofloral honeys.

4. Conclusions

Honey samples collected from Babors Kabylia, which is an important biogeographical
zone with great beekeeping potential, were analyzed to characterize the honey of this region
using physico-chemical, melissopalynological and sensory parameters. The richness of the
region in terms of melliferous plants has manifested through the production of a variety of
monofloral honeys, including heather, Genista, sulla, Asteraceae and blackberry besides
to the polyfloral honeys. Samples had a diverse sensory profile in terms of smell/flavor
(vegetal, fruity and floral) highly appreciated by consumers. However, it is necessary to
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mention that some quality parameters related to hive management have been affected.
It is therefore recommended to enhance knowledge on beekeeping management and to
promote professional training for beekeepers to better manage the hive and improve both
the quality and quantity of honey.
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Abstract: Honey is a functional food with health-beneficial properties and it is already used as a
medical device in wound care management. Whether ingested orally or applied topically, honey must
fulfill the requirements of international standards based on physicochemical characteristics. However,
there is an urgent need for some additional standards reflecting biological properties. The aim of
the study was to evaluate the antibacterial activity of 36 commercial honey samples purchased from
supermarkets and local food shops and compare their efficacy to that of three honey samples from
local beekeepers and three types of medical-grade honey. Furthermore, the hydrogen peroxide (H2O2)
content and protein profile were assessed in all honey samples. Analysis of the antibacterial activity of
commercial honeys revealed that 44% of tested samples exhibited low antibacterial activity, identical
to the activity of artificial honey (sugars only). There was a significant correlation between the overall
antibacterial activity and H2O2 content of honey samples. However, in some cases, honey samples
exhibited high antibacterial activity while generating low levels of H2O2 and vice versa. Honey
samples from local beekeepers showed superior antibacterial activity compared to medical-grade
honeys. The antibacterial activity of honey can be easily altered by adulteration, thermal treatment or
prolonged storage, and therefore it fulfils strict criteria to be suitable new additional quality standard.

Keywords: hydrogen peroxide; functional food; bacterial pathogen; commercial honey;
quality standard

1. Introduction

Honey, a traditional sweetener, is considered as a functional food, and several recent clinical
studies have proved its health-beneficial properties such as improving lipid profile [1], reducing
postoperative pain [2] and inflammation [3] and modulating of hypertension [4]. Besides its oral
consumption, honey has successfully been used topically in the treatment of a broad spectrum of
surgical and chronic wounds [5,6] and mucositis [7] as well as herpes simplex labialis [8]. Whether
applied topically or ingested orally, honey must fulfil all the requirements of international standards
and possesses proven biological activity. In addition, honey has to be sterilised by gamma radiation
when used in wound care management. In the case of medical usage, only honey of high quality and
with guaranteed biological activity should be a part of honey-based medical products.

Several quality standards have been recongnised and listed as ‘Current international honey
standards’ which are specified in the European Honey Directive (2002) [9] as well as in the
Codex Alimentarius Standard for Honey (2001) [10]. Honey samples meeting all strictly defined
composition criteria, including mainly moisture, sucrose and hydroxymethylfurfural (HMF) content,
are recommended for human consumption and can be placed on the market.
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On the other hand, the range of particular current honey standards is too wide and, in most
cases, adulterated and/or heat-processed honey is still within the range for tested criteria and therefore
classified as honey with proved quality. Furthermore, most importantly, none of the above-mentioned
criteria are related to the biological activity of honey.

One of the most important and well-described aspects of honey’s biological activity is its
antibacterial activity that is mediated via multiple mechanisms of action such as osmotic pressure,
low pH value and water activity, and disruption of bacterial cell membranes due to the presence of
antibacterial peptide defensin-1.

Bee defensin-1, a regular but quantitatively variable antibacterial component of honey [11],
is mainly effective against Gram-positive bacteria [12–14]. Furthermore, defensin-1 possesses
antibiofilm activity against established multi-species biofilm [15] and exhibits wound healing
properties [16].

After dilution, the antibacterial activity of honey is mainly mediated via enzymatically generated
hydrogen peroxide (H2O2) in the diluted honey [17], excluding manuka honey where H2O2 is
not accumulated [18]. This activity can be negatively affected by uncontrolled thermal processing
or prolonged storage [19]. The major antibacterial compound in manuka honey is methylglyoxal
(MGO) [20,21] that is primarily able to inhibit the growth of Gram-positive bacteria [22,23]. On the
other hand, MGO in manuka honey seems to be ineffective against Pseudomonas aeruginosa [24]. Similar
to that of different blossom honeys, the total antibacterial action of manuka honey is based on multiple
mechanisms of action rather than single components. Therefore, the antibacterial potential of honey
could be a suitable new additional international quality standard.

Our recent study aimed to determine the antibacterial efficacy of 233 different blossom honey
samples collected in Slovakia [25]. Linden honeys showed the greatest antibacterial efficacy followed
by sunflower, multi-floral and acacia honey samples. The lowest antibacterial activity was assessed in
rapeseed honey samples.

The goal of the study was to (i) evaluate the antibacterial potential of commercial honeys purchased
from supermarkets (n = 19) and local shops (n = 17) in Slovakia, (ii) characterise the protein profile of
honey samples and (iii) determine the overall H2O2 content in honey samples. Moreover, antibacterial
activity together with the capability to generate H2O2 was assessed in three honey samples from local
beekeepers and in three medical-grade honey samples in order to compare the overall antibacterial
potential of different honeys.

2. Materials and Methods

2.1. Honey Samples

A total of 36 commercial samples of honey purchased from supermarkets in 2017 (n = 19) or local
food shops in 2019 (n = 17) were evaluated. Most of the samples, particularly from those from local
food shops, declared the botanical and geographical origin on the label (Table 1).

Three honey samples (acacia, linden and honeydew) from local beekeepers and three different
commercial products based on medical-grade honeys: Vivamel® (Toasama, Domzale, Slovenia),
Revamil® (Bfactory, Rhenen, Netherlands) and Activon Tube® (Advancis Medical, Nottingham, UK)
were also evaluated. All samples were immediately stored at 4 ◦C in the dark.

As a negative control artificial honey was prepared by dissolving 39 g d-fructose, 31 g d-glucose,
8 g maltose, 3 g sucrose, and 19 g distilled water, as described elsewhere [26].
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Table 1. Commercial honey samples tested in the study.

No. of Honey Samples Type of Honey Geographical Origin of Honey
Su

pe
rm

ar
ke

ts

1 multi-floral Unknown *
2 acacia Slovakia
3 honeydew Slovakia
4 linden Unknown *
5 multi-floral Unknown *
6 honeydew Unknown *
7 multi-floral Unknown *
8 multi-floral Unknown *
9 forest Unknown *
10 linden Unknown *
11 multi-floral Unknown *
12 acacia Unknown *
13 forest Unknown *
14 multi-floral Unknown *
15 multi-floral Unknown *
16 rapeseed Slovakia
17 multi-floral Slovakia
18 acacia Slovakia
19 honeydew Slovakia

Lo
ca

lf
oo

d
sh

op
s

20 acacia Slovakia
21 multi-floral Slovakia
22 forest Slovakia
23 linden Slovakia
24 honeydew Slovakia
25 rapeseed Slovakia
26 multi-floral Slovakia
27 acacia Slovakia
28 honeydew Slovakia
29 honeydew Slovakia
30 multi-floral Slovakia
31 acacia Slovakia
32 multi-floral Slovakia
33 linden Slovakia
34 multi-floral Slovakia
35 multi-floral Slovakia
36 multi-floral Slovakia

* honey originated from European union/non-European union countries.

2.2. Microorganisms

The tested bacterial isolates Pseudomonas aeruginosa CCM1960 and Staphylococcus aureus CCM4223
were acquired from the Department of Medical Microbiology at the Slovak Medical University in
Bratislava, Slovakia.

2.3. Determining the Antibacterial Activity

The honey samples were subjected to an antibacterial minimum inhibitory concentration (MIC)
assay to determine the antibacterial activity against P. aeruginosa and S. aureus following the method
of Bucekova et al. [27]. Bacteria were cultured in Mueller-Hinton broth (MHB) at 37 ◦C overnight.
Bacterial culture was suspended in phosphate-buffered saline (PBS), with a pH of 7.2, and the turbidity
of the suspension was adjusted to 108 colony-forming units (CFU)/mL and diluted with MHB medium
(pH 7.3 ± 0.1) to a final concentration of 106 CFU/mL. The final volume in each well of sterile 96-well
polystyrene U-shaped plates (Sarstedt, Germany) was 100 μL, consisting of 90 μL of sterile MHB
medium or diluted honey sample and 10 μL of bacterial suspension. After 18 h incubation at 37 ◦C
and 1250 rpm, the inhibition of bacterial growth was determined by monitoring the optical density at
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490 nm using a Synergy HT microplate reader (BioTek Instruments, Winooski, VT, USA). The final MIC
values correspond to the lowest concentrations of honey that completely inhibited bacterial growth.
All the tests were performed in triplicate and repeated three times.

Each honey sample dilution was prepared from a 50% honey solution (w/w in MHB medium) by
further dilution with the MHB medium, resulting in final concentrations of 40%, 35%, 30%, 25%, 20%,
18%, 16%, 14%, 12%, 10%, 8%, 6% and 4%.

2.4. Determining the H2O2 Content

The H2O2 content in the honey samples was determined using a Megazyme GOX assay kit
(Megazyme International Ireland Ltd., Bray, Ireland) based on the release of H2O2 after glucose oxidase
catalysis of the oxidation of β-d-glucose to d-glucono-δ-lactone. As a standard, 9.8–312.5 μM diluted
H2O2 was used. Honey solutions (40% w/w in 0.1 M potassium phosphate buffer, pH 7.0) were prepared
and immediately measured. Each honey sample and H2O2 standard was tested in duplicate in a
96-well microplate. The absorbance of the reaction was measured at 510 nm using a Synergy HT
microplate reader (BioTek Instruments, Winooski, VT, USA).

2.5. Determining the Protein Profile of Honey Samples

For protein determination, 15 μL aliquots of diluted honey samples (50% w/w in distilled water)
were loaded on 12% SDS-PAGE gels and separated using a Mini-Protean II electrophoresis cell (Bio-Rad,
Hercules, CA, USA). Protein content was assessed after gel staining with Coomassie Brilliant Blue
R-250 (Sigma-Aldrich, Darmstadt, Germany) or Serva Blue (Serva, Heidelberg, Germany).

2.6. Statistical Analysis

The Pearson correlation test was used to analyse the correlation between the antibacterial activity
and the H2O2 content in the honey. The data are expressed as mean values with the standard deviation
(SD). Data with p values smaller than 0.05 were considered statistically significant. GraphPad Prism
was used to perform all the statistical analyses (GraphPad Software Inc., La Jolla, CA, USA).

3. Results

3.1. Antibacterial Activity of Commercial Honey Samples

Antibacterial activity was determined in commercial (n = 36), local beekeeper (n = 3) and
medical-grade (n = 3) honey samples as well as in artificial honey. The activity of the commercial
honey samples against bacteria was expressed as an MIC value (Figure 1). Commercial honey samples
from local food shops (Nos. 20–36) exhibited a greater antibacterial effect compared to samples from
supermarkets (Nos. 1–19). The MIC values of about 50% of supermarket honey samples against
S. aureus were identical to those of artificial honey, compared to 25% of honey samples from local food
shops. The average MIC value of supermarket and local food shop honey samples against S. aureus
was 28.6% and 19.2%, respectively. The highest antibacterial activity was exhibited by honey sample
No. 29 with an MIC value of 4% against S. aureus.

Artificial honey at a concentration of 25% was able to inhibit the bacterial growth of P. aeruginosa.
Due to the high susceptibility of P. aeruginosa to the sugar content in honey samples, this bacterium is
not a suitable model for testing the antibacterial activity of honey.
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Figure 1. Antibacterial activity of the commercial honey samples (n = 36) purchased in Slovakia.
The antibacterial activity was evaluated against two bacterial pathogens by a minimum inhibitory
concentration (MIC) assay. (A) Honey samples purchased from supermarket (n = 19) (B) Honey samples
purchased from local food shop (n = 17). The data are expressed as the mean values with the standard
deviation (SD). AH—artificial honey.

3.2. H2O2 Content of Commercial Honey Samples

H2O2, a major antibacterial compound in honey, was determined in 36 commercial honey samples
(Figure 2). The average H2O2 content in supermarket and local food shop honey samples was
256 and 565 μM, respectively. Honey samples purchased in local food shops were more potent in H2O2

production (Figure 2B). Three samples from supermarkets (sample Nos. 10, 11 and 12) accumulated
very low levels of H2O2, at concentration below 50 μM (Figure 2A).

137



Foods 2020, 9, 1263

 

Figure 2. Hydrogen peroxide (H2O2) content in commercial honey samples (n = 36). (A) supermarket
honey samples (n = 19), (B) local food shop honey samples (n = 17). Determination of the H2O2 content
was carried out in diluted honey samples (40% (w/w) after 24 h of incubation at 37 ◦C. The data are
expressed as the mean values with the standard deviation (SD). AH—artificial honey.

The correlation analysis revealed a significant correlation between the H2O2 values and the
antibacterial activity of both supermarket and local shop honey samples against S. aureus (r = −0.582,
p < 0.01; r = −0.648, p < 0.01) as well as P. aeruginosa (r = −0.584, p < 0.001; r = −0.682, p < 0.01) (Figure 3).

Despite a significant correlation between the content of H2O2 and the antibacterial activity of all
commercial honeys was revealed, some of tested honey samples (for example Nos. 19 and 33) did not
show any correlation among MICs and H2O2 content.
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Figure 3. The relationship between the content of H2O2 and the antibacterial activity of commercial
honeys: (A) supermarket honey samples (n = 19), (B) local food shop honey samples (n = 17) against
two bacterial isolates. A Pearson correlation test was used for the correlation analysis.

3.3. Antibacterial Activity and H2O2 Content of Local and Medical-Grade Honey Samples

Samples of three different types of honey (honeydew, linden and acacia) from local beekeepers and
three medical-grade honeys were used for the determination of antibacterial activity. The antibacterial
activity of these samples is shown in Figure 4A. All honeys from local beekeepers exhibited high
antibacterial activity, with average MIC values ranging from 7% to 12% depending on the bacterium.
The antibacterial effect of local honey samples was even higher than that of medical-grade honeys
where MIC values were in the range from 9% to 22.5%. Among the medical-grade honeys tested,
the lowest antibacterial activity was documented for Revamil®. The local honeys, honeydew and acacia
honey samples in particular, produced a high level of H2O2 (Figure 4B). Interestingly, the level was
significantly higher than in medical-grade honeys. Activon Tube®, a manuka honey based-wound care
product, did not accumulate H2O2 due to inactivated glucose oxidase enzyme. Revamil®, a blossom
honey-based product, produced a low level of H2O2 and thus showed moderate antibacterial activity.
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Figure 4. Antibacterial activity and the content of H2O2 in the honey samples from local beekeepers
(n = 3) and medical-grade honey (n = 3). (A) The antibacterial activity was evaluated against two
bacterial pathogens by a minimum inhibitory concentration (MIC) assay. (B) Determination of the
H2O2 content was carried out in diluted honey samples (40% (w/w) after 24 h of incubation at 37 ◦C.
The data are expressed as mean values with the standard deviation (SD).

4. Discussion

Natural functional foods including honey with diverse biological activity have become very
popular among consumers and a plethora of studies have discovered a number of bioactive ingredients
that can provide a beneficial effect on human health. However, rising demand for honey and natural
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healthy foods in general causes the limited availability and high price of honey and thus honey has
become the object of adulteration. International honey standards need to be updated since nowadays
more adulterated honeys meet currently defined limits in term of quality. Furthermore, industrial
processing of honey such as liquefaction or thermal treatment causes an increase in HMF, the major
indicator of honey freshness and overheating during processing, but to values below the maximum
permissible level of 40 mg/kg of honey [28–31]. Similarly, another standard, diastase activity (DN),
also changes after thermal processing but, in most cases, the minimum permissible level of 8 is
maintained [29,32]. As mentioned before, international honey standards do not take into account
the biological effects of honey, although some of the effects including the antibacterial effect are well
described and have proved to be sensitive parameters. Antibacterial activity is also the sole criterion
for selecting honey for medical usage.

In this study, we demonstrated that the antibacterial activity of commercial honeys purchased
in supermarkets and local food shops is not uniform. Unfortunately, the antibacterial activity of
more than 40% of the tested commercial honeys was identical to that of artificial honey. According to
protein profile analysis of all honey samples, only three samples (Nos. 10, 11 and 12) showed a very
low protein content (Figure S1). Missing crucial protein components, including bee-derived glucose
oxidase, in these three samples resulted in negligible accumulation of H2O2. The typical protein profile
was recognised in the rest of the honey samples, showing major royal jelly protein 1 (MRJP1) as the
dominant honey protein (Figures S1 and S2) with molecular weight of 55 kDa.

The MRJP1 protein is multifunctional and has a nutritional function in larval jelly [33] and a
presumed function in the bee brain that is associated with learning ability [34]. It also acts as a
precursor protein of short antimicrobial peptide jelleines [35], however, its direct antibacterial activity
is questioned [36,37].

Based on present and previous results [17], H2O2 content is not a suitable parameter for determining
honey quality, even though a statistically significant correlation between antibacterial activity and
H2O2 content was calculated. In some cases, honey samples exhibited high antibacterial activity
while generating low levels of H2O2 and vice versa. Similarly, analysis of Polish honey samples
revealed that some samples with the highest antibacterial activity were characterised by low levels of
H2O2 [38]. In addition, we have recently showed that linden Slovak honey samples, which exhibited
the strongest antibacterial effect, showed weak or no correlation between the antibacterial activity and
H2O2 content [25]. Therefore, we assume that some certain types of honey (e.g., linden honey) may
contain either non-peroxide antibacterial factors or specific minor components which act synergistically
with other components to increase honey antibacterial potential.

Therefore, the antibacterial activity of honey depends on the presence of H2O2 but its concentration
can vary from honey to honey and the presence of some additional minor constituents such as
polyphenols is essential for a pronounced antibacterial effect. Honey as a highly complex product
contains various known and yet unknown compounds of botanic origin that might alter H2O2

levels. In addition, the interaction of H2O2 with some particular polyphenols and/or other minor
constituents can result in augmentation of honey antibacterial activity [17]. A very recent study by
Brudzinski (2020) discussed the role of the colloidal structure of honey in H2O2 production, suggesting a
relationship between the concentration of macromolecules, the propensity to form colloidal assemblies,
H2O2 production and antibacterial effect [39].

In this study, three different types of medical-grade honey-based wound care products were
evaluated. All products consist of 100% honey and no other additives were added. In contrast to
natural honey, medical-grade honey undergoes a process of sterilisation, usually by gamma radiation.
Gamma radiation of honey eliminates vegetative microbial cells as well as microbial spores [40–42]
without affecting the overall antibacterial activity of honey [40,42–45]. However, it is likely that
the whole process of medical-grade honey manufacture, including tubing, packing, sterilising and
storing processes, results in a loss of some antibacterial activity. Taking into account the entire
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manufacturing process, it is necessary to monitor the antibacterial activity of processed honey at each
manufacturing step.

In the case of manuka honey, the Unique Manuka Factor (UMF) grading system has been
established, reflecting the concentration of MGO, a major antibacterial compound found in manuka
honey. A very recent study [46] demonstrated that UMF grade, as an indicator of the antibacterial
potential of manuka honey, surprisingly, does not correlate with the antibacterial efficacy of manuka
honey, supposedly due to changes in MGO content over time. Therefore, the UMF grading system seems
to be unreliable and there is a need to develop a more suitable system. Furthermore, UMF grading is
solely based on the agar well diffusion assay using S. aureus as a model bacterium [47]. Nowadays, this is
considered to have relatively low sensitivity and the obtained results need to be confirmed/updated by
a more sensitive broth microdilution assay, a preferred method for determining the antibacterial effect
of complex natural products. Lastly, a few recent studies have raised the issue of the dominant role of
MGO in the antibacterial effect of manuka honey [24,46].

Last but not least, determination of honey antibacterial activity could give beekeepers a competitive
advantage due to the high demand for biologically active honey. Detrimental changes in the antibacterial
effect of honey induced by prolonged storage or uncontrolled heating at high temperature may also
negatively affect other biological effects of honey such as antioxidant, anti-inflammatory and wound
healing activity. Many of these types of activity are mediated by polyphenolic compounds which are a
light/heat sensitive group of biologically active compounds [48]. Therefore, it is likely that honey with
low antibacterial activity, identical to artificial honey, loses most of its health-beneficial properties and
acts solely as a sweetener.

5. Conclusions

In conclusion, analysis of the antibacterial activity of commercial honeys purchased in Slovakia
revealed that more than 40% of the samples tested exhibited low antibacterial activity, identical to that
of artificial honey (sugars only). There was a significant correlation between the overall antibacterial
activity and H2O2 content of honey samples. However, in some cases, honey samples exhibited
high antibacterial activity while generating low levels of H2O2 and vice versa. Honey samples from
local beekeepers showed superior antibacterial activity compared to medical-grade honeys which are
recommended for the treatment of infected wounds. The antibacterial activity of honey, as one of
its well-described biological properties, should be used as an additional quality standard reflecting
its biological properties. Further studies are needed to characterise the effect of long-term storage
as well as heat processing on antibacterial activity of honey in order to improve this new potential
quality standard.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1263/s1,
Figure S1: Protein profile of commercial honey samples (n = 19) from supermarkets and three samples from local
beekeepers, Figure S2: Protein profile of commercial honey samples (n = 17) from local food shops.
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Abstract: Safflower honey is a unique type of monofloral honey collected from the nectar of
Carthamus tinctorius L. in the Apis mellifera colonies of northwestern China. Scant information
is available regarding its chemical composition and biological activities. Here, for the first time,
we investigated this honey’s chemical composition and evaluated its in vitro antioxidant and
anti-inflammatory activities. Basic physicochemical parameters of the safflower honey samples in
comparison to established quality standards suggested that safflower honeys presented a good level
of quality. The in vitro antioxidant tests showed that extract from Carthamus tinctorius L. honey (ECH)
effectively scavenged DPPH and ABTS+ free radicals. In lipopolysaccharides (LPS) activated murine
macrophages inflammatory model, ECH treatment to the cells inhibited the release of nitric oxide and
down-regulated the expressions of inflammatory-relating genes (iNOS, IL-1β, TNF-α and MCP-1).
The expressions of the antioxidant genes TXNRD, HO-1, and NQO-1, were significantly boosted
in a concentration-dependent manner. ECH decreased the phosphorylation of IκBα and inhibited
the nuclear entry of the NF-κB-p65 protein, in LPS-stimulated Raw 264.7 cells, accompany with
the increased expressions of Nrf-2 and HO-1, suggesting that ECH achieved the anti-inflammatory
effects by inhibiting NF-κB signal transduction and boosting the antioxidant system via activating
Nrf-2/HO-1 signaling. These results, taken together, indicated that safflower honey has great potential
into developing as a high-quality agriproduct.

Keywords: safflower (Carthamus tinctorius L.) honey; chemical analysis; anti-inflammatory;
antioxidant; NF-κB; Nrf-2

1. Introduction

Honey used widely as a food and medicine [1]. It is often studied due to its biological activities, among
them the anti-inflammatory, anti-bacterial, and anti-oxidation properties are the most published [2–5].
Others include the resistance to bromobenzene-induced liver injury in mice [6] and potential treatment
for colitis [7]. However, there are some special honeys, which come from particular floral sources,
for example, Manuka, which can play an anti-ulcer role through antioxidant and anti-inflammatory
effects [4,8], or Gelam honey, which was able to effectively inhibit airway inflammation in an
ovalbumin-induced allergic asthma mouse model [9]. There are significant differences in the antioxidant
activities among different honeys [10]. Safflower (Carthamus tinctorius L.) honey is brewed by honeybees
collecting safflower nectar, which is a local speciality honey type of Xinjiang Providence, China.
This honey is mainly produced in the Balruk Mountains of Xinjiang (82◦12′–83◦30′ longitude in the
East and 45◦24′–46◦3′ latitude in the north), and contains a variety of natural sweeteners with bioactive
components [11–13], which is the largest safflower planting base in China. Our recent preliminary
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results suggested that the safflower honey has several superiorities, such as comprehensive and rich
nutrients, and a large number of bioactive substances [14]. Nevertheless, detailed information is still
unavailable regarding its chemical composition and biological activities, which limits the application
and development of this special agriproducts.

Recent decades, several studies reported on the anti-inflammatory and antioxidant activities of
honey, which are mainly attribute to its abundant phenolic and flavonoid contents [15,16]. Honey
contains rich phenolic acids and flavonoids, which contribute to the antioxidant, antimicrobial,
anti-inflammatory, anti-proliferation, anti-cancer, and anti-metastasis effects [17]. Studies showed
that these compounds in honey were able to inhibit the pro-inflammatory activity of nitric oxide
synthase (iNOS) and had anti-inflammatory effects [17]. Bangladesh honey samples are rich in phenolic
acids and flavonoids with high antioxidant potential [18]. Honeys from specific floral sources or
collected by different bee species, given their special and rare compounds, such as certain phenolic
acids and flavonoids, for instance, in stingless honey, can show anti-inflammatory and antioxidant
effects [19]. Data published with Camellia honey presented an antioxidant effect closely related
to its phenolic content [20]. We therefore inferred that the safflower honey also some activities,
such as the anti-inflammatory and antioxidant properties. In our previous studies, we evaluated
the anti-inflammatory activities by the bee products using the bacterial lipopolysaccharides (LPS)
challenged murine macrophage model (RAW 264.7 cells), in which model a number of typical
inflammatory responses can be mimicked in vitro, including the releases of inflammatory mediators,
accompanying with the oxidative stress to the cells. LPS induced RAW 264.7 cells were shown to
be with an increase in nitric oxide (NO) release [21,22], which is mediated via the activation of the
inflammation related-nuclear factor kappa-B (NF-κB) signaling pathway [23], and thereafter induced
oxidative stress. NO has a significant correlation with oxidative stress [24], and its release depends on
the expression of inducible NO synthase (iNOS). LPS-activated Raw 267.4 cells also lead to the rapid
phosphorylation and degradation of IκBα [25]. The phosphorylation of IκB-α or IκB-β can activate the
NF-κB signaling pathway and promote NF-κB-p65 protein in the nucleus. However, the NF-κB-p65
protein can mediate the synthesis/releases of tumor necrosis factor alpha (TNF-α), interleukin-1β
(IL-1β), monocyte chemoattractant protein 1 (MCP-1), which further regulate the transcription of other
inflammatory mediators [26–28]. In addition, the NF-E2-related factor 2 (Nrf-2) signaling activation
regulates the expression of a series of downstream antioxidant factors (4-nitroquinoline-N-oxide (NQO),
HO-1 as well as the thioredoxin reductase(TXNRD)) [29,30]. Activation of these internal anti-oxidant
enzymes alleviated the cells against oxidative stress [31].

In the current study, Carthamus tinctorius L. safflower honey were collected to carry out a screening
of physical and chemical indicators and the extract from Carthamus tinctorius L. safflower honey
(ECH) were obtained for preliminary characterizations on major main phenolic acids and flavonoid
components based on the high-performance liquid chromatography–quadrupole-time of flight mass
spectrometry (HPLC-QTOF-MS). Furthermore, we tested the in vitro free radical scavenging activities
by ECH and its anti-inflammatory and antioxidant potentials were evaluated in in LPS-activated Raw
264.7 murine macrophages.

2. Materials and Methods

2.1. Chemicals and Reagents

Primary antibodies including IκB-α, p-IκBα, and NF-κB-p65 were purchased from Cell Signaling
Technology (Danvers, MA, USA). Nrf-2, HO-1, and β-actin were purchased from Cambridge Bio
(Boston, MA, USA). The NanoDrop 2000 Ultra Micro Spectrophotometer was purchased from Thermo
Fisher Scientific (Pittsburgh, PA, USA). Gallic acid, sodium nitrite, the Prime Script TM RT Master
Mix kit and TB Green® Premix Ex Taq TM were purchased from Biotech Co. Ltd. (Shanghai, China).
Protein loading buffer, 20% SDS, electroporation solution and Tris-HCl buffer were purchased from
Solarbio (Beijing, China). BCIP/NBT alkaline phosphatase developer and 40% Acr-Bis were purchased
from Beyotime Biotechnology (Shanghai, China). The CCK-8 kit was purchased from Dojindo
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Laboratories (Kumamoto, Japan). Amberlite XAD-2 resin was purchased from Sigma-Aldrich Trading
Co. Ltd. (Shanghai, China). Other chemicals, including the LPS (Escherichia coli 0127: B8) and
alkaline phosphatase-conjugated secondary antibody (anti-rabbit IgG) and the standards applied in
the chemical analysis were purchased from Sigma (St. Louis, MO, USA).

2.2. Safflower Honey Samples and Physical Deteriminations

Safflower honey samples were obtained from three Apis mellifera L. colonies during the safflower
(C. tinctorius L.) flower season in 2018. Each honey from the single hive was considered as one sample,
500 g each. The apiaries were located in the Yumin County, Tacheng City, China, which were belongs
to bases of Jiangsu Rigao Bee Products Co., Ltd. (Xuyi, China). We collected the capped comb honeys
in the day, and transfer them to the refrigerator at 4 ◦C, afterwards the honey samples were taken to
the lab and storage at −20 ◦C until usage. The moisture, free acid, amylase, hydroxymethylfurfural,
fructose, glucose, sucrose, and ash contents of the Xinjiang safflower honey samples were determined
by the method specified in CODEX STAN 12-1981. Melissopalynology was applied to analyze the
botanical origin of the pollens in the safflower honeys, following pervious published method [32].
The typical pollen grain in a safflower honey sample was shown in the Figure S1.

2.3. Extraction on the Safflower Honey

The preparation of the extract from C. tinctorius safflower honey (ECH) refers to the method of
Mu et al. [33] and was improved. XAD-2 resin was soaked in 95% ethanol for 24 h, washed two to
three times with ultrapure water until there was no ethanol, and then placed for standby. We weighed
800 g of the Xinjiang safflower honey sample, mixed it with hydrochloric acid solution (adjusted using
hydrochloric acid pH = 2 with ultrapure water) at 1:5 (w/v), and used an ultrasonic instrument for
30 min until it dissolved. The activated XAD-2 resin was weighed to 800 g, treated with ultrasonic
to make it free of air, then mixed with Xinjiang safflower honey aqueous solution, mixed evenly for
1 h, and left standing overnight. We discarded the supernatant, added XAD-2 resin into the glass
column, washed with 2 volumes of hydrochloric acid water (pH = 2) and 3 volumes of ultra-pure water,
and then eluted with 8 volumes of ethanol to collect the eluate, evaporated the ethanolic extract to a
solid residue with a rotary evaporator with vacuum, and then dissolved the residue in 15 mL of pure
water. This aqueous solution was extracted with 20 mL of ethyl acetate. We collected the ethyl acetate
layer, repeated this four times, for each extraction for 20 min. The collected ethyl acetate layer was
blown dry with nitrogen to obtain the resulting ECH, and placed in a −20 ◦C refrigerator for storage.
We dissolved the ECH with an appropriate amount of ethanol for the further usages.

2.4. Preliminary Analysis of ECH Phenolic Flavonoids by HPLC-QTOF-MS

The HPLC-QTOF-MS analysis method of ECH was established by our laboratory [34].
Chromatographic conditions involved using a proshell 120 EC-C18 column (100 × 2.1 mm, particle size
2.7 μm), typical parameters of chromatographic were as follows: column temperature, 30 ◦C; injection
volume, 5 μL; flow rate, 0.2 mL/min. The elution procedure is shown in Table 1.

Table 1. Mobile phase elution procedures.

Time (min) Phase A% (0.1% Formic Acid) Phase B% (100% Acetonitrile)

0 90 10
0–15 75 25
15–20 70 30
20–30 65 35
30–35 30 70
35–40 30 70
40–42 90 10
42–50 90 10
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Mass spectrometry conditions were conducted with an electrospray (ESI) ion source in negative
ion mode The typical parameters of the mass spectrometer were as follows: drying gas temperature,
350 ◦C; drying gas flow rate, 6 L/min; sprayer pressure, 35 psi; capillary voltage 3500 V; atomizing gas
temperature, 350 ◦C; and atomizing gas flow rate, 9 L/min. Qualitative and quantitative analysis were
carried out by accuracy mass and extracted ion chromatography (EIC). Polyphenolic compounds ion
chromatograms were extracted by Mass Hunter Qualitative Analysis software (Agilent Technologies)
for ECH.

2.5. In Vitro Free Radical Scavenging Ability Determination Experiment

2.5.1. DPPH Free Radical Scavenging Experiment

For the determination of the DPPH· clearance rate, we referred to WU et al.’s method [35],
and made certain adjustments. We placed 100 μL each of DPPH working solution and ECH into
a 1.5 mL centrifuge tube, shook and mixed, and react at room temperature in the dark for 30 min.
We took 100 μL of the reaction liquid to a 96-well plate (100 μL/well), and measured the absorbance
at 517 nm. For A1, the same method was used to determine the absorbance when adding 100 μL of
95% ethanol solution instead of DPPH working solution. The absorbance of the blank group (100 μL
DPPH solution and 100 μL of 95% ethanol solution) was recorded as A0. The calculation formula of
the clearance rate is:

clearance rate% = 1− A1−A2
A0

× 100

The removal ability of the sample is expressed by IC50.

2.5.2. ABTS+ Free Radical Scavenging Experiment

For the determination of the ABTS+ clearance rate, we referred to YANG et al. [36] and made
certain adjustments. The ABTS solution was generated by the reaction of 15 mL 7 mM ATBS solution
and 246 μL 140 mM potassium persulfate aqueous solution in the dark for 16 h. When used, it was
diluted with methanol to the absorbance of 0.70 ± 0.02 at 734 nm. We placed 250 μL ABTS methanol
working solution and 150 μL ECH (to dissolve) in a 1.5 mL centrifuge tube, shook and mixed,
avoided light for the reaction for 10 min. We took 150 μL of the reaction liquid to a 96-well plate
(150 μL/well), and measured the absorbance value, recorded as A1. The same method was used
to determine the absorbance when adding 250 μL of methanol instead of ABTS methanol working
solution. The absorbance of the blank group (250 μL ABTS solution and 150 μL (ECH solvent) solution)
was recorded as A0, with parallel values. The calculation formula of the clearance rate is:

clearance rate% = 1− A1−A2
A0

× 100

The removal ability of the sample is expressed by IC50.

2.6. Cell Experiment

Raw 264.7 cells were a gift from Professor Hu Fuliang, college of Animal Science, Zhejiang
University. Raw 264.7 cells were cultured with DMEM high glucose medium containing 10%
heat-inactivated fetal bovine serum and double antibodies (streptomycin (100 μg/mL) and penicillin
(100 IU/mL)) at 37 ◦C Incubation was in a 5% CO2 incubator [37], to maintain the stable growth of
the cells.

2.6.1. ECH Measurement on Cell Relative Survival Rate

Raw 264.7 cells in the logarithmic growth phase were inoculated into 96-well plates with
1 × 105 cells/mL, 100 μL per well, incubated overnight in a 5% CO2 incubator at 37 ◦C, until the cell
adherence reached 70–80%. The cells were incubated with 2.5 μg/mL, 5 μg/mL, 10 μg/mL, 15 μg/mL,
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or 20 μg/mL ECH for 24 h, and the culture medium was aspirated. The cells were washed with new
cell culture medium for two to three times, and a blank control group was set. We added 10 μL CCK-8
reagent and cell culture medium into each well, incubated for 3 h, and then the absorbance at 450 nm
was determined [38,39].

2.6.2. Determination of the Nitric Oxide (NO) Concentration in LPS-Induced Cells Treatment
with ECH

The NO concentration was measured with a Griess reagent. We referred to the method of Lee et al.
and adjusted [40]. Raw 264.7 cells in the logarithmic growth phase were inoculated into 24-well
plates with 1 × 105 cells/mL, 500 μL per well, incubated in a 37 ◦C, 5% CO2 incubator, until the
cell adherence reached 70–80%, and we set the DXMS positive control group, blank control group,
LPS treatment control group, and experimental group. To the experimental group, we successively
added 2.5 μg/mL and 5 μg/mL ECH for 1 h, followed by LPS (1 μg/mL) for 24 h. The cell culture fluid
was collected, centrifuged at 5000 r/min for 10 min, and the supernatant was collected. We mixed
100 μL of each sample with an equal volume of Griess reagent and added these samples to a 96-well
plate, and incubated at room temperature for 10 min. We measured the absorbance at 540 nm.

2.6.3. ECH Detection of the mRNA Expression Related to Inflammation and Oxidation in
LPS-Induced Cells

Raw 264.7 cells in the logarithmic growth phase were inoculated into 24-well plates with
1 × 105 cells/mL, 500 μL per well, incubated in a 37 ◦C, 5% CO2 incubator, until the cell adherence
reached 70–80%, and we set the DXMS positive control group, blank control group, LPS treatment
control group, and experimental group. To the experimental group, we successively added 2.5 μg/mL
and 5 μg/mL ECH and incubated for 1 h, and then induced with LPS (1 μg/mL) for 6 h. The cells were
collected, and then the total cell RNA was extracted using a CarryHelix RNA extraction kit, and its
concentration and purity were determined with a NanoDrop 2000 ultramicro spectrophotometer. Using
1 μg of extracted total RNA as a template, the PrimeScript® TM RT Master Mix reverse transcription
kit was used to perform reverse transcription of the cDNA, and the product was placed in a −20 ◦C
refrigerator for use. Real-time quantitative PCR was performed with a TB Green® Premix Ex TaqTM
kit. The total volume of the reaction system was 10 μL: TB Green® Premix Ex TaqTM 5.0 μL, cDNA
template 0.2 μL, RNase Free dH2O 4.4 μL, upstream and downstream primers 0.2 μL each, related to
use. The primer sequences are shown in Table 2.

Table 2. The real-time PCR-related primer sequences [25,34,41].

Gene Upstream Primer Sequence Downstream Primer Sequence

iNOS 5′-TTTCCAGAAGCAGAATGTGACC-3′ 5′-AACACCACTTTCACCAAGACTC-3′
IL-1β 5′-CCAACAAGTGATATTCTCCATGAG-3′ 5′-ACTCTGCAGACTCAAACTCCA-3′

TNF-α 5′-CCACGCTCTTCTGTCTACTG-3′ 5′-ACTTGGTGGTTTGCTACGAC-3′
MCP-1 5′-AAGAAGCTGTAGTTTTTGTCACCA-3′ 5′-TGAAGACCTTAGGGCAGATGC-3′
HO-1 5′-ACATTGAGCTGTTTGAGGAG-3′ 5′-TACATGGCATAAATTCCCACTG-3′

TXNRD 5′-AGGATTTCTGGCTGGTATCG-3′ 5′-CTCGCTGTTTGTGGATTGAG-3′
NQO 5′-TTCAACCCCATCATTTCC-3′ 5′-TCAGGCGTCCTTCCTTATA-3′

2.6.4. ECH Detection of Related Protein Expression in LPS-Induced Cells

Raw 264.7 cells in the logarithmic growth phase were inoculated in 6-well plates with
1 × 105 cells/mL, 1 mL per well, and incubated in a 37 ◦C, 5% CO2 incubator, so that the cell adherence
reached 90%, and we set the DXMS positive control group, blank control group, LPS treatment control
group, and experimental group. To the experimental group we successively added 2.5 μg/mL and
5 μg/mL ECH and incubated for 1 h, and then induced with LPS (1 μg/mL) for 0.5 h. The collected cells
were washed twice with PBS, and inhibited with NP-40 protein lysate Cellular protein was extracted
from the reagent, and the concentration of the extracted protein was measured by BCA. The protein
samples of each group of cells were detected by immunoblotting. The total sample loading was 20 μg
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of total protein, with β-actin as a reference, through 12% SDS-PAGE gel electrophoresis, transfer,
hybridization, alkaline phosphatase color development and other steps to obtain the hybridization
bands of IκBα, P-IκBα, Nrf-2 and HO-1 [42].

2.6.5. Effect of ECH on LPS-Induced Nuclear Localization of p65 (NF-κB)

Raw 264.7 cells in the logarithmic growth phase were inoculated into the slide confocal small dish
with 1 × 105 cells/mL, incubated in a 37 ◦C, 5% CO2 incubator overnight, and we set up the DXMS
positive control group, blank control group, LPS treatment control group, and experimental group.
To the experimental group, we added 5 μg/mL of ECH and incubated for 1 h. Then, we induced
with LPS (1 μg/mL) for 0.5 h. A methanol-acetone mixture (1:1, v/v) was used as the fixing solution
for 30 min. Permeabilization was performed with 0.5% Triton X-100 for 30 min, blocked with 10%
serum blocking solution for 30 min at room temperature. We added primary antibody (NF-κB-p65)
(1:50 dilution) and secondary antibody goat anti-rabbit (IgG) (1:500 dilution) and incubated for 1 h,
with DAPI (4′,6-diamidino-2-phenylindole) (1:2000 dilution) stained nuclear processing coverslips,
observed with a laser confocal scanning microscope, and analyzed the results [42].

2.7. Statistics Analysis

All experimental data were obtained from at least three repeated experiments. Data are presented
as the Mean ± SD, and the statistical significance between two groups was determined using Student’s
t-test, and a p value of <0.05 was considered as statistically significant.

3. Results

3.1. Physical and Chemical Analysis on the Safflower Honey

All data regarding the physical and chemical indicators of Xinjiang safflower honey (see Table 3),
using the relevant methods in the EU standard, revealed better results than the standard values cited.
Among them, the moisture content was 18.2%, which meets the EU standard for honey (not more than
20%). The acidity (1 mol/L sodium hydroxide titration) was 25.0 mL/kg, which is lower than the EU
standard limit of 50 mL/kg. Hydroxymethylfurfural, sucrose, and ash were not detected; the three were
far below the relevant EU standard limits. The fructose content was 36.9%, the glucose content was
25.2%, and the total of the two was 62.1%, higher than the EU standard (not less than 60%); the amylase
value was 21.1 mL/(g·h), which is much higher than the EU standard (not less than 8), which is twice
the EU requirements.

Table 3. The physical and chemical indicators of safflower honey.

Physical and Chemical Indicators Result Standard Limited Standard Method

Moisture (%) 18.2 ± 0.25 ≤20 2001/110/EC
Acidity (mL/kg) 25.0 ± 0.43 ≤50 2001/110/EC

Amylase value (mL/(g·h)) 21.1 ± 0.36 ≥8 2001/110/EC
Hydroxymethylfurfural (mg/kg) ND ≤40 2001/110/EC

Fructose (%) 36.9 ± 0.26 ≥60 2001/110/ECGlucose (%) 25.2 ± 0.14
Sucrose (%) ND ≤5 2001/110/EC

Ash (%) ND ≤0.1 2001/110/EC

Note: ND means not detected.

3.2. Preliminary Analysis of Phenolic Flavonoids in ECH by HPLC-QTOF-MS

HPLC-QTOF-MS detection of ECH was carried out with 24 phenolic flavonoid standards.
As shown in Table 4, eight phenolic acids were detected, with a total content of 7.197 mg/kg honey.
Vanillic acid and p-hydroxybenzoic acid were the highest phenolic acids, with 3.196 mg/kg honey
and 1.524 mg/kg honey, respectively. Protocatechualdehyde was not detected. Seven flavonoids
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were detected, with a total content of 7.633 mg/kg honey, with quercetin and myricetin being the
highest, with 3.196 mg/kg honey and 1.524 mg/kg honey, respectively. Rutin, quercetin-3-O-glucoside,
kaempferol, naringenin and pinobanksin were low in content. Morin, luteolin, diosmetin, pinocembrin,
galanin, caffeic acid phenethyl ester, chrysin and kaempferol-3-O-glucoside were not detected. As far
as the content of safflower honey phenolic acid flavonoids is concerned, the phenolic acid components
were characterized by vanillic acid and p-hydroxybenzoic acid, and the flavonoids were characterized
by quercetin and myricetin. The diversity and content of phenolic acid and flavonoids play a positive
role in the antioxidant and anti-inflammatory activities of safflower honey.

Table 4. High-performance liquid chromatography combined with a quadrupole time-of-flight mass.
spectrometry (HPLC-QTOF/MS) analysis of phenolic flavonoids in safflower.

Compound Name Standard Curve Equation R2 Concentration
Ranges (ng/mL)

RT
(min)

[M − H]− Content
(mg/kg)

gallic acid y = 573.42x − 32178.21 0.9983 50–2000 1.765 168.7 0.636
Protocatechuic acid y = 925.79x + 37631.28 0.9938 50–2000 2.501 153 0.115

protocatechualdehyde y = 338.47x + 18654.55 0.9991 50–1000 3.589 136.9 ND
p-hydroxybenzoic acid y = 437.73x + 2112.43 0.9975 50–2000 3.963 137 1.524

vanillic acid y = 17.86x − 166.86 0.9973 50–2000 4.865 167 3.196
caffeic acid y = 1377.37x + 6941.68 0.9984 50–2000 5.046 179 0.041
ferulic acid y = 108.21x − 1692.97 0.9989 50–2000 10.924 193.1 0.248

cinnamic acid y = 12.75x − 100.06 0.9983 50–2000 18.060 146.9 0.559
rutin y = 1017.39x − 35010.60 0.9993 50–2000 11.689 609.1 0.388

quercetin-3-O-glucoside y = 2782.17x − 74249.70 0.9993 50–2000 11.906 462.8 0.300
kaempferol-3-O-glucoside y = 2350.39x + 111703.32 0.9952 50–2000 13.776 446.8 ND

myricetin y = 0.91x − 77.39 0.9953 50–2000 15.033 317 1.021
morin y = 611.76x + 3378.56 0.9962 50–2000 16.578 301 ND

luteolin y = 1103.83x + 98837.97 0.9961 50–2000 18.06 285 ND
quercetin y = 3032.78x − 1438777.72 0.998 100–2000 18.153 301 5.342

kaempferol y = 10.83x − 72.24 0.9987 50–2000 20.439 271.1 0.126
naringenin y = 14.58x + 410.22 0.9969 50–2000 20.439 271.1 0.072

pinobanksin y = 71.63x + 450.56 0.995 50–2000 20.709 271.1 0.384
diosmetin y = 4225.03x + 392274.94 0.9916 50–2000 21.102 298.9 ND

chrysin y = 498.99x + 27824.49 0.9989 50–2000 25.205 253.1 ND
pinocembrin y = 340.00x + 29581.47 0.9902 50–2000 25.739 255.1 ND

galanin y = 120.24x + 9565.86 0.9952 50–2000 25.907 269 ND
caffeic acid phenethyl ester y = 15593.82x + 3956352.11 0.9976 100–2000 26.155 283.1 ND

Note: ND means not detected.

3.3. In Vitro Antioxidant Free Radical Scavenging Capacity of ECH

DPPH and ABTS+ free radical scavenging experiments are commonly used to evaluate natural
antioxidants [15]. It can be seen from Table 5 that the concentration of ECH inhibiting 50% DPPH free
radical was 68.23 ± 0.40 μg/mL, and the concentration of ECH inhibiting 50% ABTS+ free radical was
81.88 ± 0.54 μg/mL.

Table 5. In vitro ECH (extract from Carthamus tinctorius L. honey) free radical scavenging activity.

IC50 (μg/mL)

DPPH 68.23 ± 0.40
ABTS+ 81.88 ± 0.54

3.4. In Vitro Antioxidant, Anti-Inflammatory Activies by ECH

3.4.1. Effects of ECH on Raw 264.7 Cell Survival

By treating Raw 264.7 cells with ECH in concentrations from 2.5 to 20 μg/mL and using the CCK-8
reagent to detect cell viability, we found the most suitable ECH concentration to ensure that adding
ECH concentration to Raw 264.7 cells produced no obvious toxic effects (see Figure 1). Compared with
the control group, there was no significant difference in the growth of Raw 264.7 cells when the ECH
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concentration were 2.5 μg/mL and 5 μg/mL. When the ECH concentration was 10 μg/mL, the Raw
264.7 cells growth was highly significantly inhibited. When the ECH concentrations were 15 μg/mL
and 20 μg/mL, the inhibitory effect on the growth of Raw 264.7 cells was highly significant. Therefore,
the safe concentration of ECH available in this experiment was 2.5–5 μg/mL.
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Figure 1. The effects of various concentrations of ECH on RAW 264.7 cell viability. Raw 264.7 cells were
pretreated with ECH (2.5 to 20μg/mL) or not for 24 h, cell viability was tested using the CCK-8 method.
** (p < 0.01) and *** (p < 0.001) indicates significant difference compared with the control group.

3.4.2. Effect of ECH on LPS-Induced Nitric Oxidase (NO) Release in RAW 264.7 Cells

A typical Griess method was used to determine the amount of NO released by different treatment
cells (see Figure 2). Dexamethasone (DXMS) treatment at 100 μg/mL (referred as DXMS-100) to
the LPS-activated cells was used as the positive control group. Compared with the Control group,
the concentrations of NO releases in Raw 264.7 cells was increased about nine times following LPS
treatment, indicating the model of Raw 264.7 cells inflammation model was successfully established.
After co-treatment with ECH and LPS, the NO release decreased by about two-thirds compared with
the LPS group, and the decreasing effects even better than the DXMS-100 group. Therefore, ECH was
shown to effectively reduce the amount of NO released during macrophage inflammation induced
by LPS.
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Figure 2. The effects of ECH on the nitric oxide (NO) release in LPS-activated macrophages. RAW 264.7
cells were pretreated with/without indicated concentrations of ECH or dexamethasone (100 μg/mL,
positive control) for 1 h then stimulated with LPS (1μg/mL) for 24 h. NO concentrations in the cell
culture medium were measured using the Griess method. ** (p < 0.01) indicates significant difference
compared with the LPS group.
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3.4.3. Effect of ECH on LPS-Induced Inflammation and Oxidation-Related Gene Expression in RAW
264.7 Cells

Next, RT-qPCR was applied to detect the expression levels of inflammation and oxidation-related
genes in LPS-induced Raw 264.7 cells (see Figure 3). After LPS treatment, the expression of NQO
decreased significantly, the expression of iNOS, IL-1β, TNF-α and MCP-1 increased significantly.
Compared with cells treated with LPS alone, the expressions of iNOS, IL-1β, TNF-α and MCP-1 in
ECH-treated groups were decreased, and the inhibitory effect was stronger with the increase of the ECH
concentration. For HO-1, TXNRD, and NQO, ECH significantly increased these antioxidant-related
gens expressions.

Figure 3. Effects of ECH on the expressions of antioxidant and inflammatory genes in LPS stimulated
RAW 264.7 cells. RAW 264.7 cells were pretreated with/without indicated concentrations of ECH or
dexamethasone (100 μg/mL, positive control) for 1 h then stimulated with LPS (1μg/mL) for 6 h. mRNA
expression in RAW 264.7 cells were measured using RT-qPCR. ** (p < 0.01) and *** (p < 0.001) indicates
significant difference compared with the LPS group. ## (p < 0.01) and ### (p < 0.001), compared with
the normal control group.
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3.4.4. Effect of ECH on the Expressions of Inflammation and Anti-Oxidant Signaling Related Proteins
in LPS-Activated RAW 264.7 Cells

The expression of inflammatory and anti-oxidation-related proteins in LPS-induced Raw 264.7 cells
was detected by western blot (Figure 4). The expression level of P-IκBα in the LPS group was significantly
higher than that of IκBα, however, after ECH treatment, the expression of P-IκBα in the LPS induced
group was significantly reduced compared to the LPS treatment group only. IκBα phosphorylation
was inhibited, and 5 μg/mL was found with a more potent inhibitive effects thant the low dosage group
(2.5 μg/mL). The expression levels of Nrf-2 and HO-1 increased significantly in cells induced by LPS
after ECH pretreatment. When the concentration of ECH increased, the expression levels of Nrf-2 and
HO-1 increased more obviously.

Figure 4. Effect of ECH on the expressions of inflammation and anti-oxidant signaling related proteins
in LPS-induced activated RAW 264.7 cells RAW 264.7 cells were pretreated or not with indicated
concentrations of ECH for 1 h then were activated with LPS (1μg/mL) for 30 min (left) or 6 h (right).
Whole cell lysates were analyzed by Western blotting analysis using specific antibodies.

3.4.5. Effect of ECH on the Nuclear Localization of NF-κB-p65 Induced by LPS

A laser confocal scanning microscope was used explore the effect of 5 μg/mL ECH on the nuclear
localization of NF-κB-p65 in LPS-induced inflammatory cells (see Figure 5). Compared with the control
group, NF-κB-p65 entry into the nucleus was significantly increased during LPS treatment alone,
indicating with the activation of NF-κB. After 5 μg/mL ECH incubation and LPS treatment, NF-κB-p65
entry into the nucleus was significantly inhibited; DXMS-100 group treatment of NF-κB-p65 into the
nucleus was also significantly inhibited.

Figure 5. The inhibited effects of ECH on the transport from the cytoplasm to the nucleus of
NF-κB-p65 proteins.

156



Foods 2020, 9, 1039

4. Discussion

Using the methods recommended in the European Community Directives, we found that all
the physical and chemical indexes results of Xinjiang safflower honey samples were in line with the
requirements. Hydroxymethylfurfural is a substance produced by honey during storage or heating.
It is an important criterion for evaluating the quality of honey [43,44]. As the honey storage time
becomes longer or the heating temperature rises higher, the more its content increase. Amylase is
an important indicator of freshness in honey [1]. Honey enzymes will inactivate (or the value will
drop) when honey is heated to a temperature higher than 40 ◦C. The amylase value measured in
our experiment was 21.1 ± 0.3 mL/g honey, which is much higher than the 8 mL/g honey of EU
standard (2001/110/EC). We did not detect hydroxymethylfurfural nor sucrose in the safflower honey
samples. The moisture complied with EU standard 2001/110/EC to not be higher than 20 g/100 g.
The safflower honey results for moisture were better than carob honey from Morocco as studied by
Redouan et al. [45], The carob honey moisture was 19.5 g/100 g. Therefore, the Xinjiang safflower
honey samples were fresh and mature honey.

As polyphenols endowed honey with distinct color, taste, flavor and biological activities.
Polyphenol analysis is therefore considered as an important tool for determining the quality of
honey. A total number of 14 polyphenolic compounds were preliminary characterized using the
HPLC-Q-TOF/MS analysis, and the sum of each component content was 14.83 mg/kg honey. Solid
phase extraction (SPE) using the Amberlite XAD-2 resin is one of the most widely used extraction
methods for isolating individual phenolic and flavonoid compounds in honey [46]. In the present
study, we didn’t measure the phenolic compounds recovery, which is a major limitation. Nevertheless,
the honey was reported with a mean recovery of 43.7% (ranging from 6.7%, gallic acid, to 65.2%,
naringin) [47]. In addition, the discrepancies of the extraction recoveries have been found among
different types of honey, which might be attributed to sugars as well as some other matrix constitutions.
Among them, eight phenolic acid components, and the vanillic acid and p-hydroxybenzoic acid
contents were higher, which were 3.196 mg/kg honey and 1.524 mg/kg honey, respectively, accounting
for 65.6% of the total phenolic acid content. Protocatechuic acid, gallic acid, caffeic acid, ferulic acid,
and other active components were also detected. In addition, seven flavonoid components were
detected, among which quercetin and myricetin were higher, at 5.342 mg/kg honey and 1.021 mg/kg
honey, respectively, accounting for 83.4% of the total flavonoid content. Rutin, quercetin-3-O-glucoside,
kaempferol and naringenin were lower. Protocatechualdehyde, kaempferol-3-O-glucoside, morin,
luteolin, diosmetin, chrysin, pinocembrin, galanin, and CAPE, were not detected. We propose the first
reason is that different honey plants, different regions, and other environments have a great impact
on the polyphenol composition. Secondly, our polyphenol extraction method has a low extraction
rate of flavonoids. In a previous study, Bangladesh honey samples (Mustard flower honey, Kalijira
honey, Padma flower honey, and Teel/sesame honey) had higher levels of caffeic acid and benzoic
acid in phenolic acid substances, while gallic acid, kaempferol, myricetin, and naringenin were also
detected [18]. Sundarban, Bangladesh, which is a multifloral honey collected from the largest mangrove
forest in the world, showed various phenolic compounds, including gallic acid, vanillic acid, pyrogallol,
trans-cinnamic acid, and other phenolic substances, as well as naringin, rutin, and quercetin flavonoids.
Among all these phenolic compounds, trans-cinnamic acid and naringin had the highest contents [48].
There are more than 30 kinds of polyphenols in honey. Naringenin and hesperetin typically only
appear in specific honeys, such as orange honey [17].

The DPPH· and ABTS+ free radical scavenging capacity experiments used the IC50 (semi-inhibitory
rate, i.e., the concentration of the analyte required to scavenge 50% of free radicals) as the criterion
for evaluating the antioxidant activity. The literature showed that due to the rich polyphenol content,
honey has a very significant antioxidant effect. Five types of honey in Croatia showed high DPPH· free
radical scavenging activity (black locust honey 125.48 mg/mL, lime honey 42.77 mg/mL, sage honey
25.04 mg/mL, chestnut honey 16.02 mg/mL, and honeydew honey 8.69 mg/mL [49]), In eight kinds
of carob honey from different areas of Morocco, the DPPH free radical IC50 values ranged from
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12.54 mg/mL to 23.52 mg/mL [45] and seven kinds of Turkish single flower honey (Heather, Oak,
Chestnut, Pine, Astragalus, Acacia, Lavender) demonstrated, ABTS+·free radical IC50 values from
0.06 g/mL–3.68 g/mL [50]. In our experiment, the DPPH and ABTS+·free radical IC50 values of ECH
were 68.23 ± 0.40 μg/mL and 81.88 ± 0.54 μg/mL, respectively, and they had high antioxidant activity.

In this experiment, ECH can significantly reduce the mRNA levels of the related inflammatory
factors iNOS, IL-1β, TNF-α and MCP-1, while up-regulating the expression of the antioxidant genes
HO-1, TXNRD and NQO. Due to the expression of iNOS when suppressed, the amount of NO
released is reduced accordingly. Through the detection of IκBα phosphorylation and the NF-κB
signaling pathway, we found that ECH was likely to inhibit the phosphorylation of IκBα to produce
P-IκBα, thereby inhibiting the activation of the NF-κB signaling pathway and reducing inflammation.
The Nrf-2/HO-1 signaling pathway demonstrated a protective effect against oxidative stress. Nrf-2 can
regulate the gene expression of HO-1 at the transcription level, while HO-1 can inhibit the production of
inflammatory factors in LPS-stimulated Raw 264.7 cells and protect the cells under oxidative stress [27].
We measured the expression of Nrf-2 and HO-1, which increaseds in line with the improvement of the
ECH concentration. The 2.5 μg/mL and 5 μg/mL ECH anti-inflammatory and anti-oxidant effects were
superior to the positive control group Dexamethasone, indicating that ECH has good anti-inflammatory
and anti-oxidant effects.

ECH is rich in phenolic acids and flavonoids and also has good anti-oxidation and anti-inflammatory
effects. Thus, we speculated that the existence of these compounds provides a material basis for the
antioxidant and anti-inflammatory activities of safflower honey extract. Vanillic acid can play
an anti-inflammatory and analgesic role through anti-oxidation and inhibiting the production of
pro-inflammatory cytokines associated with NF-κB [51]. Protocatechuic acid and p-hydroxybenzoic
acid showed significant antioxidant activity in thyme honey [52]. The O3-H15 bond of gallic acid
is easy to break to scavenge free radicals, providing antioxidant effects [53]. Gallic acid can also
block LPS-induced activation of TLR4/NF-κB (Toll-like receptor 4/nuclear factor-κB) to inhibit the
inflammation of Raw 264.7 cells [54]. Caffeic acid reduces LPS-induced neuroinflammation through
the regulation of cytokine networks, down-regulates NF-κB-dependent pro-inflammatory genes,
and reduces oxidative stress [55]. Ferulic acid can exert anti-inflammatory activity by inhibiting
nitroso-oxidative stress and pro-inflammatory cytokine production [56]. We found that the greatest
common denominator of these substances is that they all contain different amounts of hydroxyl groups;
thus, we infer that the vast majority of the substances involved in antioxidant activities are all related
to these hydroxyl groups. It was reported that quercetin can scavenge active oxygen, inhibit damage
caused by oxidative stress, and prevent the development of TNF-α and the secretion of iNOS and IL-1β
in Raw 264.7 cells induced by lipopolysaccharide (LPS) [57]. Myricetin exerted anti-inflammatory
effects by inhibiting NF-κB-p65 in the NF-κB pathway [58]. Rutin [59] and naringenin [60] alleviate
oxidative stress and exert anti-inflammatory effects by regulating mechanisms related to the Nrf-2/HO-1
signaling pathway. Quercetin-3-O-glucoside can inhibit the expression of TNF-α, IL-1β and IL-6 and
the activation of NF-κB, and simultaneously up-regulate the expression of Nrf-2 and HO-1, and inhibit
the inflammation and oxidation to resist the induction of cisplatin of acute kidney injury in mice [61].
Kaempferol can up-regulate the expression of iNOS in rat articular chondrocytes stimulated by IL-1β,
and can inhibit the degradation of IκBα and the activation of NF-κB in rat articular chondrocytes
stimulated by IL-1β [62]. Based on this, we propose that these polyphenolic compounds in ECH are
the main contributors to the anti-oxidation and anti-inflammatory effects of safflower honey.

In the present study, we must explain the limitations of our experiment. First, as the identified
polyphenols might had multiple isoforms and exist in the honey in a very complex form,
their quantifications in our honey samples might have some bias. Second, phenolic compounds
recovery from XAD-2 resin could to be estimated which can partly counteract the strong matrix effects
in the honey. Third, in this study we only preliminary detected several polyphenolic compounds in
our safflower honey samples, we still did not propose a “marker” compound in our honey samples,
which is with great importance for the standardization and quality control on this special honey type.
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Nevertheless, our research group are keeping working on the isolation and identification on the marker
compound of the safflower honey, which is helpful to discriminate from other commercial honey types.
In such work accurate recovery rate will be examined on the single maker compound.

5. Conclusions

In summary, we found that the main physical and chemical indicators of safflower monofloral
honey samples, a local specialty honey type of Xinjiang Providence, China were in-line with the
requirements of EU or Codex standards. We also preliminary characterized 14 polyphenolic compounds
in the extracts from Carthamus tinctorius L. honey (ECH). ECH showed a strong ability to scavenge
DPPH·and ABTS+·free radicals in vitro. ECH also inhibited the phosphorylation of IκBα to activate
the NF-κB signaling pathway, promoted the expression of antioxidant genes, thereby inhibiting
inflammatory process induced by LPS. Our research provides basic information into development on
this special honey in the future.
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Abstract: The palynological and physicochemical analysis of 62 honey samples produced in
different biogeographical areas of Algeria was conducted. Results showed high variety in the
botanical origin of samples and their physicochemical profile. Twenty-six samples were polyfloral
honey, 30 were unifloral honey from different botanical sources such as Eucalyptus, Citrus, Apiaceae,
Punica, Erica, Rosmarinus, Eriobotrya, or Hedysarum, and 6 were characterized as honeydew honey.
Pollen analysis allowed the identification of 104 pollen types belonging to 51 botanical families,
whereas the physicochemical profile showed important variations between samples. Multivariate
techniques were used to compare the characteristics of samples from different biogeographical areas,
showing significant differences between humid-area samples, located in the northeast of the country,
and samples taken in semiarid, subhumid, and arid zones. Principal-component analysis (PCA)
extracted nine components explaining 72% of data variance, being 30%, the sum of Component
1 and Component 2. The plot of both components showed samples grouped upon botanical and
geographical origin. The results of this paper highlighted the great variability in honey production
of Algeria, evidencing the importance of honey characterization to guarantee authenticity and to
valorize local production.

Keywords: characterization; Algerian honey; botanical origin; biogeographical origin

1. Introduction

Beekeeping in Algeria is part of agricultural life. It is practiced in mountainous regions such
as the Aures Mountains, Kabylie, and Dahra, in the coastal plains, and the valleys of the big wadis,
but it is more intensive in the northern part of the country where the flora provides resources for
honey throughout most of the year [1]. Beekeeping plays an important role in the rural areas of the
Mediterranean region due to the suitable climatic conditions and high biodiversity. Highly valued
honey supplies are a welcome income for farmers and hobby beekeepers [2].

The composition of this food, obtained by bees from nectar, honeydew, or both sugary resources,
is highly dependent on honeybee activity and the biogeography of the area in which it was produced.
So, physicochemical properties such as color, pH, electrical conductivity, sugar content, organic acids,
ash content, polyphenols, flavonoids, and other phytochemicals differ with different environmental
conditions and plant communities visited by honeybees [3].
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The Mediterranean region of Algeria is an outstanding biogeographical crossroads that resulted
from a complex history and highly heterogeneous environmental factors [4]. Algeria has significant
plant biodiversity, with about 3150 species [5], of which more than 500 species are endemic and
characteristic of the Mediterranean basin, the Atlas Mountains, the high steppe plateau, the large
Saharan plateau, and the mountainous massifs of the Algerian Sahara [6]. The melliferous area in
Algeria is estimated at 797,122 hectares with a predominance of forests and maquis, natural meadows,
orchards with orange fruits, and other crops.

The main honey sources in the area are trees like Eucalyptus and some wild herbaceous plants,
mainly from the Apiaceae (Foeniculum, Daucus, Coriandrum, Eryngium, Pimpinella), Asteraceae (Galactites
tomentosa, Centaurea, Echinops), Brassicaceae (Brassica and Sinapis), and Fabaceae (Hedysarum, Ononis natrix,
Trifolium, Melilotus) families [7–9]. Some plants, such as Ziziphus lotus, or grown plants, such as Helianthus
annuus or Citrus, were also named as important plants sources for honey production [10]. In this
context, the main honey types produced in the country are Eucalyptus, Citrus, forest (honeydew), jujube,
sunflower, rosemary, and wild mustard. However, the production of other rare or less known honey
types was mentioned in some papers [11,12].

The country is considered a traditional consumer of honey, but national production does not
achieve self-sufficiency, so to cover the relevant needs, large quantities of honey are imported every year
from countries such as China, India, and Saudi Arabia. The lack of national legislation and unknowns
about Algerian honey characteristics have a negative impact on the scarce development of Algerian
beekeeping. In the absence of specific legislation, there are also no requirements to assess the quality or
geographical and botanical origin of honey in the market. Therefore, consumers and local producers
are not protected against frauds, and honey of good quality is not valorized. Improving knowledge in
the characteristics of local production is the main course of action for their valorization and to link
agricultural products with the territory in which they were produced. These studies facilitate the
recognition of specific properties with botanical origin and allow differentiating local production from
imported honey. Currently, there is no designation of origin for local honey that would contribute to
valorizing Algeria honey production.

Some authors studied the characteristics of honey produced in Algeria and found differing results
as to the pollen content [8–10,13], physicochemical attributes and pollen profile of samples from different
areas [7,14–16], their botanical origin [9,11,17–19], antibacterial and antioxidant activity [20], or specific
compounds such as sugars and phenolic or volatile compounds [21,22]. However, honey production
in Algeria remains poorly studied. On the basis of these facts, this paper aimed to provide scientific
information on the botanical origin and physicochemical profile of honey samples from different
bioclimatic areas of Algeria.

2. Material and Methods

2.1. Study-Area Bioclimatology

The territory of Algeria is composed of four principal structural units. Near the coast, in the north,
there is a narrow region with several hills and plains named Tell. This region is densely populated
and constitutes the main agricultural land in the country. It has a Mediterranean climate with mild
winters and moderate rainfall. Mean annual temperatures are close to 22 ◦C in summer and 10 ◦C
in winter. Rainfall is abundant along this coastal area, increasing the amount of annual precipitation
from 400 to 670 mm in the west to near 1000 mm in the east. These weather conditions determined a
subhumid-humid climate tendency.
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In the central area, several mountain chains were determined as the high plateau area that
separates the Mediterranean area from the Saharan Atlas and the desert. This is a highly diverse area
dominated in the plains by steppelike morphology. This region is characterized by a semiarid-to-arid
climate with irregular and low precipitation (200–400 mm); its bowl profile explains the presence of
many salt lakes (called “chotts”) collecting surface water. It continues to the south with the Saharan
Atlas that delimits the Sahara desert. The Saharan Atlas is formed by three massifs that are the source
of watercourses that supply the wells of oases along the northern edge of the desert; the massifs are
Biskra, Laghouat, and Béchar. The Sahara is a windy and very arid area with a continental climate,
high thermal amplitude, and extremely poor precipitation of no more than 130 mm.

2.2. Honey Samples

We collected 62 honey samples from different bioclimatic areas of Algeria (Table 1). Concretely,
34 samples were from the semiarid area, 15 were obtained in subhumid areas, 4 in humid areas, and 9
samples in the arid areas of the Sahara and Saharan Atlas (Figure 1). The samples were obtained
directly from beekeepers during the 2015–2016 period and were stored refrigerated at 4 ◦C until
analysis. All determinations were carried out after sample homogenization.

Figure 1. Geographical areas where the samples were taken.
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Table 1. Geographical origin of samples, climate, and harvest period.

Localities Geographical Situation Climate Harvest Period No. Samples

Bechar SW, Sahara Arid Summer 1
Laghouat S, Sahara Arid Summer 1

M’Sila E, High plateau Arid Summer 2
Naama W, Sahara Arid Summer 3
Tebessá E, High plateau Arid Spring, Summer 2
El Taref NE, Tell Humid Summer 4

Boumerdes N, Tell Semiarid Summer 1
Mascara NW, Tell Semiarid Summer 2

Mostaganem NW, Tell Semiarid Spring, Summer 15
Relizane NW, Tell Semiarid Summer 2

Saida NW, High plateau Semiarid Summer 3
Sidi Bel Abbés NW, Tell Semiarid Summer, Winter 3

Souk-Ahras NE, High plateau Semiarid Summer 1
Médea N, High plateau Semiarid Summer 7
Blida N, Tell Subhumid Spring 2

Guelmá NE, Tell Subhumid Summer 5
Tizi-Ouzou N, Tell Subhumid Summer 3

Tlemcen NW, Tell Subhumid Summer 5

2.3. Melissopalynological Analysis

2.3.1. Quantitative Pollen Analysis

Ten grams of honey were weighed and dissolved in 20 mL of distilled water. The solution was
centrifuged for 10 min at 4500 rpm, and the supernatant was removed until a final volume of 5 mL.
The sediment was stirred, and then two aliquots of 10 μL were deposited over a slide to microscopically
examine (Nikon UK Ltd., Surbiton, UK). All pollen in the aliquot was counted. The results are expressed
as the number of pollen grains per gram of honey considering the average value of the two aliquots.

2.3.2. Qualitative Pollen Analysis

Ten grams of honey were weighed and fully dissolved in 20 mL of distilled water. The solution was
centrifuged for 10 min at 4500 rpm, and the supernatant was drawn off. The sediment was again washed
with distilled water, and another centrifugation in the same conditions was done. Then, two aliquots
(100 μL) of the sediment were deposited into a slide over a heated surface until desiccation. Lastly,
drops were covered with a 24 × 24 mm cover glass containing a drop of glicerogelatin with fuchsine.

Slide observation was carried out with a light microscope at 400× or 1000×, as appropriate to
improve the identification of pollen types. For each honey sample, at least 500 pollen grains were
counted. All pollen grains were classified as the level of pollen type due to difficulties in accessing
information about the wild botanical species of apicultural interest in a large part of the territory.

The relative frequency, expressed as a percentage, of all identified pollen type was considered
for the pollen spectra of the samples. The following frequency classes were used to establish the
representation of pollen types: dominant pollen (≥45%), accompanying pollen (from ≥15% to <45%),
important pollen (from ≥3% to <15%), minor pollen (from ≥1% to <3%) and present pollen (≤1%).
However, for unifloral honeys, the percentage of the main pollen type was calculated excluding plants
considered to be non-nectariferous species, namely, Acacia, Buxus sempervirens, Casuarina, Cannabis,
Chamaerops, Cistus, Cyperus, Olea europaea, Papaver rhoeas, Paronychia argentea, Pinus, Pistacia, Poaceae,
and Quercus.
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2.3.3. Physicochemical Analysis

The quality parameters of moisture, electrical conductivity, pH, and hydroxymethylfurfural
content were determined following the methodology of the International Honey Commission [23].
All determinations were made in duplicate. The results are expressed as the mean of the obtained values.

Moisture was determined with a Carl Zeiss Jena refractometer (Zeiss, Oberkochen, Germany) by
measuring the refractive index at 20 ◦C. Moisture content was calculated using the Wedmore table,
and results were expressed as percentages.

Electrical conductivity was measured at 20 ◦C in a 20% (w/v) honey solution (dry-matter basis) in
CO2-free deionized distilled water with an EUTECH instrument conductivity meter (Thermo Fisher
Scientific, Massachusetts, USA), and results were expressed as mS/cm; pH was measured by a pH
meter (WTW in Lab pH 750) in a solution containing 10 g of honey in 75 mL of distilled water.

Hydroxymethyfurfural (HMF) content was determined using the White spectrophotometric
method. Briefly, 5 g of honey was dissolved in 25 mL of distilled water and transferred to a volumetric
flask of 50 mL; then, 0.5 mL of Carrez Solution I and 0.5 mL of Carrez Solution II were added. The final
volume of 50 mL was set with distilled water. The honey solution was filtered, and the first 10 mL
of the filtrate was rejected. Lastly, aliquots of 5 mL were pipetted into 2 tubes (reference and sample
solution). Then, 5 mL of sodium bisulfite solution 0.2% was added to the reference, and 5 mL of water
was added to the sample solution. The absorbance of the reference against the sample solution was
determined at 284 and 336 nm with a UV-vis spectrophotometer (Fisher Scientific, Leicestershire, UK).

Diastase activity was determined through the amount of starch converted by a honey solution.
The absorbance of yielded blue during the reactions was spectrophotometrically determined at 660 nm
with a UV-vis spectrophotometer (Jenway 6305 UV-Visible Spectrophotometer, Staffordshire, UK) at
different times until an endpoint of less than 0.235. Diastase activity was calculated as diastase index
(DI) or grams of starch hydrolyzed at 40 ◦C each hour per 100 g of honey.

2.4. Color Determination

Prior to color determination, all samples were decrystallized and left for 20 min in an ultrasound
bath to avoid bubbles. Sample color was determined using a HANNA Honey colorimeter (HANNA
Instruments, Bedfordshire, UK). This is an instrument that gives the transmittance of honey using
glycerol as a reference. Samples were introduced in square optical cuvettes of 10 mm sides, and the
color value was taken directly; results are expressed in mm Pfund.

2.5. Determination of Total Polyphenol and Flavonoid Content

The Folin-Ciocalteu spectrophotometric method adapted to honey was used to the quantification
of polyphenol content [24]. A UV-vis spectrophotometer (Jenway 6305, Staffordshire, UK) was used for
this purpose. Absorbance at 765 nm of a honey solution (0.1 g/mL) that reacted with the Folin-Ciocalteu
reactive was determined. Ethanolic solutions of gallic acid in different concentrations (0.01–0.50 mg/mL)
were used as a standard to construct the calibration curve. The linearity of the curve was 0.997 (R2).
The polyphenol content of the samples was expressed as gallic acid equivalents in mg/100 g.

Total flavonoid content was measured using a similar spectrophotometric method based on an
adaptation of the Dowd method [25]. A solution of aluminum chloride reacted with the flavonoids
of the samples, prepared in a concentration of 0.33 g/mL with methanol. Absorbance of yellow
yielded by the reaction was measured at 425 nm. Different concentrations of the quercetin flavonoid
(0.002–0.01 mg/mL) were employed to construct the calibration curve; linearity was 0.998 (R2).
The flavonoid content of honey samples was expressed as mg equivalent of quercetin per 100 g.

2.6. Radical-Scavenging Activity

The method used to evaluate the antioxidant activity of honey is based on the discoloration of
a 2,2-diphenyl-1-picrilhidrazil (DPPH) solution. The methodology measures the radical-scavenging
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activity of a honey solution against DPPH by spectrophotometry [26]. A solution (0.1 g/mL) of each
honey sample in methanol was prepared. Then, 0.3 mL of the honey solution was mixed with 2.7 mL
of the DPPH solution (6 × 10−5 M); a blank was also prepared. The honey sample solution and the
blank were maintained in the dark at room temperature for 30 min. Then, absorbance at 517 nm was
measured with a UV-vis spectrophotometer (Jenway 6305, Staffordshire, UK). Radical Scavenging
Activity (RSA) percentage was calculated considering DPPH discoloration for each sample, tested as
follows: RSA = [(AbsB − AbsS)/AbsB] × 100, where AbsB is the absorbance of the blank, and AbsS is
the absorbance of the honey sample solution.

2.7. Sugar-Composition Analysis

Sugar composition was determined with an ion Dionex ICS-3000 chromatography system
(Sunnyvale, CA, USA). The system separated sugars by using an analytical polyvinylidene/polyvinyl
benzene CarboPac PA1 column (Dionex 3 × 250 mm) suitable for mono-, di-, and trisaccharides,
and oligosaccharide analysis in general, and a pulsed amperometry detector with a gradient of two
mobile phases (A and B). Phase A involved ultrapure water, while Phase B involved 200 mM NaOH
(HPLC grade, Merck, Kenilworth, NJ, USA). The sugars of honey solutions (10 mg/L) were calculated
using the calibration curves of the standard solution for each pure sugar (Sigma, Aldrich, St. Louis,
MO, USA). The CHROMELEON Chromatography Management System was used for chromatogram
acquisition. The concentrations of the identified sugars (fructose, glucose, sucrose, turanose, trehalose,
and maltose) were expressed as g/100 g of honey.

2.8. Statistical Analysis

Multivariate statistical analysis was applied to identify differences and similarities between
samples. IBM SPSS statistics software 23.0 (IBM, Armonk, NY, USA) and Statgraphics centurion V18
(The Plains, USA) were used. First, one-way ANOVA was carried out using the bioclimatic area as
the factor, and the main pollen grains (those that presented values over 3% of the pollen spectra),
physicochemical parameters, bioactive compounds, and sugars as variables. Differences between
groups were tested through post hoc comparison using the Bonferroni test. Significance was calculated
for p < 0.05. Lastly, an exploratory technique like principal-component analysis (PCA) was performed.
This technique allows to reduce dimensionality in data, increasing the visibility of the relationship
between introduced variables in analysis. The used variables were the same as those mentioned in
ANOVA. Samples were considered as cases and marked according to their botanical origin.

3. Results and Discussion

3.1. Pollen Spectra and Content of Honey Samples

The samples were from a large area of northern Algeria (Table 1). We collected 33 samples in
the northwest and west of the country, 13 in the north (central part), 14 in the east and northeast,
and 2 from southern areas. Sampling covered different bioclimatic regions, the most common being
the semiarid region that provided 34 samples, 15 were from Mediterranean subhumid areas, 4 from
humid areas (with more than 1000 mm of annual rain), and 9 from arid areas with annual precipitation
below 400 mm. Most samples were produced in Tell (42 samples), the most populated region, where
agrosystems and forest areas are common. Fifteen were from the steppes of the high plateau, and 5
from the Sahara.

Palynological analysis of the samples showed high diversity in the plants represented in the
pollen spectra. Most samples contained more than 20 different pollen grains, and some samples even
more than 30.

A total of 104 pollen types belonging to 51 botanical families were identified in the 62 samples.
Pollen types Eucalyptus, Olea europaea, Brassica napus, Echium, Ziziphus lotus, Papaver rhoeas, Genista,
Foeniculum, Hedysarum, Tamarix, Eryngium campestre, and Pimpinella anisum were presented in more
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than 50% of the samples. Some of them reached maximal values in pollen spectra higher than 80%.
These were Eucalyptus, O. europaea, Z. lotus, and Foeniculum. Other common dominant pollen types
(≥45% of pollen spectra) were B. napus (maximum of 69.0%), Genista type (58.8%), Tamarix (58.1%),
Eryngium campestre (52.1%), and Hedysarum (45.9%) (Table 2). Sporadically, other pollen types
were dominant: Eriobotrya (75.4%), Eruca sativa (75.1%), Melilotus (68.7%), Punica granatum (56.2%),
and Erica arborea (55.1%). The rest of the pollen types were always identified with percentages below
45% of the pollen spectra. Some samples stood out with secondary pollen grains from the Arecaceae
family, such as Chamaerops (maximum value of 37.3%), Capparis (maximum of 36.7%), Asparagus (34.3%)
or Paronychia argentea (maximum of 28.2%).

Quantitative pollen analysis showed 3 samples (pressed honey) with pollen content higher than
100,000 grains of pollen per gram of honey. Two samples had a pollen content between 50,000 and
100,000 pollen grains/g honey (Class IV of Maurizio), 16 were from Class III (10,000–50,000 pollen
grain/g honey), 30 had Class II pollen content (2000–10,000 pollen grain/g honey), and 11 a pollen
content lower than 2000 pollen grain/g honey (Class I).

3.2. Sample Palynological Profile Regarding Bioclimatic Areas of Origin

Eucalyptus, Z. lotus and some Apiaceae such as Foeniculum or Eryngium pollen types were the
dominant pollen in many samples from the semiarid and subhumid Tell regions. Other pollen types,
such as Tamarix or Hedysarum were also common in these samples (Figure 2). Less common pollen
types, such as P. granatum or Eriobotrya, were also found as dominant pollen in samples from this origin.
The first appeared in three summer honey samples, and the second one in a single sample collected
in winter. There stood out 11.1% of samples with high percentages of O. europaea pollen, sometimes
over 80% of pollen spectra. This was mainly associated with pressed honey and samples that are
extraordinarily rich in pollen grains, indicating that this procedure introduces high quantities of pollen
grains in honey. Accompanying or important pollen types were found, pollen grains from herbaceous
plants common in agrosystems like Hedysarum, Melilotus, Onobrychis, B. napus, Phacelia, Echium or
Melilotus. Other well-represented pollen types were those from Apiaceae such as Thapsia or Pimpinella.
Plants from semiarid and salted lands, named Tamarix or P. argentea, were frequent in many samples.
One of the most representative pollen grains corresponded to Citrus, which determined the botanical
origin of some samples. In addition to this, Asparagus pollen was found with high percentages in
samples from Tizi Ouzou and Tlemcen, and Acacia in Mostaganem samples. The apicultural value of
some Acacia species should be studied even though it is considered non-nectariferous. Nectar secretion
was found in different Acacia species [27] and some Acacia spp. honey from different countries were
studied [28,29].

169



Foods 2020, 9, 938

T
a

b
le

2
.

M
ai

n
pa

ly
no

lo
gi

ca
lc

ha
ra

ct
er

is
ti

cs
re

ga
rd

in
g

ge
og

ra
ph

ic
al

or
ig

in
.

L
o

ca
li

ti
e
s

D
o

m
in

a
n

t
P

o
ll

e
n

(≥
4
5
%

)
A

cc
o

m
p

a
n

y
in

g
P

o
ll

e
n

(4
5
–
1
5
%

)
Im

p
o

rt
a
n

t
P

o
ll

e
n

(1
5
–
3
%

)
O

th
e
r

P
o

ll
e
n

(3
–
1
%

)

Be
ch

ar
(n
=

1)
O

le
a

(8
2.

8%
1 )/

1
2

Ta
m

ar
ix

,C
itr

us
Si

na
pi

s

Bl
id

a
(n
=

2)
Fo

en
ic

ul
um

(8
2.

8%
)/

1
Eu

ca
ly

pt
us

(4
6.

1%
)/

1
H

ed
ys

ar
um

(3
5.

4%
)

Pi
m

pi
ne

lla
,E

ch
iu

m
,G

en
is

ta
,P

un
ic

a,
C

itr
us

Pa
ro

ny
ch

ia
,B

ra
ss

ic
a

Bo
um

er
de

s
(n
=

1)
-

Pi
m

pi
ne

lla
(2

3.
3%

),
Z

iz
ip

hu
s

(1
7.

5%
)

Th
ap

si
a,

A
pi

um
,E

ry
ng

iu
m

,E
ch

iu
m

,H
ed

ys
ar

um
,

Eu
ca

ly
pt

us
,T

am
ar

ix
Br

as
si

ca

El
Ta

re
f

(n
=

4)
Eu

ca
ly

pt
us

(8
5.

7%
)/

2
Er

ic
a

(5
5.

1%
)/

1
G

en
is

ta
(2

6.
3%

)
M

el
ilo

tu
s,

O
no

br
yc

hi
s,

M
al

us
Fo

en
ic

ul
um

,T
ri

fo
liu

m
.P

ap
av

er
,P

un
ic

a,
Ph

ac
el

ia

G
ue

lm
á

(n
=

5)
Eu

ca
ly

pt
us

(5
0.

5%
)/

1

O
le

a
(3

7.
2%

),
Z

iz
ip

hu
s

(2
2.

7%
),

Pu
ni

ca
(4

2.
4%

),
H

ed
ys

ar
um

(1
5.

5%
),

Pi
m

pi
ne

lla
(2

9.
8%

),
Ph

ac
el

ia
(1

7.
6%

),
M

yr
tu

s
(1

7.
3%

)

Er
yn

gi
um

,T
ha

ps
ia

,C
ar

du
us

,B
or

ag
o,

Ec
hi

um
,E

ri
ca

,
G

en
is

ta
,M

el
ilo

tu
s,

O
no

ni
s,

Tr
ifo

liu
m

,P
ap

av
er

,M
al

us
,

A
ila

nt
hu

s

Pi
st

ac
ia

,A
rt

ita
lic

is
ia

,
Br

as
si

ca
,O

no
br

yc
hi

s,
Pe

ga
nu

m
,C

ap
pa

ri
s

La
gh

ou
at

(n
=

1)
Pu

ni
ca

(5
6.

2%
)/

1
Z

iz
ip

hu
s,

O
le

a
A

ca
ci

a,
C

en
ta

ur
ea

,B
ra

ss
ic

a

M
’S

ila
(n
=

2)
Br

as
si

ca
(6

9.
03

%
)/

2
G

al
eg

a
(2

1.
1%

)
A

rt
ita

lic
is

ia
,R

os
m

ar
in

us
,T

hy
m

us
,C

ap
pa

ri
s

Eu
ph

or
bi

a,
Z

iz
ip

hu
s,

D
ap

hn
e

M
as

ca
ra

(n
=

2)
Eu

ca
ly

pt
us

(6
9.

9%
)/

1
O

le
a

(5
6.

8%
)/

1
Ta

m
ar

ix
(2

6.
3%

)
G

en
is

ta
,H

ed
ys

ar
um

,Q
ue

rc
us

,C
itr

us
Pi

st
ac

ia
,T

ha
ps

ia
,M

el
ilo

tu
s,

C
ha

m
ae

ro
ps

,
Pr

un
us

M
éd

ea
(n
=

7)
Er

yn
gi

um
(5

2.
1%

)/
1

Z
iz

ip
hu

s
(4

1.
5%

),
M

el
ilo

tu
s

(1
5.

6%
),

Ta
m

ar
ix

(3
7.

0%
),

Er
yn

gi
um

(2
7.

6%
),

H
ed

ys
ar

um
(1

9.
4%

),
Pi

m
pi

ne
lla

(1
6.

1%
),

Eu
ca

ly
pt

us
(4

3.
0%

)

Fo
en

ic
ul

um
,P

im
pi

ne
lla

,T
ha

ps
ia

,A
rt

ita
lic

is
ia

,C
ar

du
us

,
C

en
ta

ur
ea

,C
ic

ho
ri

um
,E

ch
iu

m
,B

ra
ss

ic
a,

C
he

no
po

di
um

,
C

on
vo

lv
ul

us
,G

en
is

ta
,O

no
br

yc
hi

s,
Q

ue
rc

us
,O

le
a,

Pa
pa

ve
r,

C
ap

pa
ri

s

A
pi

um
,T

hy
m

us
,C

is
tu

s,
C

yp
er

us
,

Eu
ph

or
bi

a,
A

lli
um

,C
ha

m
ae

ro
ps

,P
ha

ce
lia

M
os

ta
ga

ni
ta

lic
(n
=

15
)

Eu
ca

ly
pt

us
(8

8.
9%

)/
4

G
en

is
ta

(5
8.

8%
)/

1
Pu

ni
ca

(4
8.

6%
)/

1

O
le

a
(3

5.
7%

),
Ta

m
ar

ix
(1

9.
8%

),
M

el
ilo

tu
s

(2
4.

8%
),

G
en

is
ta

(3
0.

8%
),

C
ap

pa
ri

s
(2

4.
4%

),
Pa

ro
ny

ch
ia

(2
8.

2%
),

Br
as

si
ca

(1
5.

2%
)

Sc
hi

nu
s,

Fo
en

ic
ul

um
,C

en
ta

ur
ea

,C
hr

ys
an

tit
al

ic
um

,
Ec

hi
um

,S
in

ap
is

,B
ux

us
,C

on
vo

lv
ul

us
,A

ca
ci

a,
C

er
at

on
ia

,
H

ed
ys

ar
um

,M
us

ca
ri

,C
ha

m
ae

ro
ps

,P
ap

av
er

,Z
iz

ip
hu

s,
R

ub
us

,C
itr

us
,A

ila
nt

hu
s

M
el

ia
,S

m
ila

x

N
aa

m
a

(n
=

3)
Z

iz
ip

hu
s

(8
1.

5%
)/

1
Er

uc
a

(7
5.

1%
)/

1
Eu

ca
ly

pt
us

(3
2.

5%
),

M
el

ilo
tu

s
(2

5.
6%

)
Pi

m
pi

ne
lla

,O
le

a,
Ta

m
ar

ix
A

pi
um

,E
ry

ng
iu

m
,A

ca
ci

a,
G

en
is

ta
,

C
ha

m
ae

ro
ps

,P
un

ic
a,

Pe
ga

nu
m

,C
ap

pa
ri

s

R
el

iz
an

e
(n
=

2)
G

en
is

ta
(4

5.
6%

)/
1

Fo
en

ic
ul

um
(3

8.
3%

),
C

itr
us

(1
6.

3%
),

Z
iz

ip
hu

s
(3

8.
8%

)
A

m
m

i,
Er

yn
gi

um
,S

in
ap

is
,O

le
a,

Ta
m

ar
ix

C
on

vo
lv

ul
us

,G
al

eg
a

Sa
id

a
(n
=

3)
Z

iz
ip

hu
s

(6
8.

9%
)/

1
Eu

ca
ly

pt
us

(1
9.

7%
),

C
ha

m
ae

ro
ps

(1
7.

6%
),

C
ap

pa
ri

s
(3

6.
7%

),
Ec

hi
um

(1
8.

2%
),

C
en

ta
ur

ea
(2

2.
0%

)

Ta
m

ar
ix

,P
ap

av
er

,O
le

a,
A

sp
ar

ag
us

,H
ed

ys
ar

um
,C

is
tu

s,
Ec

hi
um

,C
ic

ho
ri

um
G

en
is

ta
,B

ra
ss

ic
a

170



Foods 2020, 9, 938

T
a

b
le

2
.

C
on

t.

L
o

ca
li

ti
e
s

D
o

m
in

a
n

t
P

o
ll

e
n

(≥
4
5
%

)
A

cc
o

m
p

a
n

y
in

g
P

o
ll

e
n

(4
5
–
1
5
%

)
Im

p
o

rt
a
n

t
P

o
ll

e
n

(1
5
–
3
%

)
O

th
e
r

P
o

ll
e
n

(3
–
1
%

)

Si
di

Be
lA

bb
és

(n
=

3)
Er

io
bo

tr
ya

(7
5.

4%
)/

1
M

el
ilo

tu
s

(6
8.

7%
)/

1
G

lo
bu

la
ri

a
(1

6.
5%

),
Eu

ca
ly

pt
us

(1
7.

8%
),

Ta
m

ar
ix

(2
8.

9%
)

Br
as

si
ca

,C
er

at
on

ia
,Z

iz
ip

hu
s

A
rt

ita
lic

is
ia

,C
hr

ys
an

th
ita

lic
um

,S
in

ap
is

,
Eu

ph
or

bi
a,

R
os

m
ar

in
us

,O
le

a

So
uk

-A
hr

as
(n
=

1)
Eu

ca
ly

pt
us

(7
6.

1%
)/

1
M

el
ilo

tu
s,

O
no

ni
s

A
m

m
i,

Er
ic

a,
Pu

ni
ca

Te
be

ss
á

(n
=

2)
H

ed
ys

ar
um

(4
5.

9%
)/

1
Br

as
si

ca
(2

1.
3%

)
Er

yn
gi

um
,F

oe
ni

cu
lu

m
,S

in
ap

is
,L

ot
us

,
Q

ue
rc

us
,E

uc
al

yp
tu

s
A

pi
um

,C
as

ua
ri

na
,E

ph
ed

ra
,O

le
a,

M
al

us
,C

itr
us

,C
ap

pa
ri

s

Ti
zi

-O
uz

ou
(n
=

4)
-

A
sp

ar
ag

us
(3

4.
3%

),
H

ed
ys

ar
um

(2
2.

2%
),

Z
iz

ip
hu

s
(3

2.
1%

),
Fo

en
ic

ul
um

(1
7.

9%
)

Pi
m

pi
ne

lla
,C

ar
du

us
,E

ch
iu

m
,T

hy
m

us
,O

th
er

La
m

ia
ce

ae
,

O
le

a,
Pa

pa
ve

r,
R

ub
us

,C
as

ta
ne

a

A
pi

um
,E

ry
ng

iu
m

,T
ha

ps
ia

,
C

hr
ys

an
tit

al
ic

um
,C

ic
ho

ri
um

,B
ra

ss
ic

a,
C

is
tu

s,
O

no
ni

s,
Q

ue
rc

us

Tl
it

al
ic

ce
n

(n
=

5)
Z

iz
ip

hu
s

(5
9.

5%
)/

1
Ta

m
ar

ix
(5

8.
1%

)/
1

Eu
ca

ly
pt

us
(2

3.
2%

),
Pu

ni
ca

(3
0.

9%
),

C
ha

m
ae

ro
ps

(3
7.

3%
)

Sc
hi

nu
s,

Er
yn

gi
um

,F
oe

ni
cu

lu
m

,P
im

pi
ne

lla
,

C
he

no
po

di
um

,C
er

at
on

ia
,O

le
a,

Pe
ga

nu
m

ha
rm

al
a,

C
ap

pa
ri

s

Pi
st

ac
ia

,A
rt

ita
lic

is
ia

,T
ar

ax
ac

um
,

A
rc

tiu
m

,B
ra

ss
ic

a,
C

is
tu

s,
H

ed
ys

ar
um

,
M

us
ca

ri
,P

ap
av

er
1

Th
e

pe
rc

en
ta

ge
is

th
e

m
ax

im
um

va
lu

e
re

ac
he

d
fo

r
th

e
po

lle
n

ty
pe

,2
N

um
be

r
of

sa
m

pl
es

in
w

hi
ch

th
e

po
lle

n
ty

pe
is

do
m

in
an

tp
ol

le
n.

171



Foods 2020, 9, 938

Arid

Brassica napus

Eucalyptus

Ziziphus lotus

Tamarix

Olea europaea

Melilotus

Eruca sativa

Punica granatum

0 20 40 60 80 100

Humid

Eucalyptus

Erica arborea

Genista

Onobrychis

Punica granatum

Phacelia

Melilotus

0 20 40 60 80 100

Semiarid

Eucalyptus

Ziziphus lotus

Olea europaea

Hedysarum coronarium

Tamarix

Brassica napus

Citrus

Eryngium campestre

Pimpinella anisum

0 20 40 60 80 100

Subhumid

Ziziphus lotus

Eucalyptus

Punica granatum

Asparagus

Pimpinella anisum

Olea europaea

Foeniculum vulgare

Hedysarum coronarium

Tamarix

Echium

0 20 40 60 80 100

Figure 2. Box and Whisker plot of the main pollen types in each area. * Atypical values, + Centroids.

Regarding honey samples from humid areas, two samples stood out from the El Taref region
with Erica arborea as the dominant pollen. Samples from the high plateau contained as the dominant
pollen Apiaceae-like Eryngium campestre type, Hedysarum or Ziziphus lotus, and, as accompanying or
important pollen, a great diversity of Apiaceae, such as Foeniculum, Pimpinella, Thapsia, Asteraceae such
as Carduus, Centaurea, or Cichorium type. The presence of Chamaerops was considered high. Samples
from the M’Sila region had B. napus as dominant pollen.

Samples from the arid region had as the dominant pollen P. granatum (the sample collected in
Laghouat) and Z. lotus or Eruca sativa (honey from the Naama region). The sample from Bechar was
considered to be from Citrus.

3.3. Quality and Physicochemical Sample Properties

Samples showed important differences in the studied physicochemical parameters. Humidity
varied from 14.4% to 22.5%. This maximal value corresponded to a sample collected in El Taref
(the humid region). Electrical conductivity was from the 0.133 mS/cm of a sample collected in Sidi bel
Abbés to the 1.460 mS/cm of a sample from Naama; pH was from 3.5 (El Taref sample) to 4.7 (Médea
sample). Parameters related to sample freshness also had great variation. HMF was higher than
40 mg/kg in two samples, showing the bad quality of these samples. The rest of the samples presented
lower values, frequently near 10 mg/kg, with the lowest being 1 mg/kg. Following this trend, diastase
activity was low in samples with high HMF content. Excepting these samples, the lowest value was
8.9◦ and the highest was 40.6◦. The high HMF content of some Algerian honey samples (over the
limit of 40 mg/kg established in international quality schemes) was noted before [30]. Improvement
of the management practices is necessary to avoid this situation. An important parameter for the
first differentiation of samples is color, which varied from 13 (Tebessa sample) to 150 mm Pfund (Tizi
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Ouzou sample) (samples with higher HMF content were not considered for mean values of color,
diastase content, and HMF content).

Most of the samples had a sugar content according to blossom honey, this being a sum of fructose
and glucose higher than 60%. The lowest value corresponded to a honeydew sample (52.8%), while the
highest value was 75.6%. Fructose content varied from 33.0% in a Tebessa sample to 44.4% in a Guelma
sample. Glucose oscillated from 23.1% to 34.1%. The concentration of other sugars was really low.
Maltose varied from 0.6% to 3.6%, turanose from 1.0% to 3.1%, and raffinose had a highest value of
3.2%. Lastly, sucrose had the highest value (3.3%) in a Citrus honey, but was only found in 20 samples.

Other important compounds, related to healthy properties of honey, were polyphenols and
flavonoids. The first varied from 20.0 mg/100 g in a sample of E. japonica from Sidi bel Abbes to
182.3 mg/100 g of a honeydew sample from M’Sila. Flavonoid content varied from 1.0 mg/100 g to
12.9 mg/100 g in a sample from Bechar and a sample from Tlemcen, respectively. Moreover, RSA was
greatly diverse, this variation being from 10% to 79.5%.

3.4. Influence of Area of Origin on Sample Characteristics

ANOVA was performed to mark differences and similarities between sample characteristics
regarding their bioclimatic region. The highest differences were found between samples from humid
areas, situated in the NE of the country, and samples collected in semiarid, subhumid, and arid
areas. The most significant (p < 0.05) were higher electrical conductivity (mean value of 0.910 mS/cm),
darker color (mean value of 122 mm Pfund), high water content (mean value of 21.4%), higher flavonoid
content, and lower fructose content (mean value) in samples from humid areas in comparison with
the others. In ANOVA results, the higher content in E. arborea stood out, together with Malus and
Onobrychis types for honey of this origin. Furthermore, samples from semiarid, subhumid, and arid
regions did not show significant differences (p < 0.05) between them in physicochemical variables
except for lower sample humidity from those of the arid region (mean value of 15.7%). With regard
to pollen spectra, samples from arid areas had higher content of B. napus and Rosmarinus than those
from semiarid and subhumid regions (p < 0.05). However, due to the great variation between samples,
more studies are needed.

3.5. Botanical Characterization of Honey Samples

The botanical origin of samples is the most important attribution to valorize local honey production.
Sample typification was done with information provided by beekeepers, physicochemical data,
and sample pollen profiles. To calculate the percentage of the main pollen type in the samples,
nectarless plants were excluded. The sample classification and physicochemical data of each honey
type are shown in Table 3.

The main group was polyfloral honey with 26 samples. This type of honey is produced in all
regions, presenting significant variations in the studied variables. The pollen spectra had as main
pollen types Eucalyptus and Ziziphus, but Apiaceae (mainly Foeniculum, Eryngium, Pimpinella, and Thapsia
pollen types), Hedysarum, Melilotus, Centaurea, B. napus, or Echium) were common. Pollen grains from
plants growing in semiarid and arid areas, such as Tamarix or Capparis spinosa, were also present
in relevant amounts. Five samples produced in Medea, Mostaganem, and Tlemcen had a pollen
content higher than 30% of Tamarix pollen, but their physicochemical properties, and polyphenol and
flavonoid content strongly varied between samples. The apicultural value of Tamarix is not well-known;
while some authors considered this plant important for honey production [31], other authors indicated
that the nectar concentration in flowers of Tamarix plants is marginal [32]. Regarding Capparis spinosa,
their pollen grains reached percentages over 20% in one sample from Sidi bel Abbes and another from
Medea (36.7% and 24.4%, respectively). Important nectar production for this plant was indicated in a
few studies [33,34], but this honey type is little mentioned in the scientific literature [13,29,35]. Another
interesting point regards two samples with a high quantity of Asparagus pollen type (22.1% and 34.3%);
both were from the Tizi Ouzou region and presented similar patterns in the studied variables. The most
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significant was the low pollen content (less than 2000 pollen grains/g of honey), the color (value close to
90 mm Pfund), diastase content (more than 30◦ Gothe), and polyphenol (mean value of 100 mg/100 g)
and flavonoid content (mean value of 7 mg/100 g). There is little information about the importance
of Asparagaceae plants for honey production, but the pollination activity and pollen production in
both female and male plants of Asparagus was constated [36]. All samples mentioned before were
considered polyfloral, but further studies are needed to endorse possible monovarietal honey.

Regarding the number of pollen types, polyfloral samples had a high number with a mean value
of 25, but frequently with more than 30 pollen types. The values on physicochemical parameters,
sugar profile, and antioxidant components were like those of other polyfloral honey types studied in
the country [8,13].

Seven samples were typified as Eucalyptus honey, with a mean value of this pollen of 76.7%.
Two samples were pressed honey having a high amount of pollen. The rest had a mean value included
in Class III of Maurizio. This is slightly high pollen content in comparison with that of E. globulus honey
from the Atlantic area of Europe [37]. Some of these samples presented high humidity with a mean
value of 19.4%. In comparison with Eucalyptus honey from other areas, the studied samples presented
high electrical conductivity, color, and pH [3,37,38]. This sample type is mainly produced in forests
of coastal areas during summer, so some honeydew supports can influence their physicochemical
attributes. Eucalyptus samples are produced in the Mostaganem region and eastern areas of the country.
In Algeria, Eucalyptus trees were introduced in 1850, with E. camaldulensis and E. globulus being the
main introduced species. In the middle of S. XX, large areas of the southeast, center, and west, such as
Mostaganem, were intensively planted with Eucalyptus for wood production. Currently, species such
as E. gomphocephala, E. sideroxylon, E. robusta, or E. viminalis grow there [39].

Six samples from the regions of Tizi Ouzou, Tlemcen, M’Sila, and Naama were typified as
honeydew honey, while beekeepers had named them forest honey. Samples had the highest electrical
conductivity, polyphenol content, and dark color with the lowest sum of fructose and glucose,
common features to other types of honeydew honey [40–43]. Little information is available about the
honeydew production in Algeria, and knowledge about sources of this honey is scarce. However,
it was the subject of a great number of recent studies in other territories [40–46]. Considering the
interest of this honey type, and that differentiation between different types of honeydew honey or even
other dark blossom honey is difficult [47], more studies regarding this honey type could be useful to
valorize local honey production.

Another important source for honey production was Apiaceae plants. A total of five samples were
typified within this group. Three samples had as the main pollen the F. vulgare type, one sample
P. anisum, and another E. campestre type. Samples were included in a single group due to some of them
sharing high percentages of the mentioned pollen types and other secondary pollen types, such as
Thapsia or Apium showing the importance for the honey production of this botanical family in the area.
In general, samples were characterized by electrical conductivity near 0.495 mS/cm, light amber color,
and high fructose content; the sample from P. anisum had a darker color. These samples had high
polyphenol content (among the highest) and with medium flavonoid content. Apiaceae honey from
North African countries was mentioned in different papers, mainly from plants as Eryngium campestre,
Ammi visnaga, Ridolfia segetum, or Bupleurum spinosum in Morocco [48,49]. Some Apiaceae from Algeria
were studied regarding sugar composition or polyphenol content [12,21]. The studied fennel honey had
electrical conductivity, diastase content, and sugar content similar to those from Tenerife samples [50].
A high amount of hydroxycinnamic acids, mainly caffeic acid, was mentioned for this honey type [51].
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Citrus samples are produced mainly in the Tell region (Mostaganem, Mascara, and Relizane),
where these fruit plants are common in agricultural lands, but also in oases of arid areas (Bechar).
Five samples were considered from this botanical origin. The pollen of Citrus was identified with a
mean value of 22.0% (nectarless pollen excluded), less than 15% of pollen spectra. It is common to
find this pollen type with other pollen types such as O. europaea, Genista, or Tamarix. Samples had
extralight amber color, mean electrical conductivity of 0.318 mS/cm, and high fructose and glucose
content besides the highest mean sucrose content. These samples had similarities with other studied
samples from Blida region, such as the presence of high percentages of O. europaea, and similar values
in electrical conductivity, fructose, and glucose content [8,52].

Four samples were considered unifloral sedra honey. The most important species in the area to
produce this type of honey is Z. lotus. The samples had light amber color, mean electrical conductivity
of 0.535 mS/cm, high pH, and medium polyphenol and flavonoid contents. Sedra honey is more known
than other monofloral honey types, as consumers appreciate them much due to healthy properties
attributed to them [53]. The characteristics of the honey type are in accordance with the results of other
publications [19,29].

The typification of three samples as pomegranate samples (P. granatum) stands out. The production
of this honey type is not mentioned in the country, as it is rare. P. granatum pollen was presented
in a mean value of 53.3%, and samples had medium-to-low pollen content (Class II of Maurizio).
Water content was low (mean of 14.9%), color was extralight amber, the mean of electrical conductivity
was of 0.580 mS/cm, and polyphenol and flavonoid contents were medium.

Two samples from El Taref were typified as heather honey, with E. arborea having a mean value
of 55.7%. Northwestern evergreen forests and high shrubs growing in humid and warm climates
facilitate the production of this honey type. Samples presented high humidity content (mean value
20%), high electrical conductivity, and the darkest color. Furthermore, polyphenol content was high,
and samples presented major flavonoid content (mean of 11.1 mg/100 g). However, E. arborea honey
remains produced in the area is poorly described [12].

Lastly, one sample was typified as unifloral from Retama sphaerocarpa (Genista pollen type was
present in 79.9% of the pollen spectra), one sample as Rosmarinus (Rosmarinus pollen percentage was
17.0%), one sample as medlar honey (E. japonica pollen content was 75.4%), and one as sulla honey,
with a pollen content of Hedysarum of 49.3%. Samples from Rosmarinus, Eriobotrya, and Hedysarum had
the clearest color, the first being an extrawhite honey, and the last two white honey. The best-described
honey type is Hedysarum honey [2,7,12].

As commented before, samples presented a wide variation in physicochemical parameters and
pollen content. To reduce the dimensionality of the dataset and increase the interpretability of results,
PCA was applied. The first nine components explained 72% of data variance, corresponding the sum
of Components 1 and 2 to 30%. The plot of the scores of these two components is included in Figure 3A.
Left is flavonoid content, RSA, and color close to electrical conductivity (negative quadrant) and
polyphenol content (positive quadrant). Erica pollen is situated in the negative quadrant in the left with
the electrical conductivity. Right shows Eriobotrya near glucose. Some pollen variables, such as Punica,
Capparis, or Tamarix, were in the same direction as that of Fructose and Apiaceae. Ziziphus, Brassica,
and pH are situated in the same quadrant as that of polyphenol content. On the opposite quadrant are
Citrus and Rosmarinus pollen types, close to Maltose. Lastly, at the bottom, Fabaceae close to Eucalyptus,
humidity, and raffinose sugar. PCA grouped samples from the same botanical origin (Figure 3B). Left are
honeydew samples (Hd), Erica (Er), and Eucalyptus (Eu). This position corresponds to samples with
the highest humidity content (Eucalyptus and Erica samples), major electrical conductivity, and darker
color. The influence of polyphenol content determined the situation of B. napus in this area, as samples
with a high content of this pollen type were considered honeydew honey due to their color, electrical
conductivity, and the polyphenol content. In the top of the figure are Apiaceae (A) samples and Z. lotus
(Z) honey, and in the center are P. granatum samples (Pu), close to some polyfloral samples. This sample
group was separated from other, more disperse groups, situated in the left, which included types
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Citrus (C), Hedysarum (H), Rosmarinus (Ro), and R. sphaerocarpa honey. The Eriobotrya sample was
clearly separated.
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FabaceaeGenista
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Figure 3. Principal-component analysis. (A) Loading plot of variables; (B) Score plot of the first two
extracted components and sample botanical origin. A, Apiaceae; C, Citrus; Eb, Eriobotrya; Er, Erica; Eu,
Eucalyptus; Hd, honeydew; H, Hedysarum; P, polyfloral; Pu, Punica; Re, Retama; Ro, Rosmarinus; Z,
Ziziphus.

PCA results showed sample similarities classified with the same botanical origin, but also variation
in some of these sample groups. This was the case of samples from Eucalyptus, honeydew, and, to a
lesser extent, Apiaceae or Citrus samples. On the other hand, common Mediterranean honey types
(Citrus, Rosmarinus, Hedysarum, or Retama) were close, evidencing the similarities between them.

4. Conclusions

The results of this paper showed the great variability in local honey production of Algerian
beekeeping, and the potentiality regarding different honey types that could be obtained. Some of
the plant species mentioned in this work, such as Eucalyptus, Brassica napus, Hedysarum, and Citrus,
are common honey plants in Mediterranean areas. However, others, such as Capparis spinosa,
Asparagus, Tamarix, Ziziphus lotus, and some Apiaceae plants (Eryngium, Thapsia, Pimpinella), even Acacia,
are representative of the honey of this country, useful as markers to guarantee their authenticity. In any
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case, there is little information on the apicultural value of some of them and of their honey; thus,
more research is needed on these topics.
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Two aspects of honeydew honey authenticity: Application of advance analytical methods and chemometrics.
Food Chem. 2020, 305, 125457. [CrossRef] [PubMed]

48. Terrab, A.; Díez, M.J.; Heredia, F.J. Characterisation of Moroccan unifloral honeys by their physicochemical
characteristics. Food Chem. 2002, 79, 373–379. [CrossRef]

49. Elamine, Y.; Aazza, S.; Lyoussi, B.; Antunes, M.D.; Estevinho, L.M.; Anjos, O.; Resende, M.; Faleiro, M.;
Miguel, M.G. Preliminary characterization of a Moroccan honey with a predominance of Bupleurum
spinosum pollen. J. Apic. Res. 2017, 57, 153–165. [CrossRef]

50. Manzanares, A.B.; García, Z.H.; Galdón, B.R.; Rodríguez-Rodríguez, E.M.; Romero, C.D. Physicochemical
characteristics and pollen spectrum of monofloral honeys from Tenerife, Spain. Food Chem. 2017, 228, 441–446.
[CrossRef] [PubMed]

51. Vella, A.; Cammilleri, G.; Pulvirenti, A.; Galluzzo, F.; Randisi, B.; Giangrosso, G.; Macaluso, A.; Gennaro, S.;
Ciaccio, G.; Cicero, N.; et al. High hydroxycinnamic acids contents in fennel honey produced in Southern
Italy. Nat. Prod. Res. 2020, 1–6. [CrossRef] [PubMed]

52. Zerrouk, S.; Boughediri, L.; Seijo, M.C.; Fallico, B.; Arena, E.; Ballistreri, G. Palynological and Physicochemical
Properties of Citrus and Eucalyptus Honeys Produced in Blida Region (Algeria). Eur. J. Sci. Res. 2013, 104,
79–90.

53. Masalha, M.; Abu-Lafi, S.; Abu-Farich, B.; Rayan, M.; Issa, N.; Zeidan, M.; Rayan, A. A New Approach
for Indexing Honey for Its Heath/Medicinal Benefits: Visualization of the Concept by Indexing Based on
Antioxidant and Antibacterial Activities. Medicines 2018, 5, 135. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

180



foods

Article

Antioxidant Activity, Total Phenolic Content,
Individual Phenolics and Physicochemical Parameters
Suitability for Romanian Honey Authentication

Daniela Pauliuc, Florina Dranca and Mircea Oroian *

Faculty of Food Engineering, Stefan cel Mare University of Suceava, 720225 Suceava, Romania;
daniela_pauliuc@yahoo.com (D.P.); florina.dranca@usm.ro (F.D.)
* Correspondence: m.oroian@fia.usv.ro; Tel.: +40-744-524-872

Received: 4 February 2020; Accepted: 4 March 2020; Published: 8 March 2020

Abstract: The present study aimed to evaluate the physicochemical characteristics of honey (raspberry,
mint, rape, sunflower, thyme and polyfloral) produced in Romania. The honey samples were from the
2017 to 2018 harvest and were subjected to melissopalynological analysis, alongside the determination
of the following physicochemical parameters: moisture content, pH, free acidity, electrical conductivity
(EC), hydroxymethylfurfural (HMF) content, color, total polyphenols content (TPC), flavonoids content
(FC), DPPH radical scavenging activity, phenolic acids, flavonols, sugars and organic acids in order
to evaluate the usefulness of this parameters for the classification of honey according to botanical
origin. The results of the melissopalynological analysis revealed that five types of honey samples had
a percentage of pollen grains above the minimum of 45%, which was required in order to classify
the samples as monofloral honey. The total polyphenols content reached the maximum value in the
case of dark honey such as mint honey, followed by raspberry, thyme and polifloral honey. Fructose,
glucose, maltose, sucrose, turanose, trehalose, melesitose, and raffinose were identified and quantified
in all samples. Gluconic acid was the main organic acid in the composition of all honey samples.
Principal component analysis (PCA) confirmed the possibility of the botanical authentication of honey
based on these physicochemical parameters.

Keywords: honey; authentication; physicochemical parameters; PCA

1. Introduction

Honey is used both as medicine and a food source [1] and it is defined, according to Codex
Alimentarius and EU Directive 110/2001 [2,3], as a sweet natural substance produced by bees (Apis
melifera) from nectar or from the secretions of some plants, which is collected by bees and transformed
by combining specific substances [4]. Honey is a complex food product, which is derived from nature
and is the only natural sweetener that humans can use without processing [5], and therefore is very
important economically [6].

Honey has a very complex chemical composition because it contains about 80% sugars, of which
an important part is represented by glucose and fructose, 15–17% water, 0.1–0.4% protein and other
compounds that are quantified as ash 0.2% [7,8]. In addition, honey also contains, in small quantities,
about 200 other constituents, which include amino acids, phenolic compounds, organic acids, vitamins,
minerals, and enzymes [9]. This multitude of minor components can be added by bees or comes
directly from nectar due to the ripening process [10,11].

The chemical composition depends on the source of honey, which refers to the botanical and
geographical origin, as well as the environmental conditions [12]. Monofloral honey is increasingly
required on the market and it is necessary to be able to determine some parameters regarding the
authentication of the botanical and geographical origin. Monofloral honey is more expensive than

Foods 2020, 9, 306; doi:10.3390/foods9030306 www.mdpi.com/journal/foods
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polyfloral honey; honey labeled as having a certain floral origin must come entirely or largely from the
specific floral source and exhibit the organoleptic, physicochemical and microscopic characteristics of
the honey source, as provided in international food standards [2,11].

Considering that bees feed on various plants, pure monofloral honey is generally very rare.
The identification of the origin of honey and the proof of its authenticity has become an important
problem with the globalization of the honey market, involving about 150 countries [13]. The interest
in identifying the floral origin of honey has increased in recent years due to the high preference of
consumers for certain types of honey. Consumer preferences often vary depending on different sensory
perceptions and medicinal properties. Thus, numerous research has been published to date, which
aimed to develop reliable methods for indicating the floral origin of honey [14].

Pollen analysis can be successfully used for the identification of the floral origin of honey. Therefore,
melissopalinology should usually be supplemented by physicochemical and organoleptic analysis.
Thus, to classify honey by botanical origin, a global interpretation of all results is required [15].
The melissopalynological analysis consists of counting the pollen grains and classify the honey
according to its principal pollen grain percentage, for some honey such as sunflower, raspberry, rape
and mint the principal pollen must reach at least 45% of the total pollen grains [16] while for thyme
honey the Thymus spp. pollen grains must be at least 18% of the total pollen grains [17].

Therefore, new analytical methodologies were used to determine the botanical origin; these
include the chromatographic, spectroscopic, e-tongue and molecular biological methods [18,19].
Physicochemical parameters (color, moisture, acidity) can vary widely in different types of honey
and this contributes, to a certain extent, to their organoleptic characteristics. This is the reason why
chromatographic techniques are more eloquent in the classification of honey and special attention
should be paid to identifying certain specific minor components [20]. In addition to the classical
techniques used to authenticate honey, the use of DNA-based methods for pollen identification has
also spread. DNA-based identification has the potential to reduce processing time and increase the
level of discriminated species [21]. Soares et al. [22] reported that they extracted the DNA markers
and the yield and purity of the extracts were evaluated by UV spectrophotometry; this method was
validated successfully with honey of known origins and applied to the entomological authentication of
20 commercial samples from different European countries.

Spectroscopic techniques, such as Fourier transform infrared spectroscopy (FTIR) and Raman
spectroscopy, are alternative methods for authenticating honey and these techniques are reliable,
practical and not time-consuming. FTIR spectroscopy is sensitive to the chemical composition of
the sample, and when coupled with multivariate statistical analysis, it provides accurate results in
determining the botanical origin of honey [9]. Svecnjak et al. [23] used FTIR-ATR spectroscopy to
confirm the botanical origin of collected honey samples from beekeepers from different Croatian
regions. Rheology and electrical tongue are also part of the alternative methods of authentication
of honey. The voltammetry technique implies a high sensitivity and the electronic tongue can be
regarded as a reference system in honey authentication [24]. Sousa et al. [25] reached a 100% correct
classification of chestnut (Castanea spp.), lavender (Lavandula spp.) and raspberry honey (Rubus spp.)
with a potentiometric electronic tongue. The exact classification was obtained after honey samples
were separated according to their color and then the authentication of each type of honey was done on
their botanical origin.

NMR is a fingerprint technique that is used to obtain information about the structure of
components [26]. Spiteri et al. [27] analyzed 816 honey samples from 60 different botanical origins by
the NMR technique and observed specific profiles for the botanical sources of origin.

In this study, melissopalynological analysis and analysis of physicochemical parameters (moisture
content, pH, free acidity, electrical conductivity, hydroxymethylfurfural content, color, total polyphenols
content, flavonoids content, DPPH radical scavenging activity, phenolic acids, flavonols, sugar
composition, organic acids compositions) was performed to authenticate the botanical origin of
sunflower, raspberry, thyme, mint, rape and polyfloral honey from Romania.
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2. Materials and Methods

2.1. Honey Samples

Forty-five honey samples from the flowering season of 2017 to 2018 were purchased from
beekeepers or apicultural associations from different regions in Romania.

Honey samples were kept away from sunlight at room temperature until the analysis. Thyme
(Thymus spp.), rape (Brassica spp.), mint (Mentha piperita), raspberry (Rubus idaeus), and sunflower
(Helianthus spp.) honey were of interest for this research.

2.2. Melissopalynological Analysis

Melissopalynological analysis was carried out according to Louveaux and Vorwohl [28]. The pollen
was examined under a microscope using ×40 magnification on a Motic microscope (Motic, Xiamen,
China). For achieving the botanical origin at least 800 pollen grains were counted.

2.3. Physicochemical Analysis

2.3.1. Moisture Content, pH, Free Acidity, HMF Content and Electrical Conductivity

Moisture content, free acidity, pH, HMF content and electrical conductivity were determined
according to the methods of the International Honey Commission [8,29].

2.3.2. Color

Honey color analysis was performed using the Pfund scale (Pfund HI, Hanna Instruments, USA)
and CIEL*a*b* coordinates (portable chromameter CR-400, Konica Minolta, Tokyo, Japan), respectively.

2.3.3. Determination of Total Phenolic Content

The method proposed by Biesaga et al. [30] was used to determine the total phenolic content
(TPC) and sample preparation was made, as follows: 1 g of honey sample was extracted with 5 mL of
40% methanol/acidified water (v/v, pH = 2, HCl). Then, the samples were stirred for 15 min with a
magnetic stirrer. From the extract, 0.2 mL was mixed with 2 mL of Folin–Ciocalteu reagent 1:10 and
1.8 mL Na2CO3 7.5% (w/v). The samples were kept in the dark for 20 min and the absorbance was
measured at 750 nm using a UV-NIR spectrometer HR4000CG-UV-NIR (Ocean Optics, St. Petersburg,
FL, USA). Gallic acid solutions with concentrations ranging from 0–400 mg·L−1 were used to obtain
the calibration curve.

2.3.4. Determination of Flavonoids

From the extract prepared as presented in Section 2.3.3, 5 mL were mixed with 300 μL of NaNO2

5% (w/v) and 300 μL of AlCl3 10% (w/v) [30]. After 5 min in the dark, the samples were mixed with 2
mL of NaOH 1 N. The samples were kept for 6 more minutes in the dark and then the absorbance of
each sample was read at 510 nm with a HR4000CG-UV-NIR spectrometer. Quercetin solutions with
concentrations ranging from 0–10 mg·L−1 were used to obtain the calibration curve.

2.3.5. DPPH Assay

The determination of 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity required
the following sample preparation: 1 g of honey was dissolved in 5 mL of methanol 40% (v/v, with
acidified water) and stirred for 15 min with a magnetic stirrer [31]. Then, 35 μL of honey solution was
mixed with 250 μL of DPPH. The absorbance was measured at 515 nm using a QE65000 spectrometer
(Ocean Optics, St. Petersburg, FL, USA). The results were expressed as % DPPH using the formula in
Equation (1):

% DPPH =

(
A0 − A1

A0

)
× 100, (1)
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where A0 is the DPPH absorbance, A1 is the sample absorbance.

2.3.6. Determination of Sugars Composition

Sugars composition was determined according to the IHC (International Honey Commission)
methods [8,29]. The samples were filtered through 0.45 μm PTFE membrane filters prior to the injection
in the HPLC instrument (Schimadzu, Kyoto, Japan) equipped with a LC-20 AD liquid chromatograph,
SIL-20A auto sampler, CTO-20AC column oven, and RID-10A refractive index detector. The separation
was performed on a Phenomenex Luna® Omega 3 μm SUGAR 100 Å HPLC Column 150 × 4.6 mm.
Peaks were identified based on their retention times and the determination of sugar content was made
according to the external standard method on peak areas or peak heights. The mobile phase was
acetonitrile:water (80:20, v/v), with a flow rate of 1.3 mL·min−1; column and detector temperature was
30 ◦C and the sample volume injection was 10 μL. Standard solutions of fructose, glucose, maltose,
sucrose, turanose, trehalose, melesitose, and raffinose were individually injected to calculate the sugar
content of each honey sample by using peak areas based on the retention time.

2.3.7. Determination of Polyphenols Composition

Honey solutions were prepared following the steps presented in Section 2.3.3 [30]. The samples
were filtered through 0.45 μm PTFE membrane filters and then injected (with a volume of 10 μL)
into the HPLC instrument (Schimadzu, Kyoto, Japan) for analysis using an SPD-M-20A diode array
detector. The separation was carried out on a Phenomenex Kinetex 2.6 μm Biphenyl 100 Å HPLC
Column 150 × 4.6 mm thermostated at 25 ◦C. Elution was carried out with a solvent system consisting
of 0.1% acetic acid in water (solvent A) and acetonitrile (solvent B) as previously described by Palacios
et al. [32] with modifications. The solvent flow rate was of 1 mL·min−1. The determined phenolic
compounds were gallic acid, vanillic acid, protocatechuic acid and p-hydroxibenzoic acid at 280 nm,
and chlorogenic acid, p-coumaric acid, caffeic acid, rosmarinic acid, myricetin, quercetin, luteolin and
kaempherol at 320 nm. The obtained standard calibration curves showed high degrees of linearity
(R2 > 0.99). Data collection and subsequent processing were performed using the LC solution software
version 1.21 (Shimadzu, Kyoto, Japan).

2.3.8. Determination of Organic Acids Composition

The method used to determine the organic acids involved a sample preparation of 0.5 g of honey
mixed with 2.5 mL of 4% metaphosphoric acid (w/v), then the samples were vortexed. After, the samples
were centrifuged for 5 min at 3500 rpm using a Z216-MK refrigerated centrifuge (Hermle Labortechnik,
Wemingen, Germany) [33]. The sample was injected in the HPLC instrument (Schimadzu, Kyoto,
Japan) with a diode array detector. The separation was carried out on a Phenomenex Kinetex® 5 μm
C18 100 Å HPLC Column 250 × 4.6 mm. The mobile phase used was a mixture of 0.5% metaphosphoric
acid and acetonitrile (50/50, v/v) at a flow rate of 0.8 mL·min−1. The volume of injection was 10 μL.
The organic acids identification and quantification were carried out at 210 nm. The organic acids
that were determined were acetic acid, lactic acid, propionic acid, butyric acid, and gluconic acid.
The concentration of organic acids was expressed as mg/L.

2.4. Statistical Analysis

The analysis of variance (ANOVA) (LSD (least significant difference) test and α = 0.05 were
applied) and principal component analysis (PCA) were used for achieving the suitability of the analyzed
parameters for the botanical authentication of honey. ANOVA was carried out using Statgraphics
Centurion XVIII software—trial version (Manugistics Corp., Rockville, MD, USA), while PCA was
carried out using Unscrambler X version 10.1 (Camo, Norway), respectively.
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3. Results

3.1. Melissopalynological Analysis

Melissopalynological analysis is considered a traditional approach for the determination of the
botanical origin of honey, and is a method of analysis that involves microscopic examination of pollen
grains in order to identify the plants that were visited by bees during honey production [34]. Pollen
analysis is a method developed and proposed by the International Bee Botanical Commission (IBBC)
in 1970, which was revised in 1978 [28]. A honey sample can be classified as monofloral honey when
more than 45% of the pollen grains belong to a single plant species for rape, raspberry, mint and
sunflower [16], while thyme honey must be at least 18% total pollen grains [17]; this type of honey
is the most preferred by consumers for its specific aroma, taste and biological properties [18,19].
The melissopalynological analysis is presented in Table 1. The raspberry honey had the principal pollen
Rubus idaeus (49.1–82.3%), rape honey had the principal pollen Brassica spp. (50.1–71.1%), sunflower
has the principal pollen Helianthus spp. (46.5–92.1%) and thyme had the principal pollen Thymus spp.
(22–45%), respectively.

Table 1. Pollen types in honey samples.

Honey Type Principal Pollen Type (min.%–max.%)

Raspberry Rubus idaeus (49.1–82.3%)
Rape Brassica spp. (50.1–71.1%)

Sunflower Helianthus spp. (46.5–92.1%)
Mint Mentha spp. (46.5–65.1%)

Thyme Thymus spp. (22–45%)

Based on pollen analysis, the samples were classified according to the botanical origin as raspberry
(6 samples), rape (10 samples), sunflower (9 samples), thyme (4 samples), mint (10 samples) and
polyfloral honey (6 samples). Of the monofloral honey samples, the highest percentage of pollen grains
was found in rape and sunflower honey.

3.2. Moisture Content

The moisture content of honey is dependent on factors such as the relative humidity in the region
where honey comes from and the processing and storage conditions [11]. The Codex Alimentarius
standard established that the moisture content of honey must be below 20% [2]. Honey samples that do
not meet this criterion could become unstable during storage and thus be susceptible to deterioration
by fermentation caused by yeast and bacteria naturally found in honey [35]. The moisture content of
the analyzed samples ranged between an average value of 17.36% in thyme samples and a maximum
average value of 19.60% in the polyfloral honey samples, as shown in Table 1. The botanical origin
of honey did not influence the variation of the moisture content (p > 0.05), while the year of honey
production had some influence (p < 0.05) on this parameter. All honey samples had moisture contents
in the limits established by legislation. The mint and thyme honey samples had values between 17.36%
(thyme honey) and 17.77% (mint honey), while Boussaid et al. [36] reported for mint honey the value
of 19.8% and for thyme honey, 18.16%. The results of this analysis were in accordance with the values
reported by Karabagias et al. [17] who determined in honey samples a moisture content that ranged
from 10.74% (Symi honey sample) to 20.94% (Lakonia honey sample). Mărghitas, et al. [37] reported
a variation in the moisture content for the Romanian honey between 16.6% and 20%, while Küçük
et al. [38] reported values of moisture content from 19% to 19.7% for Anatolian honey. Escuredo et
al. [39] determined a moisture content between 15.5% and 19.8% for honey samples from Spain.
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3.3. pH

Honey has a pH that usually varies between 3.5 and 5.5 and is dependent on the compositions
of organic acids, which are chemical components that give the aroma of honey and at the same time
protect it against microbiological damage. Therefore, the pH can be considered an indicator of potential
microbial growth, as a value of 7.2 to 7.4 is optimal for the development of most microorganisms.
The average pH values of the honey samples ranged from 3.91 in the case of thyme honey to a maximum
of 4.22 in the case of rape honey (Table 2).

Differences in this parameter were determined by the botanical origin of honey (p < 0.05), but
not by year (p > 0.05). Romanian mint and thyme honey samples had pH values similar to Tunisian
mint and thyme honey [36]. In Tunisian mint honey samples, the pH value was 4.11 [36], while in
Romanian mint honey, it was 4.20. For thyme honey, the pH value was 3.87 (Tunisian honey) and 3.91
(Romanian honey).

Therefore, a pH between 3.2 and 4.5 was considered acceptable for honey samples [11] and the
pH values determined for the studied samples were within this range. The pH of honey is of particular
importance during the extraction and storage of honey because of its influence on the texture, stability
and storage time [5]. The average pH values of honey samples from Vojvodina (Serbia) ranged between
3.88 (sunflower honey) and 3.99 (acacia honey) [35].
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3.4. Free Acidity

The free acidity of honey is determined by the presence of organic acids and other compounds such
as esters, lactones and inorganic ions found in its composition [11]. Contribution to this parameter also
presents the composition of protein, phenolic acids and vitamin C, which are chemical components that
act as H+ donors [40]. Determining the acidity helps to appreciate the freshness of the honey. As the
composition of honey deteriorates, an increase of free acidity occurs as a result of the fermentation of
sugars into organic acids. According to the EU legislation [41], for this parameter a maximum of 50
milliequivalents of acid per 1000 g is allowed [2]. In our study, the highest acidity was determined in
sunflower (31.63 meq·kg−1) honey and the lowest (16.01 meq·kg−1) in rape honey (Table 2). The botanical
origin of honey had a significant influence on this parameter (p < 0.01), while the year of production
determined no significant variation between samples (p > 0.05). Lazarević et al. [42] observed similar
results, they determined the highest free acidity (27.2 meq/kg) in sunflower honey and the lowest
values of the parameter (11.6 meq·kg−1) in acacia honey. Significant differences in the function of the
botanical origin of honey were also reported for the free acidity of acacia and hay honey [43]. Oroian
and Ropciuc [44] reported that free acidity varied between 6.63 meq·kg−1 in tilia honey, 13.02 meq·kg−1

in sunflower honey and reached the maximum value in the case of polifloral honey (20.83 meq·kg−1).

3.5. HMF Content

The HMF content is a chemical parameter that can be used to study the degree of freshness of
honey and consequently its degree of deterioration. The causes of honey deterioration could be due to
strong or prolonged thermal treatment and inadequate storage conditions [45]. As seen in Table 2,
honey samples had an HMF content between a minimum of 8.26 mg HMF·kg−1 (sunflower honey)
and a maximum of 50.8 mg HMF·kg−1 (thyme honey). Botanical origin had a significant influence
(p < 0.001) on this parameter. For some of the samples of mint (two samples) and thyme honey (one
sample) that were analyzed, the HMF content was above the maximum concentration (40 mg·kg−1)
allowed by European legislation [41]. In the case of these samples, it is possible that there was an
overheating during processing and/or storage, which might have influenced the HMF content in honey.

Rodríguez et al. [46] observed that the avocado honey had a maximum level of HMF of 27.1 mg·kg−1.
Another study, focused on the quality of honey from Rio Grande do Sul State (Brazil), reported values
of 0.47–22.72 mg HMF·kg−1 of honey, which met the quality requirements established by both Brazilian
legislation (upper limit of 60 mg HMF·kg−1) and international standards (Codex, 2001—maximum of
40 mg HMF·kg−1) [47].

3.6. Color

The appearance of honey is very important for consumers. The color of honey is a sensory
parameter that varies between different types of honey and is dependent on chemical parameters such
as mineral content and polyphenols content [48]. Regarding the mineral composition, it was argued
that amber and dark honey have a higher content of certain minerals (Na, K, Ca, Mg, Fe, Cu, Zn,
Al, Ni, Cd and Mn) by comparison to light-colored honey [49]. Furthermore, transition metals seem
to influence the color of honey through the formation of complexes with some organic compounds.
The color of honey can be also affected by both storage and thermal processing which was linked to
the formation of Maillard reaction products [11].

As previously mentioned, color is a parameter that is dependent on the botanical origin of honey,
as shown by the values in Table 2. The color values presented on the Pfund scale were used to classify
honey by color. The color of the analyzed honey samples varied between white (rape honey), extra
light amber (sunflower honey, thyme and polyfloral) and light amber (mint and raspberry honey).
Manzanares et al. [50] analyzed 85 samples of honey from Tenerife, Spain and reported values between
24 and 150 mm Pfund. The color of honey samples was characterized by red and yellow shades (first
quadrant of CIEL a*b* color space), as a* and b* coordinates had positive values. The lightness values
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(L *) of the six Tunisian honey samples analyzed by Boussaid et al. [36] ranged from 36.64 to 51.37,
while in our honey samples it ranged from 34.4 to 46.1.

3.7. Electrical Conductivity

Another physical parameter that serves as a means to authenticate honey, and particularly
the monofloral types, is electrical conductivity. Electrical conductivity is a parameter included in
the new international standards regarding the differentiation between honeydew and flower honey.
The limits of this parameter that were specified by standards are 500 to 800 μS·cm−1 for mixed honey
and <500 μS·cm−1 in the case of pure floral honey with some exceptions [51]. Values greater than
800 μS·cm−1 are specific to honeydew and therefore are not acceptable for floral honey, and can confirm
an adulteration with inverted sugar [52–54]. In the work of Kaskoniene et al. [55] it was shown that
floral honey has an electrical conductivity that was lower than that of honeydew, confirming that
this parameter is a quality indicator that can be used as a means to distinguish honeydew from floral
honey [56].

As the values in Table 2 show, the honey samples analyzed had an electrical conductivity of less
than 500 μS·cm−1, so they can be classified as pure floral honey. Mint honey had the highest electrical
conductivity (474.05 μS·cm−1) followed by raspberry honey (446.16 μS·cm−1). Polyfloral and sunflower
honey presented close values of electrical conductivity (354.09 μS·cm−1 and 362.27 μS·cm−1) and rape
and thyme honey were characterized by the lowest values of electrical conductivity (162.5 μS·cm−1 in
rape honey and 244.28 μS·cm−1 in thyme honey). Botanical origin had a significant influence (p < 0.001)
on the variation of this parameter. Boussaid et al. [36] reported for Tunisian mint honey an electrical
conductivity of 430 μS·cm−1, which was similar to our results for mint honey. In the case of thyme honey,
the value reported for Tunisian honey was higher than the electrical conductivity measured for the
Romanian thyme honey. Oroian and Ropciuc [44] reported, in the case of sunflower honey, an electrical
conductivity value of 346.1 μS·cm−1 and 431.4 μS·cm−1 for the polyfloral honey. Usually, monofloral
rape honey has low electrical conductivity, 130 to 580 μS·cm−1 [57] and 110–270 μS·cm−1 [58], which
indicates that this type of honey has a lower mineral content [55]. By comparing these reported values
to the values we have determined for the electrical conductivity of our rape honey samples, it can be
concluded that the samples analyzed in this study were of pure rape honey.

Regarding the influence of other parameters on the electrical conductivity of honey, it was found
that the variation of this parameter positively correlated with an increased ash and acid content [8].
The pollen collected by bees is a major source of minerals, and consequently, in the case of monofloral
honey the electrical conductivity correlated with the pollen content [55] and may serve as a means to
identify the botanical origin of honey [59]. This parameter was included in international standards to
replace the ash content determination [2]. The electrical conductivity is a good criterion for identifying
the botanical origin of honey and is also used for its routine control [60].

3.8. Total Phenolic Content

The functional properties of honey are related to the number of natural antioxidants from pollen
collected by bees and other floral nectars [61]. The antioxidant effects of honey were attributed to
the presence of phenolic acids, flavonoids, ascorbic acid, carotenoids, catalase, peroxidase, as well as
Maillard reaction products in the composition of honey [62,63]. Table 2 presents the total phenolic
content (TPC) of raspberry, mint, thyme, rape, sunflower and polyfloral honey samples. TPC varied
between 18.91 mg GAE ·100 g−1 (thyme honey) and 23.71 mg GAE ·100 g−1 (mint honey); no significant
differences were determined by botanical origin and year.

Chua et al. [64] reported in their study that the TPC of the analyzed honey samples ranged from
110.39 to 196.500 mg GAE ·100 g−1. In their study on four types of honey, Marghitaş et al. [37] reported
that sunflower honey had the highest value of total polyphenol content (40 mg GAE ·100 g−1), while
acacia honey had values between 2 and 39 mg GAE ·100 g−1. The total phenolic content of Indian honey
was found in the range of 47 mg GAE ·100 g−1 of honey to 98 mg GAE/100 g of honey [51]. The TPC
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values determined for Romanian monofloral honey in our study were lower than those obtained by
other authors when analyzing honey of different origin.

3.9. Flavonoids Content

The flavonoids of honey may originate from pollen, nectar or propolis [65]. In general, the main
flavonoids found in honey are pinocembrin, apigenin, campferol, quercetin, pinobanksin, luteolin,
galangin, hesperetin, and isorhamnetin [15]. Flavonoids have low molecular weight and are vital
components of honey and its antioxidant properties [66]. Table 2 shows the values determined
for flavonoids content by botanical origin and year of honey production. As in the case of total
polyphenols, in this study the thyme honey samples had the lowest flavonoid content (17.45 mg
QE·100 g−1). The highest flavonoid content was identified in raspberry honey (33.58 mg QE·100 g−1)
followed by mint honey (25.73 mg QE·100 g−1), polyfloral honey (24.14 mg QE·100 g−1), sunflower
honey (22.86 mg QE·100 g−1) and rape honey (20.25 mg QE·100 g−1). The flavonoids content was
influenced by year (p < 0.05), but not by botanical origin (p > 0.05).

Mărghitaş et al. [37] reported that the total flavonoid content of honey samples ranged between
0.91–2.42 mg QE·100 g−1 in acacia honey, 4.70–6.98 mg QE·100 g−1 in tilia honey, and 11.53–15.33 mg
QE·100 g−1 in sunflower honey. Boussaid et al. [36] reported higher total flavonoids content in mint
honey (22.45 mg QE·100 g−1), and lower in the case of rosemary (16.24 mg QE·100 g−1), thyme (14.77 mg
QE·100 g−1), orange (11.12 mg QE·100 g−1), horehound (11.02 mg QE·100 g−1), and eucalyptus (9.58 mg
QE·100 g−1) honey.

3.10. DPPH Assay

The DPPH assay was used as a means to determine the free radical-scavenging activity of the
honey samples. In this study the highest DPPH radical scavenging activity (Table 2) was identified for
raspberry honey (79.05%) and mint honey (74.03%), and the lowest for thyme (63.77%) and rape honey
(55.49%). Lachman et al. [67] also determined a lower antioxidant activity from the DPPH assay for
rape honey and higher for raspberry honey in a study on honey samples from the Czech Republic.
Blasa et al. [68] and Salonen et al. [69] argued that light-colored honey possessed lower antioxidant
activity by comparison to darker colored honey, an observation that seems to be accurate for our study,
although the differences between the free radical scavenging activities of our honey samples were not
as pronounced as in the case of the above-mentioned studies.

DPPH radical scavenging activity is a parameter that varied significantly (p < 0.001) depending
on the botanical origin of the honey samples analyzed. By comparison to the antioxidant activities
reported for honey samples from other geographical regions, which include studies by Ruiz-Navajas
et al. [70] who reported values of 33.4–85.5% for honey from Tabasco (Mexico) and Baltrusaityte
et al. [71] who reported for honey from Lithuania values between 31.1% and 86.9%, Romanian honey
had overall higher antioxidant activities.

3.11. Sugars Composition

Honey contains simple carbohydrates, namely glucose and fructose known as monosaccharides,
which represent 65–80% of the total soluble solids, as well as 25% of other oligosaccharides
(disaccharides, trisaccharides, tetrasaccharides) [72]. Determination of disaccharide content (mainly
maltose and sucrose) is a tool for characterizing honey; maltose content was used to classify Spanish
honey and to differentiate Brazilian honey from different geographical regions [72].

In the analyzed honey samples (Table 3), the highest fructose content was identified in thyme
honey (36.77%) and the lowest in polyfloral honey (35.15%). Rape honey had the highest glucose
content (31.78%) and polyfloral honey had the lowest content (24.95%) of this monosaccharide. Glucose
content was the only parameter that varied significantly (p < 0.01) depending on the botanical origin of
the analyzed samples. Maltose (maximum value of 1.79% in polyfloral honey), trehalose (maximum
value of 2.35% in rape honey) and melesitose (maximum value of 1.34% in thyme honey) were sugars
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that together with fructose and glucose were found in significant concentrations in the analyzed honey
samples. Sucrose and rafinose had values between 0.07% (raspberry honey) and 0.73% (polyfloral
honey), respectively 0.21% (rape honey) and 0.42% (polyfloral honey). Apart from individual sugars,
for all 45 honey samples, the fructose/glucose ratio was also calculated. When the content of fructose is
higher than that of glucose honey is fluid, thus, this ratio can be used to identify the crystallization
state of honey [73,74]. Suarez et al. [75] reported that the fructose/glucose ratio might also impact the
flavor of honey since fructose is sweeter than glucose. All honey samples examined were fluid, as the
fructose/glucose ratio was greater than 1 (Table 2).

Some authors argued that the amount and ratio of specific carbohydrates, such as fructose, glucose
and oligosaccharides can be used to identify whether honey is monofloral or polyfloral [76]. Kaskonien
& Venskutonis [55] considered that the use of carbohydrates as floral markers is not often preferred
because of the difficulties encountered in identifying one or more sugars contained by honey. Cotte
et al. [76] analyzed authentic monofloral honey samples and found differences in the carbohydrate
composition based on botanical origin. Fir honey samples were high in trisaccharides, in particular
raffinose (2.1%), melesitose (5.7%) and erlose (2.1%). In contrast, in rape and sunflower honey these
trisaccharides were absent, which serves as a way to distinguish them from other botanical varieties.
Acacia honey has a high concentration of trisaccharides (1.9%), with erlose being the predominant
trisaccharide in this type of honey; lavender and tilia honey were characterized by lower concentrations
of erlose (1.4 and 1.0% respectively) [76].

3.12. Polyphenols Composition

Polyphenols are powerful antioxidants that can reach more than 0.8% (by weight) in bee
products [77]. Phenolic acids and flavonoids were extensively investigated in honey [78] and were used
to evaluate its quality. The correlations between antioxidant activity and total concentration of phenols
was confirmed for seven types of honey from Italy [79] and four honey types from Romania [37].
In another study on Portuguese honey, it was shown that polyphenols in honey were responsible
for its antimicrobial effects [80]. Phenolic compounds can be used to classify honey according to its
botanical origin [78]. The composition of honey in polyphenols was found to be mostly dependent on
the botanical origin due to the fact that these compounds mostly originate from the nectar collected by
bees; the nature and quantity of phenolic compounds can also vary with the season, climatic conditions
and processing factors [63,79].

In the studied samples, 12 polyphenols were analyzed, which were mostly found in all samples in
different concentrations (Table 4). Gallic acid was found at a high concentration (1.55 mg·100 g−1) in
mint honey, while the lowest value was identified in thyme honey (0.57 mg·100 g−1). The protocatechuic
and 4-hydroxybenzoic acids were identified in higher concentrations in mint (2.04 mg protocatechuic
acid·100 g−1 and 1.20 mg 4-hydroxybenzoic acid·100 g−1) and raspberry honey (2.57 mg protocatechuic
acid·100 g−1 and 2.33 mg 4-hydroxybenzoic acid·100 g−1). Compared to other honey types, mint also
had a high content of vanillic acid (3.03 mg·100 g−1) and chlorogenic acid (1.48 mg·100 g−1). These
two phenolic acids were also found in sunflower and thyme honey in large quantities. Caffeic acid
predominated in polyfloral honey (1.20 mg·100 g−1) and did not exceed the level of 0.38 mg·100 g−1

in other honey samples. Thyme honey had the highest content of p-coumaric acid, while myricetin
predominated in rape honey, although it was found in all types of honey. Rosmarinic acid was found
only in raspberry honey at a very small concentration of 0.03 mg·100 g−1, while kaempferol was
determined only in polyfloral honey in a concentration of 0.38 mg·100 g−1. Quercetin was quantified
only in 3 types of honey: mint, polifloral and sunflower honey and luteolin was not determined in
any sample.

Gasic et al. [81] observed that quercetin and eriodictiol can be used for sunflower honey
authentication and we observed too that quercetin is presented in the sunflower honey analyzed.

191



Foods 2020, 9, 306

3.13. Organic Acids Composition

Organic acids are found in honey in small quantities (<0.5%), but are important chemical
components because of their significant contribution to the stability and preservation of the
physicochemical and sensory properties of honey [11].

The total acid content increases due to the fermentation phenomena and aging that may occur
during storage [82]. Some authors have suggested that organic acid profiles are useful for identifying
the botanical and/or geographical origin of honey [83].

As shown in Table 5, the predominant acid in all the honey samples analyzed was gluconic
acid. The maximum gluconic acid content was determined in raspberry honey (4.83 g·kg−1) and the
lowest value in rape honey (3.59 g·kg−1). Brugnerotto et al. [84] also identified gluconic acid as the
predominant acid in all the honey samples that they studied. Gluconic acid is predominant in both
honeydew and floral honey and its concentration can be influenced by the botanical source and the
pollen and nectar of the flowers collected by bees. In our study, the concentration of gluconic acid was
not influenced by botanical origin or year of production (p > 0.05).

Romanian mint and thyme honey were also high in propionic acid (2.67 g·kg−1 and 2.36 g·kg−1).
Honey samples had a succinic acid content that ranged from a minimum value of 0.05 g·kg−1 in
raspberry honey to a maximum value of 0.13 g·kg−1 in mint honey. In the study conducted by
Suarez-Luque et al. [85] on 50 honey samples from Galicia (Santiago de Compostela, Spain), the
succinic acid content was much higher. Formic, acetic, lactic and butyric acid were determined in low
concentrations in all honey samples. The content of honey samples in both propionic and acetic acids
was strongly influenced (p < 0.001) by botanical origin.

The quantification of malonic and glycolic acids in floral honey was firstly reported in a study
by Brugnerotto et al. [84] who determined concentrations of 82.2–134 mg malonic acid·100 g−1 and
27.8–43.7 mg glycolic acid·100 g−1. Acetic, lactic, formic, and propionic acids were identified in lower
concentrations, while fumaric and tartaric acids were not detected. In their study, citric and malic acid
concentrations were of 48.2–506 mg·100 g−1 and 19.9–132 mg·100 g−1, respectively [84].

Suarez-Luque et al. [85] also observed variations in the composition of organic acids in honey that
were attributed to its botanical origin. The concentration of citric, malic, succinic and fumaric acid was
high in chestnut honey and low in eucalyptus honey. Polyfloral honey had a high content of maleic
acid, while clover honey did not contain malic and succinic acids.

The concentration and content of organic acids, as well as ketones and benzene compounds such
as 2-hydroxy-2-propanone, 2-phenylethanol, butanoic acid or benzyl alcohol, which were identified in
fresh honey, increase with temperature and storage time [86].

3.14. Principal Component Analysis (PCA)

Principal component analysis (PCA) is a statistical procedure that is used to perform a comparison
of the results of analytical methods applied to a group of samples. In this study, PCA was applied
to analyze and identify the honey samples that share similar characteristics from a total number of
45 samples of different honey types from various regions in Romania. The first principal component
(PC-1) accounted for 82% of the variance, while the second principal component (PC-2) accounted
for 9% of the variance; together, the first two principal components accounted for 91% of the initial
variability. The separation of the honey samples according to botanical origin is shown in Figure 1.
As seen in Figure 1, there are three ellipses which represent the rape, sunflower and thyme honey,
which are not overlapped with other honey samples, except the polyfloral honey. Regarding the mint
and raspberry honey, it can be observed that the raspberry honey ellipse is placed in the mint honey
ellipse so a clear separation cannot be observed in this sample. Polyfloral honey was not perfectly
grouped due to the fact that this honey type has a wide variety of pollen grains.

In Figure 1, the honey types are marked as: RA—rape, T—thyme, P—polyfloral, S—sunflower,
M—mint, and R—raspberry honey. In Figure 2, the parameters used for the projection are abbreviated
as: Pf—Pfund color, pH, Fa—free acidity, EC—electrical conductivity, Mo—moisture, HMF, TPC—total
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polyphenols content, TFC—total flavonoids content, DPPH, GA—gallic acid, PA—protocatechuic
acid, 4-hA—4-Hydroxybenzoic acid, VA—vanillic acid, CA—chlorogenic acid, CafA—caffeic
acid, p-CA—p-coumaric acid, RA—rosmarinic acid, My—miricetin, Qu—quercetin, Lu—luteolin,
Ka—kaempferol, F—fructose content, G—glucose, S—sucrose, Tu—turanose, Ma—manose,
Tr—trehalose, Me—melesitose, Ra—raffinose, GluA—gluconic acid, ForA—formic acid, AcetA—acetic
acid, ProA—propionic acid, LacA—lactic acid, ButA—butyric acid, and SucA—succinic acid.

In Figure 2, the parameters which are in the outer ellipse have a greater contribution to variability
than the parameters located in the inner ellipse. The rape honey samples were correlated with L*
values, pH, c*ab, h*ab, turanose content, manose content and HMF content. The thyme honey samples
were correlated with trehalose content and mint honey with caffeic acid, p-coumaric acid, vanillic acid,
rosmarinic acid and chlorogenic acid content. Regarding the physicochemical parameters, it seems
that the moisture content was in opposition to the rest of the parameters.

There was a clear differentiation between Mo variable, the variable groups Tu, L*, Ma, HMF, pH
and h*ab (PC-1 direction) and variable groups TPC and SucA (PC-2 direction). Between variable groups
from the PC-1 direction (Tu, L*, Ma, HMF, pH, h*ab and M), there was no correlation with variables
TPC and SucA. Between Tu, L*, HMF, pH and h*ab, and variable Mo, there was negative correlation
and the highest fraction of explained variance among these variables was 82%. Furthermore, the small
distance between Tu, L*, HMF, Ma and h*ab showed a strong correlation between variables.

193



Foods 2020, 9, 306

T
a

b
le

3
.

Su
ga

rs
co

nt
en

tf
or

di
ff

er
en

tt
yp

es
of

R
om

an
ia

n
ho

ne
y.

M
ea

n
va

lu
es

an
d

st
an

da
rd

de
vi

at
io

n
in

br
ac

ke
ts

.

S
u

g
a
rs

(%
)

O
ri

g
in

F
V

a
lu

e
Y

e
a
r

F
V

a
lu

e
M

in
t

P
o

ly
fl

o
ra

l
R

a
p

e
R

a
sp

b
e
rr

y
S

u
n

fl
o

w
e
r

T
h

y
m

e
2
0
1
7

2
0
1
8

Fr
uc

to
se

36
.0

3
(2

.3
3)

a
35

.1
5

(1
.4

5)
a

35
.2

6
(1

.2
8)

a
36

.3
0

(1
.4

3)
a

36
.7

4
(1

.7
3)

a
36

.7
7

(3
.7

9)
a

0.
8

ns
36

.6
6

(2
.2

7)
a

35
.4

5
(1

.5
1)

a
4.

08
ns

G
lu

co
se

27
.8

7
(2

.8
1)

bc
24

.9
5

(1
.2

7)
c

31
.7

8
(2

.7
1)

a
29

.0
0

(2
.7

2)
ab

28
.3

7
(3

.9
7)

b
26

.8
6

(2
.8

0)
bc

4.
66

**
28

.4
(3

.9
6)

a
28

.6
(3

.1
1)

a
0.

57
ns

Su
cr

os
e

0.
45

(1
.0

9)
a

0.
73

(1
.2

3)
a

0.
08

(0
.2

0)
a

0.
07

(0
.0

7)
a

0.
35

(0
.5

3)
a

0.
49

(0
.7

8)
a

0.
68

ns
0.

33
(0

.7
4)

a
0.

34
(0

.7
7)

a
0.

13
ns

Tu
ra

no
se

0.
42

(0
.1

9)
a

0.
2

(0
.1

1)
a

0.
66

(1
.2

4)
a

0.
29

(0
.1

0)
a

0.
38

(0
.3

0)
a

0.
31

(0
.2

6)
a

0.
86

ns
0.

53
(0

.8
8)

a
0.

31
(0

.2
0)

a
1.

17
ns

M
al

to
se

1.
44

(0
.4

9)
a

1.
79

(0
.4

0)
a

1.
82

(1
.5

2)
a

1.
32

(0
.4

0)
a

1.
62

(0
.9

3)
a

1.
48

(0
.8

4)
a

0.
42

ns
1.

76
(1

.1
2)

a
1.

46
(0

.6
6)

a
1.

86
ns

Tr
eh

al
os

e
1.

45
(0

.8
3)

a
1.

87
(0

.5
8)

a
2.

35
(3

.2
2)

a
1.

57
(0

.5
8)

a
1.

92
(1

.0
3)

a
2.

07
(0

.7
3)

a
0.

33
ns

2.
1

(2
.2

9)
a

1.
68

(0
.8

3)
a

0.
68

ns

M
el

es
it

os
e

1.
03

(0
.3

1)
a

1.
10

(0
.2

3)
a

1.
08

(0
.6

9)
a

0.
96

(0
.2

8)
a

1.
06

(0
.4

8)
a

1.
34

(0
.8

4)
a

0.
36

ns
1.

21
(0

.5
9)

a
0.

97
(0

.3
5)

a
3.

47
ns

R
affi

no
se

0.
31

(0
.1

5)
ab

0.
42

(0
.1

2)
a

0.
21

(0
.1

1)
b

0.
36

(0
.2

1)
ab

0.
40

(0
.2

7)
ab

0.
40

(0
.2

8)
ab

1.
63

ns
0.

34
(0

.2
1)

a
0.

33
(0

.1
9)

a
0.

36
ns

F/
G

ra
ti

o
1.

30
(0

.1
4)

a
1.

40
(0

.0
3)

a
1.

11
(0

.1
1)

b
1.

26
(0

.1
4)

ab
1.

33
(0

.2
9)

a
1.

38
(0

.2
2)

a
3.

06
*

1.
32

(0
.2

4)
a

1.
25

(0
.1

4)
a

2.
68

ns

ns
no

ts
ig

ni
fi

ca
nt

(p
>

0.
05

),
*

p
<

0.
05

,*
*

p
<

0.
01

,a–
c

d
iff

er
en

tl
et

te
rs

in
th

e
sa

m
e

ro
w

in
d

ic
at

e
si

gn
ifi

ca
nt

d
iff

er
en

ce
s

be
tw

ee
n

sa
m

pl
es

(p
<

0.
01

),
ac

co
rd

in
g

to
L

SD
te

st
w

it
h
α
=

0.
05

.
F—

fr
uc

to
se

,G
—

gl
uc

os
e.

T
a

b
le

4
.

Po
ly

ph
en

ol
s

co
nt

en
tf

or
di
ff

er
en

tt
yp

es
of

R
om

an
ia

n
ho

ne
y.

M
ea

n
va

lu
es

an
d

st
an

da
rd

de
vi

at
io

n
in

br
ac

ke
ts

.

P
o

ly
p

h
e
n

o
ls

(m
g
·10

0
g
−1

)
O

ri
g

in
F

V
a
lu

e
Y

e
a
r

F
V

a
lu

e
M

in
t

P
o

ly
fl

o
ra

l
R

a
p

e
R

a
sp

b
e
rr

y
S

u
n

fl
o

w
e
r

T
h

y
m

e
2
0
1
7

2
0
1
8

G
al

lic
ac

id
1.

55
(1

.7
1)

a
1.

03
(0

.8
6)

a
0.

65
(0

.2
7)

a
0.

95
(0

.4
5)

a
0.

83
(0

.4
6)

a
0.

57
(0

.2
4)

a
1.

24
ns

1.
00

(1
.3

1)
a

0.
94

(0
.5

0)
a

0.
14

ns

Pr
ot

oc
at

ec
hu

ic
ac

id
2.

04
(2

.5
2)

ab
0.

71
(1

.2
0)

bc
0.

44
(0

.5
0)

c
2.

57
(1

.4
7)

a
1.

37
(0

.4
1)

ab
c

1.
77

(1
.0

5)
ab

c
2.

61
*

1.
21

(1
.2

6)
a

1.
58

(1
.7

7)
a

0.
69

ns

4-
H

yd
ro

xy
be

nz
oi

c
ac

id
1.

20
(1

.0
3)

ab
0.

52
(0

.5
3)

b
0.

41
(0

.2
1)

b
2.

33
(3

.0
9)

a
1.

15
(0

.9
)ab

0.
83

(0
.7

7)
ab

1.
70

ns
0.

87
(0

.8
2)

a
1.

18
(1

.7
0)

a
0.

96
ns

V
an

ill
ic

ac
id

3.
03

(3
.0

5)
a

1.
24

(2
.4

9)
ab

0.
17

(0
.4

6)
b

1.
83

(3
.1

0)
ab

2.
35

(2
.6

9)
ab

1.
62

(2
.7

2)
ab

1.
05

ns
1.

56
(2

.9
9)

a
1.

87
(2

.2
4)

a
0.

04
ns

C
hl

or
og

en
ic

ac
id

1.
48

(2
.5

6)
a

1.
16

(1
.9

4)
a

0.
00

4
(0

.0
1)

a
0.

45
(0

.7
3)

a
0.

36
(0

.6
7)

a
1.

41
(2

.8
3)

a
0.

93
ns

0.
31

(1
.2

6)
a

1.
08

(1
.9

0)
a

1.
28

ns

C
aff

ei
c

ac
id

0.
23

(0
.2

4)
a

1.
20

(2
.7

2)
a

0.
18

(0
.0

6)
a

0.
38

(0
.4

9)
a

0.
30

(0
.3

2)
a

0.
22

(0
.3

0)
a

0.
70

ns
0.

22
(0

.2
5)

a
0.

51
(1

.3
3)

a
0.

85
ns

P-
co

um
ar

ic
ac

id
0.

61
(0

.5
3)

a
0.

70
(0

.6
8)

a
0.

46
(0

.3
2)

a
0.

74
(0

.8
5)

a
0.

80
(0

.4
1)

a
1.

06
(1

.0
7)

a
0.

49
ns

0.
60

(0
.5

7)
a

0.
75

(0
.6

1)
a

0.
55

ns

R
os

m
ar

in
ic

ac
id

0
a

0
a

0
a

0.
03

(0
.0

9)
a

0
a

0
a

1.
07

ns
0.

01
(0

.0
5)

a
0

a
0.

44
ns

M
ir

ic
et

in
1.

86
(0

.8
7)

a
1.

73
(1

.4
0)

a
2.

23
(1

.0
3)

a
1.

02
(1

.1
6)

a
1.

37
(1

.2
1)

a
1.

99
(1

.5
8)

a
1.

01
ns

1.
50

(1
.2

3)
a

1.
90

(1
.0

9)
a

0.
4

ns

Q
ue

rc
et

in
0.

30
(0

.4
1)

a
0.

99
(2

.2
8)

a
0

a
0

a
0.

19
(0

.3
0)

a
0

a
1

ns
0

a
0.

43
(1

.1
3)

a
1.

85
ns

Lu
te

ol
in

0
0

0
0

0
0

−
0

0
−

K
ae

m
pf

er
ol

0
0.

38
(0

.9
4)

a
0

0
0

0
1.

09
ns

0
0.

09
(0

.4
6)

a
0.

51
ns

ns
no

ts
ig

ni
fic

an
t(

p
>

0.
05

),
*

p
<

0.
05

;a–
c

di
ff

er
en

tl
et

te
rs

in
th

e
sa

m
e

ro
w

in
di

ca
te

si
gn

ifi
ca

nt
di
ff

er
en

ce
s

be
tw

ee
n

sa
m

pl
es

(p
<

0.
05

),
ac

co
rd

in
g

to
th

e
LS

D
te

st
w

it
h
α
=

0.
05

.

194



Foods 2020, 9, 306

T
a

b
le

5
.

O
rg

an
ic

ac
id

s
co

nt
en

tf
or

di
ff

er
en

tt
yp

es
of

R
om

an
ia

n
ho

ne
y.

M
ea

n
va

lu
es

an
d

st
an

da
rd

de
vi

at
io

n
in

br
ac

ke
ts

.

O
rg

a
n

ic
A

ci
d

s
(g
·kg
−1

)
O

ri
g

in
F

V
a
lu

e
Y

e
a
r

F
V

a
lu

e
M

in
t

P
o

ly
fl

o
ra

l
R

a
p

e
R

a
sp

b
e
rr

y
S

u
n

fl
o

w
e
r

T
h

y
m

e
2
0
1
7

2
0
1
8

G
lu

co
ni

c
ac

id
4.

46
(1

.5
3)

ab
4.

21
(0

.4
8)

ab
3.

59
(1

.1
2)

b
4.

83
(0

.3
4)

a
4.

76
(0

.5
5)

a
4.

50
(0

.4
9)

ab
1.

60
ns

4.
11

(1
.4

0)
a

4.
53

(0
.5

3)
a

1.
57

ns

Fo
rm

ic
ac

id
0.

37
(0

.4
3)

ab
0.

18
(0

.0
9)

b
0.

21
(0

.1
7)

b
0.

28
(0

.2
7)

ab
0.

53
(0

.3
6)

ab
0.

77
(1

.0
1)

a
1.

60
ns

0.
30

(0
.3

1)
a

0.
42

(0
.4

9)
a

1.
15

ns

A
ce

ti
c

ac
id

0.
77

(0
.3

0)
a

0.
39

(0
.2

2)
bc

0.
18

(0
.0

5)
c

0.
58

(0
.2

0)
ab

0.
4

(0
.2

6)
bc

0.
3

(0
.0

8)
bc

6.
99

**
*

0.
41

(0
.2

5)
a

0.
47

(0
.3

3)
a

0.
75

ns

Pr
op

io
ni

c
ac

id
2.

67
(1

.5
2)

a
0.

72
(0

.2
6)

b
0.

62
(0

.4
2)

b
0.

86
(0

.4
9)

b
0.

79
(0

.2
8)

b
2.

36
(0

.2
9)

a
11

.3
6

**
*

1.
48

(1
.0

9)
a

1.
17

(1
.2

0)
a

1.
11

ns

La
ct

ic
ac

id
0.

18
(0

.2
8)

b
0.

12
(0

.2
2)

b
0.

14
(0

.2
6)

b
0.

09
(0

.0
7)

b
0.

14
(0

.2
0)

b
0.

59
(0

.5
2)

a
1.

66
ns

0.
18

(0
.2

6)
a

0.
17

(0
.3

0)
a

0
ns

Bu
ty

ri
c

ac
id

0.
51

(0
.4

2)
a

0.
87

(1
.6

1)
a

0.
07

(0
.1

1)
a

0.
11

(0
.1

6)
a

0.
32

(0
.3

8)
a

0.
23

(0
.2

0)
a

1.
25

ns
0.

28
(0

.3
3)

a
0.

39
(0

.8
4)

a
0.

18
ns

Su
cc

in
ic

ac
id

0.
13

(0
.1

2)
a

0.
1

(0
.1

9)
a

0.
09

(0
.1

4)
a

0.
05

(0
.1

1)
a

0.
11

(0
.0

9)
a

0.
08

(0
.0

7)
a

0.
24

ns
0.

09
(0

.1
3)

a
0.

10
(0

.1
2)

a
0.

01
ns

ns
no

ts
ig

ni
fic

an
t(

p
>

0.
05

),
**

*
p
<

0.
00

1;
a–

c
di
ff

er
en

tl
et

te
rs

in
th

e
sa

m
e

ro
w

in
di

ca
te

si
gn

ifi
ca

nt
di
ff

er
en

ce
s

be
tw

ee
n

sa
m

pl
es

(p
<

0.
05

),
ac

co
rd

in
g

to
th

e
LS

D
te

st
w

it
h
α
=

0.
05

.

195



Foods 2020, 9, 306

F
ig

u
re

1
.

Pr
in

ci
pa

lc
om

po
ne

nt
an

al
ys

is
—

sc
or

es
:R

A
—

ra
pe

,T
—

th
ym

e,
P—

po
ly

flo
ra

l,
S—

su
nfl

ow
er

,M
—

m
in

t,
an

d
R

—
ra

sp
be

rr
y

ho
ne

y.
Bl

ue
el

lip
se

—
ra

pe
ho

ne
y

gr
ou

p,
ye

llo
w

el
lip

se
—

th
ym

e
ho

ne
y

gr
ou

p,
re

d
el

lip
se

—
su

nfl
ow

er
ho

ne
y

gr
ou

p,
gr

ee
n

el
lip

se
—

ra
sp

be
rr

y
ho

ne
y

gr
ou

p,
an

d
pu

rp
le

el
lip

se
—

m
in

th
on

ey
gr

ou
p.

196



Foods 2020, 9, 306

F
ig

u
re

2
.

P
ri

nc
ip

al
co

m
p

on
en

t
an

al
ys

is
—

lo
ad

in
gs

:
L

*,
h*

ab
,

c*
ab

,
P

f—
P

fu
nd

co
lo

r,
p

H
,

Fa
—

fr
ee

ac
id

it
y,

E
C

—
el

ec
tr

ic
al

co
nd

u
ct

iv
it

y,
M

o—
m

oi
st

u
re

,
H

M
F,

T
PC

—
to

ta
lp

ol
yp

he
no

ls
co

nt
en

t,
T

FC
—

to
ta

lfl
av

on
oi

d
s

co
nt

en
t,

D
PP

H
,G

A
—

ga
lli

c
ac

id
,P

A
—

pr
ot

oc
at

ec
hu

ic
ac

id
,4

-h
A

—
4-

H
yd

ro
xy

be
nz

oi
c

ac
id

,V
A

—
va

ni
lli

c
ac

id
,C

A
—

ch
lo

ro
ge

ni
c

ac
id

,C
af

A
—

ca
ff

ei
c

ac
id

,p
-C

A
—

p
-c

ou
m

ar
ic

ac
id

,R
A

—
ro

sm
ar

in
ic

ac
id

,M
y—

m
ir

ic
et

in
,Q

u
—

qu
er

ce
ti

n,
L

u
—

lu
te

ol
in

,K
a—

ka
em

p
fe

ro
l,

F—
fr

uc
to

se
co

nt
en

t,
G

—
gl

uc
os

e,
S—

su
cr

os
e,

Tu
—

tu
ra

no
se

,M
a—

m
an

os
e,

Tr
—

tr
eh

al
os

e,
M

e—
m

el
es

it
os

e,
R

a—
ra
ffi

no
se

,G
lu

A
—

gl
uc

on
ic

ac
id

,F
or

A
—

fo
rm

ic
ac

id
,

A
ce

tA
—

ac
et

ic
ac

id
,P

ro
A

—
pr

op
io

ni
c

ac
id

,L
ac

A
—

la
ct

ic
ac

id
,B

ut
A

—
bu

ty
ri

c
ac

id
,a

nd
Su

cA
—

su
cc

in
ic

ac
id

.

197



Foods 2020, 9, 306

4. Conclusions

The physicochemical parameters of raspberry, mint, sunflower, thyme, rape and polyfloral honey
samples from different regions in Romania were analyzed in order to examine their usefulness in
the classification of honey according to botanical origin. All honey samples had pH and free acidity
values in the limits permitted by quality standards, which confirm the freshness of all honey samples.
With the exception of three samples (two samples of mint honey and one sample of thyme honey)
that had HMF content above the allowed limit, all the samples that were analyzed in this study met
the quality requirements for honey. For most of the physicochemical parameters (color parameters,
electrical conductivity, HMF content, DPPH, free acidity and pH) the differences between the measured
levels were determined by the botanical origin of honey. The sugar composition, individual phenolic
compounds and organic acids composition of honey varied to some extent between samples, however,
these parameters were not influenced by the botanical origin of honey. As a consequence, no compound
that can be used as a chemical marker was identified. PCA analysis was successful in the rape,
sunflower and thyme honey samples while the mint and raspberry honey have not been clearly
separated, but for a better classification of unknown honey it is necessary to increase the number of
samples analyzed.

Author Contributions: Conceptualization, D.P.; formal analysis, D.P. and F.D.; funding acquisition, M.O.;
investigation, D.P.; methodology, D.P., F.D. and M.O.; project administration, M.O.; software, F.D.; supervision,
M.O.; validation, D.P.; writing—original draft, D.P.; writing—review and editing, F.D. and M.O. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by contract no. 18PFE/16.10.2018 funded by the Ministry of Research
and Innovation within Program 1—Development of national research and development system, Subprogram
1.2—Institutional Performance -RDI excellence funding projects.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jones, R. Prologue: Honey and healing through the ages. J. ApiProduct ApiMedical Sci. 2009, 1, 1–5. [CrossRef]
2. Codex Alimentarius Commission. Codex Alimentarius Commission Standards, Codex Stan 12-1981; Codex

Alimentarius Commission: Rome, Italy, 2001.
3. Communities. Directive 2001/77/Ec. Off. J. Eur. Communities 2001, 6, 33–40.
4. Oroian, M.; Amariei, S.; Escriche, I.; Leahu, A.; Damian, C.; Gutt, G. Chemical composition and temperature

influence on the rheological behaviour of honeys. Int. J. Food Prop. 2014, 17, 2228–2240. [CrossRef]
5. Terrab, A.; Recamales, A.F.; Hernanz, D.; Heredia, F.J. Characterisation of Spanish thyme honeys by their

physicochemical characteristics and mineral contents. Food Chem. 2004, 88, 537–542. [CrossRef]
6. El Sohaimy, S.A.; Masry, S.H.D.; Shehata, M.G. Physicochemical characteristics of honey from different

origins. Ann. Agric. Sci. 2015, 60, 279–287. [CrossRef]
7. Anjos, O.; Campos, M.G.; Ruiz, P.C.; Antunes, P. Application of FTIR-ATR spectroscopy to the quantification

of sugar in honey. Food Chem. 2015, 169, 218–223. [CrossRef]
8. Bogdanov, S.; Martin, P. Honey authenticity. Mitteilungen Aus Leb. Und Hyg. 2002, 93, 232–254.
9. Kasprzyk, I.; Depciuch, J.; Grabek-Lejko, D.; Parlinska-Wojtan, M. FTIR-ATR spectroscopy of pollen and

honey as a tool for unifloral honey authentication. The case study of rape honey. Food Control. 2018, 84,
33–40. [CrossRef]

10. Anklam, E. A review of the analytical methods to determine the geographical and botanical origin of honey.
Food Chem. 1998, 63, 549–562. [CrossRef]

11. Da Silva, P.M.; Gauche, C.; Gonzaga, L.V.; Costa, A.C.O.; Fett, R. Honey: Chemical composition, stability and
authenticity. Food Chem. 2016, 196, 309–323. [CrossRef]

12. Baroni, M.V.; Podio, N.S.; Badini, R.G.; Inga, M.; Ostera, H.A.; Cagnoni, M.; Gautier, E.A.; García, P.P.;
Hoogewerff, J.; Wunderlin, D.A. Linking soil, water, and honey composition to assess the geographical origin
of Argentinean honey by multielemental and isotopic analyses. J. Agric. Food Chem. 2015, 63, 4638–4645.
[CrossRef] [PubMed]

198



Foods 2020, 9, 306

13. Kaškoniene, V.; Venskutonis, P.R. Floral markers in honey of various botanical and geographic origins:
A review. Compr. Rev. Food Sci. Food Saf. 2010, 9, 620–634. [CrossRef]

14. Escriche, I.; Kadar, M.; Domenech, E.; Gil-Sánchez, L. A potentiometric electronic tongue for the discrimination
of honey according to the botanical origin. Comparison with traditional methodologies: Physicochemical
parameters and volatile profile. J. Food Eng. 2012, 109, 449–456. [CrossRef]

15. Bogdanov, S.; Jurendic, T.; Sieber, R.; Gallmann, P. Honey for nutrition and health: A review. J. Am. Coll.
Nutr. 2008, 27, 677–689. [CrossRef] [PubMed]

16. Siddiqui, A.J.; Musharraf, S.G.; Choudhary, M.I.; Rahman, A.U. Application of analytical methods in
authentication and adulteration of honey. Food Chem. 2017, 217, 687–698. [CrossRef] [PubMed]

17. Karabagias, I.K.; Badeka, A.; Kontakos, S.; Karabournioti, S.; Kontominas, M.G. Characterization and
classification of Thymus capitatus (L.) honey according to geographical origin based on volatile compounds,
physicochemical parameters and chemometrics. Food Res. Int. 2014, 55, 363–372. [CrossRef]

18. Consonni, R.; Cagliani, L.R. Recent developments in honey characterization. RSC Adv. 2015, 5, 59696–59714.
[CrossRef]

19. Oroian, M.; Paduret, S.; Ropciuc, S. Honey adulteration detection: voltammetric e-tongue versus official
methods for physicochemical parameter determination. J. Sci. Food Agric. 2018, 98, 4304–4311. [CrossRef]

20. Escriche, I.; Sobrino-Gregorio, L.; Conchado, A.; Juan-Borrás, M. Volatile profile in the accurate labelling of
monofloral honey. The case of lavender and thyme honey. Food Chem. 2017, 226, 61–68. [CrossRef]

21. Hawkins, J.; de Vere, N.; Griffith, A.; Ford, C.R.; Allainguillaume, J.; Hegarty, M.J.; Baillie, L.; Adams-Groom, B.
Using DNA metabarcoding to identify the floral composition of honey: A new tool for investigating honey
bee foraging preferences. PLoS ONE 2015, 10, e0134735. [CrossRef]

22. Soares, S.; Grazina, L.; Mafra, I.; Costa, J.; Pinto, M.A.; Oliveira, M.B.P.P.; Amaral, J.S. Towards honey
authentication: Differentiation of Apis mellifera subspecies in European honeys based on mitochondrial
DNA markers. Food Chem. 2019, 283, 294–301. [CrossRef] [PubMed]
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71. Baltrušaityte, V.; Venskutonis, P.R.; Čeksteryte, V. Radical scavenging activity of different floral origin honey
and beebread phenolic extracts. Food Chem. 2007, 101, 502–514. [CrossRef]

72. Leite, J.M.D.; Trugo, L.C.; Costa, L.S.M.; Quinteiro, L.M.C.; Barth, O.M.; Dutra, V.M.L.; de Maria, C.A.B.
Determination of oligosaccharides in Brazilian honeys of different botanical origin. Food Chem. 2000, 70,
93–98. [CrossRef]

73. Ouchemoukh, S.; Schweitzer, P.; Bey, M.B.; Djoudad-Kadji, H.; Louaileche, H. HPLC sugar profiles of
Algerian honeys. Food Chem. 2010, 121, 561–568. [CrossRef]

74. Venir, E.; Spaziani, M.; Maltini, E. Crystallization in “Tarassaco” Italian honey studied by DSC. Food Chem.
2010, 122, 410–415. [CrossRef]

75. Alvarez-Suarez, J.M.; Tulipani, S.; Díaz, D.; Estevez, Y.; Romandini, S.; Giampieri, F.; Damiani, E.; Astolfi, P.;
Bompadre, S.; Battino, M. Antioxidant and antimicrobial capacity of several monofloral Cuban honeys and
their correlation with color, polyphenol content and other chemical compounds. Food Chem. Toxicol. 2010, 48,
2490–2499. [CrossRef] [PubMed]

76. Cotte, J.F.; Casabianca, H.; Chardon, S.; Lheritier, J.; Grenier-Loustalot, M.F. Chromatographic analysis
of sugars applied to the characterisation of monofloral honey. Anal. Bioanal. Chem. 2004, 380, 698–705.
[CrossRef] [PubMed]

77. Kroyer, G.; Hegedus, N. Evaluation of bioactive properties of pollen extracts as functional dietary food
supplement. Innov. Food Sci. Emerg. Technol. 2001, 2, 171–174. [CrossRef]

201



Foods 2020, 9, 306
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81. Gašić, U.M.; Milojković-Opsenica, D.M.; Tešić, Ž.L. Polyphenols as possible markers of botanical origin of
honey. J. AOAC Int. 2017, 100, 852–861. [CrossRef]

82. Mato, I.; Huidobro, J.F.; Simal-Lozano, J.; Sancho, M.T. Rapid determination of nonaromatic organic acids
in honey by capillary zone electrophoresis with direct ultraviolet detection. J. Agric. Food Chem. 2006, 54,
1541–1550. [CrossRef]

83. Daniele, G.; Maitre, D.; Casabianca, H. Identification, quantification and carbon stable isotopes determinations
of organic acids in monofloral honeys. A powerful tool for botanical and authenticity control. Rapid Commun.
Mass Spectrom. 2012, 26, 1993–1998. [CrossRef] [PubMed]

84. Brugnerotto, P.; della Betta, F.; Gonzaga, L.V.; Fett, R.; Costa, A.C.O. A capillary electrophoresis method to
determine aliphatic organic acids in bracatinga honeydew honey and floral honey. J. Food Compos. Anal.
2019, 82, 103243. [CrossRef]

85. Suárez-Luque, S.; Mato, I.; Huidobro, J.F.; Simal-Lozano, J.; Sancho, M.T. Rapid determination of minority
organic acids in honey by high-performance liquid chromatography. J. Chromatogr. A 2002, 955, 207–214.
[CrossRef]

86. Barra, M.P.G.; Ponce-Díaz, M.C.; Venegas-Gallegos, C. Volatile compounds in honey produced in the central
valley of Ñuble Province, Chile. Chil. J. Agric. Res. 2010, 70, 75–84. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

202



MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Foods Editorial Office
E-mail: foods@mdpi.com

www.mdpi.com/journal/foods





ISBN 978-3-0365-4508-0 

MDPI  

St. Alban-Anlage 66 

4052 Basel 

Switzerland

Tel: +41 61 683 77 34

www.mdpi.com


	A9R19acdok_897j3j_704
	Authenticity of Honey Characterization, Bioactivities and Sensorial Properties.pdf
	A9R19acdok_897j3j_704.pdf

