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Abstract: The adulteration of honey with different sugar syrups is common and difficult to detect. To
ensure fair trade and protect the interests of apiarists, a rapid, simple and cost-effective detection
method for adulterants in honey is needed. In this work, fluorescence emission spectra were obtained
for honey and sugar syrups between 385 and 800 nm with excitation at 370 nm. We found substantial
differences in the emission spectra between five types of honey and five sugar syrups and also
found differences in their frequency doubled peak (FDP) intensity at 740 nm. The intensity of the
FDP significantly declined (p < 0.01) when spiking honey with >10% sugar syrup. To validate this
method, we tested 20 adulterant-positive honey samples and successfully identified 15 that were
above the limit of detection. We propose that fluorescence spectroscopy could be broadly adopted as
a cost-effective, rapid screening tool for sugar syrup adulteration of honey through characterization
of emission spectra and the intensity of the FDP.

Keywords: honey; sugar syrup; adulteration; fluorescence spectroscopy

1. Introduction

Honey is an economically important food product worldwide. It is prized by many
cultures for its pleasing aroma and flavor, and high nutritional value and potential healing
properties. Given its many valuable nutritional and culinary properties, the price of natural
honey is much higher than that of syrup, such as refined corn syrup (CS), rice syrup (RS),
beet syrup (BS) and maltose syrup (MS). In the honey market, it is common for some
merchants to attempt to take economic advantage of the differences in price by diluting
honey with these less expensive sugar syrups [1,2]. Honey adulteration not only affects
the quality of the honey but also harms the bee-keeping industry by negatively impacting
sales and product reputation [3]. Therefore, there is an urgent need to develop effective
methods for the detection of sugar syrup-adulterated honey in order to reassure consumers
and ensure fair competition.

Several review papers have summarized recent studies dealing with honey adul-
teration, and a number of different analytical techniques are currently employed for the
detection of syrup in adulterated honey [3-6]. These methodologies include common ana-
lytical techniques such as thin-layer chromatography (TLC) [7], stable carbon isotopic ratio
analysis (SCIRA) [8], gas chromatography (GC) [9], high-performance anion exchange chro-
matography (HPAEC) [10], high-performance liquid chromatography (HPLC) [11,12] and
high-performance liquid chromatography/quadrupole time of flight mass spectrometry
(HPLC-Q-TOF) [3], among other emerging technologies [13-15]. Although these techniques
offer detailed and accurate results, the processes are time-consuming and expensive and
can only be performed in well-equipped laboratories by highly trained analysts.

Foods 2022, 11, 2316. https:/ /doi.org/10.3390/foods11152316
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Some advanced spectroscopic techniques have also been used for detecting honey
adulteration, such as infrared spectroscopy (IR) [16,17], Raman spectroscopy (RP) [18],
inductively coupled plasma optical emission spectroscopy (ICP-OES) [19] and nuclear
magnetic resonance (NMR) [4,20,21], which are rapid and relatively easy but must be used
in conjunction with multivariate analysis. However, the shortcoming of these methods
is that they require a high level of expertise to set the chemometric models necessary
to distinguish pure honey from its adulterated counterparts. Although adulteration is
a global issue for the honey market, the levels and types of adulteration vary between
regions. In developed nations and affluent cities, the quality of honey is generally good,
and adulteration is less pervasive, since honey quality can be rigorously monitored by
well-equipped testing agencies and inspectors with analytical expertise. However, in less
developed regions, the regulatory infrastructure often lacks advanced analytical equipment
and experts, resulting in widespread honey adulteration and often large quantities of
glucose—fructose syrup [3]. There is therefore a critical need for the honey market to
develop a cost-effective, simple, rapid and easy-to-use screening method for monitoring
the adulteration of honey.

Fluorescence spectroscopy, a common analytical technique with relatively low-cost
instrumentation that is ubiquitous in biological, food science and toxicology labs, offers
several advantages for the characterization of chemical constituents, such as high sensitivity
and specificity [22]. Several early studies successfully used fluorescence spectroscopy to
distinguish the geographical and botanical origins of honey samples through front-face and
synchronous fluorescence spectroscopy [23-26]. Fluorescence spectroscopy, in combination
with chemometrics, has also been used to discriminate between true and artificial honey
samples produced by feeding bee colonies with sucrose [22,27]. However, few studies
have been reported on the detection of multiple adulterant sugar syrups in honey using
fluorescence spectroscopy.

In the process of finding the fluorescence emission spectra of honey and different
sugar syrups, we found a significant difference in the intensity of the frequency doubled
peak (FDP) between honey and sugar syrup samples. The second-order diffraction of the
monochromator produces the FDP. When the monochromator is set to transmit 740 nm,
a small fraction of 370 nm excitation light will also be transmitted through the emission
monochromator. Due to the chemical differences between syrup and honey [28], the FDP
intensity at 740 nm can be influenced by different honey and sugar samples and may serve
as a potential indicator to distinguish honey from sugar syrups.

We envisioned that, based on the differences in fluorescence spectra between honey
and syrup, a rapid, low-cost and easy-to-use syrup-adulterated honey screening approach
could be developed. In this study, we report the first application, to our knowledge, of
fluorescence spectroscopy in combination with FDP intensity data for rapid screening
of sugar syrup adulterants in commercial and spiked honey samples. By using the apex
wavelength of characterized emission spectra in conjunction with FDP intensities as profiles,
we show that natural honey from different botanical origins can be readily distinguished
from honey adulterated with a range of different syrups without the need for multivariate
analysis. Our findings represent a critical and clear step toward the application of common
fluorescence spectroscopy in the screening for honey adulteration.

2. Materials and Methods
2.1. Sample Collection

To examine the fluorescence emission spectra and FDP of pure honey from different
botanical origins, we sampled five common types of commercial honey produced across
China and derived from Robinia pseudoacacia L. (acacia), Brassica napus L. (rape), Tilia tuan
Szyszy L. (medlar), Lycium barbarum L. (linden) and Vitex negundo L. (chaste). A total of
112 honey samples, including acacia honey (32, labeled A1-A32), rape honey (32, labeled
R1-R32), medlar honey (18, labeled J1-]18), linden honey (15, labeled L1-L15) and chaste
honey (15, labeled V1-V15), were obtained from twenty-five collaborating beekeepers
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located in Zhejiang Province, Sichuan Province, Shandong Province, Shaanxi Province,
Jilin Province, Xinjiang Province and Beijing. The entirety of the collection process, for
all honey samples, was monitored and recorded to ensure sample authenticity. All honey
samples were collected from capped combs, ensuring all samples were ripe and mature.
The moisture content of the samples was <19.0%.

Thirty-one sugar syrup samples, produced by different companies, were purchased
from different markets located in Sichuan, Henan, Shandong and Jiangsu Provinces.
These samples included ten high-fructose corn syrups (HFCS1—HFCS10), six rice syrups
(RS1—RS6), five beet syrups (BS1—BS5), five cassava syrups (CS1—CS5) and five maltose
syrups (MS1—-MS5).

Twenty adulterant-positive acacia honey samples (sam1-sam20) were graciously pro-
vided by an independent testing lab of the Shandong Bee Industry and Bee Products
Quality Monitoring. The glucose, fructose, sucrose and maltose contents were determined
by the high-performance liquid chromatography-refractive index detection (HPLC-RID)
method, as described in [3,5]. According to [29], the stable carbon isotopic ratio analysis
was performed using an isotope ratio mass spectrometer (SerCon EA, Wistaston, UK) to
determine 13C/12C ratios. The TLC test was performed following the procedures in [7,10].

2.2. Sample Preparation

HEFCS, RS, BS, CS and MS were mixed and added to pure honey samples in a range of
concentrations (10%, 20%, 30%, 90%, w/w) for analysis.

For sample pretreatment, 10 g of honey sample and 10 mL of deionized water were
added to a 50 mL centrifuge tube and mixed by vortex for 3 min. The resulting sample
solutions were directly used for subsequent fluorescence spectroscopy analysis.

2.3. Fluorescence and Frequency Doubled Peak (FDP) Measurements

The fluorescence measurements were conducted with three brands of fluorescence
spectrophotometers including a Hitachi F-4500 (Tokyo, Japan), a Shimadzu RF-5301PC
(Shimadzu, Japan) and a Shanghai Lingguang F97 (Shanghai, China), which were all
equipped with a plotter unit and a 1 cm quartz cell. The fluorescence of each sample
solution was directly measured with an excitation wavelength of 370 nm and an emission
range from 385 to 800 nm. The scanning speed was 12,000 nm/min, and spectrometer slits
were set for a 5 nm band-pass. Fluorescence measurements of each sample were carried
out in triplicate. The pattern of fluorescence spectra and the FDP intensity of all samples
were recorded at room temperature.

2.4. Statistical Analyses

The results were expressed using the means + standard deviations. SPSS 19.0 (IBM,
Stamford, CT, USA) was used to analyze significant differences, and ANOVA (LSD test)
was performed to determine significant differences.

3. Results and Discussion
3.1. Fluorescence Spectra Characteristics of Honey and Syrup

To first determine if the FDP is a common phenomenon among fluorescence spec-
trophotometers from different manufacturers, and to test for variation between instruments,
the fluorescence spectra for each honey type and sugar syrup were measured by the three
brands of fluorescence spectrophotometers (Figure 1). By removing the specific optical filter
during the acquisition process, the results show that the FDP is a common phenomenon
among the different manufacturers. Furthermore, the application of fluorescence spec-
troscopy in combination with measurements of the FDP intensity can be used as a suitable
indicator for the adulteration of honeys with a variety of sugar syrups.
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Figure 1. Comparison of honey and syrup fluorescence spectra generated by fluorescence spec-
trophotometers from three different manufacturers ((a) pure honey analyzed by a Hitachi F-4500;
(b) pure honey analyzed by a Lingguang F97; (c) pure honey analyzed by a Shimadzu RF-5301PC;
(d) syrup analyzed by a Hitachi F-4500; (e) syrup analyzed by a Lingguang F97; (f) syrup analyzed
by a Shimadzu RF-5301PC).

Although we found differences in the absolute, or quantitative, measurements between
instruments from the different manufacturers, the apex and the area ratio of fluorescence
emission spectra and the area ratio of the FDP between honey and syrup were uniform
across all three instruments (Table S2). Data in our study were collected using a Hitachi
F-4500 (Tokyo, Japan).

3.2. The Fluorescence Spectra Profiles of Different Honeys and Syrups

To aid in the characterization of honey and syrup profile spectra, we acquired pub-
lished information on fluorescence spectra from previous research on honey and syrup
samples [22-26]. Compositionally, honey consists of sugars and water with small amounts
of proteins, free amino acids, peptides, minerals, vitamins, organic acids, flavonoids and
other phenolic compounds and aroma compounds. These constituents, and especially
many of the minority components, exhibit fluorescent properties [30]. For example, a peak
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with an excitation of 280 nm and emission of 340 nm can potentially indicate fluorescence
from aromatic amino acids present in the honey [22]. A fluorescence peak with an emission
of 450 nm and excitation at 250 nm can be attributed to non-flavonoid phenolic compounds
in the honey sample [31]. The Maillard reaction products, such as hydroxymethylfurfural
and furosine, can have characteristic fluorescence peaks with emission wavelengths rang-
ing from 420 to 470 nm and excitation wavelengths between 340 and 380 nm [22]. We
compared the fluorescence emission spectra excitation at 250~380 nm. The results show
that all honeys had a fixed apex wavelength at 468 nm, and the apex wavelengths of all
syrups were 442 nm. Additionally, the intensities of the FDP showed a visible difference
between the honey and syrup samples. Therefore, in this study, fluorescence spectra for
each pure honey and pure sugar syrup were examined by excitation at 370 nm and data
acquisition from 385 to 800 nm (Figure 2). The fluorescence emission spectra were clearly
observable in the 385 nm to 700 nm range, with the FDP appearing at 740 nm. Spectral
profiles were visibly different between honey and syrup samples, especially in the presence
and size of the FDP.

In comparison to natural honey, the fluorescence emission spectra of the syrups pro-
duced a blueshift of about 26 nm. Detailed values of the five syrup types and honeys are
shown in Table 1. The apexes of the fluorescence emission spectra from all five honeys
were located at 470 nm, while the apexes of the syrups were centered at 450 nm. This shift
is potentially attributable to differences in the array of conjugated compounds such as
polyphenols, aromatic amino acids, Maillard reaction products and other small molecules
present in the samples. Ghosh and colleagues investigated the fluorescence spectroscopic
properties of honey and cane sugar syrup and found that all spectra from pure honey sam-
ples were characterized by two prominent features: a shoulder around 440 nm and a broad
band around 510 nm. In contrast, a single prominent band around 430 nm was character-
istic of spectra from cane sugar syrup. In addition, their analysis revealed that the major
contributor to cane sugar syrup fluorescence is the reduced form of nicotinamide adenine
dinucleotide, while the fluorescence of honey is predominantly caused by flavins [32].

Table 1. Apex wavelength and area of emission spectra and FDP area of honeys and syrups.

Fluorescence Emission Spectra FDP
Honey
Apex Wavelength (nm) Area = RSD Area = RSD
Medlar honey 471 £2nm 3783 4 169.3 1088 + 30.4
Acacia honey 470 £3 nm 1897 £+ 50.7 1221 +29.7
Linden honey 467 £ 4nm 3324 £+ 151.5 1006 =+ 20.4
Chaste honey 465 + 3 nm 3151 £ 80.1 935 4+ 19.9
Rape honey 466 = 2 nm 1615 £ 26.2 1080 4 29.6
Average 468 £ 2.8 nm 2754 £95.6 1064 4 26.0
Syrup
Beet syrup 448 + 4 nm 3280 £ 189.2 34+51
Cassava syrup 438 £ 3 nm 573 £56.5 181 +16.8
Malt syrup 450 &3 nm 1664 +21.1 46+ 49
Rice syrup 445 £ 2nm 619 £ 30.8 103 +9.6
HFCS 427 +5 nm 2311 £ 230.0 53 £55
Average 442 + 3.4 nm 1689 + 105.2 834 £ 84

The areas of the emission spectra were substantially different between the different
types of honey, possibly due to plant sources, geographic origins and climatic factors, all of
which can influence the content of conjugated compounds. The same feature is true for the
syrup spectral data. Furthermore, FDPs were highest at 740 nm for pure honey samples
but exhibited a very low intensity in the syrup samples (values listed in Table 1). The FDP
area for pure honey was consistently 10-fold greater than that of pure syrup. We propose
that this difference between the FDP intensity of pure honey and that of syrup could be
exploited to monitor adulteration by all types of syrups.
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Figure 2. Typical fluorescence spectra of honey and syrup ((al): acacia honey; (a2): chaste honey;
(a3): medlar honey; (a4): rape honey; (a5): linden honey; (b1): maltose syrup; (b2): HECS; (b3): rice

syrup; (b4): beet syrup; (b5): cassava syrup).
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3.3. The Fluorescence Spectra Profiles of Adulterated Honey

Previous studies have examined fluorescence spectra as a means of distinguishing
between pure honey and sugar syrup as well as between honeys from different botanical
and geographical origins [23]. In light of published articles describing the features of
emission spectra, we found that the incorporation of the FDP intensity with these known
spectra allowed us to develop profiles for the identification of sugar syrup adulterants
in honey.

We blended beet syrup, cassava syrup, malt syrup, rice syrup and HFCS and incre-
mentally added the mixture (0, 10%, 20%, 30% ... 90%) to a blend of all five honeys to
assess the correlation between the amount of added syrup and FDP intensities. The apex
wavelengths and areas of the fluorescence emission spectra, as well as FDP intensities
(Table 2), revealed that as the proportion of syrup increased, a significant blueshift (with the
honey peak at 468 nm and the syrup peak at 442 nm) occurred, and the FDP areas decreased
in a dose-dependent gradient. Thus, the FPD was positioned at 740 nm, and measurement
of its intensity combined with the apex wavelength of the fluorescence emission spectra
could be readily used to discriminate between pure and adulterated honey samples. As
Figure S1 shows, the R? between the amounts of adulterated syrup and FDP intensities was
0.9873 (p < 0.01). Thus, the FDP intensity can strongly reflect the amount of syrup added.

Table 2. Fluorescence spectra information of artificially adulterated honey.

Fluorescence Emission Spectra FDP

Ttems Apex (nm) Area + RSD Area + RSD

Honey 472 + 5nm 1699 + 419 976 £ 35.8a
10% syrup 468 + 4 nm 2605 + 42.8 813 +£39.0b
20% syrup 467 + 5nm 2530 + 41.6 765 + 33.2 bc
30% syrup 461 + 4 nm 2375 +39.3 713 £+ 32.0 cd
40% syrup 460 £ 5nm 2270 + 38.3 623 4 34.7 de
50% syrup 458 + 4 nm 2076 + 37.6 584 + 28.9 ef
60% syrup 458 + 6 nm 1873 4+ 36.4 503 + 25.6 fg
70% syrup 454 + 5 nm 1776 + 30.9 410 £27.5gh
80% syrup 449 £+ 3 nm 1519 +£27.1 335+ 255h
90% syrup 446 £+ 2 nm 1267 + 21.6 200 £ 3041

Note: lowercase letters indicate a significant difference (p < 0.01).

Commonly, the addition of 30% or higher syrup can make substantial profits. In this
study, the minimum amount of syrup added was 10%, and compared with the honey
sample, there was a significant difference (p < 0.01) (Table 2). We also found that a small
deviation in the apex wavelength could be used as an auxiliary qualitative indicator for
the relative purity of a given honey sample. Specifically, the apex wavelength shifted from
470 nm to 460 nm, and the FDP intensity decreased from 990 to 610 with the dilution of
acacia honey to 30% syrup (Figure 3).

To verify the accuracy of the method, we chose acacia honey samples from different
sources and different collection times to compare the intensities of the FDP. Among these
acacia honey samples, there were no significant differences (p > 0.05) (for detailed infor-
mation, see Table S1). Thus, the samples with the addition of at least 10% syrup could be
identified by significance analysis (p < 0.01) compared with natural honey samples.
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Figure 3. Typical fluorescence spectra of adulterated acacia honey with 30% syrup ((a): pure honey;
(b): acacia honey adulterated with 30% syrup).

3.4. Application to Adulterated Market Samples

Acacia honey, from blossoms of Robinia pseudoacacia, is a transparent, pale-yellow
honey, valued for its mild flavor compared to other honey varieties. In general, the yield
of acacia honey is lower than for other honeys, and thus its market price is higher. Syrup
adulteration of acacia honey is currently a serious problem [33,34]. Therefore, adulterant-
positive samples of acacia honey were used to verify the effectiveness of our method
(Table 3). Twenty samples were taken from local, small markets in Shandong and Henan.

Table 3. Results from four different methods.

Total Glucose, Fructose, Stable Carbon TLC Fluorescence
Positive Sample Information Numbers Sucro;e :axissli\;[altose ISO::-SICY gi:ho Method Method
High-fructose corn a
syrup-adulterated honey 15 +0) +(15) +4) +(11)
Beet syrup-adulterated honey 2 +(0) +(0) +0) +(2)
Rice syrup-adulterated honey 2 +(0) +(0) +(0) +(1)
Maltose syrup-adulterated honey 1 +(1) +(0) +(1) +(1)

@ Adulterated samples are indicated with +; parentheses indicate the number of samples.

As part of this study, we compared a method for glucose, fructose, sucrose and maltose
analysis to effectively identify maltose syrup [5]. Similarly, we examined stable carbon
isotope ratio analysis [29] for the identification of C4 plant sugar (corn syrup) in adulterated
honey and found that, although it is effective with high accuracy for HFCS, C3 plant sugars
(e.g., beet, rice and maltose syrup) cannot be readily distinguished in samples due to the
similarity of their carbon isotope content to that of natural honey [3]. A third method,
TLC [7,10], has also been used to target unhydrolyzed polysaccharides and oligosaccharides
in some corn and maltose syrups. Each of these methods has unique advantages, but none
of them is uniformly effective for the identification of all syrup types in adulterated honey.

The fluorescence-based method demonstrated in our study is a simple and relatively
fast screening method to identify high-fructose corn syrup as well as beet, rice and maltose
syrups that have been added to honey, with a reasonably low limit of detection at 10%. We
found that five adulterated honey samples, one with rice syrup and four with HFCS, could
not be identified (false negatives) because of the low syrup content, and thus, due to the
detection limit, we conclude that the accuracy of the method is 75%. Among the fifteen
positive samples, the apex wavelength ranged from 441 to 452 nm, and FDP intensities
were below 200 (compared to the fluorescence spectra information of the syrups, see
Table 1). These results indicate that these positive samples are almost pure syrup. In order
to maximize profit, in some regions, samples can be found that are composed of almost
100% pure syrup. In these places, where effective market regulation is needed most, our
method provides a fast and practical approach for the detection of adulterated honey with
a high syrup content.
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3.5. Interpretation of Differences in FDP between Honey and Syrup

Under 370 nm excitation, there was an FDP at 740 nm that could be used to distinguish
between honey and syrup samples. The FDP arises in non-linear materials. When the
monochromator was set to transmit 740 nm, a small fraction of 370 nm excitation light was
also transmitted through the emission monochromator. Thus, the observed differences
in the FDP at 740 nm were due to the differences in the 370 nm transmission through the
samples. The difference in the FDP intensity between honey and syrup may be caused
by differences in the amounts and types of macromolecular polymers in each sweetener,
such as proteins or nucleotides. Different sources and processing techniques of honey
and syrup are also likely to produce differences in the types and polymerization states of
macromolecules, thus resulting in measurably large variation in the FDP between products.
Interestingly, we found that jujube and buckwheat honeys are not clearly distinguishable
from syrup using this method, due to their low FDP intensity, and we thus speculate that
this method is currently unsuitable for dark honey. However, the underlying reasons and
mechanisms require further study, and with some optimization, this technique may be
modified for broader use.

4. Conclusions

We reported the development of a novel fluorescence screening method combining
the FDP intensity with the apex wavelength of fluorescence emission spectra in order to
identify syrup adulterants in honey. We demonstrated that the FDP intensity decreases
significantly and the apex wavelength undergoes a distinct, dose-dependent blueshift
with the addition of increasing amounts of syrup to pure honey. Using this method, 10%
syrup and higher can be detected in adulterated honey. To validate this method, we
analyzed 20 syrup-adulterated honey samples and successfully detected 11 out of 15 with
HFCS, 1 out of 2 with rice syrup, 2 out of 2 with beet syrup and 1 (out of 1) with maltose
syrup, thus demonstrating 75% accuracy. In comparison with other more sophisticated,
labor-intensive and expensive spectroscopy methods, the analysis time was less than
1 min, and the instrument can be operated with minimal training and no subsequent
statistical analyses to interpret the data. For most consumers, honey is purchased for its
nutritional and medicinal benefits, and especially for its purity. This is also the first report,
to our knowledge, on the application of the FDP to research on food adulteration. These
experiments provide an exciting route toward wide adoption of this technique by honey
producers and regulatory agencies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11152316/s1, Figure S1: The relationship of amount of
syrup added and area of FDP. Table S1: Fluorescence Spectra Information of acacia honey Samples.
Table S2: The comparison of fluorescence spectra information from 3 different manufacturers.
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Abstract: The aim of the study was to use protein and polyphenolic profiles as fingerprints of golden-
rod honey and to apply them for verification of the labeled variety. The markers for 10 honey samples
were correlated with the standard physicochemical parameters and biological activity measured
in vitro as antioxidant, antifungal and antibacterial activities. Honey proteins were examined regard-
ing soluble protein, diastase and SDS-PAGE protein profile. The polyphenolic profile was obtained
with the use of the HPTLC and the antioxidant activity was detected with standard colorimetric
methods. The antimicrobial effect of representative honey samples of different chemical profiles
was verified against E. coli and budding yeast. It was found that the SDS-PAGE technique allows
for creating the protein fingerprint of the goldenrod honey variety which was consistent for 70% of
tested samples. At the same time, the similarity of their polyphenolic profile was observed. Moreover,
specific chemical composition resulted in higher bioactivity of honey against tested bacteria and
yeast. The study confirmed the usefulness of both SDS-PAGE and HPTLC techniques in honey
authentication, as an initial step for selection of samples which required pollen analysis.

Keywords: antibacterial activity; antifungal activity; authentication; goldenrod; honey; protein; polyphenols

1. Introduction

Among nectar honeys, which differ in terms of properties and taste, goldenrod honey
has recently become more and more popular. It is related to the growing supply of golden-
rod as a honeyflow in Central and Eastern Europe, including Poland. On the other hand,
goldenrod honey is still one of the less-studied varieties, and few literature data from recent
years concern the chemical profiles and antioxidant properties of this honey [1,2]. Many
beneficial properties of this honey are reported: antibiotic and supporting the urinary sys-
tem, skin and circulatory system. However, due to the lack of confirmation of this varietal
honey features in scientific literature, natural medicine attributes its healing effect to the
properties of the goldenrod plant. Goldenrod (Solidago sp.) is a controversial plant: on the
one hand, it has some phytotherapeutic effects (in diseases of the skin, respiratory system,
circulation, urinary system, even in the treatment of certain cancers and depression [3-5],
and on the other hand, popular species S. gigantea and S. canadensis are classified as invasive
plants [6,7]. Only Solidago virgaurea, a native European species is listed in pharmacopoeias
as an official herbal drug [5]. The most common species of Solidago, i.e., in south-eastern
Poland, mainly S. gigantea and S. canadensis, are used as beeflows. Jasicka-Misiak et al. [1]
refer to S. virgaurea as the source of nectar, but more recent research points to the remain-
ing common species of goldenrod used by bees [2]. The availability of different species
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may be one of the reasons for the variability of goldenrod honeys, depending on their
geographic origin.

Goldenrod honey owes its healing properties to the flowers from which it is obtained,
i.e., Solidago spp. plants. Thanks to it, goldenrod honey contains flavonoids (including
quercetin) as well as tannins and organic acids. It is rich in vitamins and bactericidal
substances. It is characterized by a specific profile of volatile compounds among which
germacrene D has been recognized as a marker compound of this honey variety [8]. In
natural medicine, this type of honey is considered particularly valuable and recommended
for its anti-inflammatory, diuretic, choleretic and diastolic effects on the genitourinary
system; however, these features have been not objective of scientific research. This honey
type has a characteristic, lemon-like, sour aftertaste and a pleasant aroma. It crystallizes
relatively quickly, creating a creamy consistency. Goldenrod honey is available in shades of
yellow to amber [2]. It becomes much brighter after crystallization. This honey variety does
tend to crystallize fast in a matter of weeks [8]. Crystallization does not change the flavor
or spoil the honey. Moreover, the specific feature of goldenrod honey is susceptibility to
fermentation, which can occur during storage at room temperature.

Assessing the authenticity of honey is a serious problem that has gained much interest
internationally because honey has frequently been subject to various fraudulent practices,
including mislabeling of botanical and geographical origin and mixing with sugar syrups
or honey of lower quality. Since now, melissopalynological analysis has been the only
recognized analysis to confirm honey variety. However, this technique based on counting
plant pollen which occurs in honey is expensive and time-consuming. To protect the
health of consumers and reduce the unfair practice of honey adulteration, the different
approaches used to assess the authenticity of honey, specifically by the application of
advanced instrumental techniques, have been proposed. The protein and other nitrogen
compounds have been rarely studied [8-13].

The aim of the study was to construct the fingerprints of goldenrod honey based on
protein and polyphenolic profiles. For the first time, the SDS-PAGE protein analysis and
HPTLC polyphenols profiling were used to verify the honey variety. An attempt was made
to determine whether it is possible to identify the species of goldenrod that bees used for
honey production.

2. Materials and Methods
2.1. Honey and Plant Material

Ten samples of honeys declared as goldenrod were purchased in the 2021 beekeeping
season from apiaries located in the Podkarpackie Province (Poland).

The flowers of three species of goldenrod (Solidago virgaurea, Solidago gigantea and
Solidago canadensis) were collected from natural habitats in August 2021 (50°045’ N 21°862
E; 50°048' N 21°869’ E; 50°039'N 21°894’ E). After botanical identification, the samples were
dried in the dark, at a temperature not exceeding 40 °C. Voucher specimens were deposited
in Department collection under the numbers SV/08/21, SG/08/21, and SC/08/21.

2.2. Extracts Preparation

Dried plant material was pulverized using pestle and mortar and weighted (5 g) into
conical flasks. After flooding with 50 mL of 50% ethanol, it was extracted in an ultrasonic
bath (Sonic 10, Polsonic, Warszawa, Poland) for 20 min, then filtered through a filter paper.
Ethanol was evaporated using a centrifugal evaporator (VC 2-18 CDPlus, Martin Christ,
Osterode am Harz, Germany) and then the aqueous residue was lyophilized using Alpha
1-2 LD plus freeze dryer (Martin Christ, Osterode am Harz, Germany).

For chromatographic analyses, honey samples were prepared using solid phase ex-
traction (SPE). Twenty grams of each honey were dissolved in 100 mL of acidified distilled
water (pH = 2) and passed through C-18 Sep Pack Cartridge (Waters Corporation, Milford,
MA, USA), preconditioned with 10 mL of methanol and 10 mL of acidified (pH = 2) water.
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After washing the sugars with acidified water, the polyphenols were eluted with methanol
(2.5 mL).

2.3. Water Content

The determination of water content was done by the refractometric method, using an
electronic refractometer for honey HI96800 (Hanna Instruments, Woonsocket, RI, USA). The
value was determined in 21 £ 2 °C. with to the second decimal place. The determinations
were made in triplicates.

2.4. pH and Free Acidity

To determine active acidity, a pH measurement of 20% solutions of honey extract in
boiled, cold distilled water was performed using a CP-401 pH meter (Elmetron, Zabrze,
Poland). To determine the free acidity, 50 mL of 20% appropriate honey extracts were
titrated by 0.1 M NaOH to reach a pH of 8.3 measured by pH meter. The results were
expressed in mEq/100 g.

2.5. Conductivity

To determine the electrical conductivity, 20% solutions of honey extracts in boiled, cold
distilled water were used. The conductivity of each sample was determined by immersing
the electrode in the test solution. Each sample was measured three times. The conductivity
of each product solution was measured using a CP-401 conductometer (Elmetron, Zabrze,
Poland) and the results (in mS/cm) were presented.

2.6. Color Analysis

The color of the honey was analyzed using a dedicated HI 96785 colorimeter (Hanna
Instruments, Woonsocket, RI, USA). The results were expressed on the Pfund scale.

2.7. A-Amylase Assay

x-amylase was determined by a spectrophotometric method with the Phadebas Di-
astase test (Magle AB, Lund, Sweden) according to the manufacturer’s instructions. The
results of absorbance were measured at wavelength 620 nm against a blank (acetate buffer)
using a Biomate 3 spectrophotometer (Thermo Scientific, Waltham, MA, USA). The results
were calculated according to the formula attached in the manual and expressed as diastase
number (DN).

2.8. Soluble Protein

The protein content in honey was determined using the Bradford method according
to Latimer [14]. One thousand pL of Bradford reagent (G-250) was added to 20 pL of each
honey sample. Samples were incubated for 5 min at room temperature and the absorbance
at 595 nm was read using a Biomate 3 spectrophotometer (Thermo Scientific, Waltham, MA,
USA). The results were calculated from a calibration curve 0-100 ug/sample (y = 0.0551x,
2 = 0. 9991). Bovine albumin has been used as the standard.

2.9. Total Phenolic and Flavonoids Content

Total phenolic and flavonoid content in honey and plant extracts samples were de-
termined according to procedures described by us previously [13]. In the case of honeys,
5% solutions in distilled water were used, and in the case of plant extracts, crude extracts
diluted properly were taken for analysis.

2.10. Antioxidant Capacity Assays

Antioxidant capacity using DPPH and FRAP methods was determined according to
procedures described by us previously [13]. The CUPRAC method was applied according
to Mattok et al. [15]. Briefly, 10 uL of each diluted sample was pipetted into microplate wells,
then 40 uL of CuCl, (10 mM), 50 pL of neocuproine (7.5 mM), and 50 uL of ammonium
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acetate (1 M) were added. The absorbance was measured with a microplate reader (EPOCH
2, BioTek, Winooski, VT, USA) at 450 nm after 30 min incubation in the dark against a blank.
The result was expressed in Trolox equivalents (umol TE/100 g) from the standard curve
(y = 0.026x, 12 = 0.9973).

2.11. HPTLC Analyses

The analyses were performed with the use of the CAMAG (Muttenz, Switzerland)
HPTLC chromatography set, consisting of a semi-automated sample applicator (Linomat
5), an automatic developing chamber (ADC 2), a derivatizer and a visualizer. The extract
samples were applied on the HPTLC plate (HPTLC Silica Gel 60 F254 plates, 20 cm x 10 cm,
Merck, Darmstadt, Germany) in a volume of 5 pL, as 8 mm wide bands. Two different
systems for the mobile phase and derivatization reagent were used: A-mobile phase:
ethyl acetate, acetic acid, formic acid, water (10:1.1:1.1:2.6) and derivatizing agent: Natural
Product Reagent/Polyethylene glycol 400 (NP/PEG); B—mobile phase: chloroform, ethyl
acetate, formic acid (5:4:1) and derivatizing agent: p-anisaldehyde reagent with heating
in 110 °C (10 min). After derivatization, plates were photographed in visible light and
UV (366 nm). The obtained images were analyzed using HPTLC software (Vision CATS,
CAMAG, Muttenz, Switzerland).

2.12. Protein Profiling by SDS-PAGE

Ten samples of goldenrod honey and four reference honey samples (heather, honeydew,
rape and multifloral) were prepared as in previous work with minor modifications [16]. One
gram of raw honey was dissolved in 1 mL of deionized water containing 2% Nonidet P-40
substitute and 2% dithiothreitol. The samples were then mixed 2 to 1 with 4x concentrated
standard Laemmli buffer and were incubated for 5 min at 95 °C. After cooling, 15 uL of
the samples were applied to 15% denaturing gels (with 3% stacking gels). Electrophoresis
was carried out on a Mini-Protean II apparatus (Bio-Rad Laboratories, Hercules, CA,
USA) at 50 V for 15 min and then at 200 V for 1.5 h according to the standard method of
Laemmli, with the BlueEasy Prestained Protein Marker (NIPPON Genetics EUROPE, Diiren,
Germany) as a molecular weight marker and Tris-Glycine-SDS buffer. After electrophoresis,
gels were stained with Coomassie Brilliant Blue G-250. The staining was performed
overnight and then gels were destained for 24 h with deionized water. Gels were scanned
with Image Scanner III (GE Healthcare, Little Chalfont, UK) and processed by LabScan
6.0 (GE Healthcare, Little Chalfont, UK). Gels analysis was performed in Image] (1.52a)
software to generate a graphical representation of each lane on the gel to assist in sample
comparison. For better visualization, individual bands from the SDS-PAGE gel were
contrasted with the profile obtained with the software.

2.13. Yeast Strain and Growth Conditions

The strain used in this study is a reference haploid wild-type yeast Saccharomyces
cerevisiae strain BY4741 (MATa his3A leu2A met15A ura3A; Euroscarf, Germany). Yeast
cells were grown in a standard rich liquid YPD medium (1% Difco yeast extract, 1% yeast
bactopeptone, and 2% (w/v) glucose) on a rotary shaker at 150 rpm or on a solid YPD
medium containing 2% agar. The experiments were carried out at an optimal temperature
for yeast: 28 °C.

2.14. Kinetics of the Yeast Growth Assay

Yeast cells were grown in a liquid YPD medium (1% Difco yeast extract, 1% yeast
bactopeptone, 2% (w/v) glucose) without (control) or with tested honeys or extracts on a
rotary shaker at 150 rpm, or on a solid YPD medium containing 2% agar. The experiments
were carried out at 28 °C. The growth was monitored using an Anthos 2010 type 17 550
microplate reader (Biochrom, Cambridge, UK) at 600 nm by measurements at 2 h intervals
for 12 h. Each experiment was repeated at least three times.
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2.15. Yeast Cell Viability

For determining cell death, standard staining with propidium iodide was used. Briefly,
cells were washed twice in sterile water, suspended in PBS, and stained with 5 mg/mL
propidium iodide (Sigma-Aldrich, Saint Louis, MO, USA) for 15 min in the dark at room
temperature. Fluorescence pictures were taken using an Olympus BX-51 microscope
equipped with a DP-72 digital camera and cell Sens Dimension software. Dead cells were
red fluorescent (Aex = 480 nm; Aem = 520 nm). The data represent the mean values from
three independent experiments. Statistical significance was assessed using Student’s ¢-test
(p <0.01).

2.16. Bacteria Strain, Growth Condition, and Antibacterial Activity

The antibacterial activity of the honey and extracts samples was assessed by monitor-
ing the cell growth of a wide-use Escherichia coli DH5« strain (Thermo Fisher Scientific,
Hennigsdorf, Germany). Bacterial cells were grown in a standard LB medium (LB Broth
Lennox; BioShop, Burlington, Canada) without (control) or with tested honeys or extracts
on a rotary shaker at 180 rpm. The growth was monitored using an Anthos 2010 type 17
550 microplate reader at 600 nm by measurements at 2 h intervals for 12 h. Each experiment
was repeated at least three times. The experiments were carried out at optimal for bacteria
37 °C. The optical density of the culture was monitored every 2 h, at 600 nm wavelength.

2.17. Statistical Analysis

All analyses were performed in triplicates. The results are presented as mean + stan-
dard deviation. Significant differences between data obtained for tested samples were
assessed using Tukey’s test (p = 0.05) or Student’s t-test (p = 0.01). The correlations between
the results were expressed by the Pearson correlation coefficient. Principal component
analysis (PCA) and cluster analysis were carried out to group the test samples according
to the parameters tested. All calculations were performed using Statistica 13.1 software
(StatSoft, Inc., Tulsa, OK, USA).

3. Results and Discussion
3.1. Physicochemical Parameters of Honey Quality

Firstly, the physicochemical parameters were analyzed for 10 goldenrod honeys to
assess their quality regarding obligatory UE standards (Table S1). It can be concluded that
the analyzed samples meet the requirements of the EU Directive of 2014 [17], which clearly
indicates the quality requirements for varietal honeys. It was found that goldenrod honeys
are characterized by a varied water content, which was on average 17.97% but did not
exceed 19.55%, which fulfills guidelines (below 20%). Such moisture content is specific for
Polish nectar honeys and has been reported earlier [18,19].

The mean pH value of the tested honeys was 4.27 and was higher than the results
for goldenrod honeys obtained by Ratiu et al. [20], where the values ranged from 3.31
to 3.67. The inverse relationship was found by analyzing the acidity. Studied goldenrod
honeys had lower values (13.95-32.55 mEq/kg) compared to foreign goldenrod honeys,
where the parameter was in the range of 42.7-49 mEq/kg [20]. This feature can be specific
for Polish nectar honey. Tomczyk et al. [19], examining Polish varietal honeys, found the
lowest mean acidity values for acacia (16.1 mEq/kg), and the highest for multiflorous
honey (37.0 mEq/kg).

Electrical conductivity can help distinguish nectar from honeydew honey. The EU Di-
rective [17] indicates that the conductivity of nectar honeys cannot be lower than 0.2 mS/cm
and not higher than 0.8 mS/cm. In the analyzed goldenrod honey samples, the average
value of the conductivity was in the range of 0.139-0.592 mS/cm, and for four samples,
the value of the tested parameter was below the limit, and the obtained mean value of the
conductivity of 0.263 mS/cm is lower compared to the results obtained by Ratiu et al. [20],
where the tested parameter for goldenrod honeys ranged from 0.331 to 0.669 mS/cm.
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Tested honey samples were characterized by proper sugar profile (data not shown)
and 5-hydoxymethylfurfural (HMF) content not exceeding obligatory limits (Table S1).

Tested samples were strongly diversified in the terms of x-amylase activity, determined
as diastase number (DN). The values of DN were found from 11 to 22 (Table 1). However,
all of the tested honeys are within the applicable limits amounted 8 DN [17]. As the diastase
activity is a known indicator of the biological activity of honey and its overheating, samples
no. 1, 3,5 and 10 can be assumed as the most active honeys. The soluble protein content
ranged from 22 to 89 mg/100 g, which are typical values for Polish light honeys—19.09-
133.18 mg/100 g, for acacia, linden and multifloral honey [13].

Table 1. Protein content and diastase number (DN) of tested honey samples.

Sample 1 2 3 4 5 6 7 8 9 10
Soluble
protein 38.11 + 22,68 + 3891 + 39.01 + 35.39 + 60.79 + 51.72 + 75.31 + 5716+ 8892+
content 7.972 1.282 8.352b 8.98 ab 9.08 2 11.55 bd 14.25 be 8.984d 6.42 bed 10.27
[mg/100 g]
?“‘féfggf 25.96 + 16.92 + 24.40 + 12.20 + 17.68 + 10.68 + 11.41 + 15.09 + 13624+ 2210+
(DN) 0.422 1.15° 0.682 0.85 < 1.25° 0.85¢ 0.00 <@ 0.42 be 0.42 de 0.85f

Means sharing the same letter in a row are significantly different at p = 0.05.

Honey color is a parameter that is visually evaluated by beekeepers in Poland, how-
ever, we measured it by colorimeter (Figure 1). The tested samples of goldenrod honeys
belonged to light varieties except for sample 10, which showed a slightly darker shade,
and it was visible also in higher values of color parameters determined for this sample.
Goldenrod honeys from three countries, studied by Czigle et al. [2] were classified as water
white to light amber for Slovak and Hungarian samples, whereas honeys from Poland had
a color in the range of 0.30 to 7.37 mm Pfund, which puts them in the water white group [2].

100
90
80
70
60
50

40

Color [mm Pfund]

I — c d a
20 63
10
0
1 2 3 4 5 6 7 8 9 10

Pfund scale: >9—water white [ 51-85-light amber

9-17 —extra white B 86—114 —amber
18-34—white B >114-darkamber
35-50—extra light amber

Figure 1. Color analysis of goldenrod honey samples (1-10). Different letters above the bars indicate
significant differences (p = 0.05).
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3.2. Protein Composition

The protein profiles of tested goldenrod honeys were obtained by SDS-PAGE analysis
and compared to other varietal honeys (Figure 2). The presence of specific bands in the
range between 50 and 75 kDa was found as specific for goldenrod honey, whereas all
honeys contain protein fractions at around 60, 70 and 75 kDa.
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Figure 2. Protein profiles of analyzed goldenrod honey samples in comparison to other selected
honeys obtained using SDS-PAGE. Abbreviations: 1-10—goldenrod honeys, Hr—heather honey,
Hd—honeydew honey, R—rapeseed honey, M—multifloral honey, MW—BlueEasy Prestained Pro-
tein Marker.

The heather honey used as reference differs markedly from the rest with distinct
fractions at 40 kDa and 25 kDa. All samples, except heather honey and test samples 6 and
10, have a band at a height of about 48 kDa. However, sample no. 3 as well as honeydew
and multifloral honey have a specific arrangement of bands in the range of 4048 kDa
visible on the gels. These differences are best seen in profiles generated in Image] (Figure 3).
Comparing the course of obtained graphs, the specific fingerprint for goldenrod honey
can be pointed as a typical pattern as in the case of sample no. 1, 2, 4 and 8. Based on
distinct profiles observed for samples 3, 6 and 10, it can be concluded that the variety is not
pure, and the tested honey may originate from various plant sources and even contain an
admixture of honeydew. We obtained similar profiles earlier for varietal honeys, although
no clear peaks in the range of 40-48 kDa were observed in the case of the multifloral honey
analyzed at that time [16]. Previously, the differences in the band pattern on SDS-PAGE
gels between the different types of honey were demonstrated by Baroni et al. [9]. They
also linked characteristic proteins present in plant pollen to those shown on gels for honey
samples. Very similar profiles for varietal honeys were obtained by Muresan et al. [21],
with repetitive proteins in the mass range of 45-85 kDa.
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Figure 3. Detailed analysis of particular SDS-PAGE protein profiles obtained for analyzed goldenrod
honeys (1-10) and four reference honeys (Hr—heather, Hd—honeydew, R—rapeseed, M—multifloral)
in Image] software.

3.3. HPTLC Analysis

HPTLC phenolic profiles obtained with two mobile phase systems as well as two
different derivatizing agents (Figure 4) are similar for most tested samples, allowing
the specification of a typical profile for goldenrod honey and its authentication. The
characteristic, repeating pattern of bands is visible, especially in the case of derivatization
with p-anisaldehyde. In the case of samples 3, 6 and 10, the profiles are significantly
different. In the case of sample 10, it is possible to infer an admixture of honeydew, which is
manifested by characteristic additional pink bands at Rf approx. 0.48 and 0.6. This pattern is
similar to the one we observed earlier for honeydew honey samples [16]. These pink bands
are also present, although less intense, in sample 6. The obtained profiles seem to correlate
with the higher content of phenolic compounds in the three above-mentioned samples
and their stronger antioxidant properties which was particularly observed in sample 10
where the admixture of honeydew could explain the strongest antioxidant properties (see
Section 3.4). In honey number 3, additional intense bands are visible. Figure 4A shows
blue ones at Rf = 0.26 and a series of blue-green between 0.45 and 0.7. A similar series of
bands are clearly visible in sample 6. Figure 4B shows an additional blue band at Rf = 0.11
in sample 3, observed by us earlier in the rape honey sample [16].

20



Foods 2022, 11, 2390

S. gigantea
S. canadensis
S. virgaurea

oo

14
15
16

T & £ & & 2 &8 &
s o © & o o o o
E & E & & 2 8 3

)

- SR ™o < < oo v o [N 0@ oo
1 2 3 4 5 6 7 8 9 10 n 12 13

Figure 4. HPTLC plates images: (A)—developed with eluent system A, derivatized with NP/PEG
reagent, (B)—developed with eluent system B, derivatized with p-anisaldehyde reagent, Track 1-10:
goldenrod honey, track 11: S. gigantea, track 12: S. canadensis, track 13: S. virgaurea.
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Since three of the samples (3, 6 and 10) differ from the others in terms of polyphenol
profiles, we decided to evaluate the flower extract profiles of three species of goldenrod to
check whether the differentiation of the honey profiles is not related to another species of
Solidago as a honeybee flow. The extracts of the individual species differ in particular in
the Rf region between 0.30 and 0.55 (Figure 4A), where the bands derived from flavonoid
glycosides, mainly derivatives of quercetin and/or luteolin, were identified. Solidago
gigantea flowers contain four distinct glycosides, whereas in S. canadensis, only one with the
highest Rf was present in large amounts, and in S. virgaurea, two with lower Rf (0.34 and
0.38), were identified as quercitrin and hyperoside. Rutin was present in all three species
(Rf = 0.18). In addition, in S. canadensis, extracts from the bands of flavonoid aglycones,
quercetin and kaempferol (Rf = 0.82 and 0.84, respectively) were detected. Derivatization
with p-anisaldehyde revealed an additional gray-green band in the S. virgaurea extract at
Rf = 0.13, possibly from some phenolic acid. Based on the comparison of the tracks from
honey and goldenrod flower extracts, it can be theorized that the two most intense bands
present in all three species of flowers (Rf = 0.28 and 0.69, Figure 4A) are most likely derived
from certain phenolic acids, and are also present in most of the analyzed honey samples.

Among the polyphenols mentioned as present in goldenrod honey are mainly phenolic
acids: gallic, 4-hydroxybenzoic, p-coumaric and ferulic [1]. Flavonoids have also been
identified, mainly chrysin, galanagin, pinocembrin, kaempferol, quercetin and luteolin [22].
In flowers of various species of goldenrod, flavonoids were identified: mainly quercetin
glycosides, and also aglycones: quercetin, kaempferol andisoramnetin [23-25]. In addition,
in S. virgaurea flowers, myricetin, naringenin, genistein and pinocembrin were identified [1].
Among phenolic acids, chlorogenic, caffeic and ferulic acids were mainly found in the flow-
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ers of S. gigantea and S. canadensis [23,25] and gallic, 3,4-dihydroxybenzoic and vanillic acids
were found in the flowers of S. virgaurea [1]. The quoted literature data indicate a certain
variability in the polyphenol profile between individual goldenrod species, with S. gigantea
and S. canadensis being more similar to each other than to S. virgaurea. Similar polyphenol
profiles were obtained by HPLC for S. canadensis and S. gigantea by Zekic¢ et al. [26].

To confirm the richest polyphenol profile obtained for S. gigantea, the total content of
phenols, flavonoids and antioxidant activity of the extracts of three species of goldenrod
(flowers and leaves) were analyzed (Table S2). The obtained results also indicate that this
species is the richest in phenolic compounds, which is reflected in its antioxidant capacity.
Moreover, the data shows a high correlation (TPC vs. FRAP: r = 0.991, TPC vs. DPPH:
r=0.972, TPC vs. CUPRAC: r = 0.948). Literature data also indicate this goldenrod species
as richer in polyphenols and antioxidants [27-29]. Based on provided literature data and
own results, some species-specific differences were found; however, no obvious polyphenol
markers were identified that could indicate which species of goldenrod is the source nectar
for the analyzed honeys.

3.4. Antioxidant Properties of Goldenrod Honey

The goldenrod honeys were characterized in terms of the total content of phenols and
flavonoids. The results obtained for ten honey samples are summarized in Table 2.

Table 2. Total phenolics and flavonoids content as well as antioxidant properties of goldenrod honeys.

Sample TPC TFC DPPH FRAP CUPRAC
[mg GAE/100 gl [mg QE/100 gl [umol TE/100 g] [umol TE/100 gl [umol TE/100 gl
1 17.36 £1.69 2 0.31+0.022 22.81 +£12.62° 19.74 +1.742 302.47 £23.49°
2 18.06 £0.75% 0.26 +0.01 24.66 +8.25% 2193 £2.312 379.37 £ 54.01 2
3 31.75 +091° 0.48 4+ 0.02° 29.27 £16.94° 62.28 +-2.74° 625.45 + 46.99 ©
4 22.224+1.89°¢ 0.33 4 0.01 2d 25.58 +15.07 @ 33.11+0.38¢ 333.23 £ 35.52 2
5 1577 £1.952 0.20 +0.03 © 15.44 +£12.452 19.74 £3.29° 640.83 +38.71°
6 25.50 + 1.20 0.36 + 0.01 ¢ 31.34 £14.21° 46.93 +1.004 435.76 +44.40 ¢
7 21.83 +0.69 © 0.34 4 0.022d 2143 +2.39° 33.55 £+ 0.66 © 317.85 + 8.88 ¢
8 18.65 £ 1.64 2 0.30 +0.012 20.28 +4.172 23.46 +1.002 297.34 £49.44°
9 27.78 4 0.454 0.38 +£0.02¢ 20.74 +£2.07 2 4320 4+ 1.00 4 451.14 £ 72.68 ©
10 50.69 & 0.69 © 0.77 £0.01¢ 39.18 £2.882 96.93 + 3.38 ¢ 1168. 87 + 30.76 4

GAE—gallic acid equivalents, QE—quercetin equivalents, TE—Trolox equivalents. Means sharing the same letter
in a column are significantly different at p = 0.05.

The content of phenolic compounds ranged from 15.77 to 50.69 mg GAE/100 g, whereas sam-
ple 10 significantly differed from the others, for which TPC did not exceed 31.75 mg GAE/100 g.
Flavonoids constituted a small percentage of phenolic compounds—on average between
0.2 and 0.4 mg QE/100 g, except for sample 10, containing 0.77 mg QE/100 g. According to
literature data, goldenrod honey belongs to honeys with moderate phenolic content. For
Polish goldenrod honey, this range was 11.29-21.03 [1], 28.4 to 96.6 [30] and even 250 mg
GAE/100 g [31]. The content of flavonoids determined by Jasicka-Misiak et al. [1] was
found at a similar level: 0.93-1.41 mg QE/100 g honey. It is well known that light honeys
are characterized by a lower phenolic content and lower antioxidant activity than dark
honeys [32,33]. The data for the antioxidant capacity expressed by the three methods show
little differentiation of the tested samples. The content of phenols and flavonoids is strongly
correlated (r = 0.986). The FRAP reducing power also strongly correlates with the content of
polyphenols (r = 0.989 and 0.969 for TPC and TFC, respectively). There are three of them: 3,
6 and 10, and regardless of the method used, they achieved the highest results. Similar data
for Polish honeys were obtained earlier. The FRAP reducing ability of Polish goldenrod
honeys ranged from 60.57 to 235 pmol TE/100 g [30] and the antiradical activity (DPPH)
was 44.9 pumol TE/100 g [31]. In the latest study comparing goldenrod honeys from Poland,
Slovakia and Hungary, Polish honeys were the weakest among the compared [2]. This
proves the high variability even within one honey variety, due to climatic conditions and
the exact composition of the flora.
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3.5. Statistical Analysis

To confirm the hypothesis resulting from the analysis of the presented results: samples
3, 6 and 10 are not typical goldenrod honeys, and a multivariate statistical analysis was
performed. In the first step, principal components analysis (PCA) was used, by which the
samples were grouped using the projection of cases onto the factor plane (PC 1 x PC 2)
(Figure 5). Samples 3 and 10 clearly differ from the others; also sample 6 can be considered
as different, located on the negative side of the PC 1 principal component. Among the
honey samples considered typical for goldenrod, two groups can be distinguished: samples
4,6,7and 9 aswellas 1,2 and 5.

3.0

25 ¢

20

oo

15}

1.0 b

oo™

05}

0.0 ¢

PC 2: 10.56%

o

o—
ol

-20

-25 - : - : - : : :
-12 -10 -8 -6 -4 -2 0 2 4 6
PC 1: 69.02%

Figure 5. PCA score plot of tested goldenrod honey samples (1-10).

A cluster analysis was also performed, taking into account the tested honey parameters
(Figure 6). The analysis showed the greatest differences for sample 10, which is confirmed
by the highest bond distance. For samples 3 and 6, some similarities were demonstrated
with other samples considered typical, 5 and 9, respectively, which may indicate the
presence of admixtures to the base honey, which significantly changes its properties. The
highest degree of similarity was shown by samples 1, 2, 4, 7 and 8, which was presented
earlier with the use of SDS-PAGE protein and polyphenolic HPTLC profiles.
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Figure 6. Tree diagram based on the average values of tested parameters for goldenrod honey
samples (1-10).

3.6. Antimicrobial Activity

Various types of honey have been tested for their antibiotic or bacteriostatic activity
for a long time, increasing our knowledge of the subject. Therefore, the next purpose of this
study was to enhance general knowledge about goldenrod honey’s bacteriostatic (against
Escherichia coli) and fungicidal (against budding yeast) activities using four representative
samples: 4 and 8 (with typical protein and HPTLC profiles) and 3 and 4 (with distinct
features). First, we compared the growth rates of both yeast and bacteria cells. As can be
seen in Figure 7A, 80% and 60% honeys completely stopped the growth of microbial cells,
respectively. Then we diluted the solutions of the analyzed honeys in microbiological media
in the ratio of 1: 5. As shown in Figure 7B, bacterial growth was much more restricted than
yeast’s. The most powerful inhibitory effect on yeast was found with 80% honey solutions
4 and 8. During the first 6 h, we found no significant differences in the effect of honey
on bacteria. A slightly higher bacteriostatic effect was observed in the second part of the
experiment with 80% and 60% of honey 3 (Figure 7B). Then, we diluted the honeys 1:10.
Compared to the untreated honey control, yeast cell growth was only slightly inhibited
(Figure 7C). In turn, this dilution significantly inhibited bacterial growth, especially in
honey solution 3 (Figure 7C). In summary, we observe concentration-dependent inhibition
of microorganism growth, especially bacteria.
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Figure 7. The effect of increasing doses of selected goldenrod honey samples (3, 4, 6 and 8) on

budding yeast (left) and bacterial (right) growth. (A)—undiluted honey samples, (B)—samples in
dilution 1:5 (200 mg/mL), (C)—samples in dilution 1:10 (100 mg/mL).

We then tested whether goldenrod honey and its 80% solution affected yeast viability.
The dead cells were determined by fluorescently detecting the number of propidium iodide-
labeled dead cells after incubation with honey and honey solution for 4 h at 28 °C. Figure 8
shows that the analyzed honeys do not cause 100% death of yeast cells, indicating that the
arrest of growth is caused by the arrest of the cell cycle rather than the death of cells. Honey
8 displayed the highest fungicidal activity (7.67%). Meanwhile, no difference in survival
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was observed between honeys 3, 4 and 6. It is interesting to note that yeast cells treated
with 80% honey solution survived at a rate of 44.67%. In conclusion, goldenrod honey
does not cause cell death in all yeast species. It is necessary to conduct further research to
identify a yeast cell population that is resistant to honey. The age of the cell and sensitivity
of young cells possibly play a role here.
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Figure 8. The fungicidal activity of selected goldenrod honey samples (no. 3, 4, 6 and 8).

It is well known that the components of honey show different activities against various
microorganisms. Honey activity is dependent on the plant species, the weather conditions
and the natural properties of the nectar [34]. The use of honey as a drug for the treatment
of disease dates back to 2000 BC. Aristotle first described honey as “good for sore eyes and
wounds” [35]. However, only a few decades ago, the first scientific reports confirmed the
antibacterial and antifungal properties of honey. It has been shown many times that honey
has strong antimicrobial properties against most fungi and bacteria that cause wound
and surgical infections. The microorganisms were grown in both aerobic and anaerobic
conditions. As was shown, growth inhibition was complete in the media containing 100%,
partial in media containing 50% and no inhibition was produced by 20% of honey. Pure
honey was therefore an ideal wound dressing agent, at least on a topical basis, for surgical
infections, burns and wound infections [36].

Currently available agents are no longer effective against many dermatophytes. It
seems that medicine, especially dermatology, has an urgent need for new effective antifun-
gal agents suitable for the treatment of superficial skin infections. A recent study showed
that Agastache honey had fungicidal activity against dermatophytes and yeast Candida
albicans at 40% concentration [37]. Some previously report show that honey samples from
different floral sources significantly inhibit the growth of few yeast species e.g., Candida
albicans, C. krusei, C. glabrata and Trichosoporon spp. Inhibition of growth tests was found
to depend on the type and concentration of honey and the pathogen tested [38]. In our
previous study, we reported that honeys enriched with chokeberry fruits had anti-bacterial
and anti-viral properties [39]. Here, we showed that goldenrod honey has antifungal
properties that significantly inhibit yeast growth, but do not result in the death of the entire
population. There are likely to be two factors contributing to this: the hydration of the
honey and the goldenrod flowering in autumn. It is possible that some species of bacteria
and yeast may ferment this honey because it has no antiseptic properties. Apparently, these
data are crucial for beekeepers, for example, in the context of honey dehydration or honey
fermentation in hives.
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4. Conclusions

Protein and polyphenols profiling was used to verify the authenticity of 10 honey
samples declared by beekeepers as goldenrod. The conclusions from the obtained vari-
etal fingerprints (specific for 70% of the evaluated samples) were supported by standard
physicochemical parameters and antioxidant activity of honey as well as PCA and cluster
analysis. For selected samples, the antimicrobial effects against model bacteria and yeast
strains were verified. HPTLC polyphenolic profiles comparison for honey and extracts of
three Solidago species did not allow to determine of an exact botanical source of honey. It
was found that SDS-PAGE and HPTLC assays allow for obtaining the protein and polyphe-
nol fingerprints for goldenrod honey authentication. Final recognition of these methods
requires confirmation for other honey varieties.
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Abstract: Bee pollen represents an important bee product, which is produced by mixing flower
pollens with nectar honey and bee’s salivary substances. It represents an important source of phenolic
compounds which can have great importance for importance for prophylaxis of diseases, particularly
to prevent cardiovascular and neurodegenerative disorders, those having direct correlation with
oxidative damage. The aim of this study was to characterize 24 bee pollen samples in terms of
physicochemical parameters, organic acids, total phenolic content, total flavonoid content, individual
phenolics compounds, fatty acids, and amino acids from the Nort East region of Romania, which
have not been studied until now. The bee pollen can be considered as a high protein source (the mean
concentration was 22.31% d.m.) with a high energy value (390.66 kcal/100 g). The total phenolic
content ranged between 4.64 and 17.93 mg GAE/g, while the total flavonoid content ranged between
4.90 and 20.45 mg QE/g. The high protein content was observed in Robinia pseudoacacia, the high
content of lipids was observed in Robinia pseudoacacia pollen, the high fructose content in Prunus spp.
pollen while the high F/G ratio was observed in Pinaceae spp. pollen. The high TPC was observed in
Prunus spp. pollen, the high TFC was observed in Robinia pseudoacacia pollen, the high free amino
acid content was observed in Pinaceae spp. pollen, and the high content of PUFA was reported in
Taraxacum spp. pollen. A total of 16 amino acids (eight essential and eight non-essential amino acids)
were quantified in the bee pollen samples analyzed. The total content of the amino acids determined
for the bee pollen samples varied between 11.31 pug/mg and 45.99 pg/mg. Our results can indicate
that the bee pollen is a rich source of protein, fatty acids, amino acids and bioactive compounds.

Keywords: bee pollen; physicochemical parameters; fatty acids; amino acids

1. Introduction

Bee pollen is collected by honeybees (Apis spp.) and is stored and used as food for all
development stages in the hive [1]. Bee pollen is a honey bee derivate that is produced
by mixing flower pollens with nectar (and/or) honey and bee’s salivary substances. The
main compounds found in the bee pollen are: proteins (10-40% in dry weight), carbohy-
drates (13-55% in dry weight), lipids (1-13% in dry weight), dietary fibers (0.3-20% in dry
weight), phenolic compounds (up to 2.5% in dry weight), fatty acids, minerals, amino acids,
carotenoids and vitamins [2]. The phenolic compounds (e.g., flavonoids and phenolic acids)
presented in the bee pollen are of a great interest for pharmaceutical industry due to their
great importance for prophylaxis of diseases, particularly to prevent cardiovascular and
neurodegenerative disorders, those having direct correlation with oxidative damage [3].
Given its unique composition, bee pollen is consumed as a food supplement and scien-
tists considered that it is an important functional food [2,4,5] and was reported to have
strong health properties such as antioxidant, antiallergen, anti-inflammatory, antiulcer,
immune-stimulating, antimicrobial and anticarcinogenic [6,7]. The chemical composition
of bee pollen is influenced by different factors such as: floral source, geographical ori-
gin, and harvesting technique [8-10]. Carbohydrates represent 13-55% in dry weight of
the bee pollen depending on botanical and geographical origin of the product; the main
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carbohydrates present are fructose, glucose and sucrose (more than 90% of the total carbo-
hydrates content) [11]. Proteins represent a high percentage of bee pollen (10-40% in dry
weight), but the amino acids define much better the biological value of the bee pollen; they
play an important role in human nutrition (e.g., in metabolism, reduce excessive body fat,
modulates gene expression, enhances skeletal muscle) [12-15]. The essential amino acids
presented in the bee pollen represent 34.59% to 48.49% of the total content of amino acids;
the main amino acids presented are aspartic acids, leucine, glutamic acid, proline and ly-
sine [16]. The bee pollen was reported to have a high antioxidant activity mainly due to the
polyphenols which generate a high free radical scavenging potential [10,14,17-20]. Among
the phenolic compounds reported to be determined in the bee pollen were: kaempferol,
caffeic acid, quercetin, isoquercetrin, galangin and chrysisn; the glycosides of isorhamnetin,
quercetin and kaempferol are the predominant flavonoids in bee pollen [3,21,22]. Bee pollen
is a rich source of oil (1-13% in dry weight) and in consequence an important source of
fatty acids for hive development; they are important not only for their role as a structural
component for cell membranes and energy, but also for their role for bees health [12,23-27].
The main fatty acids presented in the bee pollen are saturated fatty acids (e.g., myristic
acid (C14:0), palmitic acid (C16:0), and stearic acid (C18:0)) followed by unsaturated fatty
acids (e.g., oleic acid (C18:1), linoleic acid (C18:2), and alpha-linolenic acid (C18:3)) [28].
There were reported two polyunsaturated fatty acids (linoleic acid (omega-6 fatty acid) and
alpha-linolenic acid (omega-3 fatty acid)) in the bee pollen, which cannot be biosynthesized
by humans and bees [25].

In the last year there has been a high interest from humans and the scientific commu-
nity for using natural sources as alternatives for synthetic drugs, however the knowledge
regarding the bee pollen from Romania is little, and the consumption of it is not high. To
gather the two demands, it is necessary to classify the pollen according to the botanical
origin and to deeply characterize it from physicochemical point of view in order to achieve
its characteristics. Bee pollen can be used as a food supplement due to its positive effects as
an antioxidant or antimicrobial effects; moreover, the low content of sugars and saturated
fatty acids make the bee pollen a perfect component for food diets [7,29]. The composition
of bee pollen is correlated to the botanical origin, geographical origin (the climatic and
pedological factors influence the chemical composition) and the processing techniques
used [29,30].

Nowadays, the bee pollen is considered a functional food product due to its high
nutritional value and chemical composition (e.g., vitamins, carotenoids, phenolic com-
pounds) [5]. The bee pollen extracts can be used for complementary treatment of different
diseases (e.g., benign prostatic hyperplasia, vasomotor symptoms), but the most important
compounds that may pose a high pharmacological activity are phenolic acids, fatty acids,
flavonoids, carotenoids [31]. In the market, the bee pollen can be found as capsules, gran-
ules, pellets and powders [32], and the daily recommended dose for an adult is from 20 to
40 g [5].

The aim of this study is to characterize 24 samples of bee pollen in terms of physico-
chemical parameters (pH, free acidity, protein content, oil content, moisture content), fatty
acids, amino acids, carbohydrates, organic acids, individual phenolics compounds and
FT-IR spectra. Until now there have been no other studies related to the characterization of
bee pollen samples from the North-East part of Romania.

2. Materials and Methods
2.1. Bee Pollen Samples

A total of 24 samples of bee pollen from the North East part of Romania were collected
in 2020 from spring to autumn, and the samples were dried. The samples were kept at
—20 °C prior to analysis.
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2.2. Materials

H,SO4 (37%), NaOH (>99%), metaphosphoric acid (>99%), gluconic acid (>99%),
formic acid (>99%), butyric acid propionic acid (>99%), lactic acid(>99%), acetic acid
(100%), rosmarinic acid (>99%), p-coumaric acid(>99%), chlorogenic acid (>99%), vanil-
lic acid (>99%), caffeic acid (>99%), p-hydroxybenzoic acid (>99%), protocatechiuc acid
(>99%), gallic acid (>99%), kaempferol (>99%), quercetin (>95%), luteolin (>99%), myricetin
(>99%), methanol (>99%), fructose (>99%), glucose (>99%), sucrose (>99%), melesitose
(>99%), raffinose (>99%), AICI3 (>99%), sodium carbonate (>99%), trichloroacetic acid
(>99%) were purchased from Sigma Aldrich (Germany). Fatty acids methyl esters (FAME)
mix was purchased from Restek, (Bellefonte, PA, USA, 35077). Alanine, sarcosine, glycine,
a-aminobutyric acid, valine, $-amino isobutyric acid, internal standard, leucine, allo-
isoleucine, isoleucine, threonine, serine, proline, asparagine, thioproline, aspartic acid, me-
thionine, 3-hydroxyproline/4-hydroxyproline, phenylalanine, glutamic acid, x-aminoadipic
acid, a-aminopimelic acid, glutamine, ornithine, glycyl-prolizine—2 isomers, proline-
hydroxyproline, histidine, lysine, tyrosine, tryptophan, cystathionine and cystine were
purchased from Phenomenex (Torrance, CA, USA).

2.3. Methods
2.3.1. Palynological Analysis

The palynological analysis was conducted as follows: 2 g of bee pollen was prepared
by dissolving and washing it in HySO4 (5%0), and placed on the slide [33]. The slide was
examined using a Primostar 3 KMAT Carl Zeiss microscope at 400 x magnification. The
pollen frequencies were determined based on the Louveaux et al. (1978) methodology, and
were divided into four categories as: predominant pollen (>45% of the total pollen detected);
secondary pollen (16-45%); minor important pollen (3-15%); minor pollen (<3%) [33].

2.3.2. Determination of Routine Physicochemical Parameters: Moisture Content, Water
Activity, pH and Free Acidity

e  Moisture content

A total of 1 g of sample was weighed and heated at 103 °C for 2 h for start, weighted
after cooling and heated again until constant weight was obtained [18].

o Water activity
Water activity was measured using a water activity meter AquaLab Lite (Decagon, USA).
e  pHand free acidity

2 g of bee pollen was mixed with 5 mL of water, after homogenization the solution
was filtered and titrated with NaOH 0.05 M [17]. The pH was determined on the same
solution using a Metler Toledo pH meter Seven compact S210. All the measurements were
carried out in triplicate.

2.3.3. Proximate Composition of Bee Pollen

The nutritional value of the bee pollen involved the determination of total lipid (AOAC
920.85), total protein (AOAC 978.04) and ash (AOAC 920.85) [34]. All the measurements
were carried out in triplicate. Carbohydrates were determined by difference. The energetic
values of the bee pollen were determined as:

Energy (kcal) = 4 x (g protein + g carbohydrates) + 9 x (g lipid) 1)
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2.3.4. Determination of Organic Acids

A total of 0.5 g of bee pollen was mixed with 2.5 mL 4% metaphosphoric acid (w/v),
after homogenization the solution was centrifuged for 10 min at 5000 rpm. The supernatant
was filtered using a 0.45 pm filter prior analysis. The determination was carried out on
a high performance liquid chromatograph Shimadzu (Kyoto, Japan) with diode array
detector. The separation of the organic acids (gluconic acid, formic acid, butyric acid
propionic acid, lactic acid and acetic acid, respectively) was made using a Phenomenex
Kinetex® 5 um C18 100 A HPLC Column 250 x 4.6 mm [35]. The mobile phase consisted
of a mixture of 0.5% metaphosphoric acid and acetonitrile (50/50, v/v), and the flow rate
was set at of 0.8 mL-min~!. The injection volume was set at 10 pL. The detector was set
at 210 nm. The organic acids were expressed as mg/kg dry mater. All the measurements
were carried out in triplicate.

2.3.5. Determination of Free Sugars

A total of 1g of bee pollen was mixed with 20 mL of methanol and filled to 50 mL
with water. The solution was centrifuged for 10 min at 5000 rpm; the supernatant was
transferred into a 50 mL flask and filled with water. The solution was filtered using a
0.45 um filter prior analysis. The separation of the free sugars (fructose, glucose, sucrose,
melesitose and raffinose) was made on Schimadzu HPLC instrument (Kyoto, Japan) with
RID (refractive index detector). A Phenomenex Luna® Omega 3 um SUGAR 100 AHPLC
Column 150 x 4.6 mm (Torrance, CA, USA) was used for the separation. The mobile
phases were acetonitrile and water in a mixture of 80:20 (v/v). The flow rate was set
at 1.3 mL-min~!; column and detector temperature was 30 °C and the sample volume
injection was 10 pL. The free sugars were expressed as % reported to dry mater. All the
measurements were carried out in triplicate.

2.3.6. Bee Pollen Extracts for the Determination of Phenolic Compounds

The extraction procedure was carried out as follows: 0.1 g of bee pollen was mixed
with 25 mL of 80% methanol and ultrasonicated for 30 min at 50 °C. After the heating, the
solution was transferred into a centrifuge tube and centrifuged for 5 min at 5000 rpm. The
supernatant was collected, filled up to 50 mL with 80% methanol and kept at 4 °C for TPC,
TFC and individual phenolics compounds determination.

2.3.7. Determination of Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)

Total phenolic content (TPC) determination: 0.1 mL of bee pollen extract was mixed
with 1.9 mL water, 0.1 mL of Folin Ciocalateau reagent, the mixture was homogenizated for
2 min and after it 0.8 mL of 5% sodium carbonate was added. The mixture was kept at 40 °C
for 20 min and cooled down in an ice bath for stopping the reaction. The total phenolic
content was determined at 750 nm, based on a gallic acid calibration curve expressing the
results as gallic acid equivalent (mg GAE/g) dry mater [35]. All the measurements were
carried out in triplicate.

Total flavonoid content (TFC) determination: 0.2 mL of bee pollen extract was mixed
with 2 mL of methanol and 0.1 mL of 5% AICI3 (prepared in methanol). The solution was
left for 30 min at room temperature and its absorbance was measured at 425 nm. The
concentration was determined based on a quercetin calibration curve expressing the results
as mg quercetin equivalent/g (mg QE/g) dry mater [35]. All the measurement were carried
out in triplicate.
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2.3.8. Determination of Individual Phenolic Compounds

The phenolic acids (rosmarinic acid, p-coumaric acid, chlorogenic acid, vanillic acid,
caffeic acid, p-hydroxybenzoic acid, protocatechiuc acid, gallic acid) and flavonoids
(kaempferol, quercetin, luteolin and myricetin) were determined from the methanolic
extract using a high performance liquid chromatograph Shimadzu (Kyoto, Japan) with
diode array detector. The separation was carried out on a Zorbax SP-C18 column, with
150 mm length, 4.6 mm i.d. 5 um-diameter particle was used for the separation [35]. The sep-
aration of the compounds were realized on a system with 0.1% acetic acid (mobile phase A)
and acetonitrile (mobile phase B) based on the elution range described by Palacios et al. [36]
as: min 0—A 100%, min 6.66—B 5%, min 66.66—B 40% and min 74—B 80%. The flow
rate was set at 1 mL-min !, and the injection volume was 10 pL. Gallic acid, vanillic acid,
protocatechuic acid and p-hydroxybenzoic acid were determined at 280 nm, and chloro-
genic acid, p-coumaric acid, caffeic acid, rosmarinic acid, myricetin, quercetin, luteolin and
kaempherol were determined at 320 nm, respectively. The phenolics compounds were
expressed as mg/kg dry mater. All the measurements were carried out in triplicate.

2.3.9. Determination of Total Free Amino Acids

For the extraction and identification of free amino acids, 1.75 = 0.1 g of sample was
mixed with 15 mL of 15% trichloroacetic acid (TCA). The pH of the mixture was adjusted
to 2.2 (isoelectric precipitation point of the proteins) and the extract was further diluted
to 25 mL with 15% trichloroacetic acid. Then, the supernatant was collected and filtered
using 0.45 um microfilters. A total of 100 uL of filtered supernatant was subjected to
the determination of organic components, using the EZfaast GC-MS kit (Phenomenex,
Torrance, CA, USA), following the protocol given by the manufacturer. Identification and
separation of free amino acids was performed using a gas chromatograph coupled with a
mass spectrometer (MS) equipped with a Zebron TM ZB-AAA column (10 m x 0.25 mm,
film thickness: 0.25 um). Injection: split 1:15, carrier gas: helium 1.1 mL/min, oven
program: 30 °C/min from 110 °C to 320 °C. The MS parameters: source temperatrure
240 °C, scan range 45-450 m1/z, sampling rate 3.5 scans/s. The identification of each amino
acid was performed by calculating the area of each “peak” and comparing it with a standard
consisting of 33 amino acids (alanine, sarcosine, glycine, x-aminobutyric acid, valine, (3-
amino isobutyric acid, internal standard, leucine, allo-isoleucine, isoleucine, threonine,
serine, proline, asparagine, thioproline, aspartic acid, methionine, 3-hydroxyproline/4-
hydroxyproline, phenylalanine, glutamic acid, a-aminoadipic acid, x-aminopimelic acid,
glutamine, ornithine, glycyl-prolizine—2 isomers, proline-hydroxyproline, histidine, lysine,
tyrosine, tryptophan, cystathionine and cystine). The results are expressed as j1g/mg bee
pollen; all the determinations were carried out in triplicate.

2.3.10. Fatty Acids Determination Using GC-MS

Prior the analysis, the bee pollen was extracted for 48 h with n-hexane at room
temperature [37]. The bee pollen oil (0.1 g) was mixed with 1 mL of n-hexane and 1 mL of
15% BF3 in methanol. The mixture was thermostated for 15 min at 60 °C in a water bath. The
mixture was cooled to 20 °C and mixed with 5 mL of NaCl saturated solution, after mixing
the solution was centrifuged for 5 min at 3000 rpm. The supernatant was filtered with a
0.45 um nylon filter and kept at —20 °C prior analysis. The separation of the fatty acids
methyl esters was carried out on SUPELCOWAX 10 column (60 m x 0.25 mm i.d., 0.25 pm
film thickness; Supelco Inc., Bellefonte, PA, USA) using a Shimadzu GC-MS instrument
(GC MS-QP 2010 Plus, Shimadzu, Japan) equipped with an AOC-01 auto-injector that was
used to perform the gas chromatographic-mass spectrometric analyses. The initial oven
temperature was 140 °C and was increased to 220 °C at a rate of 7 °C/min and then held at
this temperature for 23 min. The flow rate of the carrier gas (He) and the split ratio were
0.8 mL/min and 1:24, respectively. Identification of FAMEs was done by comparing their
retention times to those of known standards (37 component FAME Mix, Restek, Bellefonte,
PA, USA, 35077) and the resulting mass spectra to the ones from our database (NIST MS
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Search 2.0) [17]. The results are expressed as ng/g bee pollen; all the determinations were
carried out in triplicate.

2.3.11. Determination of FT-IR

The bee pollen spectra in the wave number range of 4000-650 cm™" was recorded
using a Nicolet i-20 spectrophotometer (Thermo Scientific, Waltham, MA, USA) with ATR
module in absorbance mode. The bee pollen spectra were analysed using Spectra Gryph-
spectroscopy software (Version 1.2.11). Each sample was ground into powder and filtered
with 200 mesh, pressed and analysed directly on the ATR module. Each spectra was
the media of 32 scans at a resolution of 4 cm~!. All the measurements were carried out
in triplicate.

1

2.4. Statistical Analysis

The results were submitted to analysis of variance (ANOVA) using Statgraphics
Centurion XIX software (trial version, Statgraphics Technologies, Inc., The Plains, VA, USA).
Tukey (HSD)/ Analysis of the differences between the categories with a confidence interval
of 95% was used. Principal component analysis (PCA) was performed using Unscrambler
X software version 10.1 (Camo, Norway).

3. Results and Discussion
3.1. Botanical Origin of the Bee Pollen

The melissopalynological analysis of the bee pollen is presented in Table 1 and covers
the identified plant families, species and genera presented. According to the analysis,
neither one sample has reached 80% of a one single pollen to be considered as monofloral.
From the 24 samples analyzed, 20 samples had a pollen which represented more than 45%
of the pollen variability (five samples with Helianthus annuus, five samples with Robinia
pseudoacacia, two samples with Pinaceae spp., two samples with Quercus spp., two samples
with Prunus spp. and one sample with Zea mays, Tillia spp. Crataegus monogyna Taraxacum
spp., respectively), while in the case of four samples neither one pollen type has reached
the 45% level. Secondary pollens were found: Robinia pseudoacacia, Tilia spp. and Helianthus
annuus. Minor pollens were observed Fagus sylvatica, Corylus spp., Taraxacum spp., Vicia
spp., Salicaceae spp., Sophora spp., Poaceae spp., Trifolium spp., Asteraceae spp., Urtisaceae
spp., Pinaceae spp., Cucumber spp., Castaneae spp., Oleaceae spp., Allium spp., Plantago spp.,
Myrcia spp., Fireweed spp., Mimosa spp., Cucumber spp. Pollen botanical origin from the
pollen pellets may vary according to the region of collection, and vegetation available for
bees at the collecting moment.

Table 1. Palynological analysis: Plant species giving the predominant, secondary, important minor
and minor pollen in the analyzed bee samples.

Sample Dominant Secondary Important Minor Pollen Minor Pollen
Code Pollen Pollen (4-15%) (<3%)
(>45%) (16-44%) ° ’
Robinia pseudoacacia
. B Zea mays Quercus spp.
st Hetianthus annus Tilia spp. Betulus pendula
Fagus sylvatica
Corylus spp.
. B Taraxacum spp. Carduus spp.
52 Pinaceae spp. Vicia spp. Ambrosia spp.

Helianthus annuus
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Table 1. Cont.

Sample Dominant Secondary Important Minor Pollen Minor Pollen
Code Pollen Pollen (4-15%) (<3%)
(>45%) (16-44%)
. . Conicum spp.
S3 Helianthus annuus - th) bmza pseudoacacia Vicia spp.
Tilia spp. .
Pruunus spinosa
Allium spp. .
S4 Tillia spp. Helianthus annuus ?;QZSICZZ(ZESSPP'
Asteraceae spp. SOPY PP-
Helianthus annuus
B ) Taraxacum spp.
S5 Quercus spp. Prunus spp.
Zea mays
Trlfqlzym il . Fabaceae spp.
Robinia pseudoacacia Conictim s
S6 - - Helianthus annuus pp-
Fagus spp.
Poaceae spp. Ulmit s
Vicia spp. PP-
. . Asteraceae spp. Rosaceae spp.
S7 Robinia pseudoacacia - :
Urtisaceae spp. Prunus spp.
S8 Quercus spp. - Pinaceae spp. Castaneae spp.
Cucumber spp.
S9 Robinia pseudoacacia - Castaneae spp. Rosaceae spp.
Prunus spp.
Oleaceae spp.
Trifolium spp.
Robinia pseudoacacia
510 - - Urticaceae spp. Quercus spp.
Castanea spp.
S11 Zea mays Trifolium spp. Quercus spp.
. Vicia spp.
S12 Helianthus annuus Robinia . - Pruunus spinosa
pseudoacacia -
Tilia spp.
Helianthus annuus
S13 Crataegus monogyna - Taraxacum spp Robinia pseudoacacia
Quercus spp.
S14 Helianthus annuus Tilia spp. Asteraceae spp. Taraxacum spp.
Plantago spp.
515 Taraxacum spp. - Quercus spp.

. Taraxacum spp. Ambrosia spp.
s16 Quercus spp- Castaneae spp. Helianthus annuus
S17 Robinia pseudoacacia Helianthus annuus Taraxacuum spp-. Tilia spp.

Castaneae spp.
S18 Robinia pseudoacacia Helianthus annuus  Tilia spp. Taraxactim spp.
Castaneae spp.
Taraxacum s Robinia pseudoacacia
S19 Prunus spp. - pp- Helianthus annuus

Quercus spp.

Teucrium spp.
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Table 1. Cont.
Sample Dominant Secondary Important Minor Pollen Minor Pollen
Code Pollen Pollen (@-15%) (<3%)
(>45%) (16-44%) ° ’
Prunus spp.
520 Pinaceae spp. - Fagaceae spp. Asteraceae spp.
Gramineae spp.
Zea mays
Myrcia spp. Salix s
521 - - Helianthus annuus Tumxaffr;t
Fireweed spp. SPP-
Mimosa spp.
522 Prunus spp. Cucumber spp. Quercus spp.
Salicaceae spp. Humulus spp.
523 Robinia pseudoacacia - Sophora spp. Salicaceae spp.
Poaceae spp. Allium spp.
. ) Quercus spp.
524 Helianthus annuus - Robinia pseudoacacia Vicia spp.

Tilia spp.

Pruunus spinosa

3.2. Routine Physicochemical Parameters: Moisture Content, Water Activity, pH and Free Aciditiy

In Table 2 are presented the physicochemical properties of bee pollen samples analyzed.
The stability and the shelf life of bee pollen is influenced strongly by the pH and the
titratable acidity; these two parameters are a good indicator of the dynamic microbial
activity [14]. The bee pollen pH ranged between 3.90 and 5.84 with a mean of 4.60 (p < 0.05);
the values are in agreement with those reported in the case of pollen from Tuscany, Portugal,
Greece and India [8,27,38]. The free acidity ranged between 124.58 and 306.90 meq/kg
with a mean of 215.51 meq/kg (p < 0.05); the magnitude of free acidity confirmed the acidic
nature of the bee pollen. The free acidity of the samples were in agreement with those
reported for Colombian bee pollen [39] and Brazilian bee pollen [40]. Moisture content
ranged between 2.96% and 11.90% (p > 0.05), with an average of 5.00%, which confirms
the dry characteristics labeled by the beekeepers on the products; the moisture content
was much lower than those reported for bee pollen from Colombia, Italy and Spain [22],
but in agreement with the levels determined in Brazilian bee pollen [40]. According to
the literature, the moisture content of dry bee pollen should be between 6 to 8% to ensure
the bee pollen quality and stability [29]. The water activity is correlated to the stability
and shelf life of a product; a high water activity stimulates the growth of microorganisms
(e.g., molds, yeasts) and can cause pollen toxicity due to mycotoxins formation [8]. The
water activity ranged between 0.17 and 0.55 (p < 0.05), with an average of 0.29, in agreement
with those reported for bee pollen from Portugal, Spain and Colombia [22,41].
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3.3. Proximate Composition of Bee Pollen

Protein content ranged between 15.74 and 27.92% (p < 0.05) with an average of 22.31%,
which confirms the important role of bee pollen for human nutrition. The level of pro-
teins was in agreement with those reported from Brazil (12.28% to 27.07.%) [40], Spain
(15.19-20.23%), Colombia (21.6%) and Italy (19.5%) [22]. Gardana et al. observed a lower
content in terms of proteins (12.3%) for bee pollen from Spain [22]. The great variability
of protein level in the 24 samples analyzed might be influenced by the floral sources,
geographical origin and/or storage conditions.

Lipids are considered the third group of substances present in the bee pollen, after
carbohydrates and proteins, and are vital for the generation of royal jelly. The lipids ranged
between 2.24 and 7.30% (p < 0.05), with a mean concentration of 4.49%. The principal
compounds are triglycerides, carotenoids and sterols [42].

Ash represents 2.29 to 4.02% (p < 0.05) of the bee pollen with a mean of 3.18%, in
agreement with the literature [17]. In the case of energy value of the bee pollen it was
368.19 to 407.68 kecal /100 g (p < 0.05), with a mean of 390.66 kcal /100 g; this fact confirms
the importance of this bee product for human nutrition.

3.4. Free Sugars of Bee Pollen

The carbohydrates represent the main compounds present in the bee pollen; the main
compound determined was fructose followed by glucose, melesitose, trehalose, sucrose,
maltose, raffinose and turanose in the bee pollen [4]. Fructose and glucose were in the
same range as those reported for bee pollen from Colombia, Italy and Spain, while sucrose
was much lower (5.1-6.2% for Colombia, Italy and Spain, and for the samples analysed in
this study) [22]. In other studies, others sugars were reported such as arabinose, melibiose,
isomaltose, melesitose, ribose, turanose and trehalose but they do not represent more than
1% of them [43]. The fructose/glucose ratio was between 1.13 and 2.43 (p < 0.05) with a
mean ratio of 1.46. The Spanish bee pollen was reported to have a fructose/glucose ratio
between 1.13 and 1.53 [44], the Polish bee pollen was reported to have a fructose/glucose
ratio between 1.03 to 2.51 [30], while the Brazilian bee pollen was reported to have a
fructose/glucose ratio between 1.01 to 2.24 [40]; one possible reason of the differences
between the samples may attributed to the harvesting seasons [30,40].

3.5. Organic Acids of Bee Pollen

In this study the presence of gluconic acids, formic acid, lactic acid, acetic acid, succinic
acid, propionic acid and butyric acid was investigated, and the results are presented in
Table 3. As can be observed from the Table 3, the major organic acid was gluconic acid,
followed by lactic acid, acetic acid and propionic acid. Formic acid, succinic acid and
butyric acid were not present in any of the samples. Similar levels from gluconic acid, lactic
acid and acetic acid were reported by Kalaycioglu et al. [45] in the case of bee pollen from
Turkey. The lactic acid presented in the bee pollen is probably the result of the fermentation
process during the fermentation of carbohydrates using lactic acid bacteria present in the
bees’ stomach [46]. The organic acids present preservation potential from foods and are
promoted as a new generation instead of antibiotics, so the bee pollen can be considered a
potential preservation agent [45,46]. The absence of formic acid and butyric acid represents
a good indicator that the bee pollen is not contaminated with undesired microorganisms.
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3.6. TPC, TFC and Individual Phenolics Compounds

In the Table 3 the total phenolic content, total flavonoid content and individual
phenolics compounds of bee pollen are presented. The TPC ranged between 4.64 and
17.93 GAE mg/g (p < 0.05) while the TFC ranged between 4.93 and 20.45 QE mg/g. The
significant differences (p < 0.05) were found between TPC and TFC of pollen extracts from
different sources which might be due to variation in the botanical origins as well as different
climatic conditions. The values of TPC were in the same range as those reported for Indian
bee pollen (9.79-35.63 GAE mg/g) [10] and Brazilian pollen (6.50 to 29.20 mg GAE/g) [47].
Regarding the TFC, the values are in agreement with those reported for Brazilian bee pollen
(0.30-17.50 mg QE/g) [47] and Indian bee pollen (9.72-15.62 GAE mg/g) [10]. From the
phenolics compounds studied, gallic acid and caffeic acid were not reported in any samples
studied. The protocatechiuc acid and p-hydroxybenzoic acid were only observed in one
sample (S2—sample with more than 45% of the pollen from Pinaceae spp.), vanillic acid was
reported in three samples (S1, S3 and 524) and chlorogenic acid in five samples (51, S12, S18,
521 and S23). The other phenolics studied were more present in the pollen samples. The
major compound found was quercetin (519—sample with more than 45% of the pollen from
Prunus spp.), followed by myricetin (516—sample with more than 45% of the pollen from
Quercus spp.) and kaempferol (523—sample with more than 45% of the pollen from Robinia
pseudoacacia). The Brazilian bee pollen [48] had a similar concentration of chlorogenic
acid and vanillic acid; from 56 samples just two samples contained gallic acid and three
caffeic acid, so their findings are similar to ours and we can conclude that bee pollen is
not a source of this phenolic acids; the p-coumaric acid, quercetin and kaempferol were
in a much lower concentration than those reported in this study which may be attributed
to the different botanical or geographical origin of the samples. Thakur and Nanda [10]
reported that flavonoids are influenced by the botanical origin of the bee pollen (catechin:
0.94-19.10 mg /100 g; rutin: 4.81-24.83 mg /100 g; quercetin: 3.14-15.94 mg/100 g; luteolin:
1.06-5.86 mg /100 g; kaempferol: 0.12-9.35 mg/100 g; and apigenin: 0.46-3.02 mg/100 g),
quercetin and kaempferol were the major flavonoids reported by them but in lower concen-
tration than in this study.

3.7. Total Free Amino Acid Composition

As the data presented in Table 4 states, 16 amino acids (eight essential amino acids
and eight non-essential amino acids) were quantified in the bee pollen samples analyzed,
and there was observed a significant difference in terms of amino acids concentration
between the samples (p < 0.05). The total content of the amino acids determined for the
bee pollen samples varied between 11.31 pug/mg (sample 21) and 45.99 pg/mg (sample
4). These values were comparable to those reported for the total free amino acid content
of commercial bee pollen from Colombia (25.3 + 1.0 mg/g), Italy (29.4 + 0.7 mg/g) and
Spain (30.8 + 0.2 mg/g) [22], and higher than the total amino acids content of bee pollen
from floral sources such as sunflower (12.20 g/100 g) and rape (12.25 g/100 g) [49]. From
the data presented, in the samples analyzed in our study, the most abundant essential
amino acids were histidine (values of 0.29-2.30 pg/mg), lysine (0.14-0.74 pg/mg) and
phenylalanine (0.12-0.43 pg/mg). Histidine was found to predominate in the bee pollen
collected during autumn, while high levels of lysine and phenylalanine were determined
in bee pollen collected during winter [50]. The distribution of these essential amino acids
in the analyzed bee pollen was therefore in accordance with the period when the samples
were collected. Leucine, isoleucine and tryptophan were detected in low amounts, and
similar findings were reported for monofloral bee pollen of Geranium botanical origin [15].
Glutamic acid was the main amino acid in all bee pollen samples, with values that varied
between 0.34 and 18.77 ug/mg, followed by aspartic acid (0.01-14.08 ug/mg) and proline
(2.79-7.19 pg/mg). Glutamic acid, aspartic acid and proline were also reported as the major
amino acids in different bee pollen varieties (coconut, coriander, rapeseed and multifloral)
from India [27]. The variation of the amino acid content was found to be influenced by
both botanical origin and processing and storage conditions. In regard to the processing
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and storage conditions, previous studies reported that glutamic acid is the most abundant
amino acid in bee pollen that is freshly collected, while proline is the free amino acid that is
found in high amounts in well dried and stored bee pollen [22]. In the case of our study,
the high content of glutamic acid was well correlated to the fact that the bee pollen samples
analyzed in this study were freshly collected.

3.8. Fatty Acids Composition

For the bee pollen samples analyzed in this study, 19 fatty acids were quantified
by the GC-MS method. The total content of fatty acids of the bee pollen samples varied
between 81.69 ug/g (sample 10) and 645.72 ug/g (sample 24) (Table 4). The unsaturated
fatty acids were predominant (UFA; 62.65-927.50 ug/g), of which levels of 7.51-88.69 ng/g
were determined for monounsaturated fatty acids (MUFAs) and 43.86-838.82 ug/g for
polyunsaturated fatty acids (PUFAs). The main MUFAs were oleic acid (C18:1 (Z)-octadec-
9-enoic acid) and 11-eicosenoic acid (C20:1 (cis-11) (Z)-icos-11-enoic acid), which were also
reported as prevalent in Brassica napus pollen from India [27]. Of the PUFAs, y-linoleic
acid (C18:3 (all-cis-6,9,12) octadeca-6,9,12-trienoic acid) and linoleic acid (C18:2 (all-cis-9,12)
(9Z,12Z)-octadeca-9,12-dienoic acid) were determined in high levels in all pollen samples.
By comparison, in 18 bee pollen samples from Turkey and Romania, Margaoan et al. [51]
determined a higher content of «-linoleic acid than linoleic acid. In our study, «-linoleic
acid was quantified only in samples 3 and 4. Palmitic acid (C16:0 hexadecanoic acid) and
stearic acid (C18:0 octadecanoic acid) were determined as the main saturated fatty acids
(SFA); these two fatty acids were also reported as the predominant saturated fatty acids
in the bee pollen from 11 different floral sources from Taiwan [25] and in commercial bee
pollen samples from Colombia, Italy and Spain [22]. C15:0 pentadecanoic acid and C17:0
heptadecanoic acid were determined in lower amounts and were found in less than half
of the bee pollen samples analyzed in this study. When studying the fatty acids profile of
bee pollen, the ratio between UFA and SFA is of great importance. It was considered that a
value of the UFA /SFA ratio higher than 1 is characteristic of bee pollen with considerable
nutritional value, while a value below 1 indicates degradation of unsaturated fatty acids
due to storage and dehydration process [50]. For the 24 bee pollen samples analyzed in
our study, the UFA /SFA ratio varied between 1.86 and 5.78 and was comparable with the
values of 2.2-6.7 reported for the bee pollen from India [27] and the 1.9-2.2 UFA /SFA ratio
calculated for commercial bee pollen from Colombia, Italy and Spain [22].
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3.9. FTIR-ATR Spectroscopy of Pollen

The FTIR-ATR spectra of 24 pollen samples, recorded in absorbance mode in the
mid-infrared region, is presented in Figure 1. The broad band around 3290 cm™' that was
observed in all pollen samples corresponded to O-H stretching vibration due to the pres-
ence of water [52,53]. As it was previously reported that the moisture content of fresh pollen
varies between 21 and 30% [9], the presence of a broad band in this spectral region was ex-
pected. Between 3000 and 2850 cm™!, two peaks were identified in all the samples analyzed:
a peak around 2920 cm™" and one around 2850 cm™, both assigned to C-H stretching, and
mainly CH; and CHj3 vibrations of lipids, proteins and carbohydrates [52]. For one pollen
sample (sample 4) a small peak was found at 2360 cm™! and was also attributed to C-H
stretching vibrations of lipids [54]. Furthermore, another signal corresponding to lipids,
and namely the peak at 1740 cm™!, which is characteristic of stretching vibrations of C=O
groups, was prominent in some pollen samples; previous research found that this signal
shows large variation within pollen samples of related plant species [55]. In the spectra of
all pollen samples, peaks were observed at 1650 cm™ and 1540 cm™ that were attributed to
stretching vibrations of amide I and II [56]. Characteristic of all samples was also the peak
at 1414 cm™! that was assigned to asymmetric in-plane bending of the -CHj group [53].
The peak in the region between 1350 and 1200 cm™! was assigned to amide III, and more
precisely an in-phase combination of N-H deformation vibrations and C-N stretching vi-
brations [56]. All samples had high absorption peaks around 1030 cm™ that corresponded
to stretching vibrations of saccharides and proteins, and were also reported for crude pollen
and defatted pollen samples in our previous study on the extraction of polyphenols from
crude pollen [17]. In the spectral range between 1200 and 500 cm™, which is considered
the fingerprint region of pollen, the peaks observed for the analyzed samples were due to
C-0 and C-C stretching vibrations, and their variation among pollen samples indicated
differences in the saccharide, protein and lipid composition. This overlapped the region
of 1500-800 cm™!, where characteristic signals were attributed to C-O and C-C stretching
vibrations of flavonoids and phenolic compounds [57].

. ' . . = = . . ' . . . . |
2500 2000 1500 1000
‘Wavenumbers (cm-1)

. '
3000

Figure 1. Bee pollen FT-IR spectra in the region 4000-650 cm 1.
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3.10. Principal Component Analysis

The PCA was conducted based on the analysis discussed in order to discriminate the
bee pollen samples based on their botanical origin. The first two principal components
(PC1 and PC2) explained 77% of the data variance (PC1 explained 50% of the data variance,
while PC2 explained 27% of the data variance). The PC1 is influenced strongly by lipids
and negatively by raffinose and C18:2, the PC2 is influenced positively by quercetin while
myricetin influences it negatively. Propionic acid, C17:1, TFC and asparagine do not
influence the projection of the scores due to their closeness to the origins of the two PC. As
can be seen in Figure 2A, the samples with high percentage of Helianthus annus, Robinia
pseudoacacia, Pinaceae spp., Quercus spp. and Prunus spp. formed clusters which confirms
that the analysis carried out is useful for their discrimination. Regarding the polyfloral bee
pollen it can be observed that the samples are near on the other one but they include in their
region the bee pollen from Crataegus monogyna, Tilia spp. and Taraxacum. The Quercus spp.
and Crataegus monogyna exhibited a high myricetin content, while Prunus spp. exhibited a
high quercetin content. The Helianthus annus samples exhibited a high free acidity, C18:0,
F/G, lactic acid, lipids and C20:1. The polyfloral samples exhibited a high by raffinose and
C18:2, myricetin and raffinose (Figure 2B). The Robinia pseudoacacia pollen samples were
associated with C15:0, chlorogenic acid, turanose, maltose, C17:0, and p-hydroxibenzoic
acid. A high positive correlation between moisture content and water activity (r = 0.898),
moisture content and F/G (r = 0.818) was observed. The lipids content was positively
correlated with C18:1 [trans-9]) + (C18:1 [cis-9] (r = 0.812), C18:2 [cis-9,12] (r = 0.898), C18:3
[cis-6,9,12] (r = 0.852), C22:2 [cis-13,16] (r = 0.772), MUFA (r = 0.796), PUFA (r = 0.870),
UFA (r = 0.869) and SFA (r = 0.825). The TPC and TFC were correlated positively with
quercetin (r = 0.579, r = 0.705) and kaempferol (r = 0.705, r = 0.679). The protein content
was correlated with proline (r = 0.309) and asparagine (r = 0.302). The energetic value
was correlated negatively with moisture content (r = —0.527), and positively with lipids
(r =0.587), sucrose (r = 0.328), MUFA (r = 0.620) and PUFA (r = 0.591).

Scores.
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0.2

0.1
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. Pinaceae

Robinia
Rbbinia

0.1 Robinia )
. Robinia

Crataegus
- Robinia

0.2

03
-03 -02 -01 0 01 02 03

PC-1 (50%)

(A)

Figure 2. Cont.
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Figure 2. Principal component analysis scores (A) and loadings (B) of the bee pollen based on
their physicochemical, organic acids, sugars, TPC, TFC, phenolics compounds, amino acids, fatty
acids: a—scores, b—loadings, Fa-free acidity, Mo—moisture content, Fa-lipids, p-protein content,
Fru-fructose, Glu-glucose, Suc-sucrose, Tur-turanose, Mal-maltose, Tre-trehalose, Mel-melesitose,
Raf-raffinose, GluA-gluconic acid, LacA-lactic acid, AceA-acetic acid, ProA- propionic acid, TPC-total
phenolic content, TEC-total flavone content, p-a—protocatecuic acid, 4-h-a—p-hydroxibenzoic acid,
C-a—chlorogenic acid, p-c-A—p-coumaric acid, R-a—rosmarinic acid, V-A vanillic acid, Ala-alanine,
Sar-Sarcosine, Gly-glicine, Val-valine, Leu-leucine, Iso—isoleucine, Thr-threonine, Ser-Serine, Pro-
Proline, Asp-asparagine, AspA-aspartic acid, Phe-phenylalanine, GluA-glumatic acid, His-histidine,
Lys-lysine, Tyr-tyrosine, Tryp-tryptophan.

4. Conclusions

In this study, we established that bee pollen is a rich source of protein, polyphenols,
fatty acids, organic acids and amino acids. The organic acids (gluconic, lactic, acetic and
propionic acids) provide antimicrobial properties for foods and are promoted as a new
generation alternative to antibiotics, so bee pollen can be considered a potential preservation
agent. The high protein content was observed in Robinia pseudoacacia, the high content of
lipids was observed in Robinia pseudoacacia pollen, the high fructose content in Prunus spp.
pollen while the high F/G ratio was observed in Pinaceae spp. pollen. The high TPC was
observed in Prunus spp. pollen, the high TFC was observed in Robinia pseudoacacia pollen,
the high free amino acid content was observed in Pinaceae spp. pollen, and the high content
of PUFA was reported in Taraxacum spp. pollen. A total of 16 amino acids (eight essential
amino acids and eight non-essential amino acids) were quantified in the bee pollen samples
analyzed. Predominant were the unsaturated fatty acids (UFA; 62.65-927.50 pug/g), of
which levels of 7.51-88.69 ug/g were determined for monounsaturated fatty acids (MUFAs)
and 43.86-838.82 ug/g for polyunsaturated fatty acids (PUFAs). According to the data
obtained, bee pollen can be considered a complex matrix with a high potential as food
supplement or source of bioactive compounds for the pharmaceutical industry.
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Abstract: Bee pollen as a nutrient-rich functional food has been considered for use as an adjuvant for
chronic disease therapy. However, bee pollen can trigger food-borne allergies, causing a great concern
to food safety. Our previous study demonstrated that the combined use of cellulase, pectinase and
papain can hydrolyze allergens into peptides and amino acids, resulting in reduced allergenicity of
bee pollen based on in vitro assays. Herein, we aimed to further explore the mechanisms behind
allergenicity alleviation of enzyme-treated bee pollen through a BALB/c mouse model. Results
showed that the enzyme-treated bee pollen could mitigate mice scratching frequency, ameliorate
histopathological injury, decrease serum IgE level, and regulate bioamine production. Moreover,
enzyme-treated bee pollen can modulate metabolic pathways and gut microbiota composition in mice,
further supporting the alleviatory allergenicity of enzyme-treated bee pollen. The findings could
provide a foundation for further development and utilization of hypoallergenic bee pollen products.

Keywords: bee pollen; enzyme-treatment; allergenicity alleviation; metabolism; gut microbiota

1. Introduction

Bee pollen as a natural food source is regarded as an excellent nutritional supplement
for human consumption. It contains a variety of nutrients including proteins, carbohydrates,
lipids, polyphenols, and many other nutrients [1]. Bee pollen also displays a variety
of beneficial health properties, such as antioxidant, antibacterial, hepatoprotective, and
cardioprotective activities [2,3]. By 2024, the global bee pollen market is expected to reach a
value of USD 720 million according to Marketwatch.com. Global bee pollen consumption
shows an upward trend with increasing numbers of consumers regarding bee pollen as a
nutritional supplement. However, bee pollen consumption can cause a number of clinical
allergic symptoms in certain individuals with allergies [4,5]. In addition, bee pollen can
induce cross-allergic reactions when consumed with other foods [6-8]. The potential
allergenicity of bee pollen has become one of the key issues limiting the development and
utilization of bee pollen. Developing an efficient approach for reducing the allergenicity of
bee pollen is thus necessary for expanding its further utilization.

Enzyme treatment is a critical food processing technique that can increase the nu-
tritional value and reduce the allergenicity of foods. Furthermore, this technique is low
cost and highly efficient [9]. Currently, a-chymotrypsin, trypsin and flavourzyme are
widely used to reduce the allergenicity of certain allergenic foods, such as peanuts [10,11],
soybean [11,12], and wheat [13]. Enzyme treatment has also been applied to break down
the pollen wall and release nutrients contained within [14]. In our previous study, cellu-
lase, pectinase and papain were combined and used for allergen degradation into small
peptides and amino acids, resulting in decreased bee pollen allergenicity based on in vitro
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assays [15]. In this study, we aim to further clarify the mechanisms of allergenicity allevia-
tion of enzyme-treated bee pollen on the changes in serum allergic mediators, metabolic
pathways, and gut microbiota composition.

Immunoglobulin (Ig) E-mediated type I hypersensitivity accounts for the vast majority
of food allergies [16]. As a high-IgE response strain, the BALB/c mouse is suitable for
IgE-mediated food allergy research, such as egg- [17,18], milk- [19], fish- [20] and peanut-
induced [21,22] hypersensitive reactions. Recently, BALB/c mice were adopted to study
the pathogenesis of allergy syndrome caused by oral pollen [23], providing the basis for
the selection of an in vivo model in our study. Additionally, food allergies can activate
the release of cytokines such as interleukin(IL)-4, IL-5, IL-13, and other mediators that can
induce the production of IgE antibody in B cells [16]. Food allergies can also cause changes
in host metabolism and gut microbiota. Some studies have applied metabolomics to
investigate IgE-mediated food allergies [24-26]. A close association between food allergies
and the dysbiosis of gut microbiota was also proposed in numerous studies [27-29]. The
immune system can be influenced by host metabolic disorders and gut microbiota dysbiosis,
although the related mechanism remains unclear [30].

To further clarify the mechanisms behind allergenicity alleviation of enzyme-treated
bee pollen, the BALB/c mouse model was used to investigate the regulatory effects of
enzyme-treated bee pollen on the production of serum allergic mediators, changes in
metabolic pathways, and gut microbiota composition. Bee pollen samples were treated with
a combination of cellulase, pectinase and papain, and mice were fed enzyme-treated and
non-enzyme-treated bee pollen, respectively. The scratching behavior and histopathological
injury were evaluated to identify the allergic state in mice. Subsequently, the mice serum
was collected for allergic mediator and metabolite assays. Mice fecal DNA was extracted
for gut microbiota composition analysis. Our findings might provide a basis for further
development and utilization of hypoallergenic bee pollen products.

2. Materials and Methods
2.1. Reagents and Apparatus

Imject™ Alum Adjuvant (No. 77161) was obtained from Thermo Scientific Inc. (Pitts-
burgh, PA, USA). Ovalbumin (OVA) was obtained from Sigma-Aldrich Inc. (Saint Louis,
MO, USA). BCA protein assay kit was obtained from Beyotime Biotechnology Co., Ltd.
(Shanghai, China). Goat anti-mouse IgE antibody and HRP-labeled donkey anti-goat IgG
antibody were obtained from Abcam Inc. (Cambridge, UK). DAB peroxidase substrate kit
was purchased from Solarbio Co., Ltd. (China). The HPLC-grade acetonitrile, methanol,
ammonium formate and formic acid were obtained from Fisher Scientific (Pittsburgh, PA,
USA). Ultrapure water was collected from Millipore Milli-Q system (Bedford, MA, USA).
Cellulase (400 U/myg), pectinase (500 U/mg) and papain (800 U/mg) were obtained from
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Ultrafiltration centrifugal tube (15 mL,
10 kDa) was purchased from Millipore Inc. (Bedford, MA, USA). Other reagents were
purchased from Sigma-Aldrich Inc. (Saint Louis, MO, USA).

2.2. Enzymatic Treatment of Bee Pollen

Bee pollen samples (composed of more than 92% Brassica campestris pollen accord-
ing to palynological counting) were collected from the beekeeping base of the Institute
of Apicultural Research (IAR), Chinese Academy of Agricultural Sciences (CAAS). The
sample was lyophilized after grinding into powder, and then sterilized by irradiation at
7 kGy. Cellulase, pectinase and papain were used for enzymatically treating bee pollen
as described in our previous study [15]. In brief, 10 mL of Millipore water and 5 g of bee
pollen powder were combined and vortexed for 5 min. For two kinds of enzyme-treated
bee pollen (2E-BP) groups, 3000 U cellulase and 3000 U pectinase were added into the
sample. For three kinds of enzyme-treated bee pollen (3E-BP) groups, 3000 U cellulase,
3000 U pectinase and 3000 U papain were added into the sample. All samples were ad-
justed to pH 4.0 with vitamin C solution, and then incubated at 45 °C for 24 h. A vacuum
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freeze dryer was used for sample lyophilization, and samples were stored at —80 °C for
further study.

2.3. Protein Sample Preparation

Bee pollen protein was extracted using water and 5% NaCl solution under ultrason-
ication for 45 min, respectively. The mixture was centrifuged at 3, 500 g for 15 min. The
supernatant was then filtered with a nylon membrane (22 um). The filtered solution was
subsequently ultrafiltered using a Millipore ultrafiltration tube (15 mL, 10 kDa) at 3500 g
for 30 min. The protein concentration of the ultrafiltration retentate was detected using a
BCA protein assay kit.

2.4. Animal Experiment

The animal experiments were conducted in Beijing Animal Experimental Center. The
Animal Ethics Committee of IAR, CAAS (Beijing, China) provided approval for the animal
experimentation. The registration number is CAAS-IAR-ER0046. Female BALB/c mice
(6-week-old, 16-20 g) were kept in cages, housed in a 12-h light-dark cycle at 20-24 °C and a
relative humidity of 50 £ 5%, and supplied with filtered pathogen-free air, standard AIN-93
laboratory diet and sterile water. After acclimation for one week, all mice were randomly
divided into five groups (1 = seven per group), and named as CK, OVA, BP, 2E-BP and
3E-BP. The mice administration procedure is shown in Figure 1A. Briefly, mice in all groups
were given a standard diet and water. For the CK group, mice were intraperitoneally
injected with a saline solution every seven days for 28 days; but for the OVA group (as
a positive control), mice were injected intraperitoneally with 0.2 mL of 0.1 mg/mL OVA
solution (containing 1% Alum Adjuvant) every seven days for 21 days, and finally injected
with 0.2 mL of 0.5 mg/mL OVA solution (containing 1% Alum Adjuvant) on the 28th
day; for BP, 2E-BP and 3E-BP groups, mice were injected intraperitoneally with 0.2 mL
of 0.5 mg/mL BP, 2E-BP and 3E-BP solution (containing 1% Alum Adjuvant) every seven
days for 21 days, respectively, and finally injected with 0.2 mL of 2.5 mg/mL BP, 2E-BP and
3E-BP solution (containing 1% Alum Adjuvant) on the 28th day, respectively. The frequency
of scratching behavior was observed and recorded 15 min after final injection. Mice were
sacrificed after intraperitoneal injection with an excitation dose of samples for 30 min on
the 28th day. The blood was extracted from eyes, and then centrifuged at 3000 rpm for
10 min for serum collection.

B Scratching behavior
159
Sacrificed
Adaption I a
period l
I 1 1 1 g 10
T T T 1 s a
7 days 7hday  14hday  21tday 28" day §
f
I | J 5
T v "
Base dose Excitation dose b
Intraperitoneal injection Intraperitoneal injection |l|

CK OvA BP 2EBP JEBP

Figure 1. BALB/c mice administration schedule. (A) Scratching frequency of mice in different
treatment groups. (B) Different letters indicate a significant difference among different groups
(p <0.05).

2.5. Histopathological Testing

The formalin-fixed spleen tissue was embedded in paraffin. Next, the spleen tissue
was sliced into sections and stained with toluidine blue (TB) and GIMSA separately. The
sections were observed using a Nikon Eclipse Ci microscope (Tokyo, Japan).
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2.6. Detection of Allergy Indexes in Mice Serum
2.6.1. Detection of IgE Antibody in Mice Serum

The protein concentration in mice serum was detected by BCA protein assay kit. The
serum (containing 40 ug protein) was added onto a nitrocellulose membrane (4 cm x 4 cm).
After being dried, the membrane was incubated with 5% (w/v) BSA solution at 25 4= 2 °C for
1 h, and then incubated in 5% BSA solution containing 1:2000 diluted goat anti-mouse IgE
antibody for 1 h. After washing the membrane with TBS-T solution, it was then incubated
in 5% BSA solution containing 1:1500 diluted HRP-labeled donkey anti-goat IgG antibody
for 1 h. After washing the membrane with TBS-T solution, the spots on the membrane were
developed using a DAB color developing kit. Finally, the dried and developed membrane
was imaged using an HP scanner, and the relatively quantitative analysis of dot intensity
on the membrane was processed using Image J (Version 1.53).

2.6.2. Bioamine Detection via UPLC-QQQ-MS/MS

To detect the changes of bioamines in mice serum, 50 uL serum was mixed with 200 uL
methanol, and then centrifuged at 13,000 g for 15 min. The supernatant was filtered with
a nylon membrane (22 pm). Samples were separated using an Agilent 1290 Infinity II
series UPLC system equipped with an Agilent Zobax Eclipse C18 Rapid Resolution HD
column (2.1 mm x 100 mm, 1.8 um). Mobile phases A and B were water (containing 2 mM
ammonium formate and 0.1% v/v formic acid) and methanol, respectively. The gradient
was set as follows: 1 min, 2% B; 4 min, 15% B; 4.5 min, 98% B; 6 min, 98% B; 6.1 min, 2% B;
post time 3 min, 5% B. An Agilent 6470 ESI-QQQ system was adopted for MS acquisition.
Mass spectrometry parameters were set as follows: 250 °C, gas temperature; 7 L/min,
drying gas flow rate; 30 psi, nebulizer pressure; 325 °C, sheath gas temperature; 11 L/min
sheath gas flow rate. The precursor ion, product ion, collision energy and fragmentor are
listed in Table S1 in Supplementary Materials.

2.6.3. Metabolomics Analysis via UPLC-QTOF-MS/MS

To determine the changes of metabolites in mice serum, 50 uL serum was mixed with
200 uL methanol, and centrifuged at 13,000 g for 15 min. The supernatant was extracted
and filtered with a nylon membrane (22 pm). Sample separation was accomplished using a
UPLC system of Agilent 1290 Infinity II series. The UPLC system was equipped with an
Agilent Eclipse Plus C18 Rapid Resolution HD column (2.1 mm x 100 mm, 1.8 m). The
mobile phases and gradient were set as described [31]. For MS acquisition, an Agilent 6545
ESI-Q-TOF mass spectrometer was employed. The mass spectrum parameters were the
same as our previous publication [31]. Reference ions 112.985587 and 1033.988109 were
used for real-time calibration during acquisition in negative ionization mode. Metabolites
were identified with the METLIN Database (DB). Metabolites with DB scores above 80
and mass error lower than 5 ppm (0.0005%) were screened as biomarkers for statistical
analysis. Metabolic pathway analysis was conducted using MetaboAnalyst 4.0 and KEGG
online platform.

2.7. Microbiota Analysis

The fecal DNA of mice was extracted using a commercial E.Z.N.A.® DNA kit from
Omega Bio-Tek Inc. (Norcross, GA, USA). DNA concentration and purity were deter-
mined via NanoDrop2000 from Thermo Fisher Scientific Inc. (Pittsburgh, PA, USA). The
1% agarose gel electrophoresis was used for DNA quality assay. A thermocycler PCR
system (ABI GeneAmp® 9700, Thermo Fisher Scientific, Waltham, MA, USA) was adopted
for the amplification of 16 S rRNA gene in the hypervariable region of bacterial V3-V4,
conducting with the universal primers 338F (5'-~ACTCCTACGGGA GGCAGCAG-3') and
806R (5'-GGACTACHVGGGTWTCTAAT-3'). An AxyPrep DNA gel extraction kit (Axygen
Inc., Corning, NY, USA) was applied to purify the amplified products, and a Quantus™
fluorometer (Promega Inc., Madison, WI, USA) was used for the quantification of the puri-
fied products. An Illumina MiSeq System (Illumina Inc., San Diego, CA, USA) was adopted
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for the paired-end sequencing of amplicons. The raw Illumina data was quality-filtered
and merged using FASTQ version 0.20.0 software and FLASH version 1.2.7 software, re-
spectively. Sequences with more than 97% similarity were clustered into the same amplicon
sequence variants (ASVs) by DADA2 plugin of Qiime2 version 2020.2 software. The ASVs
taxonomic assignments were performed using the naive Bayes consensus taxonomy clas-
sifier based on SILVA 16S rRNA database (v 138). The analysis of 16S rRNA microbiome
sequencing data was conducted by bioinformatic tools on Majorbio i-Sanger cloud platform
(http:/ /en.majorbio.com). The alpha-diversity and beta-diversity analysis, Kruskal-Wallis
H test, and linear discriminant analysis effect size (LEfSe) analysis were performed based
on the Majorbio i-Sanger cloud platform.

2.8. Data Analysis

The variance t-test and ANOVA analysis were performed using SPSS version 21.0
software at a 95% confidence level. The Multi-experiment viewer (MEV) version 4.9
software was applied to heat-map analysis.

3. Results and Discussion
3.1. Enzyme-Treated Bee Pollen Alleviates Mice Scratching Behavior

The itch-associated response is a typical allergic reaction and can be used as an
indicator for the evaluation of anaphylaxis levels [32,33]. To reflect the level of anaphylaxis,
scratching frequency of mice was recorded. As shown in Figure 1B, the mice in OVA
group exhibited the highest scratching frequency after injection. There was no significant
difference in the scratching frequency of mice between OVA and BP groups. However,
the mice in 2E-BP and 3E-BP groups exhibited significantly less scratching frequency than
the mice in OVA and BP groups. This indicated that enzyme-treated bee pollen alleviates
mice scratching behavior, and that enzymatic treatment can reduce the allergenicity of
bee pollen.

3.2. Enzyme-Treated Bee Pollen Mitigates Histopathological Injury in Mice

Mast cells and granulocytes play important roles in food allergy. Specifically, FceRI as
a kind of IgE receptor existing in mast cells and basophils can be activated by crosslinking
with allergen-specific IgE antibodies, leading to the release of allergic mediators responsible
for the early- and late-phase of allergic reactions [16,34,35]. Herein, the mast cells and
granulocytes in mice spleen were visualized by TB and GIEMSA staining, respectively.
As shown in Figure 2, there are significantly more mast cells and granulocytes (marked
with red arrows) in OVA and BP groups than in CK group, while there is no significant
difference in the 2E-BP and 3E-BP groups compared with the CK group. This revealed that
enzyme-treated bee pollen mitigates histopathological injury in mice.
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Toluidine blue staining

GIMSA staining

Figure 2. Histopathological changes in mouse spleen in different treatment groups. Mast cells and
granulocytes stained separately with toluidine blue (TB) and GIMSA are marked with red arrows.

3.3. Enzyme-Treated Bee Pollen Decreases the Production of IgE Antibodies in Mice Serum

Generally, food allergy is an IgE-mediated type I hypersensitivity, which can in-
duce immune cells to produce IgE antibodies [36-38]. Dot-blot assay was used to semi-
quantitatively analyze the level of IgE antibodies in mice serum. As shown in Figure 3A,
OVA and BP treatment induced a significant increase in mice serum IgE levels. However,
mice serum IgE levels in the 2E-BP and 3E-BP groups exhibited a notable decrease com-
pared with that in BP group. This suggested that enzyme-treated bee pollen could decrease
the production of IgE antibodies in mice serum due to a reduction in allergic reactions.
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Figure 3. Changes in allergic mediators including IgE antibody (A), histamine (B), tryptamine (C),
serotonin (D), spermine (E), spermidine (F) and octopamine (G) in mice serum of different treatment
groups. Different letters indicate a significant difference among different groups (p < 0.05).

3.4. Enzyme-Treated Bee Pollen Modulates the Bioamine Level in Mice Serum

Serum bioamines are critical indicators that reveal the allergic status of the body.
The UPLC-QQQ-MS/MS technique was conducted to discover the changes in levels of
bioamines in mice serum. Histamine (HIS) is a key allergic mediator released by mast cells
and basophils, which can regulate T helper (Th) lymphocytes to produce inflammatory
cytokines [39,40]. As shown in Figure 3B, the HIS level in the OVA and BP groups was
significantly higher than that in the CK group; while there was no significant difference
among the CK, 2E-BP and 3E-BP groups. Regulating T lymphocytes (Treg) contributes to
the acquisition of allergy tolerance [41]. Tryptamine (TRP) and 5-Hydroxymethyltryptamin
(5-HT) can interact with immune cells, triggering the conversion of Tregs to Th17 cells [42].
As shown in Figure 3C,D, both the levels of TRP and 5-HT were significantly higher in the
BP group than that in the CK, 2E-BP and 3E-BP groups, suggesting that 2E-BP and 3E-BP
could alleviate allergic reactions in mice. Spermine (SP) and spermidine (SPD) have been
reported to provide protective effects by inhibiting the development of allergic asthma [43].
As shown in Figure 3E,E the level of SP in BP, 2E-BP and 3E-BP groups was significantly

59



Foods 2022, 11, 3454

Relative Abundance

06087

higher than that in the CK and OVA groups; and the level of SPD in BP and 2E-BP groups
was significantly higher than that in the CK, OVA and 3E-BP groups. This was attributed
to the fact that bee pollen contains a certain amount of SP and SPD which can increase their
levels in serum after ingestion [44]. Octopamine (OCT) is also one of the allergic mediators
with proinflammatory effects to the body [45]. As shown in Figure 3G, the OVA and BP
groups exhibited a higher level of OCT than the CK, 2E-BP and 3E-BP groups, indicating
the alleviatory effect of 2E-BP and 3E-BP on food allergy.

3.5. Enzyme-Treated Bee Pollen Regulates Metabolism in Mice Serum

Food allergy can induce metabolic disorders. Herein, the metabolomics analysis of
mice serum was performed to explore the metabolism changes in mice serum. The metabo-
lites with significant changes (p < 0.05; Fold Change > 2) among different groups were
screened and enriched into corresponding pathways. As shown in Figure 4, the contents of
(R)-3-hydroxybutanoic acid and abietic acid in CK, 2E-BP and 3E-BP groups were signifi-
cantly higher than that in the OVA and BP groups; while the content of cholesterol sulfate
in BP, 2E-BP and 3E-BP groups was notably lower than that in the CK and OVA groups. All
of these significantly changed metabolites were enriched in two main metabolic pathways:
(1) Steroid biosynthesis; (2) Butanoate metabolism.
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Figure 4. The changed metabolites and involved metabolic pathways in mice serum of different
treatments groups. Different letters indicate a significant difference among different groups (p < 0.05).

As reported, steroid hormones exert various immunologic functions, for instance,
steroid hormones can alleviate the clinical symptoms of allergic asthma [46,47]. Addition-
ally, steroid hormones can contribute to the production of specific T cells, thereby exhibiting
anti-inflammatory effects [48]. Butanoate metabolism was also closely associated with
immune system function, for instance, butyrate helps enterocytes maintain their function-
ality and the integrity of intestinal mucosa, thereby preventing inflammation caused by
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pathogens [49]. Moreover, butyrate can reduce enterocyte inflammation by defending
against oxidative stresses [50]. Moreover, the reduction of butyrate caused by the imbal-
ance and dysfunction of gut microbiota leads to the aggravation of allergic reactions [51].
Therefore, enzyme-treated bee pollen might reduce the allergic reactions by regulating
steroid biosynthesis and butanoate metabolism in mice serum.

3.6. Enzyme-Treated Bee Pollen Regulates the Composition of Gut Microbial Structures

Furthermore, food allergy can induce an imbalance of gut microbiota associated with
the immune system. As shown in Figure 5A,C, the Ace, Chao and Shannon indices were
higher in the BP, 2E-BP and 3E-BP groups than that in the OVA groups, indicating that bee
pollen can increase x-diversity of gut microbiota in mice. As shown in Figure 5D,E, 2E-BP
and 3E-BP groups were well-separated with OVA and BP groups, suggesting the significant
changes in B-diversity of gut microbiota. Additionally, clustering analysis showed that
the OVA and BP groups had similar microbial structures, while the CK, 2E-BP and 3E-BP
groups exhibited analogous microbial structures (Figure 6A). In consideration of the above
findings, a severe allergy was induced by OVA and BP but was alleviated by 2E-BP and
3E-BP, thereby leading to a similar microbial structure among CK, 2E-BP and 3E-BP groups.
Kruskal-Wallis H test and LEfSe analysis showed that Lachnospiraceae, Marinifilaceae and
Helicobacteraceae were significantly more abundant in the CK, 2E-BP and 3E-BP groups than
in the OVA and BP groups; while, the abundance of Bacillaceae and Akkermansiaceae was
significantly lower in the CK, 2E-BP and 3E-BP groups than in the OVA and BP groups
(Figure 6B,C).
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Figure 5. The alpha-diversity and beta-diversity analysis of different samples at ASV level, including
(A) Ace index analysis; (B) Chao index analysis; (C) Shannon index analysis; (D) PCoA analysis;
(E) Typing analysis. Asterisk * represents p < 0.05, ** represents p < 0.01, and *** depicts p < 0.001.

61



Foods 2022, 11, 3454

A Community heatmap C Cladogram based on LEfSe analysis
m CK

= ova B CK

= Bp o ovA

= ZEBP : ;}: P

= R B 3EBP

A
A A
AV
AV
i
o
Al ¥ 6
x 54
A
A,
AV
A
vl
A
A
A
v
A
Al
A
ﬁ ¥ 36
ﬁ ¥ 59
At
v
AV
a: p__Proteobacteria z: p__Patescibacteria
b o_Enterobacterales a1:c__Saccharimonadia
¢ : f__Enterobacteriaceae b1: o__Saccharimonadales
d: c__Clostridia «¢1:f__Saccharimonadaceae
e :o__Lachnospirales d1: p_Deferribacterota
f: f__Lachnospiraceae e1:c__Deferribacteres
B g:f__norank_o__Oscillospirales f1: o__Deferribacterales
B CK h: f__Butyricicoccaceae g1: f__Deferribacteraceae
o OVA i:f__Oscillospiraceae h1: p__Actinobacteriota
= BP j: o__unclassified_c__Clostridia i1 c__Actinobacteria
 2E-BP k : f__unclassified_c__Clostridia j1: p_Bacteroidota
® 3E-BP

1:0_Clostridiales K1: c_Bacteroidia

m:{_Clostridiaceae o_Bacteroidales

n:0_Clostridia_vadinBB60_group m1 :_Marinifiaceae
0:f_norank_o_Clostridia_vadinBB60_group n1:f_Rikenellaceae
Helicobacteraceae E w+0.003841 p:c_Bacili o1 :f_Bacteroidaceae
q:0_Lactobacillales p1:f_Muribaculaceae

r:f_Lactobacillaceae q1:p_Campilobacterota

s:0_Bacillales 1 : c_Campylobacteria

Bacillaceae E * 0.02067

Akkermansiaceae ! % 0. 00001285

t:f_Bacillaceae s1: 0__Campylobacterales

u: f_Erysipelatoclostridiaceae 11 : {_Helicobacteraceae
v:o_unclassified_c_Bacill ut: p_Desulfobacterota
w:f_unclassified_c_Bacill

x:0_RF39

L P v : c__Desulfovibrionia

h
'
0 5 10 15 20 2 30 3% 10

w1 : o__Desulfovibrionales

Mean proportions (%)

Figure 6. Heatmap analysis of gut microbiota community at ASV level (A). Kruskal-Wallis H test
analysis of gut microbiota at family level (B). Cladogram based on LEfSe analysis of gut microbiota
from phylum to class level (C). Asterisk * represents p < 0.05, ** represents p < 0.01, and *** depicts
p <0.001.

As reported, Lachnospiracea could be involved in food allergies [52]. Its abundance was
significantly increased after the allergic mice received an allergen-specific Treg cell therapy
compared with the no-treatment group [53]. Lachnospiraceae level was also significantly
reduced in the gut microbiota of allergy sufferers compared with healthy population [54].
Marinifilaceae can be affected by intenstinal inflammation. Its abundance was reduced in
the gut microbiota of colitis mice but recovered following anti-inflammatory therapy [55].
Helicobacteraceae shows beneficial effects against food allergy, for instance, the neutrophil-
activating protein of Helicobacter pylori can inhibit peanut allergy by up-regulating the
production of Tregs [56]. The level of Bacillaceae is related to gut inflammatory diseases [57].
It presented a higher level in the gut microbiota of Crohn’s disease patients compared
with healthy people [58]. Additionally, the level of Akkermansiaceae increased due to
inflammatory gut injury and other gastorintestinal diseases [59]. Therefore, our findings
correspond with those of previous reports. Enzyme-treated bee pollen can alleviate allergic
reactions and regulate the composition of microbial gut structures.
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4. Conclusions

Overall, in comparison with natural bee pollen, enzyme-treated bee pollen can reduce
mice scratching frequency, spleen pathological injury, and serum IgE production. Moreover,
it can additionally regulate bioamine serum levels, as well as modulate steroid biosynthesis
and butanoate metabolism. Further, enzyme-treated bee pollen can regulate the composi-
tion of gut microbial structures by increasing the abundance of Lachnospiraceae, Marinifilaceae
and Helicobacteraceae, while decreasing the abundance of Bacillaceae and Akkermansiaceae,
which are involved in allergenicity mitigation. The findings suggest that enzymatic treat-
ment has an alleviatory effect on the allergenicity of bee pollen, and provide a scientific
basis for further development and utilization of hypoallergenic bee pollen products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11213454 /51, Table S1. The parameters for bioamines
detection by UPLC-QQQ-MS/MS.
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Abstract: Bee pollen is considered a natural product, relevant for its nutritional and antioxidant
properties. Its composition varies widely depending on its botanical and geographical origins. In
this study, the botanical characteristics of 31 bee pollen samples from Galicia (Northwest Spain)
were analyzed; samples have not been studied until now from this geographical area. The study
focused on the evaluation of the influence of plant origin on total phenol and flavonoid contents and
antioxidant activity measured by radical scavenging methods. The multivariate statistical treatment
showed the contribution of certain pollen types in the extract of bee pollen as to phenols, flavonoids
and antioxidant capacity. Specifically, the bee pollen samples with higher presence of Castanea, Erica,
Lythrum and Campanula type indicated higher total phenol and flavonoid contents and antioxidant
activities according to the principal component analysis. On the contrary, Plantago and Taraxacum
officinale type contributed a lower content of these compounds and radical scavenging activity. The
cluster analysis classified the bee pollen samples into three groups with significant differences (p >
0.05) for the main pollen types, total phenol and flavonoid contents and antioxidant capacities. These
results demonstrate the richness and botanical diversity in the pollen spectrum of bee pollen and
enhance the possible beneficial nutraceutical properties of this beekeeping product.

Keywords: Apis mellifera L.; bee pollen; botanical source; phenols; flavonoids; radical scavenging activity

1. Introduction

Plant pollination is accomplished by transferring pollen grains from the flower stamen
of one plant to the stigma of another plant with agents such as wind, water, and insects [1-3].
Bees are actively involved in pollination by collecting and dispersing pollen from flower to
flower. In addition to this essential function of ecosystem maintenance, the bees, during
the collection of pollen, mix the grains with their own secretions, agglutinating it as small
pellets on the hind legs of the insect, which are then transported to the hive. In beekeeping,
these pellets generated by collecting pollen from flower stamens by the European honeybee
Apis mellifera L. are known as bee pollen.

The pollen grains are recognized in apiculture as a source important of proteins,
minerals and fats and are used mainly as food for the larvae and younger bees in the
early stage of development inside the hive [1]. Moreover, since ancient times, pollen loads
have been daily consumed throughout the world. Currently, due to both a trend towards
natural diet supplementation and medical applications taking advantage of its numerous
anticancer, anti-obesity, antimicrobial, anti-inflammatory and antioxidant properties, it is
gaining more attention [4-7].

Bee pollen as a mixture of floral pollens collected by bees widely varies in shape, color,
size, weight and in chemical composition. In the group of basic chemical substances, there
are proteins, amino acids, lipids and fatty acids, carbohydrates, phenolic compounds and
enzymes, as well as vitamins and bioelements [1,8,9]. Considering this excellent nutrient
profile, bee pollen provides a significant daily intake of nutrients and complements the
human diet. At the same time, this bee product comprises many compounds, especially
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rich in biologically active substances that differ according to the origin of the plant species
visited by the bees. Therefore, in addition to its importance as a functional food, bee pollen
is gaining special attention due to its active natural metabolites, especially derivatives
of essential amino acids, polyphenolic substances, vitamins and lipids [4,6,9]. Although
several natural metabolites interfere in free radical scavenging activity, it appears that phe-
nolic acids and flavonoids are responsible for most of the antioxidant properties [4,5,10,11].
However, the deviations in the antioxidant activity and polyphenolic content between
pollens are remarkable, as a consequence of the particularities of the plant species source
and different geographical areas [3,12].

On the other hand, consumers increasingly demand quality, safe and healthy food.
This is the consequence of a proper monitoring of traceability and physicochemical charac-
terization of food. Even though bee pollen is known as a potent natural food, its physic-
ochemical characteristics and nutritional composition are ambiguous and vary greatly
depending on bee species, and the botanical and geographical origins [3,4,6]. Palynology
analysis is the most widely used method worldwide for identifying the botanical origins
of bee products, as well bee pollen [4]. However, research studies that include a detailed
pollen profile of this type of matrix and its relationship with the nutritional composition
are infrequent [2,13-15].

In recent years, bee pollen as a commercial product has gained significant profitability
in the beekeeping sector, taking advantage of its several functional properties as a health
ingredient of multiples food [7]. Spain is the leading producer of bee pollen in the European
Union. The unique qualities that contribute to beekeeping products are derived from the
diversity in the flora, climate and soil of the Spanish territory. However, research on bee
pollen from Spain is scarce from the point of view of its physicochemical and botanical
characteristics, in comparison with other bee products such the honey. Polyphenolic and
flavonoid compounds [16-18], in addition to profiling of amino acids, sugars, alkaloids
and nucleic acids [18], and the amino acid content [19] of bee pollen collected in Spain
were reported.

In order to guarantee well-characterized products, in recent years geographical indica-
tion has been included in the commercialization of bee products as an essential tool. Thus,
the evaluation of the quality parameters and nutritional compounds of bee pollen from
different geographical areas could provide differentiating information for producers in the
sector and consumers [8]. Specifically, in the Northwest of Spain (Galicia) there are several
unifloral honeys characterized and protected at European level by the quality scheme of
Protected Geographical Indication (PGI) Miel de Galicia [20]. In this context, this study con-
tributes to the knowledge of the bee pollen’s characteristics, provides information for the
inclusion as a quality product and consequently, favors the diversification of bee products.

Due to the variability in the chemical composition of bee products related to botanical
origin, a set of bee pollen samples produced in different locations of Galicia was analyzed.
The aim of this study was to evaluate the botanical diversity of bee pollen samples from
Northwest Spain by means of palynological analysis and their influence on the total
phenol content (TPC), total flavonoid content (TFC) and radical scavenging activity (DPPH
and ABTS).

2. Materials and Methods
2.1. Bee Pollen Samples

In this study, 31 bee pollen samples from Galicia (Northwest Spain) were analyzed.
The samples were collected using pollen traps from Apis mellifera hives in 19 different
apiaries. The geographical origin of the pollen samples collected is shown in Figure 1. The
apiaries were distributed in the four provinces of the Galician autonomous community
(A Coruna, Lugo, Pontevedra and Ourense). Specifically, in A Corufia the samples were
collected from 4 apiaries (9 samples), in Lugo from 3 apiaries (4 samples), in Pontevedra
from 3 apiaries (4 samples) and in Ourense from 9 apiaries (14 samples). After collection,
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the bee pollen samples were cleaned of impurities (such as parts of dead bees or remains of
wax), and until further analysis were stored at —20 °C.

Figure 1. Distribution of geographical origin by municipality in blue of the bee pollen samples in
Galicia (Northwest Spain). Created with Datawrapper.

2.2. Determination of Botanical Origin

Botanical origin was determined using a melissopalynological procedure. First, the
original samples were conveniently homogenized, then 1 g was weighed and placed in
separate vials. Subsequently, a colorimetric separation was carried out to obtain different
subsamples, which were weighted and dissolved in distilled water (15 mL). The solutions
were shaken for 10 min and at 4500 rpm for 5 min centrifuged. An aliquot of 100 L was
taken from the sediment to prepare the slides. An optical microscope (Nikon Optiphot II,
UK Ltd., London, UK) was used to identify the botanical origin of the different subsam-
ples. The pollen spectra of the samples were determined considering the weight of each
subsample and its botanical origin. The results were expressed in percentages.

2.3. Preparation of Bee Pollen Extracts

The extracts of the bee pollen samples were prepared according to the method of
Gabriele et al. [21], with minor modifications. 0.5 g of each pollen sample was dissolved
with 80% ethanol to a concentration of 0.01 g/mL. These extracts were gently shaken in
the dark for 5 h and subsequently macerated for 24 h. After this time, the extracts were
centrifuged for 10 min at 4500 rpm, and subsequently properly stored in amber-colored
glass containers to avoid direct incidence of light.

2.4. Assessment of Total Phenol Content

The determination of the total phenolic content (TPC) was carried out based on the
method developed by Singleton and Rossi [22] adapted to bee pollen. 1 mL of the bee pollen
extract solution (0.01 g/mL) was dissolved with 1 mL of Folin-Ciocalteu reagent and 10 mL
of distilled water. After gently stirring and standing for 2 min, 4 mL of 7% Na,COj3 solution
was added and made up to 25 mL with distilled water. The solutions were measured using
a UV-Vis spectrophotometer (Jenway 6305, Fisher Scientific, Loughborough, UK) at an
absorbance of 765 nm after being kept in the dark for 1 h. Gallic acid solutions were used to
obtain the calibration curve. The results of TPC as gallic acid in mg/100 g were expressed.
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2.5. Assessment of Total Flavonoid Content

The total flavonoid content (TFC) was measured using the method of Arvouet-
Grand et al. [23] adapted for pollen. An aluminum chloride solution is used for its reaction
with the flavonoid compounds present in the bee pollen solutions. Thus, 2 mL of the bee
pollen extract solution (0.01 g/mL) was dissolved with 0.5 mL of 5% aluminum chloride
and distilled water to final volume of 25 mL. After 30 min in the dark, the prepared solutions
turned yellow, at which time the absorbance at 425 nm with UV-Vis spectrophotometer was
measured (Jenway 6305, Fisher Scientific, Loughborough, UK). Quercetin solutions were
used as reference pattern and the results of TFC were calculated as quercetin in mg/100 g.

2.6. Assessment of Antioxidant Activity by Radical Scavenging Assay: DPPH and ABTS

The radical scavenging capacity of the bee pollen extracts was determined based on
the scavenging ability of the antioxidants towards the stable 2, 2-diphenyl-1-picrylhydrazyl
radical known as DPPH method [24]. The scavenging activity on pollen extracts, mixed
with 2.7 mL of a DPPH solution (6 x 10~ M) was measured. The pollen sample solution
and the blank-DPPH solution were incubated at room temperature for 30 min in the dark.
The absorbance with a UV-vis spectrophotometer was measured at 517 nm.

The radical scavenging activity by ABTS assay was determined according to a method
reported by Re et al. [25]. The ABTS solution was prepared by reacting ABTS 7 mM in water
with 2.45 mM potassium persulfate. ABTS stock solution was left at room temperature
for 12-16 h in the dark until it reached a stable oxidative state. ABTS stock solution was
prepared by dilution with ethanol to give an absorbance of 0.70 4 0.02 at 734 nm. Then,
980 pL of this solution was mixed with 20 pL of the ethanolic extract of bee pollen sample
and finally, the absorbance was measured at 734 nm.

The antioxidant activity of bee pollen samples was expressed as percentage of DPPH
and ABTS calculated using the following equation: Scavenging activity (%) = [(AbsB—AbsS)/
AbsB] x 100, where AbsB is the absorbance of the blank solution according to radical used
and AbsS is the absorbance of the pollen extract solution.

2.7. Data Analyses

The significant differences between the pollen types identified by palynological analy-
sis, TPC, TFC and antioxidant variables of bee pollen samples set were determined using a
Student’s t-test. The level of statistical significance was taken into account given a p-value
(p) less than 0.05. Principal component analysis (PCA) was applied with the objective of
providing a reduced interpretation of the variance of the data of the studied variables
(main pollen types, TPC, TFC and antioxidant activity) in the bee pollen samples. With
the aim to provide a simplified interpretation of the variance of the data set of the main
analyzed variables (main pollen types, TPC, TFC and antioxidant activity), a principal
component analysis (PCA) was applied. The data matrix was reduced to a small number of
principal components to analyze the significant relationships between the variables. At the
same time, groups of pollen samples were established using multivariate cluster analysis.
This statistical approach grouped samples based on a data set of variables from cases with
similar characteristics. Differences between the groups were tested using the Bonferroni
test through post hoc comparison (p < 0.05). STATGRAPHICS Centurion XVI software
(Statpoint Technologies, Inc., Warrenton, VA, USA) was used for treatment of data.

3. Results
3.1. Botanical Preference for Bee Pollen Production

The results of palynological analysis of the studied bee pollen samples are summarized
in Figure 2 and Table 1. In the set of samples analyzed were identified fifty-one pollen
types belonging to 32 families.
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Figure 2. Frequency of the pollen types identified in the bee pollen samples.

Considering the distribution of the different pollen types in samples, pollen grains
from Rubus, Castanea, Genista type and Erica were present in more than 50% of the samples
(Figure 2). Other frequent pollen types were from Taraxacum officinale type, Echium and
Trifolium repens type (found in 30% of the samples). With regards the abundance of pollen
types in each sample, some of the well-distributed pollen types such as Rubus, Castanea,
Genista type, Taraxacum officinale type and Lythrum were found, at least in one sample, as
dominant pollen (>45%) (Table 1). However, Rubus and Castanea were the most representa-
tive pollen types (26 and 20 samples, respectively), and those with the highest percentage
counted in the pollen spectrum, with mean values above 22% and maximum value of more
than 90% (Table 1).

3.2. Concentration of Total Phenol, Flavonoid and Antioxidant Capacity of Bee Pollen

The mean content of TPC and TFC was 1612.6 mg/100 g and 256.8 mg/100 g, respec-
tively (Table 2). The range for TPC was between 771.8 mg/100 g and 2638.9 mg/100 g and
for TFC between 90.8 mg/100 g and 639.3 mg/100 g. The antioxidant activity expressed
as DPPH and ABTS had a mean value of 65.7% and 57.4%, respectively. The maximum
value of DPPH found in the samples was 88.2% and for ABTS, of 79.3%. Significant differ-
ences were found between the mean values for all the variables analyzed in the bee pollen
samples (p < 0.05).

3.3. Contribution of the Botanical Origin to the Phenolic Content and Antioxidant Activity of
Pollen

The relationships between the botanical origin of the bee pollens and the polyphenol
and flavonoid contents and the antioxidant capacity have been evaluated using a PCA.
This multivariate technique reduced the dataset and revealed a six-component model with
81.47% of the variance of the data (Table 3). The first three components explained 53.40% of
the data variability. The variables with higher weight in the first component were Taraxacum
officinale type, Plantago, DPPH, TPC and Castanea (with coefficients above 0.30). In the
second component, the higher coefficients corresponded to Erica, TFC and Campanula type
(above 0.35), while the third component was related with the higher coefficients of TFC,
DPPH, Echium, Trifolium repens type and Rubus (coefficients above 0.26).
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Table 1. Most-representative families and pollen types in the bee pollen samples produced in Galicia.

Family Pollen Type N Mean Standard Deviation Maximum
Rosaceae Rubus 26 29.3* 27.4 94.5
Crataegus monogyna type 3 0.5 2.1 11.7
Fagaceae Castanea 20 22.6* 27.7 91.1
Quercus 2 1.8 7.9 421
Fabaceae Genista type 17 9.8% 19.0 61.2
Trifolium repens type 10 2.6 7.7 39.5
Ericaceae Erica 16 5.4* 10.5 44.8
Calluna vulgaris 2 0.6 2.3 11.2
Plantaginaceae Plantago 12 29% 7.3 27.0
Asteraceae Taraxacum officinale type 10 59% 15.7 60.3
Anthemis type 3 1.0 4.7 26.3
Boraginaceae Echium 10 2.6 5.7 22.2
Campanulaceae Campanula type 9 3.1 8.8 37.5
Cistaceae Cistus 9 1.8 53 28.2
Cistus psilosepalus 2 0.2 0.7 3.6
Myrtaceae Eucalyptus 7 0.7 1.8 7.8
Brassicaceae Raphanus type 6 1.7 4.5 18.5
Brassica 2 0.4 19 10.3
Lythraceae Lythrum 4 2.2 9.8 54.5
Oleaceae Ligustrum 4 0.5 1.6 7.3
Poaceae Zea mays 4 0.3 0.9 3.3
Poaceae 3 0.3 12 6.6
Apiaceae Conium maculatum type 3 0.4 17 9.3
Foeniculum vulgare type 2 0.5 2.9 16.0
Resedaceae Reseda 3 0.1 0.3 15
Sesamoides 2 0.5 19 10.2
Chenopodiaceae Chenopodiaceae 2 0.2 1.0 54

N = number of pollen samples containing it. * Significant differences according to Student’s t-test (p < 0.05).

Table 2. Descriptive analysis of TPC, TFC and antioxidant activity expressed as DPPH and ABTS.

Standard

Mean Deviation Minimum Maximum
TPC (mg/100 g) 1612.6 * 531.0 771.8 2638.9
TFC (mg/100 g) 256.8 * 150.0 90.8 639.3
DPPH (%) 65.7 * 20.5 17.0 88.2
ABTS (%) 57.4* 12.6 32.8 79.3

* Significant differences according to Student’s t-test (p < 0.05).

The projection of the relationships among the palynological and chemical variables
on the three first components is shown in Figure 3. The graphic representation shows the
close relationship of the pollen variables Erica, Castanea, Trifolium repens type and Echium
with TPC and DPPH, whereas Campanula type and Lythrum are closely related to ABTS and
TEC. On the contrary, Genista type, Plantago and Taraxacum officinale type had an inverse
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relationship. Therefore, the bee pollen samples with higher presence of Erica, Castanea,
Echium and Trifolium repens type had higher TPC and antioxidant activity. Bee pollen
with high presence of Campanula pollen type and Lythrum were characterized by higher
concentration of TFC and antioxidant content.

Table 3. Number of components extracted and component weights for each variable included in PCA.

Components 1 2 3 4 5 6
Eigenvalue 3.68 2.32 2.01 1.73 1.37 111
Variance (%) 24.55 15.45 13.40 11.52 9.13 7.41
Variance cumulative (%) 24.55 40.01 53.40 64.93 74.06 81.47
Component weights
TPC 0.40 -0.19 —0.01 —0.38 —0.06 0.07
TFC 0.22 0.46 0.27 —0.03 —0.09 0.24
DPPH 0.41 —0.10 —-0.27 0.11 0.05 0.08
ABTS 0.29 0.23 0.19 0.02 0.01 —0.43
Taraxacum officinale type —0.45 0.03 0.08 —0.22 —0.23 —0.08
Echium 0.00 0.10 —0.48 0.00 —0.46 0.11
Campanula type 0.12 0.38 0.25 —0.04 0.12 —0.30
Cistus —0.06 -0.12 0.26 0.40 —0.24 0.23
Erica —0.01 0.46 —0.20 0.10 0.20 —0.16
Genista type —0.13 -0.15 —0.24 0.04 0.69 0.13
Trifolium repens type 0.06 0.30 —0.50 0.20 —0.22 —0.03
Castanea 0.31 —0.26 —0.02 —0.44 -0.17 —0.21
Lythrum 0.09 0.28 0.16 —0.26 0.04 0.70
Plantago —0.43 0.08 0.05 —0.29 —0.15 —0.10
Rubus 0.13 —0.23 0.27 0.49 —0.18 —0.04
Biplot
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Figure 3. Plot of the first three principal components with the palynological and chemical variables
obtained by PCA.

The cluster analysis was carried out with the palynological variables of greater rep-
resentation in the pollen spectra, TPC, TFC and antioxidant activity (DPPH and ABTS).
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The results of this multifactorial analysis classified the pollen samples into three groups

(Figure 4).
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Figure 4. Dendrogram of cluster analysis with the distribution of bee pollen samples (1: group 1; 2:
group 2; 3: group 3).

The first group (1) included six pollen samples with significantly higher percentages
in Erica (20.1%), Campanula type (14.5%), Lythrum (11.5%), significantly higher in TFC
(454.1 mg/100 g) in comparison to the other two groups (two and three), and DPPH (69.3%)
respect to group three (21.0%) (Table 4). In group two, there is the largest number of pollen
samples (22) and it was characterized by significantly higher mean percentage in the Genista
type (12.1%), Castanea (28.4%) and Rubus (37.7%) pollen types, TPC (1741.4 mg/100 g), TFC
(219.2 mg/100 g) and antioxidant activity (70.8%) compared to group three (21.0%). Finally,
group three (with three bee pollen samples) included the samples with the significantly
lower mean values in TPC, TFC and DPPH, but significantly higher proportions of the
pollen types Taraxacum officinale type (50.2%) and Plantago (24.3%).

Table 4. Groups of bee pollen samples of each class obtained by the cluster analysis.

Groups 1 2 3
N (%) 6(19.3) 22 (71.0) 3(9.7)
TPC (mg/100 g) 1527.5 17414 a 838.3a
TFC (mg/100 g) 454.1ab 219.2b 137.2a
DPPH (%) 69.3 a 70.8 b 21.0ab
ABTS (%) 65.0 56.9 462
Pollen types (%)
Taraxacum officinale type 05a 1.3b 50.2ab
Echium 4.0 22 3.1
Campanula type 145ab 05a 0.0b
Cistus 0.0 2.5 0.0
Erica 20.1ab 1.7a 2.6b
Genista type 22 121 8.6
Trifolium repens type 9.0 1.2 0.0
Castanea 125 28.4 0.0
Lythrum 11.5ab 0.0a 0.0b
Plantago 15a 0.4b 243ab
Rubus 13.3 37.7 a 0.0a

N: number of samples. Same letter shows the significant differences between groups by Bonferroni test (p < 0.05).
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4. Discussion

The trend in the human diet is to consume foods with a high nutritional value, re-
placing the more conventional foods, as well as using them as supplements to provide
one’s diet the energy and essential nutrients required for proper mental and physical de-
velopment [26]. In terms of human nutrition, bee pollen is considered a natural substance
that constitutes a potential source of compounds with diverse nutritional and antioxi-
dant relevance. Since pollen comes from different plant species, the evaluation of quality,
safety and its characterization depend on the botanical and geographical origins. Hence
the importance of their characterization and differentiation [1,15,27,28]. According to
Campos et al. [29] the correct control of the processing procedures declares a consistent
composition and could be considered as an indicator of outstanding quality and properties
of food products. Some countries are establishing internal regulations with the intention
of favoring the quality control of this product. In addition, local growth and the potential
for the sale of bee pollen through exports has motivated the creation of international reg-
ulations to standardize the analytical methods for the physical-chemical and nutritional
analysis of bee pollen [1].

The beneficial functions of phenolic compounds for human health have been demon-
strated by reducing oxidative stress and inhibiting macromolecular oxidation; they posi-
tively collaborate in reducing the risk of degenerative diseases [30]. Within the phenolic
compounds, the flavonoids in the bee pollen matrix have been recognized as quality factors
in terms of antioxidant capacity [3,29]. However, phenolic composition of bee products is
conditioned by their botanical origin, hence the need to evaluate the particular botanical
characteristics of bee pollen based on geographical origin. In the present study, the bee
pollen samples with higher presence of pollen types from Erica, Castanea, Trifolium repens
type and Echium had the highest TPC and RSA expressed in DPPH. The bee pollen with
the highest TFC had the highest antioxidant capacity expressed as ABTS, coinciding with
the pollen types with the highest presence of Campanula type and Lythrum.

The Galician territory is characterized by a transition zone composed of different
types of climate, resulting an environmental diversity that favors the abundance of plant
resources for bees. The plant species of greatest beekeeping interest in Northwest Spain
are from the families Fagaceae, Rosaceae, Fabaceae and Ericaceae. Castanea and Rubus
taxa (Fagaceae and Rosaceae, respectively) produce a high quantity of nectar and pollen
during the flowering stage (between May and July in the lowest lands and the mountains,
respectively), with important productions of unifloral honeys of this botanical origin [31,32].
Bramble and blackberry plants are the most common of the Rubus genus (Rosaceae), with
almost 300 species growing in Central European. Rubus ulmifolius, R. caesius, R. sampaianus,
R. praecox or R. henriquesii, among others, are the most widespread in Galicia [33,34].
Castanea trees produce a great amount of nectar and pollen, and are considered one of
the best beekeeping resources in this geographical area, given the important production
of honeys of this botanical origin [32]. Species of the family Ericaceae, and other taxa
of Fabaceae, mainly Trifolium repens and Genista type, constitute the typical scrub of the
area, with important beekeeping interest [35]. Undoubtedly, the botanical richness that
characterizes the Galician territory confers the chemical particularities of bee products.

The TFC quantified in bee pollen from Northwest Spain was similar to that found in
samples from locations in southern Spain [17] and Portugal [7,30,36]. Pascoal et al. [15]
reported a higher TPC in bee pollen produced in Portugal (Northeast area), with a dominant
abundance of pollen types Erica, Echium and Castanea. The abundance of these pollen types
probably increased the phenol content in the set of bee pollen samples, coinciding with the
significant relationship found in the PCA of this research. Erica, Castanea and Echium turned
out to be the plant variables with weight in PCA, coinciding with the variables close to TPC
(Figure 3). Marghitas et al. [37] reported similar TPC in honeybee-collected pollen pellets
from Romania separated by colorimetry (Crataegus monogyna, Centaurea cyanus, Salix), but
TFC was higher than the bee pollen analyzed in this study.
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On the other hand, bee pollen produced in the Sonoran Desert (North of Tucson,
USA) with a pollen spectra characterized by the presence of Prosopis, Yucca, Washingtonia,
Larrea, Mimosa and Chenopodiaceae had higher TPC [2] compared to the pollen samples
of the present study. Other researchers also reported higher TPC in bee pollen from
Brazil, with a dominant pollen representation of Cecropia, Eucalyptus, Mimosa pudica, Elaeis,
Eupatorium and Scoparia [10], and with dominant pollen Cocos nucifera, Miconia, Spondias
and Eucalyptus [13]. Kostic et al. [28] characterized sunflower bee pollen (Helianthus annuus)
with Taraxacum officinale as accompanying pollen from Serbia by palynological analysis,
with lower TPC and TFC than bee pollen from Galicia. Taraxacum officinale was also found
in the pollen spectrum of studied bee pollen in our study, coinciding with the samples of
lower TPC and TFC (Figure 3).

There are several antioxidant compounds involved in the oxidation of the bee products,
and the total antioxidant activity is the most accurate measurement [38]. The objective of
the determination of the antioxidant activity of bee pollen is to analyze the generation of
free radicals due to the disappearance of antioxidants. The DPPH and ABTS methods are
the most used and most stable to evaluate the antioxidant capacity of hydrogen-donating
antioxidants (aqueous radical scavengers) and chain-breaking antioxidants (lipid peroxyl
radical scavengers), although they also show differences [38]. The positive relationship
between TFC and antioxidant activity of the bee pollen samples was referenced [10]. The
abundance of specific species identified in the extract of pollen samples with high radical
scavenging activity and TPC was related, such as Sinapis alba, Robinia pseudoacacia [12], Salix
alba [37] or Mimosa [2]. In our study, the abundance of Castanea, Erica, Rubus, Campanula
type and Genista type differentiated the bee pollen samples with higher radical scavenging
activity, highly related to TPC and TFC (Figure 4 and Table 4). Bee pollen of Taraxacum
officinale from Romania [37] and Poland [12] despite high TPC showed low antioxidant
capacity by DPPH assay. Several researchers have concluded that the antioxidant capacities
are not clearly associated with its total phenolic content [12,30,37]. It is possible that
the presence of particular phenolic compounds determines the increase in antioxidant
activity [13]. The polyphenolic profile is variable in bee pollen, and the antioxidant activity
of polyphenols depends on the number and location of the hydroxyl groups it contains in
its chemical structure [38]. Its chemical structure is conducive to scavenging free radicals,
because the hydrogen atom from the aromatic hydroxyl group readily donates to the radical
species and the stability of the quinone structure it turned out to support an unpaired
electron [39]. This strong association is mainly attributed to flavonoids and cinnamic acid
derivatives [3,12]. Hence, the importance of relating the botanical origin with the individual
phenolic compounds, because they can contribute to the discrimination of the antioxidant
capacity of some pollen samples based on their floral origin.

It has also been documented that differences in environmental conditions, soil or plant
physiology may interfere in the free radical reactions and the ability to remove reactive
oxygen species in this bee product [3]. Some authors supported the close relationship
between the antioxidant capacity and the collection period of bee pollen, highlighting
a higher antioxidant activity in bee pollen produced in a period of more UV-intense,
specifically from the beginning to the end of summer [2]. Therefore, in addition to correct
management practices, the time of collection of the bee product will influence the chemical
and functional characteristics (closely linked to the flowering period) and must be taken
into account by the beekeeper.

5. Conclusions

The botanical characterization of bee pollen is essential for the particular identification
of its chemical composition. The results of multivariate statistical treatment applied to the
bee pollen sample set revealed the influence of botanical origin on TPC, TFC and antioxidant
capacity. Castanea, Erica, Lythrum and Campanula type have been characterized as the pollen
types with the greatest influence on TPC, TFC and antioxidant activity (as indicated by
the first two main components of PCA) of bee pollen produced in the Northwest of Spain.
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On the contrary, Plantago and Taraxacum officinale type contributed a lower content of these
compounds in this geographical territory. These results provide some evidence for the
healthy potential in which the free radicals of bee pollen are involved, promoting the
consumption of this traditional food. Expanding these results with a larger number of
samples of this botanical origin will help to confirm these conclusions.
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Abstract: Royal jelly is a specific product secreted by honeybees, and has been sought after to
maintain health because of its valuable bioactive substances, e.g., lipids and vitamins. The lipids in
royal jelly come from the bee pollen consumed by honeybees, and different plant source of bee pollen
affects the lipid composition of royal jelly. However, the effect of bee pollen consumption on the lipid
composition of royal jelly remains unclear. Herein, we examined the influence of two factors on the
lipid composition of royal jelly: first, two plant sources of bee pollen, i.e., Acer mono Maxim. (BP-Am)
and Phellodendron amurense Rupr. (BP-Pa); secondly, different feeding times. Lipidomic analyses
were conducted on the royal jelly produced by honeybees fed BP-Am or BP-Pa using ultra-high
performance liquid chromatography (UPLC)-Q-Exactive Orbitrap mass spectrometry. The results
showed that the phospholipid and fatty acid contents differed in royal jelly produced by honeybees
fed BP-Am compared to those fed BP-Pa. There were also differences between timepoints, with many
lipid compounds decreasing in abundance soon after single-pollen feeding began, slowly increasing
over time, then decreasing again after 30 days of single-pollen feeding. The single bee pollen diet
destroyed the nutritional balance of bee colonies and affected the development of hypopharyngeal
and maxillary glands, resulting in differences in royal jelly quality. This study provides guidance for
optimal selection of honeybee feed for the production of high-quality royal jelly.

Keywords: royal jelly; bee pollen; lipidomics; UPLC-Q-Exactive Orbitrap mass spectrometry

1. Introduction

In the dietary structure of honeybees, honey and bee pollen are the main food sources.
Honey is the primary source of carbohydrates, whereas bee pollen can provide a variety of
nutrients for growth and development, including proteins, carbohydrates, lipids, vitamins,
and minerals [1]. These substances provide bee pollen with nutritional and medical
properties, such as antibacterial, antioxidant, and immunoenhancement activities [2]. Bee
pollen is also an important source of proteins and lipids for production of royal jelly [3],
a viscous, milky substance that is secreted by honeybee hypopharyngeal and maxillary
glands. It is nutrient-rich, containing substances such as proteins, amino acids, organic
acids, lipids, and minerals [4]. Royal jelly not only promotes the growth and development
of queen bee larvae, prolongs the honeybee lifespan [5], benefits animal reproduction and
breeding [6], but it can also serve as a human functional food and dietary supplement, and
is therefore of great significance in human healthcare.

In recent years, many studies have been conducted on the nutritional components and
functional activities of royal jelly. The active substances in royal jelly (such as proteins, pep-
tides, and lipids) can endow it with various functional activities, including anti-microbial,
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anti-oxidative, anti-aging, anti-inflammatory, and hypoglycemic activities [7,8]. Lipids
are small molecules that play important roles in maintaining the physiological dynamic
balance. The LIPID MAPS database classifies lipids into eight categories, such as glyc-
erolipids (GLs), glycerophospholipids (GPs), and sphingolipids (SPs) [9]. Royal jelly is rich
in lipids, which account for 4-8% of fresh royal jelly and up to 15-30% of freeze-dried royal
jelly products [3]. Free fatty acids (FAs) comprise ~90% of royal jelly lipids, which are of
great significance to honeybee colonies. They not only provide nutrition for the queen and
larvae during the developmental period, but also have antibacterial and mite repelling
functions [10,11]. The free FAs in royal jelly also have various health-promoting activities
and can be used as preventive and supplemental drugs for human health. Studies have
shown that the lipid components of royal jelly can inhibit tumor cells, regulate the human
immune system, prevent skin aging, and induce neurogenesis [12]. It is necessary to study
the lipid composition of royal jelly to promote its development and utilization in human
health applications.

The lipids in royal jelly are derived from the bee pollen consumed by honeybees. The
lipid content of bee pollen is up to 13% of the dry weight, and the types and levels of lipids
in bee pollen vary based on the plant source [13]. Importantly, it has been shown that
the type of plant from which bee pollen is produced affects the lipid composition of royal
jelly [5]. However, there has been a limited number of studies related to the effects of bee
pollen consumption on the lipid composition of royal jelly. The traditional Chinese herbs
Acer mono Maxim. and Phellodendron amurense Rupr. have a wide range of biological activ-
ities, including anti-oxidant, anti-tumor, anti-microbial, anti-inflammatory, anti-diabetic,
and hepatoprotective effects [14,15]. Bee pollen derived from A. mono Maxim. (BP-Am) and
from P. amurense Rupr. (BP-Pa) also retain these nutritional and pharmacological properties.
However, the effects of BP-Am and BP-Pa consumption on royal jelly lipid composition
have not been clarified.

We speculated that different plant source of bee pollen and different feeding time
would significantly affect the lipid composition in royal jelly. Lipidomics technology
has been widely used to identify the lipid composition in various foods and biological
samples [16]. In this study, we applied a lipidomics approach to investigate the effects of
two types of bee pollen (BP-Am and BP-Pa) on the lipid composition of royal jelly. Royal
jelly secreted by honeybees with a natural mixed bee pollen diet was used as the control.
We conducted analyses of royal jelly collected at several time points to determine changes
in lipid composition during different stages of bee pollen consumption. An ultra-high
performance liquid chromatography (UPLC)-Q-Exactive Orbitrap mass spectrometer was
used to identify and quantify lipids in royal jelly samples. Our findings would provide
guidance for the selection of the optimal feed for honeybees for the production of high-
quality royal jelly.

2. Materials and Methods
2.1. Reagents

Acetonitrile (ACN), isopropanol (IPA), chloroform (CHCl3), ethanol, methanol (MeOH),
and ammonium acetate were obtained from Fisher Scientific, Inc. (Pittsburgh, PA, USA).
All solvents used as UPLC mobile phases or for lipid extraction were chromatographic
grade. Other chemicals were of analytical grade and purchased from Sangon Biotechnology
Co., Ltd. (Shanghai, China). Ultrapure water from a milli-Q water purification system
(Millipore, Bedford, MA, USA) was used for lipidomics.

2.2. Bee Pollen Collection

BP-Am was collected in April 2021 (during the A. nmono Maxim. flower season) from an
apiary located at the A. mono Maxim. planting base in Jilin Province, China. BP-Am samples
were confirmed through palynological analysis [17] to have about 82% A. mono Maxim.
pollen grains. BP-Pa was collected in May 2021 (during the P. amurense Rupr. flowering
season) from an apiary located at the P. amurense Rupr. planting base in Jilin Province,
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China. BP-Pa samples were confirmed to have about 86% P. amurense Rupr. pollen grains.
Our samples met the requirements for classification as monofloral bee pollen (>80%) [18].
Bee pollen samples were ground and lyophilized into powder, sterilized by irradiation at
7 kGy, then stored at —80 °C prior to further study.

2.3. Royal Jelly Collection

One month before the experiment, six honeybee colonies were prepared and popula-
tions were adjusted to maintain a constant number of worker bees in each colony. Empty
combs were added to each colony and stimulative feeding was performed to maintain
consistent worker bee ages and larvae numbers. Royal jelly was collected from the six
colonies before the honeybees were fed single bee pollen; these samples were used as the
controls. Traps were then set at hive entrances to prevent honeybees from carrying pollen
in. The six honeybee colonies were randomly divided into two groups of three colonies
each. Each colony was regularly and separately fed with equal amounts of BP-Am or BP-Pa
to ensure normal royal jelly production. An artificial royal jelly collection frame was placed
into the hive. After honeybees became familiar with it, larvae were transferred into the
frame to induce nurse bees to secrete royal jelly into it. Royal jelly was collected from the
frame at 72 h after larvae were transferred. Royal jelly samples were stored at —80 °C prior
to further study.

2.4. Lipid Extraction

Lipids were extracted from bee pollen and royal jelly as previously described [13].
Briefly, each 300-mg sample (BP-Am, BP-Pa, A. mono Maxim. royal jelly [R]-Am], or
P. amurense Rupr. royal jelly [R]-Pa]) was mixed with 1.2 mL of 1:2 MeOH:CHCl3 (v/v).
After vortexing for 5 min, 400 uL of ultrapure water was added, then samples were vor-
texed for 1 min. After centrifugation at 3000x g for 15 min, the lower organic phase
was transferred to a clean glass tube and dried under a stream of nitrogen. Dried ex-
tracts were then redissolved in 200 uL of 1:2 MeOH:CHCl3 (v/v) for UPLC-Q-Exactive
Orbitrap/MS analysis.

2.5. UPLC-MS Analyses

A UPLC system combined with a Q-Exactive Orbitrap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with a heated electrospray ionization
(HESI) probe was used for lipidomic profiling as previously reported [13]. An XSelect
CSH C18 column (100 x 2.1 mm, 2.5 um) (Waters, Milford, MA, USA) was used for
lipid separation. Mobile phase A was 3:2 ACN:H,O (v/v) and mobile phase B was 9:1
IPA:ACN (v/v), both of which contained 10 mM ammonium acetate. Previously published
elution procedures and mass spectrometer parameters were used [16]. Data acquisition was
performed in negative ionization mode with an m/z range of 200-2000. The resolutions of
the full scan and fragment spectra were 70,000 and 17,500, respectively.

2.6. Data Analysis

LipidSearch v4.0 (Thermo Fisher Scientific, Massachusetts, MA, USA) was used for
peak recognition, peak extraction, and lipid identification. Lipids were identified by
matching to a database based on the retention time, characteristic parent ions (with an m/z
tolerance of 5 ppm) and product ions (with an m/z tolerance of 8 ppm). Lipid filtration was
performed using peak area and m-score thresholds of <1e® and <10, respectively.

2.7. Statistics

One-way analysis of variance (ANOVA) was performed to test the significance of
differences in lipid levels between samples using SPSS v21.0 (Statistical Product and Service
Solutions, Illinois, IL, USA). Differences were considered significant at p < 0.05.
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3. Results
3.1. Lipidomic Profiles in Different Types of Royal Jelly and Bee Pollen

Phospholipids and FAs are functional lipids that can regulate human immunity and
metabolism. The composition and concentrations of functional lipids are important indexes
by which food nutritional quality can be evaluated [19]. The negative ionization mode
of mass spectrometry is suitable for phospholipid and FA measurements [13]. We here
used negative ionization mode to analyze phospholipids and FAs in royal jelly and bee
pollen samples. There were 20 kinds of ceramides (Cers), 14 kinds of phosphatidylcholines
(PCs), 25 kinds of phosphatidylethanolamines (PEs), 3 kinds of sphingomyelins (SMs), and
51 kinds of FAs detected in royal jelly and bee pollen (Table S1). There were significant
differences in the abundance of Cers, PCs, PEs, SMs, and monounsaturated FAs (MUFAs)
between BP-Am and BP-Pa (Table 1). However, there were no significant differences in the
abundance of saturated FAs (SFAs), and polyunsaturated FAs (PUFAs). We hypothesized
that differences in bee pollen lipid composition may contribute to differences in the corre-
sponding royal jelly lipid composition. Therefore, differences were analyzed in the lipid
composition of two types of royal jelly (R]-Am and R]J-Pa) obtained from honeybees fed
BP-Am or BP-Pa, respectively.

Table 1. Relative abundance of different kinds of lipids in single bee pollen derived from Acer morno Maxim.
and Phellodendron amurense Rupr.

Lipids BP-Am BP-Pa p Value
Cer 2.89 x 107 + 3.42 x 108 3.29 x 10 + 3.09 x 108 0.038
PC 8.71 x 107 +2.36 x 108 5.97 x 10% 4+ 4.18 x 10° 0.030
PE 1.11 x 1010 + 1.94 x 10° 2.59 x 10° + 5.74 x 108 0.012
SM 1.72 x 10° £ 1.03 x 10° 5.60 x 10° + 5.52 x 10* 0.005
SFA 6.40 x 1010 + 4.60 x 10° 3.93 x 1010 + 1.72 x 10° 0.052
MUFA 2.94 x 1010 +5.08 x 10° 1.32 x 1010 + 1.11 x 10° 0.027
PUFA 8.07 x 1010 + 8.85 x 10? 8.64 x 1010 + 3.09 x 10° 0.624
FA(18:0) 891 x 10° + 1.24 x 10° 217 x 107 + 1.66 x 108 0.012
FA(18:1) 2.55 x 1010 + 3.94 x 10° 9.87 x 10° + 8.81 x 10° 0.024
FA(18:2) 3.22 x 1010 + 4.83 x 10° 2.15 x 1010 + 1.04 x 10° 0.082
FA(18:3) 5.79 x 1010 + 7.58 x 10° 6.66 x 1010 + 4.64 x 10° 0.060

Note: Cer, ceramide; PC, phosphatidylcholine; PE, phosphatidylethanolamine; SM, sphingomyelin; SFA, saturated
fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; FA(18:0), FA(18:1), FA(18:2),
and FA(18:3) are classified as 18-carbon fatty acids; BP-Am, bee pollen derived from Acer mono Maxim.; BP-Pa, bee
pollen derived from Phellodendron amurense Rupr.

3.2. Differences in Royal Jelly Phospholipid and Sphingolipid Composition

Phospholipids and sphingolipids are important components of cell membranes and
have a variety of physiological functions that are beneficial to human health [20]. To further
understand the effects of the BP-Pa and BP-Am diets on the composition of phospholipids
and sphingolipids in royal jelly, we quantified SMs, Cers, PCs, and PEs in the two types
of royal jelly (R]-Am and RJ-Pa). There were clear trends in the relative content of SMs,
Cers, PCs, and PEs in RJ-Am and R]-Pa (Figure 1). In their natural state, bee colonies gather
various kinds of pollen for food. After honeybees were fed with a single pollen source
instead of natural pollen for six days, levels of SMs, Cers, PCs, and PEs were significantly
lower in the single-pollen royal jelly compared to the control. Lipid levels in the single-
pollen royal jelly began to increase after 12 days of feeding; the highest lipid levels occurred
on day 18 or 24, but were not as high as lipid levels in the control royal jelly. On day 30,
the lipid content of royal jelly began to decrease significantly. Notably, the average PC
content was significantly higher in RJ-Am than in RJ-Pa, which might be attributed to the
significantly higher PC content in BP-Am than in BP-Pa.
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Figure 1. Changes in levels of phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), ce-
ramides (Cers), and sphingomyelins (SMs) in royal jelly secreted by honeybees fed bee pollen from a
single plant source, Acer mono Maxim. (BP-Am) or Phellodendron amurense Rupr. (BP-Pa). Samples were
collected on days 6, 12, 18, 24, and 30 after honeybees began feeding on single bee pollen. RJ-Am, royal
jelly secreted by honeybees fed BP-Am; R]-Pa, royal jelly secreted by honeybees fed BP-Pa. Significant
differences in lipid content of RJ-Am or R]-Pa secreted by honeybees fed BP-Am or BP-Pa at different
timepoints are indicated with lowercase letters (a, b, ¢, d) and uppercase letters (A, B, C), respectively.

3.3. Differences in Royal Jelly Fatty Acid Composition

In the present study, a relative quantitative analysis of SFAs, MUFAs, and PUFAs was
carried out in royal jelly. Trends in levels of SFAs, MUFAs, and PUFAs were similar to those
of SMs, Cers, PCs, and PEs (Figure 2). Specifically, SFA, MUFA, and PUFA contents were
significantly decreased in royal jelly after initial feeding with single bee pollen. However, as
honeybees adapted to the single-pollen diet, levels of SFAs, MUFAs, and PUFAs gradually
increased. The highest levels were on day 18 or 24, but levels decreased on day 30.

In addition, trends in 10-hydroxydec-2-enoic acid (10-HDA) levels were consistent with
those of other lipids in royal jelly (Figure 2): 10-HDA content was significantly decreased
after initial feeding with single bee pollen; levels gradually increased as honeybees adapted
to the single-pollen diet; the highest level of 10-HDA occurred on day 18 or 24; and levels
were decreased on day 30. The average 10-HDA content was significantly higher in RJ-Am
than in RJ-Pa. These results indicated that continuous feeding of different types of single
bee pollen had significant effects on 10-HDA content in royal jelly.

Furthermore, we compared the relative abundance of 18-carbon fatty acids in bee
pollen and found that the content of FA(18:0) and FA(18:1) in BP-Am was significantly
higher than that in BP-Pa (Table 1). However, there’s no significant difference in the relative
abundance of 18-carbon fatty acids between RJ-Am and RJ-Pa (Figure 3), which might
be attributed to the participation of 18-carbon fatty acids in lipid metabolism and the
synthesis of 10-HDA. We also analyzed the ratio of free and bound 18-carbon saturated and
unsaturated FAs in RJ-Am and RJ-Pa on day 18. We found that there were no significant
differences in the ratios of FA(18:0), FA(18:1), FA(18:2), or FA(18:3) between the two royal
jelly samples (Figure 4). This suggested that different types of bee pollen did not affect
levels of 18-carbon saturated and unsaturated FAs in royal jelly, which might be related to
lipid metabolism and regulation of maxillary glands during royal jelly secretion.
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Figure 2. Changes in levels of saturated fatty acids (SFAs), monounsaturated fatty acids (MUFAs),
polyunsaturated fatty acids (PUFAs), and 10-hydroxydec-2-enoic acid (10-HDA) in royal jelly samples.
Samples were collected on days 6, 12, 18, 24, and 30 after honeybees began feeding on single bee
pollen. BP-Am, single bee pollen derived from A. mono Maxim.; BP-Pa, single bee pollen derived from
P. amurense Rupr.; RJ-Am, royal jelly secreted by honeybees fed BP-Am; R]-Pa, royal jelly secreted by
honeybees fed BP-Pa. Significant differences in lipid content of RJ-Am or R]-Pa secreted by honeybees
fed BP-Am or BP-Pa at different timepoints are indicated with lowercase letters (a, b, ¢) and uppercase
letters (A, B, C), respectively.
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Figure 3. Changes in levels of 18-carbon saturated and unsaturated fatty acids in royal jelly secreted
by honeybees fed single bee pollen derived from Acer mono Maxim. (BP-Am) or Phellodendron amurense
Rupr. (BP-Pa). Samples were collected on days 18 and 24 after honeybees began feeding on single bee
pollen. RJ-Am, royal jelly secreted by honeybees fed BP-Am; R]-Pa, royal jelly secreted by honeybees
fed BP-Pa. *, p-value < 0.05.
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Figure 4. The ratio of free and bound 18-carbon saturated and unsaturated fatty acids in royal
jelly secreted by honeybees fed single bee pollen derived from Acer mono Maxim. (BP-Am)
or Phellodendron amurense Rupr. (BP-Pa). RJ-Am, royal jelly secreted by honeybees fed BP-Am;
RJ-Pa, royal jelly secreted by honeybees fed BP-Pa.

4. Discussion

In this study, UPLC-Q-Exactive Orbitrap /MS analysis was conducted to explore the
effects of different types of bee pollen consumption by honeybees on the lipid composition
of royal jelly. PC and PE belong to the phospholipids, Cer and SM belong to the sphin-
golipids. PC is known as the “third nutrient” and has a variety of biological activities. It
can regulate lipid metabolism, prevent vascular diseases, counteract inflammation and
oxidation, improve brain and nerve function, and prevent senile dementia [21,22]. PEs
maintain the structure and function of cells, repair nerve cell membranes, and promote
normal metabolism in brain neurons. The PC/PE ratio is an important factor affecting
metabolic dysfunction and insulin sensitivity [23]. SMs are phospholipids containing sph-
ingosine or dihydrosphingosine; these are primarily metabolized in the small intestine and
colon and have various physiological functions. For example, SM can reduce intestinal
absorption of cholesterol, down-regulate proteins related to cholesterol absorption, and
reduce blood cholesterol levels [24]. SMs can also promote colon cancer cell apoptosis,
inhibit colon cancer cell proliferation, improve skin barrier function, and maintain physio-
logical functions of skin [25,26]. SMs are important initial substrates of the sphingomyelin
signaling pathway and can be hydrolyzed by sphingomyelinase to produce Cer. In the
reverse reaction, sphingomyelinase synthesizes SMs from Cers [27]. Cer is an important
signaling molecule in many basic cellular physiological and biochemical processes, such
as inflammation, immune cell transport, stress responses, apoptosis, and autophagy [27].
Notably, PCs can be hydrolyzed into linoleic acid (FA 18:2) and x-linolenic acid (FA 18:3)
which can participate in linoleic acid and «-linoleic acid metabolism. Stearic acid (FA 18:0)
and oleic acid (FA 18:1) are also associated with glycerophospholipid metabolism through
the FA biosynthesis pathway (Figure 5). Therefore, the nutritional and functional properties
of royal jelly may be affected by changes in the lipid composition. Our findings suggested
that the optimum time point for collecting royal jelly from artificial feeding bee pollen is
18~24 days, because the content of functional lipids in royal jelly is the most abundant
during this period.
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Figure 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) biological pathway annotations for the
detected lipids. SM, sphingomyelin; Cer, ceramide; So, sphingosine; S1P, sphingosine-1-phosphate;
PE, phosphatidylethanolamine; DG, 1,2-diacyl-sn-glycerol; PC, phosphatidylcholine.

Studies have shown that honeybee foraging preferences may be related to the pro-
tein/lipid ratio in pollen. Honeybees can selectively balance their intake of amino acids and
FAs during natural foraging [28]. Moreover, royal jelly is secreted by the hypopharyngeal
and maxillary glands, development of which is positively correlated with the type and
quantity of pollen ingested. A previous study found that consumption of mixed bee pollen
is better for hypopharyngeal gland development than single pollen [29]. In addition, the
increase in lipids before day 24 may therefore be attributed to a gradual adaptation to
the single-pollen diet. However, the forced change from a natural mixed bee pollen diet
to the single bee pollen diet may destroy the nutritional balance and therefore affect the
development of honeybee hypopharyngeal glands over time, resulting in the observed
decrease in lipids after 24 days of single bee pollen consumption.

Moreover, FAs can be used as fuel, bioactive lipid media precursors, and cell mem-
brane components (in the form of phospholipids and glycolipids). SFAs do not contain
unsaturated double bonds, which are generally considered the main trigger of high blood
cholesterol, obesity, and coronary heart disease in humans [30,31]. Unsaturated FAs are
classified as MUFAs or PUFAs, with classification depending on the number and positions
of double bonds. Dietary unsaturated FAs have various physiological functions, such as
inhibiting inflammatory mediators and cytokines, regulating lipid metabolism through
transcription factors, and preventing cardiovascular diseases [32,33]. Ahad unique MUFA
with antibacterial, antioxidative and anti-inflammatory activities, 10-HDA, accounts for
over 50% of free FAs in royal jelly [12]. Honeybees that consume bee pollen from different
plant sources secrete royal jelly with different levels of 10-HDA compared to those that
consume single pollen [34]. In honeybee maxillary glands, 10-HDA is converted from an
18-carbon FA (stearic acid) through hydroxylation and 3-oxidation to shorten the carbon
chain [35]. Consumption of oleic acid can also affect 10-HDA levels in royal jelly [36].
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Therefore, our results indicated that feeding bees with BP-Am was beneficial to increase the
content of 10-HDA in royal jelly than feeding with BP-Pa, due to the significantly higher
content of stearic acid and oleic acid in BP-Am than in BP-Pa.

5. Conclusions

In summary, the results indicated that levels of phospholipids and FAs were decreased
in royal jelly secreted by honeybees fed with single bee pollen. However, as honeybees
adapted to the single-pollen diet, levels of phospholipids and FAs gradually increased
again. The highest levels appeared on days 18 or 24, but were decreased on day 30. Thus, it
suggested that the optimum time point for collecting royal jelly from artificial feeding bee
pollen is 18~24 days. Moreover, the average contents of PC and 10-HDA were significantly
higher in RJ-Am than in RJ-Pa, indicating that continuous feeding of BP-Am was beneficial
to increase the contents of PC and 10-HDA in royal jelly than BP-Pa. Additionally, our
findings showed that a forced change from the natural mixed bee pollen diet to a single-
pollen diet may negatively influence the quality of royal jelly. This study would provide a
new perspective on bee pollen diets and scientific guidance for royal jelly production.
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Abstract: Background: Bees encounter a plethora of environmental contaminants during nectar
and pollen collection from plants. Consequently, after their entrance into the beehives, the transfer
of numerous pollutants to apicultural products is inevitable. Methods: In this context, during the
period of 2015-2020, 109 samples of honey, pollen, and beebread were sampled and analyzed for
the determination of pesticides and their metabolites. More than 130 analytes were investigated in
each sample by applying two validated multiresidue methods (HPLC-ESI-MS/MS and GC-MS/MS).
Results: Until the end of 2020, 40 determinations were reported in honey, resulting in a 26% positive
to at least one active substance. The concentrations of pesticides ranged from 1.3 ng/g to 785 ng/g
honey. For seven active substances in honey and pollen, maximum residue limits (MRLs) exceedances
were observed. Coumaphos, imidacloprid, acetamiprid, amitraz metabolites (DMF and DMPF), and
tau-fluvalinate were the predominant compounds detected in honey, while several pyrethroids such
as A-cyhalothrin, cypermethrin, and cyfluthrin were also found. Pollen and beebread, as expected,
accumulated a higher number of active substances and metabolites (32 in total), exhibiting almost
double the number of detections. Conclusions: Although the above findings verify the occurrence of
numerous pesticide and metabolite residues in both honey and pollen, the human risk assessment in
the majority of the cases does not raise any concerns, and the same applies to bee risk assessment.

Keywords: pesticides; metabolites; LC-MS/MS; GC-MS/MS; honey; pollen; risk assessment

1. Introduction

Honey and apicultural products such as pollen, beebread, propolis, and royal jelly have
been consumed since antiquity [1] and used in pharmaceutical products and supplements
worldwide with broad approval of their beneficial effect on human health [2-5]. Therefore,
they should be free from contaminants linked to undesired health effects that also reduce
their quality and commercial value. Recent reports designate that the EU is only 60% honey
self-sufficient, with an apparent negative equilibrium of imports/exports [6]. Therefore, it
relies on imports to a large extent. Hence, the need to increase honey and related apiculture
commodities production in the EU is apparent. Such an increase should be accompanied
by the quality management of apiculture activity. A major category of contaminants is
pesticides, considering that plant protection products (PPPs) are indispensable and broadly
applied for the protection of cultivated crops. Evidently, pesticides are strongly related
to bees and apicultural commodities since plants and flowers, as the major pollen and
nectar resources, can contain such substances. Exposure of bees to contaminants not only
affects honey and other apicultural products” quality [7] but also can have negative effects
on their health, even at concentrations found in environmental compartments [8,9]. In
order to ensure the quality and safety of apicultural products, such as food, with the main
focus on honey, well-organized monitoring programs and sustainable management are
necessary, combined with powerful and fully validated analytical methods making use of
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the most recent technologies in the area. Hence, analytical methods have been developed,
validated, and applied by a plethora of research groups for the detection of pesticides
and metabolites [10-12], other organic pollutants, pyrrolizidine alkaloids [13], and heavy
metals [14,15]. The presented work, as a continuation of previous work of our research
group [11], aims to provide an overview of the pesticides and metabolites occurrence in
honey, pollen, and beebread samples during the period of 2015-2020 in Greece and add
further data on the contribution of pesticide residues to the overall chemical burden related
to food consumption, human and bee health.

2. Materials and Methods
2.1. Samples Collection

Honey, pollen, and beebread samples of the present study were collected from different
areas in Greece during 2015-2020 (Figure 1). Individual beekeepers and public authorities
proceeded to sample in the context of monitoring pesticide residues in these commodities
related, in some cases, to bee intoxication incidents. After field sampling, the samples
were sent to the lab to investigate the occurrence of pesticide residues and metabolites. In
some cases, beebread was carefully isolated from beeswax. Due to the limited number of
beebread samples, the latter was considered the same matrix with pollen (in total, 63 honey
and 46 pollen and beebread were collected). Honey (multifloral honey) used as a control
sample was obtained from beehives of organic apiculture origin. Similarly, for pollen, a
sample previously checked and devoid of pesticide residues (of the presented scope) was
selected as a blank sample.

/\)

Figure 1. Sample collection points., created by Ortelius software Version 2.0.7.

2.2. Chemicals

Several pesticides and metabolites (more than 130 analytes) were monitored in the
current study by applying liquid and gas chromatography-tandem mass spectrometry (LC-
MS/MS, GC-MS/MS). Analytical standards and materials used are described in previous
works of our group [11,15-17]. Carbendazim-d3, imidacloprid-d4, dimethoate-d6, and
chlorpyrifos-d10 were used as mass-labeled internal standards for the quantification of
the compounds measured by LC-MS/MS, and they were purchased from Sigma-Aldrich
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(Seelze, Germany). Triphenyl phosphate (TPP), deltamethrin-d6, and dichlorvos-d6 were used
in the GC-MS/MS analysis and acquired from Sigma-Aldrich (Seelze, Germany), respectively.

2.3. Sample Preparation

The sample preparation for the quantitative method applied for the analysis of all
the honey, pollen, and beebread samples of the current study was previously described by
our group [11,16,17]. Briefly, 1 g of each matrix was spiked with the six internal standards,
carbendazim-d3, imidachloprid-d4, dimethoate-d6, chlorpyriphos-d10, deltamethrin-d6,
and triphenyl phosphate (TPP). The extraction step was performed by the application of a
modified QUEChERS method using C18, PSA, and Z-Sep. The extract was then centrifuged
(4500 rpm, 10 min), and the supernatant was collected, and the final extract was divided into
two parts. The two aliquots were evaporated till dryness, and then they were reconstituted
with 1 mL of a 75:25 (v/v) MeOH:H,O and pure acetone, respectively. The former aliquot
was measured in LC-MS/MS, while the second in GC-MS/MS system.

2.4. Instrumental Analysis

All the samples were analyzed both in LC-MS/MS and GC-MS/MS. Regarding LC-
MS/MS, an Agilent triple quadrupole (6410 QQQ) system was used, and an injection
volume of 20 nL was applied. The GC-MS/MS analysis of the samples was performed on a
Chromtech Evolution 3 MS/MS triple quadrupole mass spectrometer built on an Agilent
5975 B inert XL EI/CI MSD system using an injection volume of 2 pL. Chromatographic
and mass spectrometric conditions are described in the Supplementary Data and also in
previous works of our analytical group [11,16,17].

2.5. Quantification and Quality Assurance

The two methods (LC-MS/MS and GC-MS/MS) were validated for specificity, selec-
tivity, reproducibility, repeatability, recovery, and sensitivity according to SANTE guidance
documents (applicable at the time of the study) on analytical quality control and method
validation procedures for pesticide residues analysis in food and feed [18,19]. For analyte
confirmation, retention time (RT) and ion ratio were used. Recoveries were estimated using
internal standards and were found to vary between 65 and 120% for all the analytes. The
repeatability and reproducibility of both methods were tested by the analysis of multiple
spiked with the mixture of analytical standards samples at three different concentrations
(at LOQ, 10LOQ, and 100LOQ). The calculated limits of quantification LOQs and other
validation metrics for each individual compound are presented in the Supplementary Data
(Table S1) and in previous works of our group [11,16,17]. Honey and pollen used as control
samples were also analyzed to monitor background contamination. Control samples were
analyzed in every sequence of samples, and no pesticide residues and their metabolites
were detected in any of them.

2.6. Human Health Noncarcinogenic Risk Assessment

The risk to human health posed by the pesticides detected in honey and pollen samples
was assessed using the Hazard Quotient and Hazard Index approach [20]. The hazard
quotient (HQ, unitless) was evaluated for each pesticide in honey and pollen, considering
the dietary exposure via honey and pollen consumption. The HQs have been computed
following Equations (1) and (2), as depicted below:

ADD

HQ=——=7 @
IR

ADD =Cx o @)

where: ADD is the average daily pesticide intake (ng-kg~!-d~1), ADI is the acceptable daily
intake (or daily reference dose, pg-kg~!-d~1) set by EFSA (peer review of pesticides risk
assessment), C is the mean of pesticide concentration in honey and pollen (ug-kgfl), IR
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is the daily honey pollen consumption rate (kg-person~!-d 1), (honey: 0.005 [21]; pollen:
0.02 for children and 0.04 for adults [22,23]), and BW is mean body weight (70 kg for adults,
and 15 kg for children).

The ADI of an active substance (related to hazard identification and characteriza-
tion) is based on the assessment of accessible toxicological data and is defined after the
establishment of the no-observed-adverse-effect level (NOAEL) and use of the appropriate
assessment factor. If the HQ is <1, it indicates that no adverse effect is likely to occur
(health-protective). If HQ is >1, then a high level of concern is indicated for chronic effect
occurrence. The higher the HQ, the higher the concern for chronic toxic effects, highlighting
the need for immediate risk management actions.

For the estimation of the total risk from the simultaneous exposure to the mixture
of chemicals that might be present in the commodity, the hazard index approach (HI,
unitless) was applied to approximate the overall risk of multiple pesticides. In the specific
approach, the hypothesis of dose additivity was assumed and calculated as the summation
of individual HQ values (Equation (3)):

HI = YHQs = HQ1 + HQ2 + HQ3 + ...+ HQn 3)

2.7. Bee Health Risk Assessment

The risk assessment for bees was based on EFSA’s bee guidance document [24] and
the published risk assessment procedure by Sanchez-Bayo and Goka [25]. LD50 values for
pesticides were retrieved from EFSA’s publications on active substances and the Pesticide
Properties Database of the University of Hertfordshire [26].

To address the subsequent risk to bees due to the consumption of contaminated
pollen, the standard risk approach was followed, taking into account EFSA’s bee guidance
document [24] and a pertinent published work [25]. To determine the risk, the following

equation was followed:
dose

LD50 @)
where F: the % detection frequency of the active substance in samples; dose: is the daily dose
in ug per bee, considering pollen’s daily consumption by bees (maximum consumption as
a worst-case scenario) and concentration (average and maximum) obtained in this work;
LD50: median lethal dose per bee (oral and contact, in ug per bee). The frequency of
detection is essential since it depicts, as mentioned by previous research group [25], the
probability of exposure of bees to the determined pollutants.

Risk = F (%) x

3. Results
3.1. Pesticide and Metabolites Residues

The analytical results showed a 26% positive to at least one active substance honey
samples. In these samples, 19 active substances were detected in total, while the most com-
mon combination comprised coumaphos (an organophosphorus insecticide and acaricide
approved as a veterinary medicinal product [27]), imidacloprid, and DMF (a metabolite of
the acaricidal active substance amitraz approved only for veterinary use [27]) (Table 1 and
Figure 2). In pollen and beebread, a higher number of active substances were identified
(32), accompanied by a superior number of determinations (including a higher number of
fungicides detected compared to honey) and an advanced proportion of positive samples
(65%) (Table 2 and Figure 3). The latter designates that pollen constitutes a better environ-
mental marker compared to honey, which is reasonable since pollen and nectar are the
primary nutrition sources for bees, unsheltered from a plethora of organic and inorganic
pollutants [15,16,28].
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Table 1. Active substances, determinations, and concentration ranges in honey samples.

Active Substance Determination Concen:;i:t/i;n Range MRL (ng/g) :a l:;l;;f;?gzﬁs;
Coumaphos 9 43-88.7° 100 Yes giggzﬁﬁ ;i:;ffcr:)“ary
Acetamiprid 5 3.1-20.5 50 Yes
Imidacloprid 4 25.1-784.7 2 50 Yes

Coumaphos oxon 2 2.8-12.82 100 Coumaphos metabolite

Cypermethrin 2 51-8.2 50 Yes
Yes, amitraz metabolite
DMEF * 2 49-112 200 * (amitraz approved as
veterinary medicinal product)
DMPF * 1 6.9 200 * Yes, amitraz metabolite
A-Cyhalothrin 2 4-7.2 50 Yes
Cyprodinil 1 31 50 Yes
Penconazole 1 15.9 50 Yes
Pirimiphos-methyl 1 53.72 50 Yes
Malathion 1 26.5 50 Yes
Cadusafos 1 1.8 10 No
Ethoprofos 1 13 NA No
Tricyclazole 1 14 50 No
Cyfluthrin 1 3.7 50 No **
Etofenprox 1 35 50 Yes
Tau-fluvalinate 1 10.3 50 Yes
Imidacloprid olefin 1 345 Imidacloprid metabolite

* Amitraz metabolite, MRL, applies only for its use as veterinary substance; ** 3-cyfluthrin was approved, ®: in
bold, MRL exceedance, for coumaphos it applies after summation with the highest concentration of its metabolite
coumaphos oxon.

Determinations in honey

Imidacloprid olefin
Etofenprox
Tricyclazole

Cadusafos
Pirimiphos methyl
Cyprodinil

DMPF
Cypermethrin

Imidacloprid

Coumaphos

o
=
N
w
IS
w
a
~
0
©o

10

B Number of detection

Figure 2. Graph showing determinations of active substances in honey (imidacloprid olefin is a
metabolite of imidacloprid).
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Table 2. Active substances, determinations, and concentration ranges in pollen beebread samples#.

Determination in Concentration Range Frequency of

Active Substance Pollen Beebread (ng/g) MRL (ng/g) Detection (%)
Clothianidin @ 7 8.9-136.4 * 50 8.5
Carbendazim 2 7 3.4-18 1000 8.5

Coumaphos 6 14.5-511.3 * 100 7.3
Chlorpyrifos ethyl 6 5.8-35.9 50 7.3
Tau-fluvalinate 5 <LOQ-180 NA 6.1
DMF ** 4 49-14 200 49
Dimethoate @ 4 7.9-210 * 10 49
Cypermethrin 3 5.9-79 50 3.7
Cyfluthrin 3 3.7-11.8 50 37
Coumaphos oxon 2 2.2-10.7 100 2.4
Methomyl 2 85.6-154.6 * 10 24
Boscalid # 2 5.3-10.4 50 24
Propiconazole 2 31.6-31.9 50 2.4
Hexaconazole 2 1.3-17.9 NA 24

Terbuthylazine 2 2 45-53.2 50 2.4
Tebuconazole ? 2 7.1-150 * 50 2.4
Imidacloprid # 2 45-11.8 50 2.4

Omethoate © 2 13-30 * 10 2.4
Acetamiprid 2 0.9-1.8 50 2.4
Trifloxystrobin @ 2 1,6-18 50 2.4
Azoxystrobin 2 2 2.1-3.1 50 2.4
Pyraclostrobin # 2 6.6-13 50 2.4
Permethrin ® 2 11-30 NA 24
A-Cyhalothrin @ 1 72 50 12
Thiacloprid 2 1 172 200 1.2
DMPF ** 1 6.9 200 12
Chlorpyrifos oxon 4 1 9.7 50 1.2
Dimethomorph # 1 15.2 50 1.2
Pendimethalin @ 1 10.9 50 1.2
Pirimiphos-methyl 1 170 * 50 1.2
Fenpropathrin ® 1 <LOQ NA 1.2
Acrinathrin 2 1 9.9 50 1.2

# For authorization status of common active substances, see Table 1; * in bold, MRL exceedance; ** amitraz metabo-
lite; NA, not available; * authorized /approved at time of sampling; ® not approved; ¢ dimethoate metabolite;
d chlorpyrifos ethyl metabolite.
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Acrinathrin
Fenpropathrin
Pirimiphos methyl
Pendimethalin
Dimethomorph
Chlorpyrifos oxon
DMPF
Thiacloprid
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Azoxystrobin
Trifloxystrobin
Acetamiprid
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Figure 3. Graph showing determinations of active substances in pollen beebread.

In honey, MRLs were surpassed for three active substances. More specifically, in
one case, coumaphos (as the sum of coumaphos and its metabolite coumaphos oxon)
was quantified slightly above its MRL, while the other exceedances were registered for
imidacloprid (two cases at 286.8 and 784.7 ng/g) and pirimiphos-methyl (Table 2). In all
cases in which exceptionally high concentrations of pesticides encountered were associ-
ated with honey samples originating from honeycombs, honeybee death incidents were
observed. The latter might postulate misapplications of PPPs, drift phenomena carrying
substances away from application fields, applications during bees flying, or even deliberate
application of these PPPs to harm the honeybee colonies. It is noteworthy that banned
active substances were also detected at quantifiable concentrations. Among them were two
organophosphates, cadusafos and ethoprofos, the triazolobenzothiazole active substance
tricyclazole, and the pyrethroid cyfluthrin. Nevertheless, for some of the detections in
the presented research, we cannot exclude the previously contaminated honeycomb as
a potential contributing factor since incoming information from the beekeepers reported
long-term use of the same honeycombs. Similarly, MRL exceedances were observed in
pollen for clothianidin, coumaphos (the highest concentration observed in one beebread
sample), dimethoate, omethoate, tebuconazole, methomyl and pirimiphos-methyl (Table 2).

Banned pesticides were also detected in pollen and beebread samples. These were
fenpropathrin, methomyl, and permethrin. The above results confirm the higher pesticide
load of pollen in comparison to the respective levels in honey. Hence, pollen, though far less
consumed than honey, deserves noticeable attention, as it is more prone to environmental
contaminants. Another valuable conclusion is that pollen is a better marker of environ-
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mental contamination of the sampled areas, particularly of pesticides, but also inorganic
contaminants, as reported in recent works of our group [15,28].

3.2. Human Health Risk Assessment

Prior to commenting on the health risk assessment results, a basic admission on the
consumption of pollen was contemplated. Daily consumption of honey is established in
the European Union at 5 g per day. On the contrary, due to the rarity of pollen consumption
data, published works mostly on therapeutic uses of pollen were considered [22,29] and
also embraced in previous work of our group [15]. Yet, an overestimation of the risk due to
elevated pollen consumption is expected.

Regarding the health risk assessment, the average daily intake of each pesticide,
ADI, and HQ values are presented in Table 3. The only active substance for which the
health risk assessment showed (in two samples) alarming levels was coumaphos. More
specifically, when mean coumaphos concentration in pollen was incorporated in respective
endpoint calculations, it led to an HQ value for children above the threshold value. Similar
conclusions were derived when HI values were subtracted.

Considering honey, an exemplary “worst-case” sample contained coumaphos (and
coumaphos oxon as the sum, at 101.5 ng/g) accompanied by imidacloprid (286.8 ng/g)
and acetamiprid (20.5 ng/g). Nevertheless, after individual calculations of HQs, their
summation led to an HI value of 0.04 and 0.13 for adults and children, correspondingly.
Consequently, no risk was posed for humans after the potential consumption of this honey.

3.3. Bee health Risk Assessment

The risk calculations (Table 4) (see Table S2 for bumblebees and Table S3 for solitary
bees) demonstrated negligible risk for bees considering the available consumption data for
pollen, including honey bees, bumblebees, and solitary bees [24]. With regard to honeybee
consumption, the results refer only to the nurse bee (for foragers, zero consumption
is considered).
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Table 4. Risk calculations for honeybees based on the active substances (mean and maximum
concentrations) quantified in pollen samples#.

Oral Contact

LD50 (Oral, ug  LD50 (Contact, RISK (Mean) RI.SK RISK (Mean) RI.SK
per Bee) ug per Bee) (Maximum) (Maximum)

Clothianidin 0.004 0.044 0.019 0.035 0.002 0.003
Carbendazim 100 50 1.09 x 1077 1.84 x 1077 219 x 1077 3.69 x 1077
Coumaphos na 100 - - 2.31 x 107° 449 x 107°
Chlorpyrifos ethyl 0.15 0.068 122 x 1074 2.10 x 1074 2,69 x 1074 4.64 x 1074
Tau-fluvalinate 12.6 12 5.26 x 1076 1.04 x 1072 551 x 107° 1.10 x 1073
%ﬁ:?g&?gf na 50 - - 151 x 1077 245x 107
Dimethoate 0.1 0.1 6.38 x 1074 1.23 x 1074 6.38 x 107* 6.38 x 1074
Cypermethrin 0.172 0.023 1.76 x 107° 2.02 x 1075 132 x 107 151 x 107*

Cyfluthrin 0.05 0.001 6.80 x 1075 1.04 x 1074 0.003 0.005
Methomyl 0.28 0.16 1.26 x 107* 1.62 x 107* 220 x 107* 2.83 x 107*
Boscalid 160 200 1.44 x 1078 1.90 x 1078 1.15 x 1078 1.52 x 1078
Propiconazole 100 100 9.29 x 1078 9.34 x 1078 9.29 x 1078 9.34 x 1078

Hexaconazole 100 na 2.81 x 1078 5.24 x 1078 - -
Terbuthylazine 226 32 6.36 x 1077 6.89 x 107 449 x 1077 4.87 x 1077
Tebuconazole 83.05 200 2.77 x 1077 529 x 107 1.15 x 1077 2.19 x 1077
Imidacloprid 0.0037 0.081 6.45 x 1074 9.33 x 1074 295 x 1075 426 x 1075
Acetamiprid 14.53 8.09 2.72 x 1078 3.63 x 1078 4.88 x 1078 6.51 x 1078
Trifloxystrobin 200 200 1.43 x 1078 263 x 1078 1.43 x 1078 263 x 1078
Azoxystrobin 25 200 3.04 x 1078 3.63 x 1078 3.80 x 1077 4.54 x 1077
Pyraclostrobin 110 100 2,61 x 1078 3.46 x 1078 2.87 x 1078 3.80 x 1078
Permethrin 0.13 0.024 4.61 x 1075 6.75 x 1075 2.50 x 107* 3.66 x 107*
A-Cyhalothrin 0.91 0.038 1.16 x 107® 1.16 x 107® 2.77 x 1075 2.77 x 1075
Thiacloprid 17.32 38.82 1.45 x 107° 1.45 x 107° 6.48 x 1077 6.48 x 1077
Dimethomorph 324 102 6.86 x 1078 6.86 x 1078 2.18 x 1078 2.18 x 1078
Pendimethalin na 100 - - 1.95 x 1078 1.59 x 1078
Pirimiphos-methyl 0.22 na 1.13 x 107* 1.13 x 10~* - -

Fenpropathrin na 0.05 - - 2.93 x 107° 2.93 x 107°
Acrinathrin 0.077 0.084 1.88 x 1072 1.88 x 1073 1.72 x 107° 1.72 x 1072

# For the combinations DMF + DMPF (DMA was not detected), chlorpyrifos + chlorpyrifos oxon, and coumaphos
+ coumaphos oxon, concomitant determinations were considered the sum for risk assessment; na, not available in
the open literature.

4. Discussion

Multiresidue methods (LC, GC-MS/MS) constitute the mainstay of analytical labo-
ratories involved in pesticide residue analysis in a multitude of matrices. The latter was
verified in this work through the detection and quantitation of numerous active substances
and metabolites in both pollen beebread and honey. It is important to point out that the
presented results are the outcome of the chemical analysis of randomly collected and
dispatched honey and pollen samples. Hence, it cannot be viewed under an organized sam-
pling/monitoring scheme in which PPP applications could be straightforwardly connected

100



Foods 2023, 12, 706

to specific crops via concomitant monitoring of residues in apicultural commodities, crops,
and soil. Nevertheless, based on the incoming information from individual authorities
that sent the samples, it was endeavored to proceed to potential associations of active
substances detected with the predominant crops in some of the regions and the timing of
sampling. In the same context, honey and pollen (and beebread) samples associated with
bees’ intoxication incidents (in which deliberate application cannot be excluded) were not
included in these interpretations since it would possibly lead to misleading assumptions
for PPP applications in the specified areas. A characteristic example stems from one of the
few lowland areas of the island region of Chios Island (northern Aegean Sea), in which the
cultivation of vegetables and watermelons is documented. From this region, two honey
samples were found positive for pesticides. The detection of coumaphos in one sample can
be attributed to acaricidal treatments. However, detecting the fungicide active substance
penconazole in both honey samples designates the potential uptake of this chemical by
bees in the nearby cultivations and subsequent transfer to the beehive, or potential transfer
due to pesticides’ drift favored by environmental conditions. Penconazole formulations
were approved to control the fungi Sphaerotheca Fuliginea, Erysiphe cichoracearum in wa-
termelon, and other flowering plant species of the Cucurbitaceae family. Plants of this
family, such as watermelon (abundant in the region), are pollinated by bees; therefore, this
finding can be a logical hypothesis. In the same samples, the organophosphate fumigant
insecticide pirimiphos-methyl was also detected. Its presence seems disconnected from the
predominant (active) cultivations of the area, yet, this active substance is usually applied
to control pests, such as Sitophilus granarius and Oryzaephilus surinamensis, of stored seeds.
Nevertheless, in the past, the specific region had significant production of wheat, which
can interplay in the specific finding through the potential application of pirimiphos-methyl
in stored wheat areas. Acetamiprid and etofenprox (both insecticides) detection can be
attributed to field applications to combat aphids such as Macrosiphum euphorbiae in veg-
etables, or Lepidoptera such as Pieris brasiccae in cabbage and European grapevine moth
Lobesia botrana. In two additional characteristic samples originating from Northern Greece
(Chalkidiki region), 11 active substances and metabolites (chlorpyrifos ethyl, carbendazim,
dimethoate, omethoate, tebuconazole, trifloxystrobin, acetamiprid, pyraclostrobin, azoxys-
trobin, pirimiphos-methyl, and fenpropathrin) in total were identified in two samples
of pollen (9 and 10 synchronous detections in the two samples correspondingly). The
detection of these compounds can be attributed to PPP applications related to crops of the
respective area, such as olives, grapes, and cereals. From the above-mentioned substances,
dimethoate (and its metabolite omethoate), along with chlorpyrifos, were authorized at
the time of the study and widely used for the control of various pests, such as the olive
fruit fly (Dacus oleae). The strobilurin fungicides detected are also used in the olive crop
and grape for the control of mildew or black rot in grapes. Acetamiprid is a neonicotinoid
active substance with a wide range of applications, such as the control of Lobesia botrana
(major threat to grapes) and Scaphoideus titanus in grapes. In addition, the documented
substances are applied in crops that bees visit for pollen and nectar, such as stone fruits
that are cultivated in the specific region (i.e., peach tree). Consequently, it is possible to
rationalize the presented results in the context of land use of the specific regions and PPP
applications. For coumaphos and amitraz (via its metabolites detection), their prevalence
is expected due to their use as veterinary medicinal products to control the parasitic mite
Varroa destructor. Last decade’s literature verifies that these compounds are still detected in
hive products [30-34], demonstrating in some cases exceedances of the ascribed MRLs (see
indicatively [31]). As regards the other detected substances, the findings are largely in line
with the recent bibliography. More specifically, in the recent literature concerning honey,
pollen, and beebread [35-38], substances such as boscalid, carbendazim, pyraclostrobin,
chlorpyrifos, tau-fluvalinate, cypermethrin, fenpropathrin, and A-cyhalothrin that were
detected in the presented study are also reported. Nevertheless, compounds such as flu-
opyram and chlorothalonil that are reported in the bibliography were not included in the
scope of the presented analytical method.
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Regarding the human health risk assessment, the current findings should not be
neglected due to the less frequent consumption of pollen/beebread. The last 20-year trend
in the consumption of raw, unprocessed food [39], especially of organic origin with proven
health benefits, involves apicultural products and is an attitude that steadily increases.
The inclination to these products is further strengthened by the scientific reviews on the
beneficial effects of the consumption of apicultural commodities on human health [40].
Therefore, it is anticipated that more adults and children are expected to consume such
products in all their variations (e.g., pure pollen, beebread, honey, or wax-containing
products). Another viewpoint is the consumption of beebread or honeycomb containing
it, especially in agricultural communities where the proximity to “raw, unprocessed”
food is easier. Honeycombs usually are not devoid of Varroa mites, leading to inevitable
applications of coumaphos and other acaricides belonging to the class of organic chemicals.
Last but not least, bees’ susceptibility to mixtures of chemicals via pollen consumption
is also apparent and can affect their longevity and survival. Consequently, any work or
report on residue finding is of utmost importance and should be disseminated to increase
awareness for the protection of such a pivotal insect.

5. Conclusions

Extensive monitoring of pesticides and their metabolites (due to the broad applications
of plant protection products) in apiculture commodities is pivotal due to their consumption
by both adults and children and the consumption of pollen by bees. In the same context,
monitoring these matrices can unveil, to a certain degree, the contamination that occurs in
the agroenvironment. The presented study, after implementing two multiresidue methods,
depicted the residual prevalence of pesticides and metabolites in Greek honey and pollen
samples between 2015-2020, corroborating the detection of 40 active substances in total
(including metabolites) in an overall concentration range of <LOQ to 785 ng/g. Conse-
quently, a risk assessment was conducted to evaluate the potential health effects on humans
and bees. The health risk assessment demonstrated, in the majority of cases, negligible
risk for bees and humans. Nevertheless, the more than 30 active substances detected in
pollen, though anticipated, confirm the occurrence of a plethora of contaminants in an
important bee nutrition matrix that deserves attention both from health risk assessment
and environmental perspectives.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12040706/s1, Text: chromatographic and mass spectrometric
conditions, Table S1: active substances and LOQs (pollen and honey), Table S2: risk calculations
for bumble bees based on the active substances (mean and maximum concentrations) quantified in
pollen samples, Table S3: risk calculations for solitary bees based on the active substances (mean and
maximum concentrations).
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Abstract: This study was performed to assess the physicochemical quality characteristics of honey
imported by the United Arab Emirates (UAE) via Dubai ports between 2017 and 2021. There were
1330 samples analyzed for sugar components, moisture, hydroxymethylfurfural (HMF) content,
free acidity, and diastase number. Of the honey tested, 1054 samples complied with the Emirates
honey standard, but 276 (20.8%) did not; this was due to non-compliance with one or more quality
parameters, thus suggesting some level of adulteration, improper storage or inappropriate heat
treatment. For the non-compliant samples, the average values of sucrose content ranged from 5.1 to
33.4%; the sum of glucose and fructose ranged from 19.6 to 88.1%; the moisture content varied from
17.2 to 24.6%; the HMF occurred in a range from 83.2 to 663.0 mg/kg, and the acidity varied from 52
to 85 meq/kg. The non-compliant honey samples were grouped according to their country of origin.
India was shown to be the country having the highest percentage of non-compliant samples at 32.5%
and Germany had the lowest at 4.5%. This study emphasized that the inspection of honey samples
traded internationally should involve physicochemical analysis. A comprehensive inspection of
honey at the Dubai ports should reduce incidents of adulterated products being imported.

Keywords: honey; adulteration; non-compliant quality; hydroxymethylfurfural; sugar; imported

1. Introduction

Honey is an ancient natural product valued for its health benefits, medical characteris-
tics and biological properties [1,2]. According to the definition of Codex Alimentarius [3]
and a European Community Directive [4], honey is a natural substance produced by hon-
eybees from the nectar of flowers without any added ingredients. Usually, the quality of
honey is assessed by several parameters, including its moisture, sugar content, pH, total
acidity, hydroxymethylfurfural (HMF) content and other factors [3,5,6]. The sweet taste of
honey is primarily due to its high fructose content [4,6]. Consumers generally perceive it as
a natural and healthier sweetening alternative to table sugar [7].

Due to its high price, honey is frequently adulterated [8]. It is ranked sixth amongst
the food products subjected to fraud in Europe [9]. Therefore, strict monitoring and quality
assurance are needed to prevent adulterated products from entering the consumer market.
Adulteration is only one practice by which the quality of honey can be compromised. Other
factors include, but are not limited to, the application of a heat treatment or the use of
improper storage conditions [10,11].
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Due to the high variability in honey composition, the detection of adulteration is not an
easy task. Honey adulteration can be carried out by adding water (dilution) or cheap sugar
solutions, such as high-fructose corn syrup [12]. High-quality honey can also be mixed
with honey of low quality, and sold at a higher price [13]. Adulteration may compromise
consumer experience and expectations, which may lead to the reduced demand for honey
and its products. Moreover, legitimate honey producers are often unable to compete with
the low-priced adulterated honey. Consequently, there is growing interest in screening
honey for adulteration and quality before market distribution.

Various methods have been developed to check for honey adulteration, with each
method having its advantages [14]. Physicochemical analysis, such as of the sucrose content,
the sum of glucose and fructose, moisture content, HMF, acidity, or diastase activity, are
often used for this purpose [12,15]. Honey may be considered adulterated if one or more
of these parameters does not meet international or domestic standards. Analysis of the
sucrose content is also often used to identify honey adulteration. Authentic honey must
not contain more than 5% sucrose [16]. Honey is mainly composed of glucose and fructose
in varying concentrations (55 to 75 g/100 g), with a minimum acceptable limit of 60%. The
second main component of honey is water (15 to 25 g/100 g), with an acceptable moisture
level being below 17% [17]. HMF is an indicator of honey freshness and is commonly used
in quality analysis. It is a compound formed during the acid-catalyzed dehydration of
hexoses [18]. Generally, it should be present in very low amounts in fresh honey, with its
complete absence being indicative of high-quality honey. As per the Codex Alimentarius
honey standard [3] and the United Arab Emirates (UAE) standard, HMF content must
not be higher than 80 mg/kg. The EC Council directive 2001/110/EC from the European
community has set an HMF limit of 40 mg/kg, with an exceptional value of 80 mg/kg
for honey coming from countries with tropical temperatures [4]. Honey with an HMF
value of >80 mg/kg is characterized as being of very low quality. HMF quantities are
affected by pH, heat treatment [19], and the conditions used for honey storage [20], with
warm environments increasing the HMF concentration [21]. In addition, mixing honey
with invert syrups can also increase HMF values [22]. Honey contains small amounts of
different enzymes, and one of the most important ones is amylase (diastase). This enzyme
is sensitive to heat and is, therefore, able to indicate the overheating of honey and its degree
of thermal preservation [23]. Thus, diastase activity is considered to be a quality indicator
used for the freshness of honey, set by Codex [3]. The diastase activity is usually expressed
in Schade units, also known as the diastase number (DN), which is defined as the amount
of enzyme that will convert 0.01 g of starch to the prescribed end-point in 1 h at 40 °C under
the conditions of the test [24]. According to the Honey Quality and International Regulatory
Standards, the diastase activity must not be less than or equal to eight, determined after
processing and blending for all retail honey.

Besides the above stated parameters, free acidity is also used to identify fraudulent
honey. The Codex Alimentarius [3] has set a permitted range of 50 meq acid/kg. A high
value of free acidity in honey is an indicator that glucose and fructose fermentation by
yeasts has occurred, converting the sugars to alcohol and carbon dioxide. In the presence
of oxygen, alcohol is hydrolyzed to acetic acid, consequently increasing the free acidity [21].
On an obvious note, physical contaminants, such as hair and insects, are unacceptable.
Recent research work has evaluated the quality of honey. A study by Kazeminia, Mahmoudi,
Aali, and Ghajarbygi (2021) [25] assessed 43 honey samples collected from Qazvin province,
Iran, and showed that the pH and acidity values conformed perfectly (100%) with the
Iranian honey standard. However, 44.2% of the samples did not meet the acceptable
quality level regarding HMF. For moisture content, 2.3% of the samples were above the
acceptable limit. There was also a high percentage of samples that were not compliant
with sucrose (53.5%), and glucose and fructose (25.6%) content requirements. Another
study conducted by Giirbiiz et al. (2020) [26] reported that all 68 honey samples collected
from the Southeastern Anatolia region of Turkey were in compliance with the international
standard in Turkey for sucrose content, the sum of glucose and fructose, moisture content
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and free acidity. However, 20.6% of samples were non-compliant concerning diastase
number. For HMF, 7 of 68, or 10.3% of honey samples, had a higher HMF content than
the legally permitted EU maximum level of 40 mg/kg. A study conducted by Yayinie,
Atlabachew, Tesfaye, Hilluf, and Reta (2021) [27] found that all 47 honey samples collected
from different geographical areas within the Amhara region, Ethiopia, met the Codex
Alimentarius [3] standard. Boussaid et al. (2018) [28] reported that all 9 honey samples
collected from southern Tunisia met the standards of the Codex Alimentarius for pH, free
acidity, water activity and HMF.

Since there has not been any investigation available that has examined the imported
honey quality in the UAE, the present study was undertaken to assess the honey imported
to the UAE via ports in the Dubai Emirates over a 5 year period.

2. Materials and Methods
2.1. Sample Collection

A total of 1330 honey samples were collected from Dubai ports in the UAE between
2017 and 2021. They were classified according to honey type: honey (1180), blended honey
(58), honeycomb (47), acacia honey (25), and forest honey (20). Blended honey included
honey mixed with spices, pollen, verbena, lemon, mint, chili, ginger, pepper, cinnamon, or
hibiscus. Comb honey is produced from traditional hives [29] and it contains honeycomb,
which is the wax structure in which honey bees store honey and pollen in these hives.
Acacia honey is a monofloral honey produced by Apis mellifera, a cultured bee that harvests
the extra-floral nectar from the forest mangrove or mangium tree (Acacia mangium) [30].
Forest honey is produced by bees from oak, holm oak, and cork oak forests.

The sampling of honey was conducted by trained, authorized food inspectors from
5 sites located in the Dubai ports, municipality of Dubai. The collected samples were sent
to the food analysis laboratory where they were stirred to yield uniformity within each
sample, and then analyzed.

2.2. Chemicals and Reagents

All the solvents and chemicals used in extraction procedures and in the preparation of
mobile phases were of LC-MS/MS reagent grade and were obtained from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany). Milli-Q ultra-pure water was used for all analyses
(Merck, Milli-Q® IQ Element Water Purification, Burlington, MA, USA).

2.3. Determination of Sugar Composition

Determination of sugars (fructose, glucose, and sucrose) was carried out by High
Performance Liquid Chromatography (Agilent Infinity 1260 II, Agilent, Santa Clara, CA,
USA), using a refractive index detector following the AOAC official method 977.20-1977.
Sample preparation was carried out by dissolving 2 mg honey in 25 mL deionized water.
Standard solutions of 1% fructose, 1% glucose, and 0.5% sucrose (Sigma-Aldrich, St. Louis,
MO, USA) were prepared in distilled water. Mixed standards were prepared at 1.0% for
fructose and glucose and 0.5% for sucrose. The mixed standard was diluted to yield 0.2, 0.4,
0.6 and 0.8%. The chromatographic separation of sugars was achieved using an Agilent
Zorbax carbohydrate column maintained at 35 °C with acetonitrile/water (75:25, v/v),
which was used as the mobile phase. Then 10 uL of sample was injected at a flow rate of
1.0 mL/min. The temperature of the column was maintained at 27 °C during the entire run.

2.4. Moisture Analysis

The moisture content of the honey samples was determined using the refractive
index (RI). Water content was obtained from a Chataway table [31]. An automatic digital
refractometer, Atago RX-5000« (Bashumi Instr. Control Services, Northriding, Randburg,
SA), calibrated with distilled water, was used for the measurement. A drop of honey was
placed on the surface of the prism and a refractive index; the reading was taken at 20 °C
and converted to a percentage (g/100 g) using the Chataway table [31].
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2.5. Determination of Hydroxymethylfurfural (HMF)

The HMF content was determined based on the UV absorbance of HMF at 284 nm
using a UV-Visible spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) [32].
In order to avoid the interference of other components at this wavelength, the difference
between the absorbance of a clear aqueous honey solution and the same solution after the
addition of bisulfite was determined. The HMF content was calculated after the subtraction
of the background absorbance at 336 nm. In a 50 mL volumetric flask containing 2 mg of
honey dissolved in 25 mL of water, 0.5 mL of Carez I solution was added, followed by
0.5 mL of Carez II solution. Water was added to the flask to make up a volume of 50 mL,
and the resulting solution was filtered. After discarding the first 5 mL of the filtrate, 5 mL
of 0.2% sodium bisulfite solution was added to the test tube. In another test tube, 5 mL of
pure water was added as a blank. A UV-visible spectrophotometer was used to measure the
solution’s absorbance at 284 and 336 nm in 10 mm quartz cells within 1 h. The calculation
was performed using the formula below:

HMF (mg/kg) = (A284 — A336) x 149.7 x 5 X %

It should be noted that 149.7 is a constant, A284 is the absorbance at 284 nm, A336
is the absorbance at 336 nm, 5 is the theoretical nominal sample weight, D is the dilution
factor (in case dilution is necessary), and W is the weight of honey taken.

2.6. Determination of Honey Acidity

A titrimetric method was used to determine free acidity following the AOAC official
method 962.19-1977. In a 100 mL beaker, a 3 mg sample of homogenized honey was
dissolved in water. The solution was then titrated against a 0.1 N NaOH solution until
the formation of a pink color and the titer value was noted. The results were reported as
milliequivalents (meq) per kg of honey [33].

2.7. Diastase Activity

Diastase activity was calculated according to the AOAC method 958.09 [34]. The
honey sample (5 g) was diluted in 10 mL of deionized water and 2.5 mL of acetate buffer
(1.59 M, pH 5.3). The diluted sample was then transferred to a 25 mL volumetric flask
containing 1.5 mL of 0.5 M NaCl solution. Ten ml of honey solution was mixed with 100 mL
of 1% (w/v) starch solution and incubated in a water bath at 40 °C for 5 min. After that,
1 mL of the treated sample was mixed with 10 mL of 0.0007 M diluted iodine solution
and measured at 660 nm in a spectrophotometer (Thermo-scientific Evolution 60S model,
Waltham, MA, USA).

2.8. Physical Contaminants

The determination of extraneous matter was conducted by visual inspection. Honey
samples were checked for the presence of hair, other foreign material, or insect parts.

3. Results and Discussion
3.1. Compliance of Imported Honey with Standards

The conformity assessment of imported honey samples, based on the UAE honey
standard [35] in Table 1, is presented in Table 2. The data presented are arranged to identify
the types of honey that are more likely to be adulterated. An evaluation of 1330 samples
collected revealed that 79.2% conformed with UAE legislation. The level of non-conformity
was lower than the 64.4% reported by Al-Farsi et al. (2018) [6] for 58 honey samples collected
from 18 geographical regions in Oman, following a comparison with Gulf Standardization
Organization (GSO) standards. It is notable that Boussaid et al. (2018) [28] found that all
9 honey samples examined in Tunisia complied with the Codex Alimentarius standards.
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Table 1. UAE standards of honey [35].

UAE.S 147, 2019

Sucrose content Max 5%
Sum of glucose and fructose Min 60%
Moisture * Max limit 20%
HMF Max 80 mg/kg
Acidity Max 50 meq/kg
Physical hazards (hair, insects) Absent
Diastase activity 80 Goth

* The permissible moisture content in honey according to the UAE standard was previously 17% [36].

Table 2. Summary of imported honey compliance with UAE standards from 2017 to 2021.

No. Non-Compliant

Type of Honey No. Samples No. Compliant (%) (%)
Honey 1180 929 (79) 251 (21)
Blended honey 58 46 (79.5) 12 (20.5)
Honeycomb 47 37 (79) 10 (21)
Acacia honey 25 23 (92) 2(8)
Forest honey 20 19 (95) 1(5)
Total 1330 1054 (79.3) 276 (20.8)

In the current study, the proportion of non-conformity ranged from 5.0 to 21.0% for
the various types of honey, with the lowest values noted for forest honey. Honey, blended
honey, and honeycomb had non-conformity levels that were similar, at 20.5 to 21.0%.

Table 3 presents the honey compliance across the years from 2017 to 2021. For the
individual years, statistical significance was noted between the conforming and non-
conforming samples. However, across the years, only 2017 was shown to be significantly
different from the other years; here, 174, or 90.6%, of 1054 samples were compliant, while
18, or 9.4%, of 276 were non-compliant. None of the other years (2018, 2019, 2020 or 2021)
had significantly different numbers of non-conforming samples, but in 2019, the proportion
of conforming samples was the lowest.

Table 3. Honey compliance across the years from 2017 to 2021 using Chi-square.

Results
Conforming Non-Conforming
(n =1054) (n = 276) p-Value
n (%) n (%)
2017 (n = 192) 174(90.6) 2B 18(9.4) bB
2018 (n = 268) 223(83.2) 2A 45(16.8) bA
2019 (n = 297) 201(67.7) @A 96(32.3) bA <0.001
2020 (n = 263) 225(85.6) 24 38(14.4) bA
2021 (n = 310) 231(74.5) @A 79(25.5) bA

a, b: Different letters indicate significant differences in the proportions of conforming and non-conforming samples
across the individual years (p < 0.001). A, B: Different letters indicate significant differences in the proportions of
conforming and non-conforming samples across the different years (p < 0.001).

3.2. Compliance of Imported Honey with Recognized Standards

The honey samples were assessed for compliance with the Emirates standard [35]
for moisture, total sucrose content, the sum of glucose and fructose, HMF, acidity limit,
diastase activity and the presence of physical contaminants (Table 4).
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3.2.1. Total Sugar Content in Honey Samples
Sucrose Content

In 2.4%, or 6/251 samples of honey, non-compliance with the UAE honey standard
was only due to sucrose content being higher than the 5% limit permitted. This level of
non-compliance was lower than the 53.5% non-conformity, due to the high sucrose found
among the 43 honey samples that originated in Iran [25]. During another study conducted
by Giirbiiz et al. (2020), sucrose was not detected in 55.9% or 38/68 honey samples collected
from the Southeastern Anatolia region of Turkey [26]. The sucrose content of the remaining
30 samples (44.1%) was less than the legally permissible maximum value of 5%. In other
work involving 9 honey samples collected from southern Tunisia it was found that the
sucrose content ranged from 2.3 to 4.5% [28]. In the present study, the mean sucrose content
of the 6 non-conforming samples was 14.1%, with a range of 5.1 to 33.4%. This high amount
of sucrose could have been due to overfeeding the bees with sugar in spring [37] or to
the early harvesting of honey before the full transformation of sugar into glucose and
fructose [38]. The high sucrose content could be also an indication of possible adulteration
by the direct addition of sugar to honey [39].

Sum of Glucose and Fructose

The determination of reducing sugars (the sum of glucose and fructose) in honey
is also a quality criterion used to indicate honey freshness. Of the total number of non-
conforming samples (n = 276), 113 (40.9%) did not meet the UAE criterion for acceptable
total sugar content. While all 20 forest honey samples met the UAE standard, blended
honey, honeycomb and acacia honey did not. Honey showed the highest percentage of
non-conformities at 40.2%. The mean total reducing sugar content of these samples was
52.5%, with a range of 19.6 to 59.1%. An amount of fructose and glucose below 60% is taken
to indicate honey adulteration. It should be noted that the ratio of fructose to glucose in any
particular honey depends largely on the source of the nectar [37]. The mean total glucose
and fructose content obtained in the present study for non-conforming honey samples
at 52.5% was similar to the 54.3% obtained for 29 samples of Sidr honey collected from
Oman. The acceptable total glucose and fructose content as per GSO honey standards is a
minimum of 45% [6]; however, the UAE legislation is more strict and accepts a minimum
value of only 60%.

The sugar composition results found during the current study are not in accordance
with the values reported in a study by Geana, Ciucure, Costinel, and Ionete (2020) [40]
where the total amount of fructose and glucose in 48 honey samples that originated in
Romania was higher than the 60% specified in the EU standards [4]. Another study
conducted in Turkey showed that the mean combined glucose and fructose content of
68 honey samples ranged from 62.6 to 77.3%, with a mean concentration of 71.0% [26].

3.2.2. Moisture Content

The non-conformity concerning the moisture content was 12.7%. The moisture content
of the samples was assessed based on the sampling year, since the permissible moisture
content in honey according to the UAE standard was recently increased from 17% [36]
to 20% [35]. In honey samples, 26 of the 31 samples did not meet the old criterion for
moisture (UAE.S 147, 2017) [36], with a mean moisture content of 18.3% (17.7 to 19.3%).
Using the updated criterion of 20% moisture, 5 of the 31 samples did not conform [38],
and had a mean moisture content of 22% (20.6 to 24.6%). Similar values were reported for
Tanzanian honey [41], with a moisture range of 21.6 to 22.8%, and Philippine honey [41],
with a moisture range between 22.0 to 23.1%. In contrast, Australian honey samples were
fully compliant with the 20% requirement, having mean sample moisture contents ranging
from 10.6 to 17.8% [21]. High moisture content may have resulted from honey harvest
under high humidity conditions or an early seasonal honey extraction [42]. The variance in
moisture content can also be attributed to the botanical source, the season, as well as the
geographic conditions.
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3.2.3. HMF Content

HMF is commonly used as a parameter for honey freshness and authenticity. Nor-
mally, fresh honey contains low amounts of HMF, with the HMF content depending on the
rate of honey monosaccharide decomposition. According to the UAE honey standard [35],
HMF content should not exceed 80 mg/kg in honey from countries with tropical tem-
peratures. Of the 276 samples that did not conform to the standards, 72, or 26.1%, had
HMEF values above 80 mg/kg. For blended honey, 5 of the 12 non-conforming samples had
an average value of 236.4 mg/kg (107 to 458 mg/kg) of HMF. For honey samples, 67 of
251 non-compliant samples had a mean HMF content of 154.7 mg/kg (83.2 to 663 mg/kg).
The results of the present study are in agreement with those from a study conducted
by Giirbiiz et al. (2020) [26], where it was found that 10.3% of the honey samples had a
higher HMF content than the legally permitted maximum of 40 mg/kg. The results of the
current study are also similar to those from a study conducted by Al-Farsi et al. (2018) [6],
where the values observed were 16.2 and 1062 mg/kg in Sumer and multiflora honey,
respectively. Ajlouni and Sujirapinyokul (2010) [21] observed that HMF in two Australian
honey samples (2.22 and 17.7 mg/kg) was within the international limit of 40 mg/kg. The
variation in HMF values could result from the influence of factors such as pH, heating,
storage conditions and floral type [43]. High HMF values are a reflection of overheating
honey, use of inappropriate storage conditions or its mixture with an invert syrup made by
acid or enzymatic inversion [37].

3.2.4. Acidity

The legislation of the UAE [35] and Codex regulations [3] do not accept an acidity of
>50 meq/kg in honey. This criterion was not met by 2% of the samples in the current study.
The free acidity in the studied honey samples was 74 meq/kg (52 to 85 meq/kg). Similarly,
in Oman, mean acidity values of 84.9 meq/kg were reported for Sumer honey, with 18
of 21 samples exceeding the Codex standard [6]. Research studies on honey collected
from Turkey [44], Portugal [45], Argentina [46], and Ethiopia [39] showed lower values of
free acidity (25.0, 40.3, 11.0, and 45.0 meq/kg, respectively). The high acidity observed in
5 samples in the present study could have been due to the fermentation of honey sugars to
form organic acid [30]. This could be controlled by adopting more modern techniques for
producing honey that enable reducing the moisture or by pasteurizing the honey to control
microorganisms. The variation in acidity between the samples may also be attributed to
the presence of different acids of varying floral origin or harvest season [44,45].

3.2.5. Diastase Activity

It is well known that the natural enzyme diastase is an indicator of freshness in
honey. The activity of the enzyme can be a measure of honey exposure to heat and/or
inappropriate storage conditions [15,46]. All the honey samples in the present study were
observed to have diastase activity, which was in accord with UAE standards [35]. The
minimum standard value for the diastase index observed was 8 in all the samples, except 1
(honey, diastase value = 2). It is probable that this sample was not fresh or was inadequately
pasteurized. This is in contrast with results from a study conducted on honey in Oman,
where 16 of 58 samples did not conform to the GSO standard. In Iran, Kazeminia et al.
(2021) [25] observed that 46.5% of 43 honey samples were non-compliant with standards
for diastase activity. Compliant values for diastase were reported for honey in Ethiopia [47]
and Argentina [48].

3.2.6. Physical Contaminants

As per UAE legislation, samples are required to be free from any form of physical
contaminants. In the present study, only 5 of 251 honey samples did not meet the criterion.
Two of them had hair, and 3 were found to contain insect parts. In a study conducted by
Brasil da Silva (2021) [49] on 14 honey samples collected from the north of Brazil, it was
reported, following microscopic examination, that 50% (7/14) of the samples contained
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what appeared to be dirt. The presence of physical contaminants could result from improper
processing practices including poor hygiene, inadequate storage conditions, poor pest
control practices, as well as inadequate packaging.

3.2.7. Combination of Non-Conforming Elements

Of the 276 non-conforming honey samples, 39 (14.1%) had more than one instance
of non-compliance with the quality criteria. Approximately 35/251 samples, or 13.9%,
of the honey samples did not meet the quality criteria on more than one count, with the
distribution being as follows: glucose, fructose, and sucrose (9 samples); glucose, fructose,
and HMF (8 samples); HMF and moisture (8 samples); glucose, fructose and moisture
(4 samples); glucose, fructose, HMF, and moisture (2 samples); glucose, fructose, and
acidity (2 samples); sucrose and HMF (1 sample); and HME, diastase content, and sucrose
(1 sample).

The combination of non-conformities in 9 samples (glucose, fructose and sucrose) may
have resulted from the addition of sucrose or table sugar, which will reduce the percent of
glucose and fructose present in total sugars detected. The combination of non-conformities
in one sample (HMEF, diastase content and sucrose) was probably due to the exposure of this
sample to overheating; published work has shown that an increased temperature increases
HMF and reduces diastase activity, especially for temperatures over 60 °C [50]. Therefore,
the sample that was non-compliant due to a combination of HMF and diastase levels was
not acceptably fresh.

The majority of the combined infractions included the violation of glucose and fruc-
tose content, which is highly affected by climate, honeybee flora, and honey handling
practices [51].

3.2.8. Classification of Honey Non-Conformities According to the Country of Origin

Samples that did not conform with international and local standards, as per the
country of origin, and honey type are presented in Table 5. Of the 251 non-conforming
honey samples, 137, or 32.5% of samples, originated in India. This high percentage of
non-conformity is in agreement with a report published by the Centre for Science and
Environment, which indicated a high percentage of non-compliance in honey samples from
India, with 77% identified as being adulterated with sugar syrups.

In total, 10 of the 13 honey brands failed the purity test used during a study by Dhingra
(2020) [52]. However, it should be noted that the highest number of samples examined
had been imported from India in the study because India greatly increased honey exports
recently [53]. This could potentially introduce bias in the observations of the study. India
exports honey to more than 65 countries. The United States is the biggest importer of honey,
largely from India, with approximately 80% of the total imported honey being of Indian
origin. The UAE is the third largest importer of honey from India with a value of USD
2.66 million, representing 3.31% of the total Indian exports [54]. In the current study, 33, or
19.5%, of 170 samples from Australia did not conform to the standards. This percentage
of non-conformity is in accord with the 18% found during a study conducted by Zhou,
Taylor, Salouros, and Prasad (2018) [55] on Australian honey samples. In the current study,
12 samples from New Zealand, 9 samples from Pakistan, and 8 from Turkey did not meet
the legislative criteria. For blended honey, 5 of the 12 non-compliant samples originated
from India. For honeycomb, out of the 10 non-conforming samples, 4 samples originated
from Turkey.
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Table 5. Number of non-conforming samples (%) according to the country of origin and type of honey.

Country (No. of No. of Imported Samples (No. of Rejected Samples, %)
Imported Samples) Honey Blended Honey Honey Comb Acacia Honey Forest Honey

India (430) ¥ (137 $$4$2,23;%5 5555 G, 5?3‘4) @ %00) (0?0) (0?0)
Australia (177) (33%%.5) (0,20) (0,30) (090) (0,20)
Germany (94) (3/647. 5) 1, 191‘1) (2,825) (1,174‘3) (O,3 0)
New Zealand (74) (12,6197. 1) (0%) (0,20) (090) (0,00)
France (58) G, Aﬁ 5) (0?0) (0,30) (0,30) (0?0)
Pakistan (53) 097 0.0) 0,0 ©0) 0.0)
Switzerland (44) 00 @55 ©.0) 1,0 w.7)
Turkey (44) (8,225) (4,757) 4, g(%).7) (0,1 0) (0?0)
United Kingdom (40) G, %g 5) (0?0) (0?0) (0?0) (0,0 0)
Spain (38) 2 ha ©.0) ©.0) 0,0) 0.0
Egypt 249 5, 227) ©0.0) 0,0 0.0 )
Saudi Arabia (24) 283 ©.0) 0.0) 0,0) 0.0)
Kyrgyzstan (23) (2,291.5) a1, %00) (O?O) (0,1 0) (0?0)
Italy (20) ©.0) 00) 0.0) 0,0 0.0
Lebanon (19) G, 11;.6) (0,20) (090) (090) (0,00)
Honk Kong (18) @, 1177‘6) (0,10) (0?0) (0?0) (090)
Hungary (17) @, 387.5) (0? 0) (0,90) (0?0> (0'0 0
Iran (16) 5,557) ©.0) 1,50) 0,0) 0,0)
Yemen (15) @, }r)% 4) (0,10) (0?0) (O?O) (0,0 0)
Kazakhstan (12) 2,167 ©.0) 0.0 ©0) 0,0)
Bulgaria (11) (0/70) (0,20) (, (1)00) (0?0) (0/20)
Ireland (9) a, 166,7) (o,lo) (0,1 0) (0,10) (0,0 0)
Chile (7) a, 166.7) (o,l 0) (090) (090) <010 0)
United states (6) (0?0) (0,10) (O?O) (0?0) (090)
Greece (6) (0,60) (0?0) (0?0) (0?0) (0,0 0)
Uzbekistan (5) (Oflo) (0,10) (0?0) (090) (Of) 0)

Russia Federation 3 0 1 0 0
0,0) 0,0) 0,0) 0,0) 0,0)
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Table 5. Cont.

Countzy (No. of No. of Imported Samples (No. of Rejected Samples, %)
Imported Samples) Honey Blended Honey Honey Comb Acacia Honey Forest Honey
China (4) (oflo) (0?0) (O?O) (0?0) (0,0 0)
Pt 0.0 0,0 00 00 0o
Canada (3) ©.0) ©.0) 0.0 ©0) 0.0)
Malaysia (3) 1,50 0.0 ©.0) ©.0) 0,0
Mexico (3) a, 3?3.3) (0?0) (o?o) (0?0) (0,0 0)
Ukraine (2) ©0) 0.0 0,0) 0,0) 0.0)
Belgium (2) 0 00 0.0) 0.0 ©0.0)
Bosnia (2) ©0.0) ©.0) 0,0 ©.0) 0.0)
Afghanistan (2) (0,20) (0?0) (of)o) (090) (0? 0)
Mauritius (2) ©.0) 0.0 0.0) 0.0 0.0)
Armenia (2) ©0) ©.0) 0,0) 0.0) 0.0)
Poland (2) ©.0) ©.0) 0.0) 0,0) ©,0)
Oman (2) (0,20) (0?0) (O?O) (0?0) (0'0 0)
Sudan (1) ©0) ©.0) 0,0) 0,0) ©.0)
Nigeria (1) a, %00) (0,00) (0?0) (0?0) (0,00)
Indonesia (1) (o,oo) (0?0) 1, }OO) (0?0) (0,0 0)
Korea (1) (o,oo) (0,10) (090) (0?0) (0? 0)
Thailand (1) ©0) 0.0 0.0) 0.0 0.0)
Kuwait (1) (o,lo) (0?0) (O?O) (090) (0,0 0)
Morocco (1) (0}0) (0,00) (0?0) (090) (0? 0)
Argentina (1) ©.0) ©.0) 0.0) 0.0 0.0)
Austria (1) (o,lo) (0?0) (0?0) (090) (0,0 )
Total (2%%?21) (12,550.7) (10,451.3) (22,5;3) (12,%)

$ represents the total number of honey samples originating from the mentioned country. % represents the total
number of samples of each honey type originating from the mentioned country. %% represents the rejected samples
from the total number of samples from this honey type and %% the percentage of non-conformity out of the total
samples from this honey type.

To better understand the results, a detailed conformity assessment is presented in
Figure 1, according to the country of origin of honey samples (n = 1180). This approach
was chosen only for the honey samples because of its greater sample size; it represented
88% of the total 1330 samples examined.

115



Foods 2023, 12, 729

Percentage (%)

Percentage (%)

Sucrose content

Il Not conform

Conform

90
80
70
60
50
40
30
20 I
NP SAP P DS DD DB DD S DS DD SRS R S DA D S S EEEES
"\‘P\o}a@u@joq -OO'QNS\\‘\Q\“;\«O\‘_O\Q\Q@?*\@@"J‘Q P”\,r\f\é\,\,,\«‘\ﬁﬂof««@\ \«N\“’?m\"&
& eeé.\\webyﬁe S P & ® c@f%&\‘ee(\
& & F m*¢\w (pé&o.@waae\w -#”c}“‘\ & -ee#eg F &S
@",\"x@'ﬂ @ .,é’ \#q. Ea &€ @ F & L F gt S \sx\e.cs & ¢
N (,“7" «* ‘& \6"7’&*“ I A @5\!@&‘@6‘ € g’,\“v‘é‘q Ty ‘ep*_ée&
S & n? * N « B e »
& &
B & @

K

Figure 1. Origin and percent of imported honey samples (n = 1180) tested that were not compliant
with UAE honey quality standards.

The honey samples originated from 5 of the 49 countries that supplied honey in
this study, namely India (422), Australia (170), New Zealand (69), Germany (67), and
Pakistan (53). India had the highest proportion of non-compliant samples (32.5%), while
Germany had the lowest at 4.5%.

The most frequent non-compliant parameters were the sum of glucose and fructose in
samples originating from India, Australia, Pakistan, and Turkey (Figure 2). On the other
hand, for samples from New Zealand, the moisture content and HMF were the major
non-compliant parameters.

Oindia M Australia B New Zealand
W Pakistan W Turkey
=
Sum of glucose Moisture HMF Acidity Physical hazards Diastase Combination of
and fructose non-cenforming
parameters

Figure 2. Occurrence of non-compliant parameters in imported honey samples from countries having
the greatest levels of non-compliance.

4. Conclusions

Assessment of the physicochemical parameters of honey is necessary for quality
assurance purposes. This study evaluated the physicochemical quality characteristics of
honey imported to the UAE. Of the 1330 honey samples tested, 1054 complied with the
UAE honey standard. Examination of the country of origin showed that India supplied the
highest proportion of non-compliant samples, at 32.5%, while Germany had the lowest,
at 4.5%. However, it is important to note that the number of samples from each country
differed and hence this may have introduced bias. The most frequent source of non-
compliance involved the sum of glucose and fructose. This study emphasizes the need for
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continued border inspection, in conjunction with the physicochemical analysis of honey
samples, in order to prevent the entry of adulterated honey into the country.
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Abstract: The compliance with honey standards is crucial for its validity and quality. The present
study evaluated the botanical origin (pollen analysis) and physicochemical properties: moisture,
color, electrical conductivity (EC), free acidity (FA), pH, diastase activity, hydroxymethylfurfural
(HMF), and individual sugar content of forty local and imported honey samples. The local honey
exhibited low moisture and HMF (14.9% and 3.8 mg/kg, respectively) than imported honey (17.2%
and 23 mg/kg, respectively). Furthermore, the local honey showed higher EC and diastase activity
(1.19 mS/cm and 11.9 DN, respectively) compared to imported honey (0.35 mS/cm and 7.6 DN,
respectively). The mean FA of local honey (61 meq/kg) was significantly naturally higher than that
of imported honey (18 meq/kg). All local nectar honey that originated from Acacia spp. exhibited
naturally higher FA values that exceeded the standard limit (<50 meq/kg). The Pfund color scale
ranged from 20 to 150 mm in local honey and from 10 to 116 mm in imported honey. The local
honey was darker, with a mean value of 102.3 mm, and was significantly different from imported
honey (72.7 mm). The mean pH values of local and imported honey were 5.0 and 4.5, respectively.
Furthermore, the local honey was more diverse in pollen grain taxa compared to imported honey.
Local and imported honey elicited a significant difference regarding their sugar content within
individual honey type. The mean content of fructose, glucose, sucrose, and reducing sugar of local
honey (39.7%, 31.5%, 2.8%, and 71.2%, respectively) and imported honey (39.2%, 31.8%, 0.7%, and
72.0%, respectively) were within the permitted quality standards. This study indicates the necessity
of increasing the awareness regarding quality investigations for healthy honey with good nutritional
value.
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1. Introduction

Honey is a natural substance produced by honey bees, and it originates from floral
nectar and some plants exudates. Honey composition and quality characteristics are
variable and are mainly affected by different factors such as soil composition, nectar source,
climatic conditions, beekeeping practices, processing type, and storage conditions. Floral
origin is quite influential on the physicochemical properties of honey such as electrical
conductivity, color, moisture, pH, mineral content, and acidity level; conversely, other
parameters, e.g., hydroxymethylfurfural (HMF) content and purity, are related to the
manufacturing process [1]. The main constitutes of honey are carbohydrates (80-85%)
and water (15-17%). Fructose and glucose are the most dominant sugars responsible
for the majority of the physical and nutritional properties of honey. Small quantities of
other sugars (disaccharides, trisaccharides, and oligosaccharides) are also present in honey,
in addition to minerals, free amino acids, flavonoids, vitamins, enzymes, and phenolic
and organic acids. The acidity level indicates the maturity of honey and characterizes
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its stability and changes of quality during storage [2]. There is an increasing interest
in alternative medicine for public health, and honey is a main element in this regard.
Therefore, honey consumption rates are increasing in Saudi Arabia [3]. Moreover, limited
production of honey and inappropriate agricultural practices have led to an increase in
honey adulteration [4]. Honey becomes an easy target of adulteration due to the high
demand for its therapeutic and healing properties. Adulteration of honey could be direct
by adding a substance to the honey such as cane sugar, beet sugar, and molasses, or
indirect by feeding honeybee colonies with adulterating substances. Excessive heat used
for pasteurization and packing, on the other hand, can have negative effects on honey
quality, such as loss of enzyme activity [5]. Honey fermentation and spoilage may occur
when honey is harvested with high humidity [6]. However, authenticity of honey is not
only restricted to adulteration; indeed, post-harvest quality alterations are also possible
during the flow season or in the store. In the recent past, various tools were developed
to assess the quality and authenticity of honey as desired by the consumers, as well as to
provide fair competition to honey producers. The international standards of honey quality
parameters are available in different standards such as the Codex Alimentarius Standard
and European Honey Directive [7]. In recent years, the importance of the physicochemical
properties of honey has been increased, because these parameters are vital for issuing honey
quality certificates [8]. Honey quality is generally accessed quantitatively by analyzing its
composition, as described in international standards and legislations of honey (sucrose
content < 5%, fructose 31-42%, glucose 23-32%, reducing sugar > 60%, moisture content <
21%, water-insoluble content < 0.1%, electrical conductivity < 0.8 mS/cm, mineral content
(ash) < 0.6%, free acidity < 50 meq/kg, diastase activity > 8 DN (Schade units), and
hydroxymethylfurfural (HMF) content < 40 mg/kg) [7,9]. These specifications of honey
were also adopted in Saudi Arabia by the Gulf Standardization Organization [10]. Honey
is of special importance due to religious and cultural reasons in many Muslim countries,
including Saudi Arabia. It is not only used as a sweetening additive but also as a healing
agent. On the basis of official statistics, about 27,347 tons of honey were brought to the
Saudi market last year (2021), of which, 3233 tons were produced locally and 24,114 tons
were imported from different countries. In Saudi Arabia, the import of honey has increased
during the last five years (2016-2020), from 13,568 to 16,441, 17,099, 18,526, and 24,114 tons,
respectively [11]. Nevertheless, most of the locally produced honey is processed and
marketed without a verified quality check and assessment of its origin information. This has
led to increased honey adulteration and its marketing without verified quality. This study is
of particular importance in order to add a comprehensive database of characterizing Saudi
Arabian honey, as well as imported honey, which may contribute, if available, positively in
terms of reformulating a proper and nationally accepted honey quality standard. Thus, the
current study investigated the different physicochemical attributes of honey composition
associated with quality standards from honey of local and imported origins.

2. Materials and Methods

The botanical origin (pollen analysis) and physicochemical characteristics such as
moisture content, color, electrical conductivity (EC), free acidity (FA), pH, hydroxymethyl-
furfural (HMF), sugar content, and diastase activity (DN) of local and imported honey
samples were evaluated according to the recommended methods [12-22]. The honey
analyses were performed at the Honey Quality Research Laboratory, Department of Plant
Protection, King Saud University, Riyadh.

2.1. Honey Samples

Twenty samples of each honey type (local and imported) of diversified botanical origin
were collected from different sources in Saudi Arabia during 20202021 (Table 1). The
honey samples were kept in the dark at room temperature until the subsequent analysis.
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Table 1. Detail of tested honey samples.

Origin of Honey No. Sample Code Detail of Honey Type and Location
1 ACS1 Acacia gerardii honey (Huraymila: 25°12” N, 46°10” E)
2 ACS2 Acacia gerardii honey (Hail: 27°31” N, 41°41” E)
3 ACS3 Acacia gerardii honey (Riyadh: 24°24” N 46°71” E)
4 ACS4 Acacia gerardii honey (Al Qassim: 25°49” N, 42°51” E)
5 ACS5 Acacia gerardii honey (Al Taif: 21°16” N, 44°25” E)
6 ACS6 Acacia gerardii honey (Asir: 18°13” N, 42°23” E)
7 ACS7 Acacia gerardii honey (Al Ahsa: 25°17” N, 49°29” E)
8 SDS1 Sidr, Ziziphus sp. honey (Huraymila: 25°12” N, 46°10” E)
Native hone 9 SDS2 Sidr, Zl:Zl:phllS sp. honey (Hail: 27°31” N, 41°41” E)
(Kingdom of Sa);di 10 SDS3 Sidr, Ziziphus sp. honey (Riyadh: 24°24” N 46°71” E)
A%abia KSA) 11 SDS4 Sidr, Ziziphus sp. honey (Al Qassim: 25°49” N, 42°51” E)
’ 12 SDS5 Sidr, Ziziphus sp. honey (Al Taif: 21°16” N, 44°25” E)
13 SDS6 Sidr, Ziziphus sp. honey (Asir: 18°13” N, 42°23” E)
14 SDS7 Sidr, Ziziphus sp. honey (Al Ahsa: 25°17” N, 49°29” E)
15 ALS Alfalfa honey (Al Qassim: 25°49” N, 42°51” E)
16 SES Vachellia seyal honey (Huraymila: 25°12” N, 46°10” E)
17 SMS1 Acacia tortilis honey (Huraymila: 25°12” N, 46°10” E)
18 SMS2 Acacia tortilis honey (Riyadh: 24°24” N 46°71” E)
19 SMS3 Acacia tortilis honey (Al Taif: 21°16” N, 44°25” E)
20 SHS Shafallah—caper bush honey, Capparis spinose (Al Taif: 21°16” N,
44°25" E)
1 SMF Multifloral honey, Spain
2 IMF Multifloral honey, India
3 PAS1 Honey imported from different countries but packed in KSA
4 PAS2 Honey imported from different countries but packed in KSA
5 PAS3 Honey imported from different countries but packed in KSA
6 PAS4 Honey imported from different countries but packed in KSA
7 PAS5 Honey imported from different countries but packed in KSA
8 PAS6 Honey imported from different countries but packed in KSA
Imported Honey 9 MKN1 Manuka honey, New Zealand
(from different 10 MKN2 Manuka honey, New Zealand
countries of the 11 BFG Black forest honey, Germany
world) 12 CMF Multifloral honey, China
13 CsD Sidr, Ziziphus sp. honey, China
14 PAG Robinia pseudoacacia Black locust honey, Germany
15 SWMF Multifloral honey, Switzerland
16 BMF Multifloral honey, United Kingdom
17 FMF Multifloral honey, France
18 AMF Multifloral honey, Australia
19 CTE Citrus honey, Egypt
20 KSD Sidr, Ziziphus sp. honey, Pakistan

2.2. Melissopalynological Analysis

The pollen presence is fundamental for the melissopalynological analysis of honey [9].
The presence of pollen in the honey samples and the botanical origins of honey samples
was tested according to the recommended protocols [15-17]. Briefly, ten grams of honey
was mixed in 20 mL of warm distilled water (40 °C), centrifuged for 10 min at 2500 rpm,
poured into a small tube, and centrifuged again for 10 min. The entire sediment was put
on a slide, spread out over an area of 20 mm?, and dried by slight heating at 40 °C. The
sediment was mounted with glycerin gelatin and liquefied by heating in a water bath at
40 °C [18]. The identification of pollen grain in the treated honey samples was performed
according to the pollen atlas [19].

2.3. Physicochemical Analysis

The color, moisture content, EC, FA, pH, HMF, DN, and sugar content of local and
imported honey samples were determined as per the recommended protocol [15]. Every
honey sample was tested three times for every parameter, and the data were expressed as
mean values.

2.3.1. Color Analysis

The Pfund scale was used to measure the color intensity of honey samples according to
the recommended protocol [15,21]. Half of the cuvette was filled with homogenous honey
(without air bubbles) using a 10 mm light path. Color grades (0-150 mm) were determined
using a color photometer (HI 96785, Hanna® Instruments, Nusfalau, Romania), in which
the cuvette was inserted. The analytical-grade glycerol standard was used to compare the
Pfund grades of honey according to the United States Department of Agriculture [15,21].
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2.3.2. Moisture Content

The refractometric method [12,15] was used to measure the moisture content in terms
of refractive indices with the help of a refractometer (Hammann® honey refractometer,
Hassloch, Germany) at ambient temperature. The refractive index directly increased with
increases in the solid content of the honey sample. A drop of thoroughly mixed honey
was put on the lens, and the lid of the refractometer was carefully closed for the even
spreading of honey without any air bubbles. The refractometer was held towards the light
to record the interface position. Before the testing of every honey sample, the instrument
was thoroughly cleaned and dried.

2.3.3. Electrical Conductivity (EC)

The EC was measured using an EC meter (Harma® pH PPM Meter HI-9813-6N,
Nusfalau, Romania). It was first calibrated with deionized water, and the conductance cell
was dipped into 10% honey solution (10.0%). The reading of EC was recorded after the
stabilization of the instrument [12,15].

2.3.4.pH
Ten grams of honey was mixed in 75 mL deionized water. Honey solution was
transferred into a beaker, and a pH meter (Hanna® pH PPM Meter HI-9813-6N, Nusfalau,

Romania) was put in the solution. The stable readings of pH were recorded from the pH
meter [12,15].

2.3.5. Free Acidity (FA)

FA was measured using the titrimetric method. Ten grams of honey was dissolved
in 75 mL of deionized water. The honey solution was titrated with sodium hydroxide
(NaOH 0.05 N) until the pH value reached at 8.5. The final acidity number was expressed
in meq/kg [12,15].

2.3.6. Hydroxymethylfurfural (HMF)

HMEF was recorded by determining the absorbance of the solutions at 284 and 336 nm,
which was done using a GenesysTM10S UV-visible spectrometer (Thermo Fisher Scientific,
Shanghai, China) [18]. The following equation was used to calculate the HMF content:

HMF(mg/kg) = (A284) — (A336) x 149.7

where A284: absorbance value at 284 nm, A336: absorbance at 336 nm, and 149.7: a factor
calculated by the molecular weight of HMF and the mass of the sample [12,15].

2.3.7. Diastase Activity (DN)

The diastase number (DN) displaying the diastase activity and the DN of the honey
samples was measured using the recommended protocol [7,15,18,22]. The absorbance of
samples was recorded, and a calibration curve was formulated.

2.3.8. Sugar Content

The percentages of sugar contents (fructose, glucose, sucrose, and reducing sugar)
in honey samples were measured using high-performance liquid chromatography HPLC
(Agilent Technologies®, Santa Clara, CA, USA) with RID detector and carbohydrate col-
umn). Sample preparation for HPLC was performed according to Raweh et al. [18]. The
chromatogram peaks of the sugars were identified by comparison with those of previously
injected standard sugars [15,20].

2.4. Statistical Analysis

The data of different physicochemical properties of honey are expressed as mean =+ SE.
The quantified variables of the honey samples were compared using the analysis of variance
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(ANOVA) and Duncan’s multiple range test. The statistical significance (p < 0.05) for the
parameter values was calculated using SAS® 9.2 software.

3. Results
3.1. Presence of Pollen Grains

The melissopalynological studies revealed the presence of different types of pollen grains
in all tested local and imported honey samples that originated from diverse topographical
origins (Table 2). A great diversity of pollens was observed in the pollen spectra. The majority
of pollens belonged to four families (Fabaceae, Asteraceae, Rhamnaceae, and Capparaceae),
which were detected from local honey samples. In imported honey samples, the majority of
pollens that belonged to three families (Fabaceae, Asteraceae, and Rhamnaceae) were detected,
but the pollen diversity was lower than those of local honey (Table 2).

Table 2. Microscopic analyses of the pollen grain types present in the local and imported honey samples.

Origin of No. Sample Code Detail of Pollen Grains
Honey
1 ACS1 Fabaceae, and others.
2 ACS2 Fabaceae, and others.
3 ACS3 Fabaceae, Rhamnaceae, and others.
4 ACS4 Fabaceae, Asteraceae, and others.
5 ACS5 Fabaceae, Capparaceae, Malvaceae, Asteraceae.
6 ACS6 Fabaceae, and others.
7 ACS7 Fabaceae, Asteraceae, and others.
8 SDS1 Rhamnaceae, and others.
9 SDS2 Rhamnaceae, Fabaceae, Asteraceae, and others.

Native honey 10 SDS3 Eg’\aerrr;naceae, Tamaricaceae, Capparaceae, Asteraceae, Combretaceae, and
11 SDS4 Rhamnaceae, Fabaceae, Combretaceae, Capparaceae, and others.
12 SDS5 Rhamnaceae, Capparaceae, Fabaceae, and others.

13 SDS6 Rhamnaceae, Capparaceae, and others.
14 SDS7 Rhamnaceae, Fabaceae, Combretaceae, Capparaceae, and others.
15 ALS Fabaceae, Capparaceae, and others.
16 SES Fabaceae, Tamaricaceae, Asteraceae, and Capparaceae.
17 SMS1 Fabaceae, Asteraceae, and others.
18 SMS2 Fabaceae, Rhamnaceae, Asteraceae, Capparaceae, and others.
19 SMS3 Fabaceae, Capparaceae, and others.
20 SHS Capparaceae, Fabaceae, Rhamnaceae, Asteraceae, and others.
1 SMF Malvaceae, Asteraceae, Fabaceae, Santalaceae, and others.
2 IMF Fabaceae, and others.
3 PAS1 Fabaceae, and others.
4 PAS2 Fabaceae, Asteraceae, and others.
5 PAS3 Myrtaceae, Fabaceae, Asteraceae, and others.
6 PAS4 Rhamnaceae, Fabaceae, Asteraceae, Malvaceae, Solanaceae, and others.
7 PAS5 Fabaceae, Asteraceae, Malvaceae, and others.
8 PAS6 Fabaceae, Asteraceae, and others.
9 MKNT1 Myrtaceae, Lamiaceae, and others.
Imported honey 10 MKN2 Myrtaceae, Solanaceae, Asteraceae, and others.
11 BFG Rhamnaceae, and others.
12 CMF Rosaceae, and others.
13 CSD Rhamnaceae, Fabaceae, Rosaceae, and Asteraceae.
14 PAG Fabaceae, Convolvulaceae, and others.
15 SWMF Rhamnaceae, Fabaceae, Ericaceae, Fabaceae, and others.
16 BMF Asteraceae, and others.
17 FMF Pinaceae, and others.
18 AMF Rutaceae, and others.
19 CTE Rutaceae, Fabaceae, Rhamnaceae, Asteraceae, Solanaceae, and others.
20 KSD Rhamnaceae, Fabaceae, Asteraceae, and others.

Others: pollen families that were not identified.

3.2. Physicochemical Analysis of Honey

The physicochemical properties (moisture content, color, EC, pH, FA, HMF, DN, and
sugar contents) were determined from the local and imported honey samples. The majority
of the local and imported honey exhibited adequate quality physicochemical properties that
were compatible with international regulation of honey quality [9,10]. Local honey samples
showed certain physicochemical properties (Tables 3 and 4) that were marked as relatively
better (low moisture and HMF; high EC and DN) than that of imported honey samples,
with a few exceptions. The low moisture content depicts the maturation of honey without
any fermentation and long shelf life, low HMF with high DN illustrates the freshness and
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proper handling, and higher EC in the local exceptional nectar honey shows the presence
of more mineral elements due to their botanical origin.

Table 3. Physicochemical properties of local honey samples.

Sample * Pfund . o EC Free Acidit HMF
No. Cocll)e Color Color (mm) Moisture (%) (mS/cm) pH (meq/kg) Y (mg/kg) DN
1 ACS1 Dark amber 144+ 0.0b 13.8 £ 0.0k 191+00b 52+00e 106 £0.3b 1.6 £ 0.2efg 87+ 03gh
2 ACS2 Amber 113+00g 143 £0.0j 151 +£00e 454001 95+ 0.0e 1.6 £0.2efg 10.0+0.0f
3 ACS3 Dark amber 150 £0.0a 15.6 £0.0c 135+00h 45+001 100 +0.0d 63+0.1c 11.0£00e
4 ACS4 Dark amber 125+00c¢ 144 £0.0j 155+ 0.0d 494+ 00h 90 +£0.0 f 0.7 +03fg 10.0+0.0f
5 ACS5 Dark amber 120+ 0.0d 144 +0.0j 127 001 45+001 66+ 0.01 109 £03b 8.0+00i
6 ACS6 Dark amber 150 £0.0a 145+ 0.01j 1.83+00c¢ 51+00f 105+ 0.0b 09+02fg 109 £0.1e
7 ACS7 Dark amber 150 £0.0a 131 +001 2.00£00a 48+00i 110+ 0.0a 02+0.0fg 109 £0.1e
8 SDS1 Dark amber 115+ 00e 152+0.0d 1434+0.0f 50+£00g 102 +03c¢ 03+03fg 28.7+03a
9 SDS2 Extra light amber 44 4+00n 14.9 4 0.0 fgh 0.62+0.0m 49 +00h 154+ 00n 11+02fg 290+ 0.0a
10 SDS3 Light amber 60 = 0.0 m 15.03 + 0.0 def 0.55+0.0n 51+£00f 15+£00n 08+0.1fg 174 +£00b
11 SDS4 Amber 103 £0.0i 15.1 4+ 0.0 de 139 +00g 64 +£00c 23+0.01 13 +0.2efg 11.0£00e
12 SDS5 Amber 86 £0.0j 15.0 = 0.0 efg 133 £0.0h 71+00a 11+000 0.7 +02fg 120+0.0d
13 SDS6 Light amber 81+0.0k 156 +0.0c¢ 1454+ 0.0f 54+00d 204+ 0.0m 0.0+00g 103+ 0.0f
14 SDS7 Light amber 754+0.01 14.7 £ 0.1 hi 0.66 +0.01 6.6+00b 11+000 34 +03de 80+£00i
15 ALS White 31+000 16.0+0.0b 023+0.00 35+£00n 30 +£0.0k 22+ 04 efg 9.0+00g
16 SES Amber 103 +£0.01 138+ 0.0k 124 £0.01 46 +00k 67+ 0.0h 24+04ef 8.3+ 0.0 hi
17 SMS1 Amber 114 £0.0f 16.0£0.0b 1.19£0.0j 46+00k 75+£00g 56+0.1cd 9.0+00g
18 SMS2 Amber 112+ 0.0h 14.8 + 0.1 gh 0.96 + 0.0 k 4.6+ 0.0k 65+ 0.0j 292+ 17a 56+00j
19 SMS3 Dark amber 150 £0.0a 15.0 £ 0.0 efg 1.19£0.0j 47 +£00j 90 £0.0 72+01c 52£00j
20 SHS White 20+ 0.0p 171+0.1a 023+0.00 38+0.0m 29 +£03k 02+0.1fg 153 +£00c¢
Means with the same letters are not significantly different from each other (p < 0.05, Tukey’s test). * Color was
determined in mm on the Pfund scale according to the U.S. Department of Agriculture classifications (water white:
<9, extra white: 9-17, white: 18-34, extra light amber: 35-50, light amber: 51-85, amber: 86-114, dark amber:
>114). Codex Alimentarius Standard (moisture: <20%, Pfund color: 0-150 mm; EC: <0.8 mS/cm; pH: 3.4-6.1; FA:
<50 meq/kg; HMF: <40 mg/kg (in tropical regions: 80 mg/kg); DN: >8) [9,10].
Table 4. Physicochemical properties of imported honey samples.
Sample * Pfund Moisture EC Free Acidit; HMF
No- Cocll)e Color Color % mS/cm pH (meq/kg) Y (mg/kg) DN
1 SMF Light amber 70 £ 0.0k 1724+ 0.0h 0.26 +0.0j 4.0+0.0j 20+00d 20+ 0.0h 11.0+0.0d
2 IMF Light amber 72+0.0j 175 £ 0.0 ef 0.13 £0.0m 44+00g 14+00g 38+0.0d 0.0+ 0.0m
3 PAS1 Light amber 68 £0.01 17.7 £ 0.0 de 0.25+0.0j 41+00i 20+£0.0d 40+£0.0cd 0.0+ 0.0m
4 PAS2 Light amber 60 £ 0.0m 16.8 £0.01 0.05+0.00 4.0+0.0j 74001 67 +£0.0b 0.0+ 0.0m
5 PAS3 Amber 93 +£0.0f 147 £0.0m 0.88+0.0a 72+00a 8+ 0.0k 24+00k 80=£00f
6 PAS4 Light amber 85+00g 184 +0.0c 0.10+0.0n 39400k 11+£00i 42+ 06c¢ 6.6 + 0.0 gh
7 PAS5 White 28+£0.0q 179 +£0.0d 017 +0.01 454+00f 7+0.01 24+03g 83+ 0.0ef
8 PAS6 Amber 109 +£0.0b 187+ 0.1b 0.30 +0.0h 3.8+001 27+00c¢ 85+21a 50+00i
9 MKN1 Amber 99 +0.0d 194 +00a 048 +£0.0f 4.0£00j 30+ 0.0b 10+ 0.0j 7.0 £0.0fg
10 MKN2 Extra light amber 504+ 0.0n 167 £0.11 059 +£0.0d 42+00h 30+0.0b 14+£01i 25+ 0.0jk
11 BFG Light amber 78 £0.01 158 £ 0.0k 073+ 0.0c¢ 45+00f 37+£00a 2+01k 14.0+£00c¢
12 CMF White 33+£00p 182+00c¢ 028+0.01 47+00d 10+ 0.0j 10+ 0.2 20+0.0kl
13 CSD Light amber 82+0.0h 169 +0.01 038+00g 53+00c 10 £0.0j 2403k 94+00e
14 PAG Extra white 10£00r 17.46 £0.1fg 016 +0.01 38+001 15+ 0.0f 274+0.0f 55+ 1.1hi
15 SWMF Amber 98 +£0.0e 173+ 0.1 gh 039+00g 39400k 30+0.0b 34+00k 7.5+00fg
16 BMF Amber 100 +0.0¢ 182+0.1c¢ 0.06 0.0 0 46+00e 70+0.01 940.0j 20.0+0.0b
17 FMF Light amber 82+0.0h 17.4 £ 0.0 fgh 054+ 0.0e 44+00g 30+0.0b 9+01j 109 +0.0d
18 AMEF Extra light amber 43+000 162+ 0.0j 0.254+0.0j 474+00d 10 £0.0j 20+£0.7h 3.6+00j
19 CTE Light amber 78 £0.01 149+ 001 0.20 +£ 0.0k 39400k 16 £00e 32+13e 0.7 £0.0Im
20 KSD Drak amber 116 £0.0a 169 +0.01 0.84 +0.0b 6.1+00b 134+03h 34+00k 290+ 0.0a

Means with the same letters are not significantly different from each other (p < 0.05, Tukey’s test). * Color was
determined in mm on the Pfund scale according to the U.S. Department of Agriculture classifications (water white:
<9, extra white: 9-17, white: 18-34, extra light amber: 35-50, light amber: 51-85, amber: 86-114, dark amber:
>114). Codex standard (moisture: <20%, Pfund color: 0-150 mm; EC: <0.8 mS/cm; pH: 3.4-6.1; FA: <50 meq/kg;
HMEF: <40 mg/kg (in tropical regions: 80 mg/kg); DN: >8) [9,10].

3.2.1. Color

The honey color is dependent on their botanical origins, and it was significantly
different among local honey (Table 3) and imported honey (Table 4) samples. The color
ranged from white to dark amber for local honey, and extra white to dark amber for
the imported honey. The Pfund scale ranged from 20 to 150 mm and 10 to 116 mm in
local and imported honey, respectively (Tables 3 and 4). The mean value for the Pfund
color (102.3 £ 5.1) of local honey was significantly different from the imported honey
(72.7 + 3.59) (Table 5). The Pfund color scale of local and imported honey was within the
suggested range of the International Codex [9,10,23].
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Table 5. Comparison among mean values of tested physicochemical properties of local and imported
honey.

Local Honey Imported Honey

Physicochemical Properties (Mean -+ SE) (Mean -+ SE) p-Value
Moisture (%) 149 +£0.2 17.24+0.3 0.018 *
Color 102.3 £ 5.1 72.7 £3.59 0.004 *
EC (mS/cm) 119+ 0.1 0.35+£0.1 <0.000 *
pH 50402 45+£02 0.424
FA (meq/kg) 61 £83 18+£21 <0.000 *
HMF (mg/kg) 38+£15 23 £5.0 <0.000 *
DN 119+ 1.4 76+ 1.6 0.040 *

Asterisk represents a significant difference between local and imported honey for each single attribute (p < 0.05,
t-test). Codex Alimentarius Standard (moisture: <20%, Pfund color: 0-150 mm; EC: <0.8 mS/cm; pH: 3.4-6.1; FA:
<50 meq/kg; HMF: <40 mg/kg (in tropical regions: 80 mg/kg); DN: >8) [9,10].

3.2.2. Moisture Content

The moisture content (%) was significantly different within the individual honey type,
namely, local and imported honey samples (Tables 3 and 4). The moisture content ranged
from 13.1 £ 0.0 to 17.1 & 0.1%, with a mean value of 14.9 & 0.2% among local honey,
(Table 3), and from 14.7 & 0.0 to 19.4 & 0.0%, with a mean value of 17.2 4 0.3% for imported
honey (Table 4).

Table 5 shows the moisture content values after comparison among local and imported
honey samples. The imported honey possessed a significantly higher moisture content
(17.2 £ 0.3%) than local honey (14.9 £ 0.2%) (Table 5), but these were within the permitted
range (>20%) according to the international standards for honey [9,10].

3.2.3. Electrical Conductivity (EC)

The values of EC ranged from 0.23 4= 0.0 to 2.00 #+ 0.0 mS/cm, with a mean value of 1.19
£ 0.1 mS/cm (Table 3) for the local honey samples and from 0.05 £ 0.0 to 0.88 & 0.0 mS/cm,
with a mean value of 0.35 £ 0.1 mS/cm for the imported honey samples (Table 4). The
mean EC value of local honey (1.19 £ 0.1 mS/cm) was significantly higher than that of
imported honey (0.35 + 0.1 mS/cm) (Table 5), which showed values within the permitted
range (<0.8 mS/cm) of international standards for blossom honey [9,10].

3.2.4. pH

The pH values of the local honey (Table 3) and imported honey (Table 4) samples were
acidic, and within the standard limit (3.4-6.1) of the international standard [9]. The pH
values ranged from 3.5 4= 0.0 to 7.1 £ 0.0, with a mean of 5.0 + 0.2 for local honey samples
(Table 3), and 3.8 £ 0.0 to 6.1 & 0.0, with a mean value of 4.5 &= 0.2 for imported honey
samples (Table 4). Three local Sidr (Ziziphus spp.) honey samples (SDS4, SDS5, and SDS7)
had pH values of 6.4 & 0.0, 7.1 + 0.0, and 6.6 + 0.0, respectively (Table 3), which exceeded
the standard limit (3.4-6.1). There was a significant difference within the samples of local
(Table 3) and imported honey (Table 4). The mean pH values of local and imported honey
did not show any significant differences (Table 5).

3.2.5. Free Acidity (FA)

The results indicated a significant difference for FA level among honey samples
of individual honey types (Tables 3 and 4). The FA value ranged from 11 + 0.0 to
110 + 0.0 meq/kg (mean = 61 £ 8.3 meq/kg) for local honey samples (Table 3). The
local honey samples (ACS1-7: originated from Acacia spp. plant), SDS1, SES, and SMS1-3
were characterized with high FA that exceeded the permitted limit (<50 meq/kg) of honey
standards (Table 3). The FA value for imported honey samples was within the permitted
limit and ranged from 7 & 0.0 to 37 & 0.0 meq/kg (mean = 18 + 2.1 meq/kg) (Table 4). The
mean FA value (61 £ 8.3 meq/kg) of local honey was significantly higher as compared to
the FA value (18 + 2.1 meq/kg) of imported honey (Table 5).
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3.2.6. Hydroxymethylfurfural (HMF)

The HMF values of local honey (Table 3) and imported honey (Table 4) samples were
lower than the standard limit (<40 mg/kg) provided in the international standards [9]
GSO [10]. The HMF values were significantly different among samples of individual
honey type (Tables 3 and 4). The HMF value of local honey ranged from 0.0 & 0.0 to
29.2 + 1.7 mg/kg (mean = 3.8 & 1.5 mg/kg). The HMF value of imported honey ranged
from 2.0 £ 0.0 mg/kg to 85 & 2.1 mg/kg (mean = 23.0 + 5.0 mg/kg) (Tables 3 and 5). Three
imported honey samples (PAS2, PAS4, and PAS6) had exceptional HMF values (67 £ 0.0,
42 + 0.6, and 85 & 2.1, respectively) (Table 4) that exceeded the standard limit (<40 mg/kg).
The mean HMF value was significantly lower in local honey samples (3.8 & 1.5 mg/kg)
than that of imported honey samples (23 £ 5.0 mg/kg) (Table 5).

3.2.7. Diastase Activity (DN)

The diastase activity of honey is an important feature that is closely associated with
the freshness of honey. The data of diastase activity were measured in terms of diastase
number (DN). The values of local honey ranged from 5.2 & 0.0 to 29.0 &= 0.0 DN, with
mean of 11.9 + 1.4 DN (Table 3), and were within the Codex standard limits (>8). Out of
twenty local honey samples, only two samples (SMS2 and SMS3) showed DN lower than
the Codex standard limit (Table 3). The values of imported honey ranged from 0.0 + 0.0 to
29.0 & 0.0 DN, with a mean of 7.6 & 1.6 DN. Out of twenty imported honey samples, eight
samples (SMF, PAS3, PAS5, BFG, CSD, BME, FMF, and KSD) showed DN values within the
Codex standard limits (>8), and the rest of all the samples had DN lower than the Codex
standard limits (Table 4). The mean values of local honey (11.9 £ 1.4 DN) were higher
and were significantly different from that of the imported honey samples (7.6 & 1.6 DN)
(Table 5).

3.3. Sugar Content of Honey

The HPLC analysis revealed the percentage of sugar (fructose, glucose, and sucrose)
detected in the tested local honey (Figure 1A) and imported honey samples (Figure 1B). The
sequence pattern of sugar content was similar in local and imported honey samples, being
within the permitted quality range (fructose: 31-42%, glucose: 23-32%, sucrose: <5%). The
level of reducing sugar (fructose + glucose) was also within the permitted quality standard
(>60%) in both local and imported honey (Figure 1A,B).

Local honey Imported honey
(A) (B)
1007 =— Fructose — Sucrose 1007 =— Fructose — Sucrose
— Glucose - = Reducing sugars — Glucose == Reducing sugars

Sugar content (%)
Sugar content (%)

PP EE PP SBFEE L OGS ;&2 PGPS ILHERI N N &
GEETEEESF TS S VLTS S P F T S T T T e
Honey samples Honey samples

Figure 1. HPLC-based sugar profile of local honey and imported honey. (A) Local honey: ACS1-7
(Acacia gerardii honey from seven locations), SDS1-7 (Sidr, Ziziphus sp. honey from seven locations),
ALS (alfalfa honey), SES (Vachellia seyal honey), SMS (Acacia tortilis honey), and SHS (Shafallah—caper
bush honey, Capparis spinose). (B) Imported honey: SMF (multifloral honey, Spain), IMF (multifloral
honey, India), PAS1-6 (honey imported from different countries but packed in KSA), MKN1-2 (manuka
honey, New Zealand), BFG (black forest honey, Germany), CMF (multifloral honey, China), CSD (Sidr,
Ziziphus sp. honey, China), PAG (Robinia pseudoacacia black locust honey, Germany), SWMF (multifloral
honey, Switzerland), BMF (multifloral honey, United Kingdom), FMF (multifloral honey, France), AMF
(multifloral honey, Australia), CTE (citrus honey, Egypt), and KSD (Sidr, Ziziphus sp. Pakistan).
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The sugar content (fructose, glucose, sucrose, and reducing sugars) indicated signifi-
cant differences within the individual type of local (Table 6) and imported honey (Table 7).
Fructose and glucose were the two main carbohydrates that were detected in all the ana-
lyzed local and imported honey samples. Fructose percentage was relatively higher than
that of glucose in local honey (Table 6) and imported honey, with an exception of two
imported honey samples (PAS2 and CSD) that indicated a higher glucose percentage than

that of fructose (Table 7).

Table 6. Analysis of sugar content (%) present in local honey samples.

Sugar Content (%)

No. Sample Code
Fructose Glucose Sucrose Reducing Sugars
1 ACS1 39.6 + 0.0 ef 29.0+0.0h 1.0+ 0.0gh 69 + 0.0 ef
2 ACS2 40.0+0.0e 31.8+02f 03+00i 724+ 0.2 cde
3 ACS3 40.0+0.0e 31.9+00f 02+00i 72 £ 0.0 cde
4 ACS4 40.0+0.0e 32.7 + 0.0 cde 1.0+ 0.0gh 73+ 0.0 cd
5 ACS5 40.0+0.0e 31.9 + 0.1 ef 1.0 £0.0 gh 72 4+ 0.1 cde
6 ACS6 39.6 + 0.0 ef 300+00g 0.5+ 0.0 hi 70 + 0.0 def
7 ACS7 384 +£02gh 27.7+0.11 0.5+ 0.0 hi 66 +0.2f
8 SDS1 383+ 04h 302+03g 01+00i 69 + 0.8 ef
9 SDS2 429 +0.1c¢ 340+ 0.0b 1.0 £0.0gh 77 £0.1b
10 SDS3 41.0+00d 33.0+0.0cd 28+00e 74 £+ 0.0 be
11 SDS4 33.0+£0.0j 249+0.1k 109 £0.1b 58+01g
12 SDS5 348+ 011 26.0 4+ 0.0j 133+03a 61+00g
13 SDS6 38.0+0.0h 307+03g 63+0.3d 69 + 0.3 ef
14 SDS7 40.0+0.0e 31.7£01f 9.0+0.0c¢ 724+ 0.1 cde
15 ALS 440+00b 36.6 +£0.0a 12+02g 81+0.0a
16 SES 40.0+0.0e 33.3+ 0.3 bc 1.0+ 0.0gh 73 4+ 0.3 bed
17 SMS1 392+02f 32.0 + 0.0 ef 02+00i 71 4+ 0.2 cde
18 SMS2 39.0£0.0fg 329+ 0.0cd 20£00f 72 £ 0.1 cde
19 SMS3 41.0+0.0d 32.4 + 0.2 def 2.5+ 0.0 ef 73 + 0.2 be
20 SHS 46.0+0.0a 364+02a 20+00f 82+02a
Mean 39.7 £ 0.6 31.5+0.7 2.8 +09 712 +13

Means with the same letters are not significantly different from each other (p < 0.05, Tukey’s test). Codex
Alimentarius Standard (fructose: 31-42%, glucose: 23-32%, sucrose: <5%, reducing sugar: >60%) [9,10].

Table 7. Analysis of sugar content (%) present in imported honey samples.

Sugar Content (%)

No. Sample Code
Fructose Glucose Sucrose Reducing Sugars
1 SMF 43.9 + 0.0 abc 350+ 00c 09+00c 79 £ 0.0 abc
2 IMF 43.5 + 0.0 abc 370+ 0.0b 0.8 £0.0cd 81 + 0.0 abc
3 PAS1 44.6 4+ 0.4 abc 378+02a 0.7+0.0cd 82+ 0.5ab
4 PAS2 40+00e 23.6+0.0j 0.0+00f 28 +£0.0j
5 PAS3 40.0 + 0.0 abc 34.0+0.0d 0.1 +0.0ef 74 + 0.0 abcdefgh
6 PAS4 37.0 £ 0.0 bc 28.0+0.0h 25+00b 65 £ 0.0 ghi
7 PAS5 46.9 + 0.0 ab 31.0£0.0f 0.2 £ 0.0 ef 78 4+ 0.0 abed
8 PAS6 38.0 + 0.0 abc 27.6+0.1h 0.1 +0.0ef 66 + 0.1 fghi
9 MKN1 359+ 0.0c¢ 290+00g 0.2 +0.2ef 65 + 0.0 hi
10 MKN2 482 +0.2a 354+02c 09+00c 84+03a
11 BFG 43.2 + 0.2 abe 26.6 £ 031 0.6+0.0d 70 £ 0.4 cdefgh
12 CMF 44.7 + 0.1 abc 320+ 00e 0.8 +0.0cd 77 £+ 0.1 abcde
13 CSD 239+9.0d 33.7+0.1d 0.7 £0.0cd 76 0.6 1
14 PAG 486+0.1a 350+ 00c 03+£00e 84+00a
15 SWMF 38.9 + 0.0 abc 29.0+00g 0.8 +0.0cd 68 + 0.1 defghi
16 BMF 42.0 + 0.0 abc 34.0+0.0d 0.6+0.0d 76 + 0.0 abedef
17 FMF 44.0 + 0.0 abc 31.8+00e 09+00c 76 + 0.0 abcdefg
18 AMF 39.7 + 0.1 abc 322+02e 3.0+00a 72 £ 0.3 bedefgh
19 CTE 38.2 + 0.2 abc 28.0+0.0h 0.8 +0.0cd 66 + 0.2 efghi
20 KSD 38.5 + 0.0 abc 350+ 00c 0.0+£0.0f 73 £ 0.0 abcdefgh
Mean 392+23 31.8+£0.8 0.7 +0.2 72 +28

Means with the same letters are not significantly different from each other (p < 0.05, Tukey’s test). Codex
Alimentarius Standard (fructose: 31-42%, glucose: 23-32%, sucrose: <5%, reducing sugar: >60%) [9,10].

In local honey (Table 6), the range of sugar content was 33 =+ 0.0 to 46.0 & 0.0% (mean:
39.7 £ 0.6%) for fructose, 24.9 £ 0.1 to 36.6 = 0.0% (mean: 31.5 £ 0.7%) for glucose, 0.1 & 0.0
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to 13.3 £ 0.3% (mean: 2.8 4+ 0.9%) for sucrose, and 58 + 0.1 to 82 4+ 0.2% (mean: 71.2 +
1.3%) for reducing sugars. Four local honey samples (SDS4, SDS5, SDS6, and SDS7) showed
sucrose contents that exceeded the permitted limits (<5%) of International Codex and GSO
standards [9,10].

In imported honey (Table 7), the range of sugar content was 4.0 + 0.0 to 48.6 &
0.1% (mean: 39.2 £ 2.3%) for fructose, 23.6 £+ 0.0% to 37.8 + 0.2 (mean: 31.8 + 0.8%) for
glucose, 0.0 £ 0.0% to 3.0 & 0.0% (mean: 0.7 =+ 0.2%) for sucrose, and 28 =+ 0.0 to 84 £ 0.0%
(mean: 72.0 4 2.8%) for reducing sugars. All sugar contents were within the permitted
limits (fructose, glucose, sucrose, and reducing sugar: 31-42%, 23-32%, <5%, and >60%,
respectively) of the International Codex and GSO standard [9,10]. One local honey (SDS4:
58 4 0.1%) (Table 6) and one imported honey (PAS2: 28 + 0.0%) (Table 7) possessed lower
percentages of reducing sugar than the permitted range (>60%).

Table 8 revealed the mean values of various sugar contents in local and imported
honey. Only the percentage of sucrose was significantly different among local (2.8%) and
imported honey (0.7%). The contents of fructose, glucose, and reducing sugar were similar
in both local and imported honey. The mean percentages of fructose, glucose, sucrose, and
reducing sugar of the local and imported honey were within the permitted limits (fructose:
31-42%, glucose: 23-32%, sucrose: <5%, reducing sugar: >60%) of the International Codex
and GSO standard [9,10].

Table 8. Comparison among sugar contents of local and imported honey in Saudi Arabia.

Physicochemical Properties Local Honey Imported Honey Value
(Sugar Content) (Mean + SE) (Mean =+ SE) P
Fructose (%) 39.7 £ 0.6 392423 0.833
Glucose (%) 31.5+£0.7 31.8+0.8 0.780
Sucrose (%) 28 +£09 0.7+£02 0.020 *
Reducing sugar (%) 712+13 720+28 0.078

Asterisk represents a significant difference between local and imported honey for each single attribute (p < 0.05,
t-test). The mean percentages of fructose, glucose, sucrose, and reducing sugar of local and imported honey were
within the permitted limits (fructose: 31-42%, glucose: 23-32%, sucrose: <5%, reducing sugar: >60%) of the
International Codex Alimentarius and GSO standard [9,10].

4. Discussion

Pollen is a fundamental element in the analysis and quality evaluation of honey [24].
Melissopalynological analysis of honey provides the identification of the pollen types
and potential plant source of honey [25]. This knowledge of pollen species is expedient
in elucidating the sources of floral nectar that bees forage to produce honey of specific
geographical and botanical sources [26]. In the present study, the pollen spectra from
honey samples revealed that local honey had a relatively wide variety of botanical families
than the imported honey. The possible explanation for the diversity in pollen content taxa
between local and imported honey is because of different geographical regions, as well as
the treatment of fine filtration. The local honey was without any fine filtration; unlike the
imported honey, which might be commonly exposed to fine filtration to remove most of
its pollen content before commercialization. According to USDA standards, commercial
honey is filtered to remove suspended particles, including pollen grains [27]. Ponnuchamy
et al. [28] reported the diversity of pollen spectra in the honey collected from one area at
different times of the year.

We found that the color diversity among the honey samples (local and imported)
ranged from white to dark amber, which is in accordance with the Pfund scale [21]. The
diversity in honey color is common, and a previous study also reported the diversity ranged
from colorless to amber and dark amber to black [14]. It is evident that the commercially
available honey varied greatly in quality due to its color, flavor, and density over the
globe [29]. Honey color is closely connected with botanical origin, and is an imperative
to assess the honey quality [30]. Light-colored honey has a mild flavor, while dark honey
has a more concentrated and rich flavor [31]. Furthermore, darker honey also has a high
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content of manganese, iron, phenolic compounds, and copper [14,32]. Many factors such
as the environment, season, mineral, Maillard reaction, phenolic content, pollen, wax used,
floral origin, and length of storage can affect the color of honey [25,32-34]. The Pfund
color scale of local and imported honey was within the suggested range (0-150 mm) of the
International Codex [9,10,23] and depended on the botanical origin.

The moisture content in the honey is important to determine honey quality, stability,
resistance to spoilage, resistance to fermentation, and granulation during storage [25]. We
found a relatively higher mean moisture content in imported honey than local honey, but
both were within the acceptable limit (<20%) of international standards [9,10,23]. The
prevalent subtropical climate conditions of high temperature and low humidity in Saudi
Arabia could be the reason for the low moisture level in local honey. Moisture level is
also vulnerable to geographical moisture conditions (temperature and humidity) during
honey production, level of honey maturity in the hive, content of floral nectar, harvesting
time, processing techniques, storage conditions, and apiary management [35-37]. The low
moisture content would be an advantage for long storage with the prolonged shelf life of
honey [25,38]. Other studies also found comparable findings of low moisture content in
Saudi honey [24,39,40].

The level of EC is an important indicator of the quality of honey [41]. Our result
showed that the EC value of local nectar honey exceeded the permitted limit (0.8 mS/cm) of
international and Gulf standards [9,10]. The level of EC depends on the presence of mineral
contents, storage time, floral origin, proteins, and organic acids in honey [14,40,42]. The
higher level of these contents resulted in the higher EC, and vice versa [43]. EC is the most
appropriate parameter for differentiating the geographical source and identification of flora
of honey [41]. The level of EC showed great variation depending on the floral origin of
honey [38]. The storage, floral sources, and color of honey also affect the EC values, as dark
honey provides a higher EC than light-colored honey due to differences in the levels of
minerals [43]. The local Saudi honey was exceptional nectar honey, which is characterized
by naturally higher EC, and likewise, previous studies also presented higher EC in Saudi
honey [25,40,43].

The pH value is linked with the number of organic acids present in the honey. It can
also be influenced by various other factors such as the presence of inorganic ions, as well
as extraction and storage conditions, which affect the structure, stability, and shelf life
of honey, as well as the fermentation process [14,37]. In the present study, the mean pH
values of local and imported honey (5.0 £ 0.2 and 4.5 £ 0.2, respectively) were within the
permitted limit (3.4-6.1) of standards [9,10,23]. Generally, our results regarding pH values
are in agreement with those described in the literature from different countries [38,39]. We
also found that few samples of local Sidr honey (Ziziphus sp.) exhibited higher pH (>6.1)
than standard limits (3.40 to 6.10), which is in line with previous studies where Sidr honey
revealed high pH [40].

FA is a characteristic that originally depends on the floral source, geographical origin,
and climatic conditions. We demonstrated that the mean FA (18 = 2.1 meq/kg) of imported
honey samples was within the permitted range (<50 meq/kg) of standards) and was in
agreement with previous studies [44]. Conversely, the mean FA of local honey samples
(61 & 8.3 meq/kg) was higher than that of imported honey and exceeded the permitted
limits (<50 meq/kg). The high mean FA value in local honey was due to the honey samples
that originated from Acacia spp. plants, which had high FA because of the nature of floral
source [45]. The high FA value exceeding the permitted standards in honey originated
from Acacia plants were in agreement with previous studies conducted in different Gulf
countries, such as Oman, Saudi Arabia, and Yemen [33,40,46]. Irrespective of geographical
origin, Acacia honey has distinctive acidic properties. The nature of the Acacia nectar and
the effect of the honey harvest season of hot summer, as well as high-salinity soils, could be
the possible reason for the acidity of Acacia honey [47]. In honey, essential acid gluconic
acid is produced by oxidation of glucose with an enzyme glucose oxidase, which makes
honey slightly acidic [20]. Thus, the increase in FA may be due the presence of a high level
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of gluconic acid in Acacia flowers as a rich source of nectar [48]. The variations in FA among
local and imported honey samples might be due to differences in geographical conditions;
the presence of organic acids, particularly gluconic acid; inorganic ions (phosphate and
chloride); floral sources; the fermentation process; and the bee species [33]. A high FA value
in Acacia honey samples could therefore be a feature of honey related to the floral origin of
honey.

HMEF is one of the most important criteria to monitor the freshness of honey, beekeep-
ing practices, honey exposure to high temperature, and storage conditions [49]. In fresh
honey, the level of HMF is naturally in small quantities, but its concentration increases
with storage duration and prolonged heating [50]. HMF is an indicator for poor storage
conditions at high temperature [18]. Our result revealed that mean HMF content of the
local honey samples (3.8 £ 1.5 mg/kg) was lower than that of the imported honey samples
(23.0 £ 5.0 mg/kg), but both were within the permitted limits (<40 or 80 mg/kg) of honey
standards [9,10,23]. Only in a few imported honey samples did HMF exceed these stan-
dards. These high HMF values in the present results might have been due to storage time
and honey exposure to heating [20]. The accepted level of HMF in honey differs among
countries, i.e., being greater in hot tropical countries, and should not exceed 80 mg/kg,
whereas in other countries, 40 mg/kg is the maximum accepted level [9,10,23]. Our results
are in agreement with the findings of previous studies [24,51]. The production of HMF can
be increased with the presence of simple sugars (glucose and fructose), many acids and
minerals in honey, in addition to honey processing practices or long storage [52].

The diastase enzyme is a significant enzyme secreted by bees during the conversion
of nectar into honey, in addition to its floral source. It is greatly affected by the floral
origin, climate, poor storage, and exposure of honey to heating; the activity of the diastase
enzyme indicates the freshness of honey [53]. The storage duration and honey exposed to
heating can modify the diastase activity of honey [54,55]. Our results exhibited that the
diastase activity (11.9 £ 1.4 DN) of local honey met the requirements of international and
local standards (>8), with the exception of only two samples with lower diastase activity
than the standard limits. Comparable values for diastase activity have been reported for
Ethiopian, Argentinian, and Omani honey [56]. The mean diastase activity of imported
honey was 7.6 + 1.6 DN, and the majority of samples were out of the standard limits of
international and local standards [9,10,23]. These results indicated that imported samples
were either older, stored in poor conditions, or exposed to heating [55] that degraded the
enzyme and resulted in decreased diastase activity. The diastase activity values are in
agreement with the findings of Mesallam and El-Shaarawy [51].

The level of sugar content in honey is an important for its quality assessment [24,25].
Our results revealed that fructose, glucose, and sucrose were the most important sugars
found in the analyzed honey samples, and the levels of these sugars were significantly
different among local and imported honey samples. These sugars were sourced from
the floral nectar that bees forage and consume during honey production, and the floral
source can be identified from sugar analysis [57]. The mean levels of reducing sugar in
local (71.2 £ 1.3%) and imported honey (72 + 2.8%) were within the permitted range
(>60) of honey standards [9,10,23], and these outcomes were in confirmation with previous
findings [24,51]. In the present study, fructose was the main sugar in the honey samples
compared to glucose and sucrose. The mean fructose level was 39.7 £ 0.6% in local honey
and 39.2 £ 2.3% in imported honey, and they were within the permitted range (31-42%)
of honey standards [9,10,23]. Only two samples of imported honey had less fructose but
higher glucose, indicating that these samples were possibly adulterated [24,58]. The mean
percentage of glucose in our data was 31.5 £ 0.7% in local honey and 31.8 & 0.8% in
imported honey, being within the permitted range (23-32%) of honey standards [9,10,23].
These values are in agreement with findings of previous studies [56].

In our data, the local honey had a higher sucrose percentage (2.8 &= 0.9%) than that
of imported honey (0.7 £ 0.2%) and was within the permitted range (<5%) of honey
standards [9,10,23]. Tigistu et al. [33] also found high sucrose (2.54 + 0.40%) in Ethiopian
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honey. The normal levels of sucrose in most samples indicate that these honey samples
were highly matured [50]. Some Sidr honey samples in our data had a higher level of
sucrose, which could be attributed to the fact that some beekeepers harvest their honey
before the complete sealing of honeycombs. This early harvest is related to the two short
peaks of honey flow during Sidr flowering season [45,59,60].

The adulteration of commercial honey is a continued concern worldwide. Generally,
adulteration of honey involves the addition of different sugary syrups such as C3 and C4
sugars and certain oligosaccharides. The common source of C4 sugar is sugarcane and corn,
with C3 sugar coming from rice and beetroot, while starch-based polysaccharides come
from rice and corn [61,62]. Resin technology, a new kind of adulteration, is also being used
to produce adulterated honey, hide its origin, and eliminate any trace of contamination and
antibiotics. The FDA has notified that the honey going through resin technology should
not be labelled as honey. Resin technology can eliminate/alter the chemical components of
honey color, flavor, and aroma; pollen; antibiotics; and residues. It also helps the commercial
companies to customize the color, aroma, and flavor of honey [63]. The modified sugar
syrups are difficult to catch because they are designed not to be detected by the regular
testing sugar methods. An advanced global standard specialized testing using nuclear
magnetic resonance (NMR) is under debate, which might be needed in order to verity the
quality of honey, as well as to analyze the presence of modified sugars in the honey. NMR is
a powerful analytical tool that can detect the presence and structure of different substances
in honey [64].

We proposed a recommendation for the implication of NMR testing at the country
level for the export and import of honey in order to authenticate the honey. A thorough
surveillance with solid custom regulations could help to alleviate the import of honey
adulterated with common sugars. A regular inspection of honey processing units for
sampling honey and testing with NMR is also recommended because there is a high
probability that adulterated honey with C3, C4, polysaccharides, and fructose syrups could
bypass the normal purity tests.

5. Conclusions

The quality of local and imported honey was determined by evaluating their physic-
ochemical properties such moisture, color, electrical conductivity, pH, diastase activity,
free acidity, sugar content, and HMFE. The majority of these tested parameters of local and
imported honey complied with the different quality standards. The local honey showed
lower moisture content and HME, as well as higher diastase enzyme activity and EC, than
the imported honey. The free acidity level was higher than the quality standards in the local
exceptional nectar honey. The pollen analysis identified different types of pollen present
in the honey samples, as well as their plant sources of floral nectar. The characterization
and estimation of the physicochemical parameters of local and imported honey is crucial
in order to monitor the quality of honey, prepare certification marks for validity, produce
high-quality honey in Saudi Arabia, and propose new standards that are based on the
characteristics of Saudi honey.
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Abstract: Honey adulteration has become a prominent issue in the honey market. Herein, we
used the fluorescence spectroscopy combined with chemometrics to explore a simple, fast, and
non-destructive method to detect wolfberry honey adulteration. The main parameters such as
the maximum fluorescence intensity, peak positions, and fluorescence lifetime were analyzed and
depicted with a principal component analysis (PCA). We demonstrated that the peak position
of the wolfberry honey was relatively fixed at 342 nm compared with those of the multifloral
honey. The fluorescence intensity decreased and the peak position redshifted with an increase in
the syrup concentration (10-100%). The three-dimensional (3D) spectra and fluorescence lifetime
fitting plots could obviously distinguish the honey from syrups. It was difficult to distinguish the
wolfberry honey from another monofloral honey, acacia honey, using fluorescence spectra, but it could
easily be distinguished when the fluorescence data were combined with a PCA. In all, fluorescence
spectroscopy coupled with a PCA could easily distinguish wolfberry honey adulteration with syrups
or other monofloral honeys. The method was simple, fast, and non-destructive, with a significant
potential for the detection of honey adulteration.

Keywords: wolfberry honey; adulteration; fluorescence spectroscopy; fluorescence lifetime; principal
component analysis

1. Introduction

Honey has been a functional food for centuries due to its nutrients and therapeutic
effects [1]. Honey is rich in various chemical components, including monosaccharides
(fructose and glucose) and other types of sugars; these are the dominant constituents, ac-
counting for 70-80% of honey [2]. It also contains small amounts of amino acids (including
tryptophan, tyrosine, and phenylalanine), proteins (enzymes), vitamins (especially vitamin
B6, thiamine, niacin, riboflavin, and pantothenic acid), minerals (including calcium, copper,
iron, magnesium, manganese, phosphorus, potassium, sodium, and zinc), phenolic acids
(caffeic acid, ferulic acid, chlorogenic acid, and vanillin acid), flavonoids (galangin, chrysin,
apigenin, pinobanksin, naringenin, and quercetin) and royal jelly aliphatic acids [3-5].
It is because honey contains these minor materials that it differs from syrups and other
sweeteners; thus, these substances are also the basis for the authentication identification of
honey adulteration.

Honey adulteration with various syrups such as corn syrup, sugarcane syrup, beet
syrup, rice syrup, wheat syrup, inverted syrup, and inulin syrup has become a prominent
issue that harms the interests of consumers and beekeepers [2,3,6]. With the increase in the
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types of adulterated honey, other technologies are needed to detect adulterated honey [2].
The traditional methods mainly include pollen identification, which identifies the sources
of the nectar and plants through the characteristics and quantity of the honey pollen, and
characteristic parameters such as the water content, Brix, electrical conductivity, amylase
value, and 5-hydroxymethylfurfural content [7-9]. However, these methods are often time-
consuming and labor-intensive, and have advanced requirements for technicians. Modern
analytical techniques, including ultra-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (UPLC-QToF MS) [10], gas chromatography (GC-MS) [11],
a stable carbon isotopic ratio analysis (SCIRA) [12], high-performance anion exchange
chromatography (HPAEC) [13], nuclear magnetic resonance (NMR) [14], and e-noses and
e-tongues have also been employed for the detection of syrup in adulterated honey [15,16],
but these methods or techniques are either complicated to operate, or the detection process
and sample pre-processing are time-consuming or expensive. For example, SCIRA can
be used for the C4 plant sugar corn syrup adulteration in honey, but the instrument is
expensive and complicated to operate.

Fluorescence spectroscopy is a type of spectral detection technology that has rapidly
developed in recent years because of its simple operation as well as it being fast and
non-destructive [17,18]. The theory basis for fluorescence spectroscopy is that when a
fluorescent molecule absorbs photons, it changes from an original ground state to an
excited state. The excited-state molecule consumes part of its energy by colliding with the
surrounding molecules and rapidly drops to the lowest vibration level of the first electron
excited state, remaining there for about 1079-10"7 s. After that, the excess energy is directly
released in the form of photon and drops to various vibration levels of the electronic ground
state. At this time, the emitted light is fluorescent and can be detected using fluorescence
spectrometer [19].

Honey is rich in vitamins, phenols, polypeptides, and amino acids (tryptophan, ty-
rosine, and phenylalanine) as well as other fluorophores, thus front-face fluorescence
spectroscopy and three-dimensional (3D) synchronous fluorescence spectroscopy have
been used in honey authentication of botanical origin and geographical origin [20-25].
However, few studies have been reported on the authenticity of honey by combining multi-
ple fluorescence spectroscopy techniques, especially the authenticity of honey by measuring
fluorescence lifetime. When a substance is excited by a laser beam, the molecules absorb
energy and leap from the ground state to a certain excited state, and then fluoresce back to
the ground state in the form of a radiative leap. When the excitation light is removed, the
time required for the fluorescence intensity of the molecule to drop to 1/e of the maximum
intensity of the fluorescence at the time of excitation is called the fluorescence lifetime.

Differences in the fluorophores between monofloral honeys of different botanical
origin and geographical origin or between monofloral and multifloral honeys indicate
different fluorescent characteristics. Similarly, the fluorescent characteristics of adulterated
honey must change compared with authentic honey. Thus, it is possible to detect monofloral
honey, multifloral honey, or adulterated honey by fluorescence spectroscopy.

Wolfberry honey is a typical monofloral honey that is mainly produced in Northwest
China, including Ningxia, Qinghai, and Gansu provinces [14]. The nectar plant of wolfberry
honey is wolfberry, a traditional health food with a variety of pharmacological activities.
Customers have shown an increasing interest in wolfberry honey due to its potential health
benefits [26]. Due to its high price, natural wolfberry honey, just like other monofloral honey,
is easy to be adulterated in the honey market, and the common adulteration techniques
involve sugar syrup adulteration, or adding multifloral honey to monofloral honey, or
nectar adulteration. Thus, the rapid identification of wolfberry honey adulteration is an
urgent need. Here, the authenticity of wolfberry honey was determined by combining
multiple fluorescence spectroscopy techniques mainly from the maximum fluorescence
intensity, peak positions, and fluorescence lifetime, and these data were further analyzed by
a principal component analysis (PCA), which demonstrated that fluorescence spectroscopy
was a simple, fast, and non-destructive method for the detection of honey adulteration.
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2. Materials and Methods
2.1. Materials

A total of 23 wolfberry honey samples were collected from different apiaries in 2021
of Golmud in Qinghai Province, Northwest of China. Multifloral honey samples were
obtained from different beekeepers in the counties of Meiyuan, Gangcha, and Datong of
Qinghai Province.

An acacia honey, only as a monofloral honey control sample, was collected from an
apiary in the Shandong Province of North China in 2021. Corn syrup was obtained from
the Daesang Corporation of Korea, and corn maltose syrup (M50) was from the Hubei
Hefeng Grain and Oil Group Co., Ltd., Wuhan, China. All samples were stored at 4 °C
before use.

2.2. The Characteristic Parameters Analysis of Wolfberry Honey Samples

The water content, total sugar content, and Baume degree were determined using a
honey refractometer (Shanghai Lichen Instrument Technology Co., Ltd., Shanghai, China).
The pH values were measured by using a pH meter (Shanghai Yidian Instrument Tech-
nology Co., Ltd., Shanghai, China). The total protein content was tested using the stan-
dard Bradford’s method. The diastase (x-amylase) activity was measured according to
GB/T 18932 (China). The conductivity of dissolved honey solution was determined using
an electrical conductivity instrument (Shanghai Leici Instrument Technology Co., Ltd.,
Shanghai, China).

2.3. Palynological Identification

Pollen grains in the wolfberry honey samples were obtained according to our previous
publication [27]. In brief, sugar was first removed from the honey samples by centrifugation
twice at 12,000 g for 15 min. The sediment was then resuspended with 1 mL glutaraldehyde
solution (2.5%) overnight. After that, all samples were gradient dehydrated with ethanol
and freeze-dried in a vacuum. The palynological identification was taken using a Hitachi
S-750 SEM system (Hitachi Company, Tokyo, Japan).

2.4. Preparation of the Test Samples

All samples were diluted with distilled water to contain 30 mg per milliliter and were
exhausted with an ultrasonic cleaner (40 kHz; 80 W; 30 s) prior to analysis.

Adulterated samples were prepared by adding 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, and 90% acacia honey, corn syrup, and corn maltose syrup to the wolfberry honey.

2.5. Fluorescence Spectroscopy Detection
2.5.1. Fluorescence Spectra Measurement

The fluorescence spectra measurements of the different samples were determined with
an Edinburgh F900 with a R928-P detector (Edinburgh Instruments, EI, Livingston, UK),
and a 1 cm quartz cell was used in the measurement. The fluorescence intensity of each
sample solution was directly measured with an excitation wavelength of 280 nm and an
emission wavelength range from 300 to 540 nm with a 1 nm increment, and spectrometer
slits were set for a 2.5 nm band-pass. The fluorescence intensity of all samples were recorded
at room temperature.

2.5.2. Three-Dimensional Fluorescence Spectra Measurement

The 3D fluorescence spectra of the different samples were measured with an F-7000 FL
spectrophotometer (Hitachi, Japan), and a 1 cm quartz cell was used in the measurement.
The instrument parameters were an excitation wavelength from 200 to 450 nm and an
emission wavelength from 260 to 560 nm; scan speed was 30,000 nm/min; excitation slit
and emission slit were all set for 2.5 nm; PMT voltage was 600 V. The 3D fluorescence
spectra of all samples were recorded at room temperature.

139



Foods 2023, 12, 2309

2.5.3. Fluorescence Lifetime Measurement

The fluorescence lifetime was tested using an Edinburgh F900 at an excitation wave-
length of 280 nm and an emission wavelength of 350 nm. The light source was 900 uF. The
average fluorescence lifetime was calculated according to our previous publication [19].

2.6. Statistical Analysis

The statistical analysis involved a paired Student’s ¢-test, Tukey test, and an ANOVA
using SPSS version 18.0. A p-value less than 0.05 was considered to indicate a statistically
significant difference. Origin Pro8 software was also used for the fluorescence spectra data
processing, mapping analysis, and principal component analysis.

3. Results and Discussion
3.1. Characteristic Parameters of Wolfberry Honey Samples

The characteristic parameters of wolfberry honey samples can be seen in Table 1,
which preliminary indicated the quality of wolfberry honey used in the present study. The
pH of the wolfberry honey samples was 4.17, which was within the typical blossom honey
pH range of 3.5 to 4.5. The contents of water and total sugar as well as Baume degree
were consistent with the standards of the European Regulations of quality. The protein
content was about 27.62 mg per 100 g, which mainly derived from plant pollen or honey
honeybee itself and contributed to the main fluorophores in honey. The conductivity was
about 0.34 mS/cm, less than 0.8 mS/cm specified by relevant standards. Diastase activity is
an important indicator to evaluate the quality of honey, and it is related to the freshness and
processing and storage conditions. The diastase activity of wolfberry honey samples was
26.18 £ 1.91 mL/(g-h), obviously higher than the European quality standards, indicating
that all the wolfberry honey samples were fresh and unprocessed.

Table 1. Characteristic parameters of wolfberry honey.

Variables Units Wolfberry Honey
pH - 4.17 £0.08
Water gperl00g 20.48 £ 0.59
Total sugar gper100 g 77.74 +£0.72
Baume degree °Bé 41.424+0.25
Protein content mg per 100 g 27.62 +3.01
Conductivity mS/cm 0.34 +0.02
Diastase activity mL/(g-h) 26.18 £1.91

3.2. Palynology Characteristics of Wolfberry Honey Samples

In order to determine the authenticity of the botanic source of wolfberry honey, we
observed the palynology characteristics of wolfberry honey samples using scanning electron
microscopy. The morphology of the pollen grains from wolfberry honey samples showed
typical palynological characteristics of Lycium Linn., namely the morphology of pollen was
subspherical, triple-grooved with grooves up to both poles, which can be found in Figure 1.

3.3. Fluorescence Spectra of Wolfberry Honey, Multifloral Honey and Syrups

The main components of honey are sugar and water, and it also contains small amounts
of protein, free amino acids, phenolic acids, flavonoids, and minerals [4]. These minority
components in honey showed fluorescent properties [22,23]. A peak with an excitation of
280 nm and emission of 340 nm can potentially suggest fluorescence from aromatic amino
acids or protein in honey [28].
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Figure 1. Scanning electron micrographs of pollen from wolfberry honey.

The fluorescence spectra of wolfberry honey, multifloral honey, and syrups at a fixed
excitation wavelength of 280 nm can be found in Figure 2. The fluorescence spectra of all
23 wolfberry honey samples were consistent with similar fluorescence intensity and peak
positions, indicating the typical fluorescence spectra of the wolfberry honey from the same
botanical origin and geographical origin (Figure 2a), and the data were consistent with
our previous study on acacia honey authenticity identification, and further confirm the
accuracy of the methodology [19]. Conversely, the multifloral honey samples collected
from different geographical origins including Meiyuan, Gangcha, and Datong of Qinghai
province showed different fluorescence intensities and peak positions compared with those
of wolfberry honey samples (Figure 2b). The main components of syrup are sugar with
few fluorescent compounds such as proteins, amino acids, and phenolic acids, thus the
fluorescence intensities of the two kinds of corn syrups were much lower than those of the
authentic honey samples and the peak positions showed an obvious redshift (Figure 2c).
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Figure 2. The fluorescence spectra of wolfberry honey, multifloral honey, and syrups. (a) The
fluorescence spectra of all 23 wolfberry honey samples (G1-G27, 23 wolfberry honey samples).
(b) The fluorescence spectra of the multifloral honey samples (A-J, 10 multifloral honey samples).
(c) The fluorescence spectra of corn syrup and corn maltose syrup (H, corn syrup, Z, corn
maltose syrup).

Monofloral honey, multifloral honey, and syrups showed different fluorescence spectra
at a fixed excitation wavelength of 280 nm, indicating fluorescence spectroscopy is can
differ the botanical origin and geographical origin of honey, and can easily distinguish
honey from syrups by comparing the peak positions and fluorescence intensity.

Table 2 shows the differences in the maximum fluorescence intensity and the peak
positions of the wolfberry honey samples, multifloral honey, corn syrups, and corn maltose
syrup. The maximum fluorescence intensity of the wolfberry honey was 4838.49 + 181.21,
and that of multifloral honey was 4412.6 £+ 305.49, both of which were significantly
higher than that of the syrups. The peak position of the wolfberry honey samples was
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342.65 £ 3.11 nm. However, the peak positions of the two types of syrups were completely
different from those of the authentic wolfberry honey; these were 365 + 1.41 nm and
363 £ 8.49 nm, respectively.

Table 2. The comparison of honey and syrups between the maximum fluorescence intensity and
peak position.

Wolfberry Honey Multifloral Honey Corn Syrup Corn Maltose Syrup
Maximunm fluorescence 4838.49 + 181.21 2 4412.6 +305.49 b 1813.25 + 94.02 b< 1400.9 + 173.23 b<
intensity
Peak position (nm) 342.65 + 3.11 be 346.5 +2.99b 365 + 1.412 363 +8.49 2

Different letters (a, b, ¢) in each column indicate significant differences calculated using Tukey test.

The difference in chemical components or fluorophores among the wolfberry honey,
multifloral honey, and two kinds of corn syrups lead to different fluorescence spectra at a
fixed excitation wavelength of 280 nm, which can be used to distinguish the monofloral
honey, multifloral honey and syrups.

3.4. Fluorescence Spectra Changes in the Adulterated Wolfberry Honey

When different proportions of corn syrup or corn maltose syrup (10-100%) were
adulterated into wolfberry honey, the fluorescence intensity decreased with an increase
in the syrup concentration, and the peak positions of the adulterated honey samples also
redshifted (Figure 3a,b). However, if wolfberry honey was mixed with another monoflo-
ral honey, acacia honey, the characteristic properties of acacia honey can be found in
Supplementary Table S1, the changes between the maximum fluorescence intensities and
the peak positions were slight and not obvious compared with the genuine wolfberry honey
(Figure 3c). Figure 3d showed the change trends in the peak positions and the fluorescence
intensities of wolfberry honey adulterated with different proportions of syrups and acacia
honey (0-100%). These results further demonstrated syrup adulteration in monofloral
honey can be easily detected at a fixed excitation wavelength of 280 nm, and the maximum
fluorescence intensities and the peak positions were two important parameters, but it was
not easy to distinguish the mixture of two kinds of monofloral honey samples only by
fluorescence spectra.

3.5. The 3D Fluorescence Spectra of the Wolfberry Honey Samples and Syrups

The 3D fluorescence spectroscopy is a matrix spectrum characterized by excitation
wavelength (Y-axis), emission wavelength (X-axis), and fluorescence intensity (Z-axis),
which is able to obtain the information of the excitation wavelength and emission wave-
length as well as the information of fluorescence intensity. Therefore, 3D fluorescence
spectroscopy is also called total luminescence spectra.

The 3D fluorescence spectra of the wolfberry honey, corn syrup, and corn maltose
syrup at an excitation wavelength from 200 to 450 nm and an emission wavelength from
260 to 560 nm were obviously different and could easily be distinguished (Figure 4a—c).
From the 3D contour map, we can obviously see that there were two peak values at the
excitation wavelength of 280 nm and 230 nm and the corresponding emission wavelength
at about 340 nm, which indicated the fluorophores might be aromatic amino acids and
non-flavonoid phenolic compounds in the honey sample [28,29]. The 3D fluorescence
spectra of two different corn syrups were totally different compared with the wolfberry
honey sample without significant peak values and peak positions, which is consistent with
the results from 280 nm excitation wavelength, and the 3D contour maps can visually
distinguish honey from syrups.
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Figure 3. The fluorescence spectra of the adulterated wolfberry honey. (a) The fluorescence spectra of
wolfberry honey adulterated with different proportions of corn syrup (0-100%). (b) The fluorescence
spectra of wolfberry honey adulterated with different proportions of corn maltose syrup (0-100%).
(c) The fluorescence spectra of wolfberry honey adulterated with different proportions of acacia honey
(0-100%). (d) The change trends in emission wavelengths and fluorescence intensities of wolfberry
honey adulterated with different proportions of syrups and acacia honey (0-100%). GA: wolfberry
honey adulterated with different proportions of acacia honey; GH: wolfberry honey adulterated with
different proportions of corn syrup; GZ: wolfberry honey adulterated with different proportions of
corn maltose syrup.
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Figure 4. The three-dimensional (3D) fluorescence spectra of the wolfberry honey and syrups.
(a) The 3D fluorescence spectra of wolfberry honey. (b) The 3D fluorescence spectra of corn syrup.
(c) The 3D fluorescence spectra of corn maltose syrup. (d) The 3D fluorescence spectra of acacia honey.
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Similarly, it was difficult to distinguish the wolfberry honey from the acacia honey by
the 3D fluorescence spectra (Figure 4d), for two kinds of monofloral honey had similar 3D
fluorescence spectra with similar two peak values and peak positions. The peak positions
and the maximum fluorescence intensities of the wolfberry honey, corn syrup, corn maltose
syrup, and acacia honey can be found in Supplementary Table S2.

3.6. The 3D Fluorescence Spectra Changes in the Adulterated Wolfberry Honey

The 3D fluorescence spectra demonstrated obvious changes in peak values and peak
positions with an increase in the syrup concentration (10-100%) at an excitation wavelength
from 200 to 450 nm and an emission wavelength from 260 to 560 nm, especially at excitation
wavelength of 280 nm and 230 nm. However, the differences between the wolfberry honey
and adulterated wolfberry honey with a different concentration of acacia honey (10-100%)
were not obvious from the 3D fluorescence spectra. (Figure 5a—c), the change trends in peak
position and peak value can be found in the Figure 5d,e.
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Figure 5. The three-dimensional (3D) fluorescence spectra of the wolfberry honey adulterated with
different proportions of syrup or acacia honey. (a—c) The 3D fluorescence spectra of wolfberry honey
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adulterated with different proportions of corn syrup (0-100%), corn maltose syrup (0-100%) and
acacia honey (0-100%). (d) The change trends in emission wavelengths and fluorescence intensities of
wolfberry honey adulterated with different proportions of syrups and acacia honey (0-100%) at the
maximum peak value. (e) The change trends in emission wavelengths and fluorescence intensities
of wolfberry honey adulterated with different proportions of syrups and acacia honey (0-100%) at
the second peak value. GA: wolfberry honey adulterated with different proportions of acacia honey;
GH: wolfberry honey adulterated with different proportions of corn syrup; GZ: wolfberry honey
adulterated with different proportions of corn maltose syrup.

3.7. The Fluorescence Lifetime of Wolfberry Honey and Syrups

The fluorescence lifetime is an intrinsic parameter of fluorescent substances, which
is not easily disturbed by the concentration of fluorescent molecules, stray light, fluores-
cence scattering angle, and can visually reflect the decay process of fluorescence signal of
fluorescent substances [30].

The fluorescence lifetime of the wolfberry honey and the syrups can be determined
from the decay of their fluorescence intensity as a function of time. The fluorescence life-
time fitting plots of the wolfberry honey samples almost overlapped together and had no
significant difference (Figure 6a), indicating that authentic wolfberry honey samples had
similar fluorescence lifetime decay plot. However, the fluorescence lifetime fitting plots of
the adulterated wolfberry honey samples especially in the decay domain shifted obviously
compared with the authentic honey samples with an increase in the syrup concentration
(10-100%) (Figure 6b,c), which indicated that the difference in the fluorescence lifetime
between wolfberry honey and adulterated honey. Similar to the results of fluorescence
spectra at a fixed excitation wavelength of 280 nm and 3D fluorescence spectra, the fluores-
cence lifetime fitting plots of honey samples adulterated with acacia honey were slightly
shifted with the increase in acacia honey incorporation ratio (10-100%) (Figure 6d). The
mean fluorescence lifetime of the wolfberry honey, acacia honey, and syrups can be found
in Supplementary Table S3.
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Figure 6. The fluorescence lifetime fitting plots of wolfberry honey and syrups. (a) The fluorescence
lifetime fitting plots of wolfberry honey. (b) The fluorescence lifetime fitting plots of wolfberry honey
adulterated with different proportions of corn syrup (0-100%). (c) The fluorescence lifetime fitting
plots of wolfberry honey adulterated with different proportions of corn maltose syrup (0-100%).
(d) The fluorescence lifetime fitting plots of wolfberry honey adulterated with different proportions
of acacia honey (0-100%).
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3.8. The PCA of Wolfberry Honey and Syrups

PCA is a dimensionality-reduction statistical method that is often used to reduce
the dimensionality of large data sets. Seven main parameters, including the maximum
fluorescence intensity and peak positions at the fixed excitation wavelength of 280 nm, two
peak values, and two peak positions from the 3D fluorescence spectra, and fluorescence
lifetime were used to perform the PCA. Two principal components, PC1 and PC2, were
extracted according to the initial eigenvalues. The cumulative variance contribution rate
reached 92.36%, which fully showed the difference between the wolfberry honey and
the adulterated honey samples. In PC1, the maximum fluorescence intensity at 280 nm
excitation wavelength and the peak values at 3D excitation wavelengths (200-450 nm
excitation wavelength) had a positive effect, whereas the peak positions at 280 nm excitation
wavelength and fluorescence lifetime had a negative effect. The fluorescence lifetime had
higher loading factors in PC2, which had a positive effect on PC2. Although it was difficult
to distinguish wolfberry honey from acacia honey using fluorescence spectra, they could
be easily discriminated combined with PCA.

A PCA Biplot was used to depict the wolfberry samples and the adulterated honey
samples. The dispersions were obvious and allowed us to easily distinguish the wolfberry
honey from the adulterated honey at a 10% incorporation (Figure 7). From the PCA
score plot we found the determination factor to distinguish acacia honey from wolfberry
honey was mainly fluorescence lifetime. The maximum fluorescence intensity and peak
positions at 280 nm excitation wavelength, the peak values at 3D excitation wavelengths,
and fluorescence lifetime together determined the proportion of syrups in wolfberry honey.
With an increase in the syrup concentration in wolfberry, the effects of peak positions at
280 nm excitation wavelength and fluorescence lifetime were more significant.
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Figure 7. Principle components analysis of wolfberry honey and wolfberry honey adulterated with
different proportions of syrups. GH: wolfberry honey adulterated with different proportions of corn
syrup (10—100%); GZ: wolfberry honey adulterated with different proportions of corn maltose syrup
(10—100%); GA: wolfberry honey adulterated with different proportions of acacia honey (10—100%);
G: wolfberry honey samples.

4. Conclusions

We reported multiple fluorescence spectroscopy techniques combined with chemomet-
rics can easily detect wolfberry honey adulteration with corn syrup, corn maltase syrup,
and other pure monofloral honey such as acacia honey. The fluorescence intensities and
peak positions are the easy-to-obtain characteristics to distinguish genuine honey from
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syrups because of their differences in the fluorophore concentration. The 3D fluorescence
spectroscopy visually and comprehensively identified honey and syrup by obtaining the
information of the excitation wavelength, emission wavelength, as well as fluorescence
intensity. The fluorescence lifetime, independent of the fluorophore concentration, also can
differentiate the adulterated honey samples. These results further confirmed the differences
in their chemical constituents especially fluorophores of the monofloral honey, multifloral
honey, syrups, and adulterated honey. Compared with other more expensive, sophisticated,
time-consuming, and labor-intensive methods, the fluorescence spectroscopy detection
time for each sample was only within several minutes and the pretreatment of the sample
was simple. In all, fluorescence spectroscopy combined with chemometrics is a simple, fast,
low-cost, and non-destructive method to quickly identify honey adulteration with corn
syrup and corn maltose syrup.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abstract: Honey’s unique qualities should last for several years when properly stored. Therefore,
it is up to manufacturers to choose the right shelf life for their product while also considering the
product’s nature. Physicochemical parameters (water content, electrical conductivity, free acidity,
pH, ash, water-insoluble matter, hydroxymethylfurfural (HMF), sugar content and composition, and
diastase activity) were analyzed in 24 samples of sunflower honey collected from several localities
in Vojvodina, Serbia. Crystallization indices were also calculated. Furthermore, the impact of
eighteen months of room temperature storage (22 + 2 °C) in a dark place on selected physicochemical
parameters (water, HMF, diastase activity, pH value, and free acidity) was investigated. The results
of the initial test indicated that the tested samples of sunflower honey from Vojvodina is of good
quality because the parameters under examination revealed results that were within the legal bounds
of both national and European legislations. Eighteen months of storage at room temperature reduced
diastase activity by 2 times, increased HMF content by about 17 times, and decreased the pH value of
honey from a mean value of 3.66 to 3.56. The water content was relatively stable at 17.01% before
storage and 16.29% after storage. The storage of sunflower honey did not have an impact on the
free acidity.

Keywords: sunflower honey; physicochemical properties; storage; shelf life

1. Introduction

Honey is a natural food with special nutritional, sensorial, and potentially therapeutic
properties [1,2]. These characteristics are connected to honey’s chemical structure. Natural
honey has a composition that consists of 80-85% glucose, fructose, and other carbohydrates;
15-17% moisture; 0.2% ash; 0.1-0.4% protein; and trace amounts of vitamins, enzymes,
and other nutrients such as phenolic antioxidants [3]. The nutritional quality and chemical
parameters of honey are mainly influenced by the species of bee, geographical region, and
available floral source as well as processing temperature, packaging, storage, and climatic
conditions [4-7].

Sunflower honey has remarkable medicinal and nutritional benefits. Since sunflower
honey has a little amount of sucrose, it crystallizes quickly [8,9]. Only the southern regions,
where there are plenty of sunlight and where the climate is suitable for cultivating this plant,
are used for sunflower cultivation. Serbia has a well-developed honey industry because of
its favorable temperature and position. One of the most common types of honey produced
in Serbia is sunflower honey, but there is not enough information in the literature about the
changes that can occur during the honey storage period. Honey can preserve its unique
characteristics for several years if it is stored properly. Therefore, manufacturers need to
determine an appropriate shelf life for their product while considering its properties.

Many of the components that provide honey with its distinctive aroma and some of its
biological functions are thermolabile [10]. Appropriate storage is essential to maintain the
quality of honey because the composition of honey could change during storage through
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oxidation and fermentation [11,12]. Therefore, physicochemical characteristics, microbio-
logical features, and sensory qualities should be assessed in order to assure the authenticity
and quality of honey. Since these factors affect the maturity and purity of fresh honey, it is
crucial to monitor changes that might take place during storage. The change in properties
and quality of honey can be induced by temperature, humidity, air, and light [13]. Sugar
degradation, hydroxymethylfurfural (HMF) formation, a decreased diastase and invertase
activity, an increased acidity, a lowered pH value, phenolic component degradation, and
color changes are some of the alterations that may take place during storage [4,14-17].
Honey has an acidic pH value, which is connected to nectar, bee secretions, or organic
acids (acetic, citric, tartaric, oxalic, etc.) [18]. The presence of organic acids in honey may
influence fermentation processes, aroma, flavor, and the antibacterial characteristics of
honey [19-21]. The formation of HMF and the decrease in honey enzyme activity can be
a consequence of the aging or heating of honey when the dehydration of hexoses occurs.
Hexoses break down into levulinic and formic acid, and consequently, the free acidity of
honey increases [22].

The temperature plays a significant role in the long-term storage of honey. Some
changes in honey composition could be catalyzed by higher ambient temperatures, so they
are more expected in tropical regions. Honey may be processed using thermal treatment.
Thermal processing eliminates spoilage microorganisms and reduces water content, pre-
vents and delays crystallization, and reduces viscosity, which facilitates the processing and
bottling of honey [10,23]. Liquid honey has a tendency to crystallize with time. Honey
crystallization is an unfavorable process because it alters its textural characteristics, which
makes it less appealing to consumers who prefer liquid and translucent honey [24]. The
processing of honey during extraction, filtration, mixing, and bottling is affected by honey
crystallization [25,26]. When honey has a higher glucose concentration and lower water
content, the crystallization process occurs more quickly. Indicators of honey’s crystalliza-
tion potential include the fructose/glucose (F/G) ratio and the glucose/water (G/W) ratio.
Most often, liquefying crystallized honey involves heating at 32-40 °C [27]. The amount of
fructose and glucose in honey is reduced during overheating for better ripening, which
also causes the formation of HMF [26,28]. Honey producers worldwide have practiced by
using a variety of heating methods using temperatures between 30° and 140 °C from short
periods of time to many hours [6]. Except for the temperature, factors such as heating time,
storage conditions, the usage of metallic containers, and the physicochemical character-
istics of honey may affect the development of HMF in honey [15,29]. Low temperatures
slow down the crystallization process, prevent fermentation and other chemical processes,
and reduce the viscosity [30]. Uncontrolled heating motivates the loss of thermolabile
and aromatic substances and affects factors of quality like HMF and enzymatic activity.
HMF has especially been used for detecting the intensity of changes during the thermal
processing of food [10,27,31]. Relatively few microorganisms are capable to survive in
honey due to its low moisture content. However, honey is a very hygroscopic substance,
and its moisture content can change depending on the atmospheric humidity while being
stored [32,33]. The probability that yeasts will ferment and affect the flavor of the honey
during storage increases with the amount of moisture in the honey [7,21,34]. Microbiologi-
cal contamination of honey can induce deterioration, i.e., affect its stability. The degree of
the degradation of honey quality is affected by the honey type, manufacturing process, and
storage conditions [13].

In this work, twenty-four Serbian sunflower honey samples from Vojvodina, Ser-
bia, harvested in 2019, were evaluated regarding their physicochemical parameters. The
samples of sunflower honey were then stored for 18 months at room temperature, and
an investigation of stability was carried out to determine how storage affected selected
physicochemical properties. The obtained results could significantly contribute to the
determination of the accurate shelf life of honey, both for manufacturers and for customers
to know how long they can store honey in their homes. The stability studies are very
important for the industry, and it is very important to monitor product quality as a function

150



Foods 2023, 12, 2585

of time as our study could contribute to the development of future stability study protocols
and plans for shelf-life assessment.

2. Materials and Methods
2.1. Samples

Twenty-four samples of sunflower honey from various parts of Vojvodina Province,
Republic of Serbia, were collected directly from beekeepers. All samples were delivered
to the Scientific Veterinary Institute “Novi Sad” laboratory in their original packing for
analysis. To determine the botanical origin of products, manufacturers used field observa-
tions. Only samples with verified botanical origin noted on the manufacturing specification
label were used in our study. All samples were collected in sterile glass jars and keptin a
dark place at room temperature (22 &= 2 °C). Honey analyses were carried out immediately
after sampling and after storage for 18 months. All samples were examined in duplicate
using the procedures outlined in the Harmonized methods of the International Honey
Commission Methods [35].

2.2. Moisture Content

A conventional Abbetype refractometer was used to measure the refractive index (RI).
The Chataway table was then used to determine the moisture content (%).

2.3. Sugar Composition Determination

An HPLC Dionex UltiMate 3000 Series system (Thermo Scientific, Germering, Ger-
many) supplied with a refractive index detector RefractoMax521 (ERC Inc., Kawaguchi,
Saitama, Japan) was used to measure the sugar content (fructose, glucose, and sucrose) at
35 °C. After dissolving in 25 mL of 25% methanol, the honey sample was filtered through
a 0.22 m nylon filter and then injected (5 uL) into the HPLC. The HPLC column was a
Hypersil GOLD Amino 150 x 3 mm (particle size 3 um) (Thermo Scientific, Germany),
equipped with a guard column Hypersil GOLD Amino 10 x 3 mm column with the same
particle size. Acetonitrile and water (80:20, v/v) served as the mobile phase and were
filtered using a 0.22 m membrane filter at a flow rate of 1 mL/min. At room temperature,
all measurements were made. Thermo Scientific’s Chromeleon®7 software (Version 7.1,
Dionex, Sunnyvale, CA, USA) was used to control the system. Sugar concentrations in the
samples were measured using external calibration curves created by standard solutions.
By comparing honey sugars’ retention periods and peak areas to those of standard sugar
solutions, honey sugars were identified and quantified.

2.4. Electrical Conductivity

A conductometer Type Basic 30 (Crison, Spain) was used to measure the electrical
conductivity of honey samples’ solutions (20 g dry matter of honey in volume solution in
100 mL distilled water) at a temperature of 20 °C.

2.5. Free Acidity and pH Value

Ten grams of honey were dissolved in 75 mL of carbon dioxide-free water. Using a
magnetic stirrer and a pH meter, the pH value was determined. The volumetric method
was then used to determine the acidity of honey. With 0.1 mol/dm?® of NaOH, the sample
solution was titrated to pH 8.30. Honey’s acidity is expressed in milliequivalents per
kilogram (mEq/kg).

2.6. Ash

To determine the ash, the residue was weighed after 5 g of honey samples were ashed
in an electric furnace at 600 °C.
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2.7. Hydroxymethylfurfural (HMF)

HPLC Dionex UltiMate 3000 Series (Thermo Scientific, Germering, Germany) equipped
with UV detector was used to measure HMF. After dissolving 1 g of honey sample in 25 mL
of water and filtered through a 0.45 um nylon filter, 10 pL of sample was injected into the
HPLC system. The HPLC column had a particle size of 3 um and was a 150 x 3 mm Hyper-
sil GOLD column (Thermo Scientific, Germany). Methanol and water (10:90, v/v) were used
as the mobile phase at a flow rate of 1 mL/min. At 285 nm, HMF detection was carried out.
Thermo Scientific’s Chromeleon®7 software (Version 7.1, Dionex, Sunnyvale, CA, USA)
was used to control the system. To calculate the amount of HMF in the samples, standard
solutions” external calibration curves were employed.

2.8. Diastase Activity

The spectrophotometric method was used to determine the diastase activity (Megazyme
International Ireland, Bray Business Park, Bray, Co. Wicklow, Ireland). The sample was dis-
solved in sodium maleate buffer and its volume was adjusted with water to the volumetric
flask’s mark. The buffer solution contained Amylazyme tablets (Megazyme International,
Ireland). The substrate was hydrolyzed and colored compounds were produced when a
a-amylase was present. Following the completion of the reaction, the absorbance of the
filtrate was determined at 590 nm. The sample’s diastase activity was inversely correlated
with the absorbance. Diastase number (DN) was used to calculate diastase activity.

2.9. Water-Insoluble Matter

The gravimetric method was used to determine the amount of insoluble materials. By
rinsing with warm water, the insoluble material was obtained on the filter with the defined
pore size. Until a constant weight was reached, dried residues (135 °C) were weighed.

2.10. Statistical Analysis

The PAST software package, version 2.12 (Oslo, Norway) was used to conduct the
statistical analysis. Univariate analysis (descriptive statistics) and analysis of variance
(ANOVA) were used in the statistical data analysis.

3. Results and Discussion

The findings of Serbian sunflower honey’s physicochemical analysis obtained imme-
diately after sampling are shown in Tables 1 and 2.

Table 1. Physicochemical characteristics of sunflower honey samples before storage.

s 1 Moi % CEl;ctrig% Free Acidity H Ash (% Insoluble HMF /i Diastase
ample oisture (%) c'(n uctivity (mEq/kg) P sh (%) Matter (%) (mg/kg) Activity (DN)
mS/cm)
1 16.2 0.40 35.4 3.83 0.17 <0.01 1.72 24.82
2 18.6 0.32 244 3.57 0.08 <0.01 3.05 15.50
3 18.6 0.22 214 3.49 0.03 <0.01 2.07 16.52
4 16.4 0.28 20.4 3.69 0.05 <0.01 2.66 19.64
5 18.4 0.30 20.8 3.52 0.05 <0.01 1.64 13.61
6 17.8 0.32 30.8 3.58 0.04 <0.01 441 25.57
7 16.4 0.40 31.0 3.50 0.24 0.03 1.75 19.43
8 17.8 0.30 26.4 3.63 0.09 0.19 217 17.73
9 17.6 0.32 322 3.70 0.09 <0.01 2.24 21.94
10 17.2 0.36 29.2 3.68 0.11 0.02 1.79 17.34
11 17.4 0.36 272 3.64 0.11 <0.01 1.23 16.24
12 16.4 0.54 30.0 3.63 0.21 <0.01 1.94 18.71
13 17.8 0.32 32.0 3.56 0.15 0.17 2.67 19.67
14 16.4 0.39 25.6 3.70 0.21 0.19 2.35 16.43
15 152 0.28 23.8 3.55 0.12 <0.01 0.82 18.71
16 16.4 0.42 36.4 3.61 0.13 0.07 2.51 16.03
17 16.0 0.22 26.8 3.46 0.09 0.05 4.30 10.88
18 15.4 0.26 245 3.59 0.09 <0.01 217 13.24
19 16.8 0.30 26.2 3.68 0.10 0.03 2.14 17.83
20 14.6 0.30 224 3.99 0.14 0.02 0.82 18.86
21 17.8 0.44 34.4 3.84 0.25 0.12 1.26 16.47
22 16.8 0.34 36.8 3.97 0.15 0.09 145 10.22
23 18.0 0.32 29.8 3.71 0.17 0.01 1.11 10.14
24 182 0.46 35.6 3.62 0.30 0.11 1.66 20.89
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Table 1. Cont.

Electrical

. o . Free Acidity o Insoluble Diastase
Sample Moisture (%) C"(‘::;/Cc:;")"y (mEq/kg) pH Ash (%) Matter (%) HMF (mg/kg) s chivity (DN)
Mean 17.01 034 28.48 3.66 013 0.08 2.08 17.35
sD 1.10 0.08 5.09 0.14 0.07 0.07 091 397
Min 14.60 022 20.40 3.46 0.03 0.01 0.82 10.14
Max 18.60 0.54 36.80 3.99 0.30 0.19 4.41 25.57
CV (%) 6.45 22.26 17.88 3.76 53.25 78.34 4355 22.88
Table 2. Sugar profile and crystallization ratios of sunflower honey before storage.
Sucrose Glucose Fructose Reducing . .
Sample %) (%) %)  Sugars(%) TG Gw
1 <0.250 37.66 40.94 78.60 1.09 2.32
2 0.299 37.04 39.46 76.50 1.07 1.99
3 0.253 36.22 39.78 76.00 1.10 1.95
4 0.568 37.33 41.53 78.86 1.11 2.28
5 0.267 38.47 40.85 79.32 1.06 2.09
6 <0.250 35.50 39.93 75.43 1.12 1.99
7 <0.250 38.25 40.64 78.89 1.06 2.33
8 <0.250 38.11 40.03 78.14 1.05 2.14
9 0.274 37.62 39.73 77.35 1.06 2.14
10 <0.250 38.58 40.14 78.72 1.04 224
11 <0.250 36.66 38.87 75.53 1.06 2.11
12 <0.250 36.35 38.87 75.22 1.07 2.22
13 <0.250 37.27 39.99 77.26 1.07 2.09
14 <0.250 37.77 40.84 78.61 1.08 2.30
15 <0.250 37.77 40.84 78.61 1.08 248
16 <0.250 37.17 40.06 77.23 1.08 2.27
17 <0.250 34.39 39.61 74.00 1.15 2.15
18 <0.250 37.93 41.36 79.29 1.09 2.46
19 <0.250 38.00 40.61 78.61 1.07 2.26
20 <0.250 37.14 39.31 76.45 1.06 2.54
21 <0.250 36.78 40.48 77.26 1.10 2.07
22 <0.250 37.38 40.93 78.31 1.09 2.23
23 <0.250 37.21 40.36 77.57 1.08 2.07
24 <0.250 33.02 40.70 73.72 1.23 1.81
Mean 0.332 37.07 40.24 77.31 1.09 2.19
SD 0.133 1.28 0.72 1.63 0.04 0.17
Min 0.253 33.02 38.87 73.72 1.04 1.81
Max 0.568 38.58 41.53 79.32 1.23 2.54
CV (%) 39.99 3.46 1.79 2.11 3.67 7.98

* F/G—the fructose/glucose ratio; ** G/W—the glucose/water ratio.

The results of the initial test indicated that Serbian sunflower honey is known for
its good quality since the criteria that were closely correlated with the honey’s quality
were measured, and their levels complied with the limits established by international and
national regulation. Analyses of water content, pH, free acidity, HMF, and diastase activity
were performed to determine the effects of 18 months of room-temperature storage on
the quality of honey. The findings of the selected physicochemical examination of Serbian
sunflower honey, obtained after storage for 18 months, are shown in Table 3. The influence
of the duration of storage on selected honey parameters is shown in Figures 1-5.
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Table 3. Selected physicochemical characteristics of sunflower honey stored at room temperature for
18 months.

Free Acidity

Sample Moisture (%) (mEq/ke) pH HMF (mg/kg) Diastase Activity (DN)

1 14.0 37.0 3.61 36.49 6.60

2 18.4 22.8 3.56 27.38 7.08

3 18.4 20.4 3.39 35.90 7.94

4 16.6 21.0 3.54 38.45 9.78

5 18.0 22.0 3.66 26.98 6.50

6 14.8 28.4 3.63 42.61 12.92

7 15.8 32.0 3.75 36.45 8.56

8 16.8 25.2 3.51 38.02 7.94

9 15.4 32.0 3.35 31.14 9.40
10 15.2 28.6 3.60 35.14 6.88
11 16.2 27.8 3.56 27.70 6.50
12 15.4 28.4 3.83 29.22 8.40
13 172 34.0 3.39 33.06 7.42
14 16.6 30.8 3.66 38.91 6.48
15 15.0 23.6 3.51 32.14 9.76
16 16.8 314 3.64 30.25 9.24
17 15.4 25.6 3.57 44.65 5.32
18 15.4 25.6 3.57 4213 6.86
19 16.2 25.2 3.39 33.92 8.74
20 18.0 23.2 3.54 30.00 11.34
21 15.8 34.4 3.60 27.10 9.96
22 14.6 31.0 3.45 37.94 6.08
23 17.6 26.0 3.53 33.57 5.30
24 16.2 372 3.65 42.88 11.30
Mean 16.29 28.07 3.56 34.67 8.18
SD 1.24 4.88 0.11 5.36 1.99
Min 14.00 20.40 3.35 26.98 5.30
Max 18.40 37.20 3.83 44.65 12.92
CV (%) 7.60 17.38 3.23 15.46 24.29

3.1. Moisture Content

All samples of sunflower honey that were investigated had moisture contents that
were less than 20%, which is the maximum permitted amount for honey as specified by
national legislation [36] (Table 1). The physical, microbiological, sensory, and economic
value of honey are all influenced by the presence of water. Moreover, water content has a
significant impact on the process of crystallization; thus, it is crucial to monitor and manage
its amount in honey. The maturation of honey and harvest time is an important factor
that could affect the percentage of water in honey [7]. The amount of water in sunflower
honey after sampling corresponded with the regulations and indicated a timely harvest
and good production practices. Similar values for moisture content in sunflower honey
from Romania, Serbia, Greece, and Argentina were reported by other authors [37-40].

During storage, decrease in the mean content of water was found (Figure 1). All
the sunflower honey samples that were examined had water content less than twenty
percent. The mean water content was 16.29 4 1.24% (Table 3). This is a slightly lower water
content compared to the test results immediately after sampling. There were statistically
significant variations in the mean values of water in honey between the time of sampling
and 18 months afterward (p = 0.05). In general, all tested samples corresponded with
the regulations even after storage, and water content remained relatively stable at 17.01%
before storage and 16.29% after storage. These findings are in agreement with the findings
presented by Soares et al. [11]. Seraglio et al. [41], however, did not find significant
differences between moisture content before and after honey storage. Contrary to that, Da
Silva et al. [4] established an increase in moisture content before and after honey storage,
and the differences were statistically significant. Different results may be the consequence
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of the influence of numerous factors, like the environment, the time of harvest, and the
level of honey maturation attained in the hive.
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Samples

Figure 1. Effect of storage time on moisture content in sunflower honey.

3.2. Sugars

Our research showed that the levels of fructose and glucose ranged from 38.87 to 41.53
and from 33.02 to 38.58%, respectively, in all the sunflower honey samples we analyzed
(Table 2). With a value of above 60 g/100 g for all samples of sunflower honey, the total
amount of glucose and fructose complied with national and European criteria [36,42]. The
amount of sucrose in each sample of honey that was examined was less than 5 g/100 g,
which is the limit permitted by European legislation [42] and the national regulation for
honey [36]. Sucrose level was below the detection limit of the used method in 19 out of the
24 total analyzed samples (79.2%) (Table 2). The method’s detection limit is 0.25%. The
F/G ratio ranged from 1.04 to 1.23, with a mean value of 1.09. The G/W ratio ranged from
1.81 to 2.54 with a mean value of 2.19 (Table 2).

Honey, a highly viscous mixture of sugars predominately contains glucose and fructose
in amounts that are almost equal. As can be seen from the results (Table 2), fructose is
the most prevalent reducing sugar in sunflower honey. Generally, the fructose content
was higher than the glucose content, indicating that bee colonies were fed naturally. This
supported the good quality of the different types of honey that were analyzed. If the
beekeeper overfed the bees with sugar in the spring, the sucrose content might be used as a
sign that artificial feeding was used. This sugar’s high content also signals an early honey
harvest [3]. Glucose and fructose levels in sunflower honey were in accordance with the
literature data on sunflower honey [9,25,37,43]. The sucrose content in sunflower honey
was lower than the results of the aforementioned authors.

The amount of sugar and water in honey, as well as their relative proportions, affect
how quickly crystallization occurs. Parameters for the prediction of crystallization tendency
are F/G and G/W proportions. During crystallization, due to its greater solubility, fructose
remains in solution, while glucose crystallizes first. If the F/G ratio is greater than 1.33,
the crystallization process proceeds slowly. In cases where the F/G ratio is less than 1.11,
the honey crystallizes quickly [44]. According to our results (Table 2), sunflower honey
crystallizes fast. The honey crystallizes faster when glucose content is higher and water
content lower. Moreover, when the G/W ratio is less than 1.7, the crystallization process is
either slower or absent; and when the ratio is larger than 2 [25] or 2.10 [45], the process is
faster. According to this criterion, sunflower honey is a rapidly crystallizing honey.
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3.3. Electrical Conductivity

The maximum electrical conductivity of sunflower honey in the Republic of Serbia is
setat 0.8 mS/cm [36]. The values of electrical conductivity in the examined sunflower honey
samples ranged from 0.22 to 0.54 mS/cm (Table 1). According to the standard, electrical
conductivity is frequently used in the routine quality control of honey to differentiate
between floral and honeydew honey. The concentrations of mineral salts, organic acids,
and proteins are correlated with the electrical conductivity, total acidity (pH), and ash
mass percentage [40]. Honey’s electrical conductivity can also be affected by many factors,
including flower source, the concentrations of organic acids and proteins, and storage
period [20]. Data on electrical conductivity in sunflower honey that are similar to data from
our research were provided by other researchers from Serbia, Romania, Greece, France,
Argentina, and Spain [37-40,43,46,47].

3.4. Free Acidity and pH Value

According to the national regulation [36], the maximum allowable value of free acidity
in any type of honey is set at 50 mEq/kg (with the exception of baker’s honey). All
examined samples of sunflower honey had free acidity less than 50 mEq/kg (Table 1).
These findings showed that unfavorable fermentation was absent. The studied samples
had an average acidity value of 28.48 mEq/kg. All examined samples of sunflower honey
after storage had free acidity less than 50 mEq/kg.

The reference value for pH value is not prescribed by the regulations. According to
our research, the tested samples of honey had pH values that ranged from 3.46 to 3.99 (on
average, 3.66 + 0.14) (Table 1). The mean acidity value and pH value in the examined
samples after storage for 18 months (Table 3, Figures 2 and 3) were very similar to results
obtained immediately after sampling (28.48 + 5.09 mEq/kg versus 28.07 + 4.88 mEq/kg and
3.66 £ 0.14 versus 3.56 £ 0.11). The differences between mean values for free acidity were not
statistically significant (p = 0.78). However, differences between mean values for pH values in
honey after sampling and 18 months later were statistically significant (p = 0.01).
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Figure 2. Effect of storage time on acidity in sunflower honey.
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Figure 3. Effect of storage time on pH in sunflower honey.

Organic acids (tartaric, citric, oxalic, acetic, etc.), nectar, or bee secretions all contribute to
the acidity of honey [48]. The pH value measurement (total acidity) or a titration with sodium
hydroxide (free acidity) can be used to measure the acidity of honey. The acidity values (total
and free acidity) obtained in our investigation of sunflower honey before storage were similar
to the results published by Devillers et al. [43], Lazarevi¢ et al. [38], Sari and Ayyildiz [9],
Prica et al. [21], and Dogo Mracevic et al. [46]. The pH of sunflower honey decreased after
18 months of storage at room temperature (Figure 3). Differences in honey pH before and
after storage were significant. However, changes in free acidity during storage for 18 months
were not significant (p > 0.05). Although the honey’s pH level changed during storage, it is
important to emphasize that the acidity values (free acidity and pH) were in accordance with
the values considered as normal for fresh honey. The normal pH value for fresh honey in
the range of 3.2 to 4.5 (free acidity maximum 50 mEq/kg) inhibits most microorganisms and
ensures that honey is safe for consumption [4]. Similar results that the pH value decreases
during honey storage were reported by Seraglio et al. [41], Da Silva et al. [4], Soares et al. [11],
and Evahelda et al. [13]. Czipa et al. [5] have reported that the pH value of honey did not
change after a two-year storage. Seraglio et al. [41], Da Silva et al. [4], and Chou et al. [19]
found that free acidity increased during storage time.

3.5. Ash Mass Fraction

The reference value for the ash mass fraction is not prescribed by the regulations.
According to our research, the percentage of ash was in a range from 0.03 to 0.30% in all
honey samples that were studied, while the average was 0.13 &= 0.07% (Table 1). The content
of ash primarily depends on climate and soil properties [40]. The ashes in honey indicate
environmental pollution and, consequently, its geographic origin. Data on ash in sunflower
honey that are similar to data from our research were obtained by other researchers from
Serbia, Romania, Greece, France, Argentina, and Spain [37-40,43,46,47].

3.6. HMF and Diastase Activity

Regularly used indicators to assess the freshness of honey and to provide details
on processing and storage conditions include HMF content and diastase activity [11]. In
general, all tested samples before storage complied with the provisions of the regulations
concerning the level of HMF and diastase activity. The minimum permitted value of
diastase activity in all kinds of honey (except from baker’s honey) is 8 DN, as is stipulated
by regulations [36,42]. According to the data presented in Table 1, it is possible to verify the
initial freshness of honey, since HMF content and diastase activity were in compliance with
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European and national legislations. The initial mean HMF level in examined sunflower
honeys was 2.08 mg/kg, while it was in the range from 0.82 to 4.41 mg/kg (Table 1). The
mean diastase activity was 17.35 DN, with the minimum value being 10.14 DN (Table 1).
Over the course of the 18 months of sunflower honey storage, there was a significant
increase in HMF concentration and a decline in diastase activity (Table 3, Figures 4 and 5).
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Figure 5. Effect of storage time on diastase activity in sunflower honey.

The most significant changes after storage for 18 months can be observed in the content
of HMF (p = 1.9 x 10~3") and diastase activity (p = 2.8 x 10~13). Four samples (16.7%) of
the 24 honey samples examined did not meet the national regulation for honey in terms
of HMF level (maximum permitted is 40 mg/kg, mean HMF content 34.67 4 5.36 mg/kg)
(Table 3). HMF was present in concentrations ranging from 26.98 to 44.65 mg/kg. Diastase
activity was lower than the minimum allowed (8 DN) in 13 out of 24 samples (54.2%).
However, 18 months after being kept at room temperature, the HMF content increased
by about 17 times (from a mean of 2.08 + 0.91 to a mean of 34.67 + 5.36 mg/kg). At the
same time, diastase activity decreased by 2 times (from a mean of 17.35 + 3.97 to a mean

158



Foods 2023, 12, 2585

of 8.18 & 1.99 DN). Nevertheless, 18 months after being kept at room temperature, nine
samples (37.5%) of sunflower honey still presented acceptable values for HMF and diastase
activity. Similar results of honey stability testing at room temperature during 18 months of
storage were published by Seraglio et al. [41], Czipa et al. [5], Soares et al. [11], Korkmaz
and Kipliilii [49], Hasan [50], and Fallico et al. [51]. Da Silva et al. [4] and Chou et al. [19]
reported that HMF and diastase activity did not change significantly 18 months after being
kept at room temperature (20 £ 4 °C and 25 °C, respectively).

The potential for HMF formation is greater in honey that is more acidic than in those
that have a higher pH value, such as darker honey [49,52]. Generally, the pH of honey is
typically between 3.2 and 4.5 and depends on the content of organic acids. The mean pH
value in the present paper was 3.66 + 0.14 (ranging from 3.46 to 3.99). Based on this, it can
be concluded that sunflower honey belongs to the group of honeys that are more acidic.
The increase in HMF after storage is a possible consequence of the lower pH value of fresh
honey. However, the small range of pH values was not suitable for confirming the linear
dependence of pH and HMFE. Our assumption that the increase in HMF concentration after
storage for 18 months could be a consequence of the low initial pH value that was not
confirmed by statistical analysis (R% = 0.0289).

3.7. Water-Insoluble Matter

Five samples (20.8%) of the twenty-four honey samples that were analyzed did not
meet the requirements of national regulation for honey regarding the content of water-
insoluble matter (maximum permitted is 0.1%) (Table 1). The insoluble matter remains after
the extraction, centrifugation, and filtration of honey. This parameter provides data on the
content of solids such as wax particles, parts of bee bodies, bee larvae, particles of plant
origin, soil, and dust [53]. In 11 of the 24 honey samples, the content of insoluble matter
was below 0.01%, and in 5 samples was between 0.01 and 0.03%. These data show that most
beekeepers carry out the filtering operation more carefully. Albu et al. [53] found similar
results in honey samples from Romania (20.59% of samples exceeded the 0.1% maximum
permissible level). Taking into account that the examined samples were raw honey;, i.e.,
honey that is not for sale as a commercial product, it is reasonable to assume that the honey
is of high quality.

4. Conclusions

According to our findings, Serbian sunflower honey is of good quality. The closely
connected quality-related criteria under examination revealed values that were consistent
with the limitations imposed by national and European legislations. Those samples ex-
ceeding the insoluble matter content upper limit of 0.1% do not present a health risk for
consumers. Taking into account the crystallization indices, we concluded that sunflower
honey is a rapidly crystallizing honey.

The 18 months of storage at room temperature increased the concentration of HMF and
decreased the activity of diastase, as well as the pH and the moisture content of sunflower
honey. The acidity of sunflower honey was unaffected by storage.

In general, storage for 18 months at room temperature affects the quality of sunflower
honey, thus, storing this type of honey at lower temperatures appears to be required. In
order to predict the shelf life of sunflower honey and preserve the natural qualities of
honey for as long as possible, additional research on the effects of storage time and storage
temperature is required.
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Abstract: Camellia bee pollen (CBP) is a major kind of bee product which is collected by honeybees
from tea tree (Camellia sinensis L.) flowers and agglutinated into pellets via oral secretion. Due to
its special healthcare value, the authenticity of its botanical origin is of great interest. This study
aimed at distinguishing CBP from other bee pollen, including rose, apricot, lotus, rape, and wuweizi
bee pollen, based on a non-targeted metabolomics approach using ultra-high performance liquid
chromatography-mass spectrometry. Among the bee pollen groups, 54 differential compounds
were identified, including flavonol glycosides and flavone glycosides, catechins, amino acids, and
organic acids. A clear separation between CBP and all other samples was observed in the score
plots of the principal component analysis, indicating distinctive metabolic profiles of CBP. Notably,
L-theanine (864.83-2204.26 mg/kg) and epicatechin gallate (94.08-401.82 mg/kg) were identified
exclusively in all CBP and were proposed as marker compounds of CBP. Our study unravels the
distinctive metabolic profiles of CBP and provides specific and quantified metabolite indicators for
the assessment of authentic CBP.

Keywords: camellia bee pollen; L-theanine; epicatechin gallate; marker compound; botanical origin

1. Introduction

Bee pollen is collected from plant flowers and agglutinated into pellets by honey-
bees via oral secretion. As an indispensable nutrient source for honeybee development,
bee pollen is rich in carbohydrates, proteins, amino acids, polyphenols, lipids, minerals,
and vitamins [1]. Its chemical composition varies considerably according to its botanical
origins [1,2]. The large amounts of bioactive constituents endow bee pollen with health
beneficial properties, such as antioxidant, anti-inflammatory, anti-allergen, anti-aging, and
anti-cancer effects [3-5]. Owing to its nutritional and therapeutic properties, bee pollen has
gained increasing attention worldwide and is commercially consumed as a natural dietary
supplement for human health promotion [6,7].

Camellia bee pollen (CBP) is among the most important bee pollen products that
are extensively consumed in China. It is gathered by honeybees from the flowers of tea
plants (Camellia sinensis L.), the leaves of which can be made into tea, a popular beverage
worldwide with various health benefits. It has been reported that the chemical constituents
of tea flowers are similar to those of tea leaves [8]. A share of some common bioactive
constituents and functional properties between CBP and tea can thus be expected. Indeed,
CBP has a special fragrance, similar to the aroma of tea. Moreover, it has been demonstrated
that CBP possesses higher anti-inflammatory, antioxidant, and anti-tyrosinase activities
relative to other types of bee pollen [9-11]. In recent years, the identification of bioactive
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constituents responsible for the observed functional properties has been attracting growing
interest. Among them, caffeine, kaempferol, levulinic acid, and 5-hydroxymethyl furfural
are reported to contribute partly to the anti-tyrosinase activities of CBP [12-14]. However,
the metabolic basis for its functional properties is still far from being fully understood,
thereby impeding the use of CBP in the cosmetics, food, and pharmaceutical industries.

The aforementioned superior functional properties promote increasing demand for
CBP, which leads to fraudulent practices in the market [15]. To identify bee pollen of
different botanical origins, sensory testing (e.g., color, aroma, and taste characteristics)
and microscopic examination (e.g., size, form, and color of pollen grains) are widely
used [16]. However, such subjective judgments based on sensory evaluation are easily
biased by personal preference. Moreover, even with a microscope, it is still difficult to
distinguish between different types of bee pollen with similar morphological and struc-
tural attributes [17,18]. The situation is even worse for CBP, which shows substantial
morphological variation between tea cultivars [19]. The lack of accurate identification
methods represents a loophole for the current adulteration chaos of bee pollen. A more sen-
sitive method is, thus, urgently needed to ensure accurate identification for the long-term
development of the bee product industry.

Non-targeted metabolomics based on high-resolution mass spectrometry provides
a convenient method for the simultaneous analysis of hundreds or thousands of small
molecules in food products, including various bee products [20-23]. This approach, com-
bined with targeted metabolomics, plays a key role in screening and quantifying marker
compounds for food authenticity [24-26]. For bee pollen authenticity, however, such
research is currently limited [27].

Our study aimed to uncover distinctive metabolic components of CBP and to explore
efficient metabolite indicators to identify authentic CBP. To this end, non-targeted metabolic
profiling of CBP and other types of bee pollen was performed. We proposed epicatechin
gallate (ECG) and L-theanine as marker compounds of CBP, and measured their content
based on ultra-high performance liquid chromatography-quadruple-Exactive Orbitrap
mass spectrometry (UHPLC-Q-Exactive Orbitrap-MS).

2. Materials and Methods
2.1. Reagents and Standards

Ultrapure water was produced using a Milli-Q water purification system (Millipore,
St. Louis, MA, USA). Methanol of LC-MS grade was purchased from Merck (Darmstadt,
Germany). Acetonitrile, formic acid, and ammonium formate of LC-MS grade were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA). All of the authentic standards
used for qualification are listed in Table S1.

2.2. Bee Pollen Sample Collection

Fifteen CBP samples were collected from Anhui, Fujian, Jiangsu, Sichuan, and Zhejiang
Provinces in China (1 = 3 for each), while fifteen non-CBP samples were obtained from five
botanical plants (1 = 3 for each; Table S1), i.e., rose (Rosa rugosa Thunb.), apricot (Prunus
armeniaca L.), lotus (Nelumbo nucifera Gaertn.), rape (Brassica campestris L.), and wuweizi
(Frucus Schisandra chinensis). To guarantee their authenticity, these samples were collected
by professional beekeepers from their apiaries of Apis mellifera L. colonies using pollen
traps, and were then identified using a scanning electron microscope (S-4800, Hitachi,
Tokyo, Japan). Dead bee parts and other hive debris were removed manually. All samples
were freeze-dried and stored at —80 °C until analysis.

2.3. Preparation of Bee Pollen Extracts

In brief, 25 mL of 80% methanol was added to accurately weighed 0.5 g samples of
powdered bee pollen in a 50 mL vial. After supersonic extraction for 1.5 h at 4 °C, the
mixture was kept still for 30 min, followed by 0.22 um membrane filtration (Shimadzu,
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Shanghai, China). Tolbutamide and sulfacetamide, at final concentrations of 2 ug/mL and
4 ug/mL, respectively, were added as internal standards for retention time correction.

2.4. UHPLC-QTOF/MS-Based Non-Targeted Metabolomics Analysis

Non-targeted metabolomics analysis was performed on an Infinity 1290 UHPLC sys-
tem (Agilent Technologies, Santa Clara, CA, USA) coupled to an Agilent 6545 QTOF mass
spectrometer (Agilent Technologies, Santa Clara, CA, USA). Chromatographic separation
was carried out on a Zorbax Eclipse Plus C18 column (3.0 x 150 mm, 1.8 um, Agilent
Technologies, Santa Clara, CA, USA) at 40 °C. Water with 5 mmol/L ammonium acetate
and methanol with 5 mmol/L ammonium acetate were used for mobile phases A and B,
respectively, which were kept at a flow rate of 0.40 mL/min with a gradient elution profile.
The proportion of solvent B was linearly applied as follows: 0-5 min, 0-12%; 5-15 min,
12-35%; 15-18 min, 35-45%; 18-26 min, 45-75%; 26-33 min, 75-95%; and 33-35 min, 95-5%.
The injection volume was 3 uL. The post-time between each two consecutive injections
was 3 min. Dual jet stream electrospray ionization (ESI) was performed under negative
ionization mode. The parameters were as follows: nebulizer pressure: 35 psi; capillary volt-
age: 3.5 kV; gas flow rate: 8 L/min; fragmentator voltage: 130 V; sheath gas temperature:
350 °C; and sheath gas flow rate: 8 L/min. The TOF scan was set at an m/z of 100-1100
with an acquisition rate of 2 spectra per second. The auto MS/MS model was applied for
compound identification with fixed collision energies (10 V, 20 V and 40 V). Reference ions
with m/z 112.9856 and 1033.9881 were utilized for real-time mass calibration during both
the TOF scan and the auto MS/MS scan.

The obtained raw data were imported into Masshunter Qualitative Analysis software
(B.07.00 SP1, Agilent Technologies, Santa Clara, CA, USA) to extract all feature ions, then
exported as .cef documents. These .cef documents were imported into MPP (Mass Profiler
Professional software package, version B.14.5, Agilent Technologies, Santa Clara, CA, USA)
for retention time correction using internal standards and subsequent peak alignment
within the specified retention time window (£2.5%). The entities with an occurrence
frequency >60% and a coefficient of variability (CV) < 25% were retained. After Pareto
scaling and logarithmic transformation of the quantitative data, principal component
analysis (PCA) was performed using SIMCA 14.1 (Umetrics AB, Umed, Sweden) to provide
an intuitionistic demonstration of an overall clustering pattern of the bee pollen samples.

Differential entities (p < 0.05 in analysis of variance, ANOVA) among the bee pollen
samples from different botanical origins were identified using SPSS 20.0 (Chicago, IL,
USA) for further analysis. Metabolite identification was performed by searching for exact
mass and MS/MS spectra in the Metlin database (http:/ /metlin.scripps.edu, accessed on
10 January 2021) and Human Metabolome Database (HMDB, https://hmdb.ca/, accessed
on 10 January, 2021). The retention time and MS/MS spectra of putatively identified
compounds were validated by authentic standards analyzed under the same conditions.
To show the abundance differences in identified compounds among these bee pollen
samples, heatmap visualization was carried out using MetaboAnalyst 4.0 [28] with Pareto
scaling and logarithmic transformation. To improve the classification of CBP and non-CBP
samples, orthogonal projections to latent structures discriminant analysis (OPLS-DA) was
conducted in SIMCA 14.1. The OPLS-DA model was cross-validated by permutation tests
with 200 iterations. The values of variable importance in projection (VIP) were used to
rank the overall contribution of each compound to the OPLS-DA model. Compounds with
VIP > 1.0, p < 0.05 according to Student’s t-test and fold change (FC) > 1.5 were regarded as
discriminating compounds driving the observed group separation.

2.5. Targeted Quantification of ECG and L-Theanine in CBP

The contents of ECG and L-theanine in CBP were determined using the UHPLC system
(Dionex Ultimate 3000, Thermo Scientific, Waltham, CA, USA) coupled with Q-Exactive
Orbitrap-MS (Thermo Scientific, Waltham, CA, USA) in parallel reaction monitoring (PRM)
mode. Compound separation was performed using hydrophilic interaction liquid chro-
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matography (HILIC) with an ACQUITY BEH Amide column (150 mm x 2.1 mm, 1.7 um,
Waters, Milford, MA, USA) at 50 °C. Mobile phase A and B were 30% and 95% acetonitrile,
respectively, both containing 10 mmol/L ammonium formate and 0.1% formic acid. A
gradient elution profile at a flow rate of 0.3 mL/min was set as follows: 1 min, 100% B;
11 min, 30% B; 11.5 min, 100% B; and 15 min, 100% B. The injection volume was 2 pL.
The Q-Exactive Orbitrap-MS with a heated HESI source was operated in negative mode
with stepped normalized collision energies (NCE 10, 20, and 30). The mass resolution was
70,000 full width at half maximum (FWHM) for the full MS mode and 17,500 FWHM for
the MS/MS scan. Calibration curves were established with standard solutions (0.5, 1.0,
2.0, 4.0, 6.0, 8.0, and 10.0 ng/mL for ECG and 5, 10, 20, 40, 60, 80, and 100 pg/mL for
L-theanine) and used to calculate the ECG and L-theanine content in Xcalibur (v4.0.27.19,
Thermo Fisher Scientific, Waltham, MA, USA).

3. Results
3.1. Overall Metabolic Profiles of the Bee Pollen

To obtain an overview of grouping patterns of the bee pollen samples of different
botanical origins, 670 valid entities were submitted with which to perform unsupervised
PCA. The first two principal components of PCA explained 74.46% of the total variance
(PC1 = 65.70% and PC2 = 8.76%). In the PCA score plots (Figure 1A), a tight clustering of
the pollen samples from the same botanical origins was observed, and their distribution
patterns were found to be affected by their botanical origins. Remarkably, a clear separation
between the CBP and non-CBP samples was observed. Specifically, the CBP samples were
all distributed in the negative part of the PC1 axis, while the non-CBP samples were located
in the positive part of the PC1 axis and separated along the PC2 axis.
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Figure 1. Multivariate and univariate analysis of CBP and non-CBP (rose, apricot, lotus, rape, and
wuweizi bee pollen) metabolomics data. PCA score plots were generated from all valid entities (A);
score plots (B) and loading plots (C) of OPLS-DA for the 54 identified compounds. The ellipses
indicate 95% confidence limits according to Hotelling’s T2 statistics. VIP score and log fold change
(CBP/non-CBP) of the identified compounds are shown (D).
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Fujian

3.2. Metabolite Identification

To screen the compounds explaining the overall grouping patterns observed in the PCA
score plots, differential entities among the bee pollen samples (p < 0.05 in ANOVA) were
subjected to compound identification. Finally, 54 compounds were identified, including
15 flavonol glycosides and flavone glycosides, 3 catechins, 11 amino acids, 8 organic acids,
4 fatty acids, 4 nucleotides and their derivatives, 2 aldehydes, and 7 other compounds
(Table S1). Among them, four compounds were detected exclusively in all CBP samples,
including ECG, L-theanine, gallic acid (GA), and kaempferol. The CBP samples were all
clustered into a single clade, whereas the non-CBP samples formed a different clade in the
clustering heatmap of the identified compounds (Figure 2).
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Figure 2. Clustering heatmap of the 54 identified compounds in the 30 bee pollen samples.
3.3. Marker Compound Selection of CBP

To pick out the most discriminating compounds between the CBP and non-CBP sam-
ples, univariate and multivariate analyses were conducted based on the relative abundance
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levels of the 54 identified compounds (Table S2). In total, 16 compounds with FC > 1.5
showed a significant difference (p < 0.05) between the CBP and non-CBP samples (Table S1).
A reliable OPLS-DA model was established (R?Y = 0.873, Q = 0.845, R? intercepts = 0.0902,
and Q? intercepts = —0.4112 in a 200-time permutation test), and the resulting score plots
supported a clear separation between the CBP and non-CBP samples (Figure 1B), as is
consistent with the grouping patterns in the PCA score plots (Figure 1A). Further filtering
with VIP values > 1.0 in the OPLS-DA resulted in a final selection of two compounds, i.e.,
ECG and L-theanine, which had the highest VIP values (Figure 1D). Moreover, ECG and
L-theanine exhibited the greatest distance from the origin in the loading plots (Figure 1C)
and, hence, had the highest discriminatory power. Taken together, ECG and L-theanine
could be used as marker compounds to distinguish CBP from non-CBP samples.

3.4. ECG and L-Theanine Quantification

A targeted quantification method based on a PRM assay was carried out to measure the
ECG and L-theanine content in the CBP samples. The established calibration curve showed
good linearity for ECG (12 = 0.9965) and L-theanine (? = 0.9932). A significant difference
was observed in the ECG (94.08-401.82 mg/kg) and L-theanine (864.83-2204.26 mg/kg)
content among the CBP samples (Figure 3). The highest ECG content was found in the
CBP samples from Anhui Province (387.04-430.70 mg/kg), followed by Sichuan Province
(272.52-280.56 mg/kg), and the lowest content was found in the samples from Zhejiang
Province (90.95-98.33 mg/kg). The CBP samples from Sichuan Province had the high-
est L-theanine content (2138.56-2314.01 mg/kg), while those from Jiangsu and Zhejiang
Provinces had the lowest content (819.45-964.43 mg/kg).
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Figure 3. ECG and L-theanine content (mean =+ standard error) in the CBP samples from different
locations. Different letters indicate statistically significant differences (p < 0.05 in ANOVA).

4. Discussion
4.1. Distinctive Metabolic Profiles of CBP

As a mixture of flower pollen and honeybee saliva, bee pollen from different botan-
ical origins shows differing chemical composition and functional properties [2,29]. Our
metabolomics analysis confirmed the presence of different metabolic profiles of bee pollen
samples according to botanical origins. Remarkably, one of our key findings was the dis-
tinctive metabolic profile of CBP samples compared with others. It has been reported that
tea plants synthesize unique metabolites and transport quality-related components to their
organs, including tea flowers [30], which could account for our observed special metabolic
profile of CBP. Indeed, our study revealed four characteristic compounds (L-theanine, ECG,
kaempferol, and GA) which were found to be specific to the CBP samples and 12 other
differential compounds between CBP and non-CBP samples.
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A wide diversity of bioactive functions has been reported for our identified differential
compounds. Among them, L-theanine, a non-protein amino acid, is reported to naturally
occur mainly in tea plants and shows a wide range of beneficial effects, such as antioxidant,
anti-cancer, and immune-modulating activities [31,32]. ECG, a highly abundant catechin in
green tea, has been demonstrated to possess antioxidant, anti-inflammatory, and anti-tumor
effects [33]. Other polyphenolic compounds, such as kaempferol, GA, and rutin, show
similar biological activities [34,35]. Collectively, these bioactive compounds account for
at least some of the superior functional activities of CBP which have been reported in
previous studies [9-11].

4.2. ECG and L-Theanine as Maker Compounds of CBP

Metabolomics approaches have been widely adopted for the global evaluation of
marker compounds for food authenticity [24]. If some compounds are detected exclusively
in certain bee products, or are significantly more abundant or profile-defining, they could
be considered as markers of these products [36]. Typically, compounds with VIP scores
greater than 1.0 in the OPLS-DA are generally considered to have the highest discrimination
potential [37]. With these methods, marker compounds of bee products of different origins,
such as honey [38] and propolis [23], have been proposed. In our study, ECG and L-theanine
satisfied the conditions mentioned above (FC > 1.5, p < 0.05, and VIP score > 1.0), and could,
thus, be regarded as the best potential candidates for CBP marker compounds. In addition,
flavonoid glycosides, which are present in lower quantities in CBP, have been proposed to
distinguish CBP from several kinds of bee pollen [17]. Unlike these flavonoid glycosides,
ECG and L-theanine were found exclusively in CBP in our study. Based on the measured
content in our study, a minimum content of 90.95 mg/kg for ECG and 819.45 mg/kg for
L-theanine are required for the authentication of CBP. The combination of the two special
components specific to CBP could, thus, assist in distinguishing CBP from adulterated CBP
or other bee pollen.

It should be noted that significant variation in the content of both ECG (90.95-430.70 mg/kg)
and L-theanine (819.45-2314.01 mg/kg) was observed in our CBP samples from different
geographical locations. This finding could be explained by diverse tea germplasm resources
and environmental conditions, which have been reported to affect L-theanine content in
the young shoots of tea trees [39,40]. It is, thus, likely that the geographical origins of CBP
could be predicted by means of ECG and L-theanine content after extensive sampling of
CBP in future studies.

5. Conclusions

Our comparative metabolomics analysis revealed distinctive metabolic profiles of
the CBP relative to other bee pollen, including rose, apricot, lotus, rape, and wuweizi
bee pollen. Among the differential compounds, L-Theanine and ECG were detected
exclusively in all the CBP samples, and showed the highest discriminatory power. Further
quantification based on targeted metabolomics demonstrated the content of L-theanine
(819.45-2314.01 mg/kg) and ECG (90.95-430.70 mg/kg) in the CBP samples. The feasibility
of easy detection and quantification of ECG and L-theanine in bee pollen demonstrates
their possible practical application as marker compounds for CBP authentication.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12142661/s1, Table S1: Compounds identified in bee pollen
samples. Table S2: Relative abundance of the identified compounds in bee pollen samples.
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Abstract: Manuka honey plays a significant role in modern medical applications as an antibacterial,
antiviral, and antibiotic agent. However, although the importance of manuka honey is well docu-
mented in the literature, information regarding its physicochemical characteristics remains limited.
Moreover, so far, only a few papers address this issue in conjunction with the examination of the
pollen composition of manuka honey samples. Therefore, in this study, two parameters crucial for
honey quality control—the diastase number (DN) and the hydroxymethylfurfural (HMF) content—as
well as the melissopalynological analysis of manuka honey, were examined. The research found a
large variation in the percentage of Leptospermum scoparium pollen in honeys labeled and sold as
manuka honeys. Furthermore, a significant proportion of these honeys was characterized by a low
DN. However, since low diastase activity was not associated with low HMF content, manuka honey
should not be considered as a honey with naturally low enzymatic activity. Overall, the DN and HMF
content results indicate that the quality of commercially available manuka honey is questionable.

Keywords: manuka honey; Leptospermum scoparium; melissopalynology; diastase number (DN);
hydroxymethylfurfural (HMF)

1. Introduction

Manuka honey is a dark monofloral honey derived from the New Zealand manuka
tree (Leptospermum scoparium, L. scoparium); known for its distinctive taste and aroma,
it plays a significant role in modern medical applications, especially as an antibacterial,
antiviral, and antibiotic agent [1,2]. Manuka honey showed, for instance, bactericidal
potency against Pseudomonas aeruginosa and Staphylococcus aureus (strains responsible for
the inflammation of the mucous lining of the paranasal sinuses) and antiviral ability against
Varicella zoster (the virus that causes chickenpox and shingles) [3,4]. In turn, a study
of the combination of five novel antibiotics and manuka honey revealed the improved
activity of these antibiotics against wound pathogens [5]. In addition, the honey from New
Zealand promotes the growth of certain types of probiotics such as Lactobacillus reuteri and
Lactobacillus rhamnosus [6]. In addition, manuka honey exhibits strong antioxidant and
anti-inflammatory properties due to the presence of various bioactive compounds such
as phenols, flavonoids, and enzymes, which makes it effective in the treatment of chronic
ulcer and topical clinical inflammation [7-9]. Furthermore, numerous data highlight the
anticancer effect of manuka honey [10,11]. A cytotoxic influence on human lung, breast,
colon, and metastatic cancer cell lines, as well as on murine melanoma, colorectal carcinoma,
and human hepatocarcinoma was observed [12-14].

Although the importance of manuka honey for medicinal purposes is well documented
in the literature, information regarding its physicochemical characteristics remains limited.
The European Union has established regulations governing the physicochemical parame-
ters of honey in order to ensure its quality, authenticity, and safety [15]. These properties
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includes moisture content, apparent reducing sugars content, apparent sucrose content,
water-insoluble solids content, ash content, acidity, diastase activity, hydroxymethylfurfural
(HMF) content, and electrical conductivity [15]. Specifying the above-mentioned character-
istics of honey is also intended to protect consumers against deceptive practices of sellers
of this rarely cheap product. Two physicochemical parameters of honey, which deserve
particular attention as they are crucial for honey quality control, are not clearly defined for
manuka honey: the diastase activity (diastase number, DN) and the HMF content. Diastase
(x-amylase) is one of the main enzymes found in honeys; its activity level is considered an
indicator of honey freshness and its proper processing [16]. Similarly, the content of HMF, a
furanic compound formed when sugar-containing products are acidified or heated, informs
about the quality of honey. Since a high level of HMF can be a result of adulteration with
sugar additives, the HMF amount is also useful for assessing the authenticity of honey
samples [17].

Most of the studies on the DN and HMF content in manuka honey carried out so far
have not linked these experiments with melissopalynological analysis [17-24]. Only a few
papers discuss this issue using these three methods [25-27]. However, in these studies,
the results are presented for individual samples of manuka honeys without using the
relevant statistics. It was found that the manuka honey with 75.8% of L. scoparium pollen
grains contains a DN and HMF content equal to 19.03 (Schade units) and 16.42 mg-kg !,
respectively [25]. In turn, the honey samples with an L. scoparium pollen content of about
31 and 51% are characterized by a diastase activity of about 7.2 and 9.1 Schade, respectively,
and by an HMF amount of 27.9 and 33.5 mg~kg*], respectively [26]. Another study
indicates that the manuka honey DN and HMF content was equal to 8.0 &= 1.0 Schade
and 18.1 + 3.2 mg-kg !, respectively, but declared that the pollen analysis was performed;
however, the percentage composition of pollen grains in the tested honey was not given [27].
Importantly, since the manuka pollen was considered over-representative and the manuka
tree shares similar pollens with the kanuka bush, Moar stated that to be called manuka
honey, honey must contain at least 70% of manuka pollen grains [28]. Thus, it is likely that
some of the honeys mentioned should not be called manuka honey.

The problem of manuka honey falsification has been recognized earlier; in response to
this issue, the New Zealand Ministry for Primary Industries reported the combination of
five attributes required to distinguish manuka honey from other honey types, as well as to
identify monofloral and multifloral manuka honeys [29,30]. Four of the attributes refer to
the four specific compounds found in manuka honey by liquid chromatography—tandem
mass spectrometry, i.e., 2’-methoxyacetophenone, 2-methoxybenzoic acid, 3-phenyllactic
acid, and 4-hydroxyphenyllactic acid; the other relates to the DNA markers of manuka
pollen determined by the multiplex gPCR assay [29,30]. Other studies have described
the potential of compact atmospheric solids analysis probe mass spectrometry, liquid
chromatography-high resolution mass spectrometry, fluorescence spectroscopy, and 'H
NMR spectroscopy for the evaluation of manuka honey authenticity [31-34]. Another
unique feature of manuka honey is its high methylglyoxal (MGO) content [35]. This com-
pound can be formed in foods through five pathways. The first pathway is the Maillard
reaction, i.e., a reaction between amino acids and reducing sugars that occurs during food
storage at room temperature and during thermal processing [36]. The other pathways
include the autoxidation of hexoses, the oxidation of unsaturated fatty acids in lipids, the
dehydration of dihydroxyacetone (DHA), and the microbial metabolism of dihydroxy-
acetone phosphate [36]. In manuka honey, MGO is naturally formed as a result of the
dehydration of dihydroxyacetone, a compound present in the nectar of manuka tree flow-
ers [36]. The chemical transformation of DHA to MGO occurs in moderate heat, and the
period of storage, which means that the MGO in manuka honey has already been pro-
duced in the beehive, as well as being produced in storage drums after humans collect the
honey [37]. It is worth mentioning that manuka honey is frequently stored for several years
without any temperature regulation [37]. In some cases, this is to intentionally increase
the amount of MGO formed, especially since the MGO is thought to be responsible for
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the antibacterial activity of manuka honey [37,38]. It is easy to determine that advanced
and often sophisticated equipment is needed to apply above described techniques used
for verifying the authenticity of manuka honey; therefore, pollen analysis appears to be
the most suitable first-choice method for manuka honey recognition. Thus, in this paper,
using the example of the Polish market, we demonstrate the variation in the percentage of
L. scoparium pollen in honeys labeled and sold as manuka honeys. Then, we present the
DN value and HMF content based on relevant statistics. The pollen analysis results can
be regarded as an alert both for consumers of manuka honey and for sellers purchasing
the product from unproven suppliers, and above all for scientists who conduct research
on manuka honeys without confirmation of their authenticity. In turn, the DN and HMF
content results point to the questionable quality of the imported manuka honey.

2. Materials and Methods
2.1. Chemicals

Glycerol (pure per analysis grade, ppa grade), gelatine (ppa grade), sodium hydrox-
ide 0.1 M analytical weighed amount, sodium acetate trihydrate (ppa grade), potassium
hexacyanoferrate (II) trihydrate (ppa grade), and zinc acetate dihydrate (ppa grade) were
purchased from Chempur (Piekary Slaskie, Poland). The Phadebas Honey Diastase Test
tablets were bought from Magle Life Sciences (Malmo, Sweden) and glacial acetic acid
(ppa grade) from Pol-Aura (Zawroty, Poland). Methanol and hydroxymethylfurfural were
obtained from ].T. Baker (Gliwice, Poland) and Merck (Darmstadt, Germany), respectively,
and were of HPLC grade. For the analyses, distilled or ultrapure water from the Milli-Q
system (Merck, Darmstadt, Germany, resistivity 18.3 M(2 cm) was used.

2.2. Samples

The study included thirty honey samples labeled as manuka honey available on the
Polish market. All honeys had current best before dates, and the analyses were carried out
immediately after obtaining the samples for testing.

2.3. Melissopalynological Analysis

The pollen analysis of honey was performed according to the previously described
procedure with slight modifications [39]. Briefly, ten grams of honey was dissolved in
50 mL distilled water at about 50 °C. The solution was then centrifuged for 8 min (3000 rpm)
and, after removing the supernatant, 50 mL of distilled water was added to the sample
again and the centrifugation was repeated. After the second centrifugation, the supernatant
was not completely removed, leaving a tiny amount of solution above the sediment. The
residue was mixed and placed on a microscope slide. Next, the slide was dried and secured
with glycerol/gelatine and a coverslip. The collected material was analyzed using an
Olympus BX41 microscope (Olympus America, PA, USA)) at 400x magnification. At
least 300 consecutive pollen grains of nectar-producing plants were determined on each
microscopic slide, and then the percentage content of L. scoparium pollen was calculated.
Two repetitions were made for each honey sample and the final result is presented as an
average of two results not differing between individual determinations by more than 5%,
and rounded to the whole unit (%).

2.4. Diastase Analysis

The diastatic activity was determined by the Phadebas method in which the c-amylase
activity is expressed as the diastase number, and is reported in Schade units [40]. One
Schade unit corresponds to the enzyme activity contained in 1 g of honey, which can
hydrolyze 0.01 g of starch in 1 hour at 40 °C. The procedure was as follows: first, 1 g of
the analyzed honey was weighed, transferred to a 100 mL volumetric flask, and filled
up to its volume with 0.1 M acetate buffer at pH = 5.2. Then, 5 milliliters of the sample
was transferred to the test tube, placed in a water bath at 40 °C, and after 15 min a
Phadebas tablet was added to the solution. The solution was mixed and heated again
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in a water bath for 30 min. After this time, 1 mL of 0.5 M sodium hydroxide solution
was added to complete the enzymatic reaction. Next, the solution was filtered through
a filter paper (¢ =70 mm) and the absorbance at 620 nm was measured using a Specord
200 spectrophotometer (Analytic Jena, Jena, Germany) as it is in proportion to the enzyme
activity in the analyzed honey sample. The measurements were collected in triplicate and
the final result is their average.

2.5. Hydroxymethylfurfural Analysis

The HMF content in the analyzed honey samples was determined chromatographically
with the application of a Knauer HPLC system (Knauer GmbH, Berlin, Germany) equipped
with an UV K-2501 detector and with a reversed-phase C-18 Vertex Plus Eurospher column
(BGB Analytik Vertrieb GmbH, Lorrach, Germany), as described previously [41]. The
internal diameter of column was 4 mm, length 250 mm, and particle size 5 um. The
column and detector were placed on a thermostat at 30 °C. As a mobile phase, a mixture of
methanol and deionized water (10:90, v/v) was used, and the flow rate was 1 mL-min~1.
For the quantitative analysis of HMF, the external standard method was applied. The
determinations were carried out in triplicate. Honey samples were prepared based on the
European Honey Commission procedure [40].

3. Results and Discussion

The first stage of the research included the melissopalynological analysis of the ex-
amined honey samples. For each honey, at least 300 consecutive pollen grains of nectar-
producing plants, including L. scoparium pollen, were identified and counted, and then the
percentage of L. scoparium pollen content was calculated on this basis. The microscopic
image of L. scoparium pollen found in the analyzed honeys is presented in Figure 1. As
can be seen, the pollen grain is small (~15-20 um), triangular in polar view, isopolar, and
tricolporate, which is consistent with the literature data [42,43]. It is also worth noting that
the sides of the pollen sometimes appear concave, while the angles appear extended [43].
Most of the studies to date report a significant resemblance between manuka and kanuka
pollen; consequently, melissopalynological studies tend to combine them [28,43,44]. De-
spite its imperfections, this method is still useful as it allows for the simple verification of
the presence and quantity of manuka-like pollen in a honey sample.

Figure 1. Microscopic image of L. scoparium pollen under 400 x magnification.

The results obtained from the pollen analysis of thirty honey samples labeled as
manuka honeys are listed in Table 1. As shown, the percentage of L. scoparium pollen
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grains in the analyzed honeys varied from 45 to 90%. Importantly, as much as 47% of
the tested honeys indicate a low content of manuka tree pollen, lower than the Moar’s
limit (70%) for honey to be called manuka honey [28]. The obtained results point to
the wide diversity in the manuka pollen composition of commercially available manuka
honeys, and simultaneously prove the importance of the melissopalynological analysis of
purchased honeys, especially in order to verify the authenticity of honey without the use of
advanced methods.

Table 1. The percentage of L. scoparium (LS) pollen grains in the analyzed honeys.

Sample Number LS Pollen Grains
1. 45%
2. 51%
3. 52%
4. 52%
5. 54%
6. 55%
7. 61%
8. 64%
9. 65%
10. 65%
11. 66%
12. 67%
13. 68%
14. 68%
15. 70%
16. 71%
17. 71%
18. 73%
19. 74%
20. 75%
21. 76%
22. 76%
23. 78%
24. 78%
25. 78%
26. 80%
27. 83%
28. 85%
29. 85%
30. 90%

In the next step, the activity level of x-amylase was determined and plotted in Figure 2.
While the DN was estimated for all analyzed honey samples, we focus our discussions on
the results obtained for the melissopalynologically classified manuka honey samples; that is,
honeys that contain at least 70% of manuka pollen (shaded area of the graph). As illustrated,
the diastase level ranged from 1.8 to 15.2 Schade units, but was mostly lower than 8 Schade
units. According to the European Directive that governs the standards for honey sold in
the European market, a minimum diastase level of 8 Schade units is necessary for honey to
be deemed of good quality and acceptable; thus, the vast majority of the analyzed manuka
honeys do not meet this requirement [15]. In fact, merely five manuka honeys (31%) had
a diastase activity higher than 8 Schade units. Nevertheless, honeys with naturally low
enzymatic activity are known, such as Acacia, Becium grandiflorum, Croton macrostachyus,
Eucalyptus globulus, Hypoestes, Leucas abyssinica, Schefflera abyssinica, Syzygium guineense,
and Vernonia amygdalina monofloral honeys [15,45]. Such honeys are characterized by a DN
value between 3 and 8 Schade units and an HMF content lower than 15 mg~kg*1 [15,46].
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Figure 2. The diastase number (DN) in the analyzed honeys.

Figure 3 provides the HMF content in the manuka honey samples evaluated in this
study. Only two melissopalynologically classified manuka honeys showed the HMF content
below 15 mg-kgfl, more precisely 13.5 + 1.8 mg~kg*1 (when the percentage of L. scoparium
pollen grains was 76%) and 5.1 + 1.5 mg-kg~! (when the percentage of L. scoparium pollen
grains was 85%). However, the DN for these samples was 14.3 & 2.9 Schade units and
15.2 4 3.0 Schade units, respectively. This denotes that the low level of HMF present in
this honey does not coincide with a low level of diastase activity, which would typically
be expected in honeys with naturally low enzymatic activity. Thus, even though manuka
honey is most often characterized by a low level of x-amylase activity, it should not be
considered a honey with intrinsically low enzyme activity as it does not fulfill the second
condition for such honeys [15]. The low DN may result from thermal treatments or long-
term storage, as well as from storage under inappropriate conditions [47].
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Figure 3. The hydroxymethylfurfural (HMF) content in the analyzed honeys.

Nearly all of the manuka honey samples with a high content of manuka pollen (shaded
area in Figure 3) satisfy the maximum limit of HMF content allowed by the European
Directive, which is 40 mg-kg~! [15]. Specifically, the HMF content ranged from 5.1 to
55.5 mg-kg ! and two samples (13%) exceeded the permissible limit. These two samples
had HMF values of 45.2 + 4.5 mg-kg~! and 55.5 4 5.6 mg-kg !, and were characterized
by a DN equal to 2.1 &+ 0.5 Schade units and 1.8 £ 0.5 Schade units, respectively. Such
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a combination of HMF content and DN clearly indicates that the honeys were of poor
quality, presumably due to overheating or improper/prolonged storage [48]. According
to European regulations, these honeys should be withdrawn from sale, especially since
the HMF impact on human health is ambiguous [15,41,49,50]. Other melissopalynolog-
ically classified manuka honeys, based on the HMF content, may have been released
for consumption.

To gain further insight into the characteristic of commercially available manuka honeys,
the correlation between the DN value and HMF content was analyzed. As can be seen
in Figure 4, showing a comparison of the regression graph between the diastatic activity
and HMF content obtained for thirty honey samples labeled and sold as manuka honeys
(Figure 4a) and for the manuka honeys with a high content of manuka pollen, that is, honeys
that contain at least 70% of manuka pollen (Figure 4b); in both cases, the DN presents a
substantial negative relationship with HMEF. Regression equations for diastase activity to
HMF content for all analyzed honey samples and for melissopalynologically classified
manuka honeys were y = —0.2086x + 13.759 and y =—0.2762x + 14.361, respectively. This
shows that the negative regression is even more significant when the manuka honeys with
a high content of manuka pollen are considered. Notably, the obtained dependencies are
in good agreement with the knowledge that a high HMF content is a marker of excessive
heating or improper storage of honey, which in turn causes a decrease in the enzymatic
activity. Similar behavior was reported in the study of the Ethiopian monofloral honeys [45].
As a result of the regression analysis of these honeys, the following regression equation
for DN to HMF was obtained: y = —0.1389x + 6.3701 [45]. In addition, the study of honeys
from Bosnia and Herzegovina and Algeria also revealed a negative correlation between the
diastase activity and HMF content [51,52].

A concise summary of the results obtained for the melissopalynologically classified
manuka honeys is presented in Table 2. As depicted, the average percentage of L. scoparium
pollen grains in the analyzed honeys was 77.7 &+ 5.7%, while the mean DN and the mean
HMTF content were 6.4 & 4.0 Schade units and 29.0 4 12.7 mg-kg !, respectively. These
results indicate there is a wide variety of manuka honeys available on the Polish market
in terms of enzymatic activity and HMF content. In addition, a significant part of these
honeys do not meet the requirements of the European Directive authorizing honey for use,
mainly due to the low DN. The obtained results suggest that the analyzed manuka honeys
were stored under inappropriate conditions for long periods of time or were intentionally
heated, for example in order to achieve a higher content of methylglyoxal, a compound
believed to be the predominant antibacterial constituent of manuka honey [53]. Thus, the
physicochemical quality of these imported honeys is questionable.

Table 2. Summary of the characteristics of the melissopalynologically classified manuka honeys.

Parameter Unit Min Max Mean SD

L. scoparium pollen % 70.0 90.0 777 5.7
Diastase number Schade 1.8 15.2 6.4 4.0
HMF content mg-kg’1 51 55.5 29.0 12.7

SD—Standard Deviation.
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Figure 4. The correlation between the diastase number (DN) and hydroxymethylfurfural (HMF)
content obtained for: (a) thirty honey samples labeled and sold as manuka honeys; (b) the part of the
examined manuka honeys that contains at least 70% of manuka pollen.

4. Conclusions

In the paper, thirty honey samples labeled and sold as manuka honey were tested for
their pollen composition, diastase number, and HMF content. The obtained results indicate
the large diversity of manuka honey available on the Polish market both in terms of the
percentage of L. scoparium pollen grains and the enzymatic activity or HMF content. The
most striking observation from the experiments is that, according to Moar’s statement and
based on the pollen analysis, almost half of the analyzed honeys should not be classified as
manuka honeys since their L. scoparium pollen content did not meet the required minimum.
Presumably, the Polish market is not the only market facing such a problem. Thus, the
presented results can be regarded as a general warning for consumers of manuka honey
and for sellers purchasing the product from unverified suppliers, and above all for scientists
conducting research on manuka honey without confirmation of its authenticity. It is also
worth emphasizing that a significant proportion of the analyzed honeys had a low DN,
lower than the European Directive limit for the honey to be approved for use. The low
diastase activity was not associated with the low HMF content, and therefore it would
be incorrect to assume that manuka honey naturally has low enzymatic activity. The low
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value of DN and relatively high HMF content indicate, in turn, the flawed physicochemical
quality of these commercially available honeys. The present research encourages further
study of natural (without any additional processing) and commercially available manuka
honeys. It is reasonable, for example, to extend the research by using other hallmarks
of manuka honeys in order to establish their authenticity or adulteration on the basis of
further scientific evidence.
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Abstract: The aim of this study was to review methods of honey testing in the assessment of its
quality and authenticity. The quality of honey, like other food products, is multidimensional. This
quality can be assessed not only on the basis of the characteristics evaluated by the consumer during
purchase and consumption, but also on the basis of various physicochemical parameters. A number of
research methods are used to verify the quality of honeys and to confirm their authenticity. Obligatory
methods of assessing the quality of honey are usually described in legal acts. On the other hand,
other, non-normative methods of honey quality assessment are used worldwide; they can be used to
determine not only the elementary chemical composition of individual types of honey, but also the
biological activity of honey and its components. However, so far, there has been no systematization of
these methods together with a discussion of problems encountered when determining the authenticity
of honeys. Therefore, the aim of our study was to collect information on the methods of assessing the
quality and authenticity of honeys, and to identify the problems that occur during this assessment.
As aresult, a tabular summary of various research methods was created.

Keywords: quality and authenticity assessment; honey

1. Honey Quality and Authenticity

Many attempts have been made to define food quality. One of them is based on the
theory of a multidimensional set of features that can be objective (measurable, taking into
account research results) or subjective (immeasurable, taking into account the opinion of
the consumer) [1,2]. A universal definition of quality has been proposed in an interna-
tional standard on quality management: “Quality is the degree to which a set of inherent
properties meets the requirements” [3]. This definition can also be applied to food, and
the requirements mentioned here can be both requirements contained in legal acts and
consumer requirements. Food product quality is a concept that corresponds to a set of
many attributes (e.g., product specific features, product safety, acceptance by the consumer).
One of the attributes of food quality is its authenticity. Food authentication and traceability
are current topics in the food sector since they enable food quality and safety control [4,5].
According to researchers, the authenticity of the product is understood as confirmation
of the requirements for ensuring quality, composition, safety, usability, brand, and origin
along with the information/declaration provided to the consumer by the manufacturer.
It determines whether the product is really what the manufacturer declared [6-10]. The
global definition of food authentication is problematic. There is no clear definition of this
concept in legal acts covering the US, EU countries and cooperating countries. The defini-
tion of food authenticity is also not included in the Codex Alimentarius, which introduces
and promotes definitions and requirements for food that facilitate the harmonization of
international food circulation. Only the definition of contamination is formulated here, but
there is no definition of authenticity or the adulteration of food [11].

The definition of authenticity has evolved over time and with the development of
production, research infrastructure and research. Initially, this phenomenon was associated
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only with food counterfeiting and misleading the consumer. The composition of the product
was changed without informing consumers. For example, more valuable ingredients
were replaced with less valuable ones. The counterfeit product resembled the original
product, but its quality was lower [12]. Further actions violating the authenticity of the
products and intentionally misleading the consumer concerned their improper labeling.
For example, terms such as “bio”, “eco”, “protected designation of origin” and “protected
geographical indication” were used unlawfully without identifying the origin of the raw
materials [5,8,13,14].

In the case of food, it is much more often said that it is adulterated than authentic.
According to Spink and Moyer [15], food adulteration is: “A collective term that includes
knowingly and intentionally substituting, adding, tampering with, or misrepresenting
food, food ingredients, or food packaging: false or misleading claims about a product
for economic gain”. However, according to Everestine et al. [16], “food is adulterated
intentionally for financial gain”.

It is also a great challenge to clearly define the quality and authenticity of products,
taking into account their multi-criteria parameters. For this, fast and reliable methods
must be available, which will be supported by specific and reliable markers. All this is
aimed at withdrawing counterfeit products from the market, but also at preventing similar
accidents [17]. Below, Table 1 presents the factors that define the quality and authenticity of
food products and the methods of their assessment.

Table 1. Factors that define the quality of food products and the methods of their assessment.

Name Parameters Assessment Methods

- Color; 1. Objective measurements of

- Taste; physicochemical features responsible for
Sensory and organoleptic - Smell; shaping organoleptic features.
attributes - Texture; 2. Use of sensory panels carried out by a

- Structure; qualified research team.

- Appearance.

Safety

Level of presence of toxic substances; organic and

inorganic food additives; and microbiological, Chemical, microbiological and biochemical
biochemical, chemical, physical and technological  analysis.
contamination.

Health and nutritional
value

The nutrient and non-nutrient content of the
product and its energy value. In addition, it
indicates the presence, assimilation and impact on
the body of food additives, often with
health-promoting effects, such as probiotics,
polyphenolic compounds or vitamins.

Chemical and biochemical analysis of the
composition of products and based on
biological experiments.

Functional features

They mainly concern related aspects such as the
ease of use of ingredients for processing, but also
the size of the portions; in addition, their range is
responsible for the characteristics of resistance to
damage and storage stability.

Physical, biochemical and chemical analysis of
raw materials and finished products.

Psychological parameters

The use of such features as convenience and ease

of use at the appropriate price level and the level ~ 1. Marketand consumer l?ehavior Fesearch.
of novelty and attractiveness, taking into account ~ 2-  The study of physiological reactions to
the individual characteristics and needs of the stimuli and related behaviors

consumer, makes the product habituated.

Source: [2,4,18-20].

The evaluation of the quality of food products through the performance of a series of
analyses and tests is a requirement resulting from legal acts. The main purpose of these
rules is to ensure food safety. In addition, food products must meet the requirements
of consumers and companies [21,22]. The quality of food products is also treated as an
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element of marketing, competitiveness and company prestige, which translates into an
increase in profits [12].

Being a natural product, honey is also considered to be one of the most frequently
adulterated products. Therefore, issues related to ensuring its quality and safety have put
it at the forefront of the mind of global trading concerns and food regulatory agencies [23].
The literature gives the opportunity to indicate many practices used by beekeepers and
honey producers that distort the authenticity of honey, such as the following:

e  Mixing honey with water and sugar or selling solutions of water, sugar and flour, and
boiled flowers;

e  Mixing varieties;

e  The sale of imported honeys (often of lower quality, not meeting the requirements as
to the composition and properties) or their mixture with domestic honeys;

o  The addition of imported honeys containing residues of drugs prohibited in EU

countries due to their toxic effects (e.g., chloramphenicol—an antibiotic found in

honeys from China);

Placing incorrect data on the botanical and geographic origin of the product;

Added sugar syrups (glucose—fructose);

The addition of potato and beetroot syrup;

The addition of molasses;

Adding inverts to honey in order to increase its commercial weight and achieve quick

profits (an illegal practice and foreign to beekeeping ethics);

Feeding bees with sugar during the nectar period of plants;

The repeated heating of honey in order to decrystallize it;

Harvesting honey before its maturity;

The overuse of veterinary drugs and antibiotics [12,23-32].

Honey is subject to the general requirements of the EU and national legislation.
Presently, obligatory quality requirements for Polish honey are specified in the Resolution
of the Ministry of Agriculture and Rural Development, dated 3 October 2003, regarding the
detailed requirements for the commercial quality of honey. The above resolution basically
corresponds with the requirements of the Worldwide Standard for honey, developed and
approved by the Commission of Food Code from 2001 (Codex Alimentarius: Draft revised
standard for honey 2001) [11], and to the European Directive for honey [33]. Evaluation of
the quality of honey in accordance with those standards includes determining its organolep-
tic characteristics, distinguishing dominant pollens and indicating its basic physicochemical
parameters (moisture, electrical conductivity, 5-hydroxymethyl furfural content, appar-
ent reducing sugars, apparent sucrose, insoluble matter and diastase activity). Table 2
presents limit values for individual physicochemical parameters and an interpretations of
their excess.

Table 2. Physicochemical requirements for honeys, including the interpretation of exceeded parameters.

Parameter

Exceeding the Limit Values of the Parameters

Water content

The water content is considered as an indicator of honey stability and resistance to
yeast fermentation. At a high level, it causes not only the fermentation and
spoilage of honey, but also loss of taste. In addition, water activity is a parameter

Not more than 20%; however, not

more than:

(1) 23%—in heather honey and
baker’s honey;

(2)  25%—in heather baker’s honey.

responsible for the growth of microorganisms [34,35]. In the case of changes in the
water content, especially an increase, it can be presumed that water was added to
the honey or it may indicate that the honey was removed from the hive too
quickly. This parameter is also influenced by weather conditions during honey
harvesting, e.g., the intensity of rainfall. An increase in its value is dangerous
because it can affect the development of yeast and mold in honey [30,36].
Changes in this parameter may indicate adulteration of honey by adding, for
example, invert sugar or potato (starch) syrup. It is added to honey to increase its
weight. Adding water to honey has the same effect. This is very unfavorable for
honey, as the increased amount of water increases the tendency to ferment [37].
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Table 2. Cont.

Parameter

Limit Value

Exceeding the Limit Values of the Parameters

Reducing sugar
content (sum of
fructose and
glucose)

Not less than Not less than

45¢/100 g
(60 gt/l())O g (nectar and
nectar, honeydew)

The quantitative ratio of glucose to fructose is the main factor used to classify
monofloral honeys [38]-acacia honey contains, on average, 34.6 g of fructose and
21.6 g of glucose; rapeseed honey, 37 g of fructose and 36.7 g of glucose; and
dandelion honey, 35.9 g of fructose and 37.6 g of glucose [39,40].

It was observed that in honeydew honeys, the ratio of fructose to glucose content
is higher than in nectar honeys. The only exception is black locust honey, in which
the predominance of fructose over glucose ensures a liquid consistency for as long
as several months. The preponderance of glucose is responsible for the rapid
crystallization of honey, e.g., in rapeseed or dandelion honeys [38-40].

Sucrose content

Not more than 5 g/100 g, except when
not more than:

1. A total of 10 g/100 g—in locust
(Robinia pseudoacacia), alfalfa
(Medicago sativa), firewood
banksia (Banksia menziesii),
sweetvetch (Hedysarum), red
rubber (Eucalyptus
camaldulensis), leatherwood
(Eucryphia lucida, Eucryphia
milligani) and Citrus spp. honey;

2. A total of 15 g/100 g—in
lavender (Lavandula spp.) and
borage (Borago officinalis) honey.

The content of saccharides in honey is determined, inter alia, by the origin of the
honey, the time of harvesting and the length of the storage period; honeydew
honeys contain more oligosaccharides and dextrins, while nectar honeys are
dominated by simple sugars. Unripe honey contains the highest amount of
sucrose. The content of individual carbohydrates may indicate the maturity of the
honey or its lack [30,40]. An increased sucrose content may indicate adulteration
of honey by feeding bees with sucrose or its addition to honey, but also the mixing
varieties of honey [36]. Another very important indicator of honeydew honey is
honeydew sugar—melezitose; this sugar is not found in nectar honeys. It may be
an indicator of mixing honey varieties or a lack of varietal purity [27,30].

Free acid content

Not more than 50 mval/kg, but not
more than 80 mval/kg
in baking honey (industrial).

The value of the level of free acids—the level of free acids may indicate the
maturity of the honey, as well as disorders related to the microbiological
contamination of honey [35,41]. They can determine the taste and aroma of honey.

Diastase number
(according to the
Schade scale)

Not less than 8, except for baker’s
(industrial) honey, but not less than 3
in honey with naturally low enzyme
activity and an HMF content not more
than 15 mg/kg.

The diastase number depends on the type and origin of the honey. Diastase
(x-amylase) and invertase—enzymes derived from the salivary glands of
bees—are among the most important biological components of honey. It is their
presence that determines the nutritional and health-promoting properties of
honey. The diastase number is an indicator of the enzymatic activity of honey. It is
expressed by the number of Schade units per 1 g of honey. The level of diastase
activity is one of the most important indicators that prove the high quality of
honey. In the case of a low value of the diastase number, it can be presumed that
the honey was heated to a temperature above 40 °C, which may also indicate the
addition of sugar syrup [42] and the long storage of honey in unfavorable
conditions [43,44].

5-hydroxymeth-
ylfurfural (HMF)
content

Not more than 40 mg/kg, except for
baker’s honey (industrial); also not
more than 80 mg/kg in honey from
regions with a tropical climate, and in
mixtures of such honeys.

Content of 5-HMF (5-hydroxymethylfurfural)—this natural component of honey,
heterocyclic 5-hydroxymethylfurfural aldehyde, is formed in an acidic
environment from fructose (2-oxohexose). Natural honey does not contain 5-HMF
or it is present in very small amounts (2-7 mg/kg). Its content may increase with
prolonged storage and a too-high processing temperature; hence, 5-HMF is called
the honey aging parameter. The content of 5-HMF proves not only the quality, but
also the authenticity of the honey—the increased content of this ingredient also
indicates adulteration with invert sugar or starch syrup. In the case of a very high
level of this compound above 200 mg/kg, adulteration with chemical invert can
be presumed [43-46].

HMEF exhibits mutagenic activity and causes damage to the structure of the DNA
helix [47]. HMF derivatives in the form of 5-sulfooxymethylfurfural (SOMF),
5-chloromethylfurfural and 5-hydroxymethyl-2-furancarboxylic acid (5-HMFK)
have cytotoxic, genotoxic, neurotoxic, mutagenic and carcinogenic effects, which
can lead to neoplastic changes in the liver, skin and lower colon tissues [42,48,49].

Proline content,
mg/100 g of honey

Not less than 25 mg/100 g of honey.

Proline is an amino acid that is predominant in honey. In the case of the
adulteration of natural honey with sucrose, a decrease in its content up to

10 mg/100 g of honey is observed [50]. A high proline content indicates the
maturity of the honey; this indicator is often used in research as a honey quality
parameter. The largest amounts of proline are found in buckwheat honey (approx.
80.8/100 g) [40].
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Table 2. Cont.

Parameter Limit Value Exceeding the Limit Values of the Parameters
The electrical conductivity of honey, as one of the physicochemical parameters,
Not more than 0.8 mS/cm, except for can be used to characterize its botanical origin, because it depends to a large
honeys and their mixtures listed below, extent on the plant from which honey was made [51,52].
but not less than 0.8 mS/cm The value of the electrical conductivity depends on the value of the level of
in honeydew honey, chestnut honey mineral compounds and honey acids. In the case of this parameter, nectar honeys
and their mixtures. The conductivity should have a value of up to 0.8 mS x em !, and honeydew honeys, due to a
Conductivity of originating honey is not specified greater presence of minerals, should have this value above the level indicated
from strawberry tree (Arbutus unedo),  above, even up to 1.5 times—up to 0.17 mS/cm?. Any deviations from this
heather (Erica), eucalyptus, linden standard may indicate the mixing of nectar and honeydew honeys. The reduced
(Tilia spp.), common heather (Calluna value of electrical conductivity in honeydew honeys may indicate adulteration
vulgaris), manuka leptospermum and ~ with nectar honey. Increased sucrose content combined with a reduced electrical
tea tree (Melaleuca spp.) conductivity, diastase number and proline content may indicate the adulteration
of honey with sugar syrup [43,52].
Content of No more than The content of insoluble substances indicates contamination of the hive or the
insoluble 0.1 g/100 g, but not more than product itself. The presence of these substances can lead to product contamination
substances 0.5 g/100 g in pressed honey and consumer exposure [37,52].

Source: [11,24,26,53].

Honeys adulterated with sugar syrup or other inverts may contain starch dextrins
and the wrong profile of sugars. An analysis of the literature showed that a reduced level
of electrical conductivity and diastase number, while increasing the sucrose content, may
indicate the deliberate adulteration of honey with sugar syrup [53]. Too-low values of such
parameters as ash content, enzyme activity or proline content may mean adulteration of
honey with sugars [51].

The quality and quantity determination of the basic components of honey does not
pose considerable difficulties because it is accomplished using simple analytical techniques.
But these parameters do not allow for a precise determination of the geographical or
botanical origin of the honeys. In addition to assessing the quality of the physicochemical
parameters, Kowalski and Lukasiewicz indicated the most common substances added to
natural honey for the purpose of adulterating it and indicators allowing for their detec-
tion [54] (Figure 1).

indicators: oligosaccharides,

polysaccharides 3.1

indicators: 2-acetylfuran-3-

rice syrup

high fructose syrup 9HFCS
42,55,90

glucopyranoside

starch syrups

indicators: oligosaccharides,

polysaccharides DFAs, 13./12.

beet/cane sugar syrup | s e
indicators: DFAs

Adulterants

sugar syrups
palm sugar
indicators: DFAs
) honeys with a high content of
syrups (feeding) ) : .
interediate sugar fractions
indicator: characteristic compounds for particular
the addition of . L o
) honeys, e.g. acid. allagic indicator: characteristic
low-quality . .
compounds for particular honeys, e.g. acid. ellagic

Figure 1. The most common substances added to natural honey for the purpose of adulterating it
and indicators allowing for their detection. Source: [54].
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The concepts of quality and the authenticity of honey are interpenetrating notions,
because authenticity is one of the attributes of quality. In the case of testing the quality and
authenticity of honey, the tests performed can be divided into a number of methodological
groups resulting from legal acts [27-34,55] and based on modern methods used by numer-
ous research teams. Therefore, the aim of this study was to determine the importance of
the food product testing factor in assessing the quality and authenticity of honey and the
systematization of this information.

2. A Review of the Methods for Assessing the Quality and Authenticity of Honeys

The selection of the appropriate research method and interpretation of the results
of quality parameters in terms of confirming the authenticity of honey is not easy. It
should be remembered that honey is a unique product whose quality is influenced by many
parameters. In connection with the above, a review of these methods was created, from
simple methods to more advanced methods. Table 6 presents problem identification factors
and groups of honey authenticity problems, with the aim of facilitating the selection of
research methods. In addition, methodological limitations are indicated for each method.

The research material consisted of original research articles in the field of the quality
and authenticity assessment of varietal honeys, which were published up to the first
half of 2023, totaling more than 160 scientific articles. The search for the articles was
carried out by entering key words, such as honey, honey authenticity, geographical origin,
honey quality tests, honey storage, honey color, pollen analysis, 5-HMF, diastase number,
antioxidants, spectroscopy and fluorescence. A search of publications from the last 10 years
was performed, but sometimes older works were included. The condition for using older
publications was the well-founded knowledge contained in them. Research databases
were searched, such as Google Scholar, Science Direct, MDPI, Knovel, Applied Science &
Technology Source, Scopus, Taylor and Francis online and Ebsco host.

Based on the analysis of the literature, 16 methodological groups were distinguished
for research in the field of honey quality and authenticity—Table 6. Below the table, there
are comments on the limitations and disadvantages of the use of individual methods.

Table 3. Research methods used in assessing the quality and authenticity of varietal honeys.

Problem Identification Group of Honey

Methods Used—Name Applied Methods Factors Authenticity Problems

Quantitative analysis consists

of counting all plant parts (N),

i.e,, pollen grains, fungal
Melissopalynological analysis  spores and algae hyphae, Identification of the leading
(honey pollen analysis) yeast, starch grains and others  pollen.

in 10 g of honey. As a result,

honey is assigned to one of

five classes.

Identification of the
botanical/geographical origin
of the honey.

Identification of the

Identification of sensory botanical/geographical origin

features
(color, taste, smell, of the honey.
The bases for this form of appearance, consistency) Evaluation of the quality of
research are the senses and characteristic of: bee honey.
Sensory analysis feelings related to the smell, - Varietal honeys, honey Counterfeit identification.
taste, color, appearance, and quality,—additives of —
consistency of the product. prohibited substances; Ident1f1cat}0n of bee honey
- Impurities fermentation.
p
- inhoneys;
- Signs of fermentation; Identification of impurities.
- Consistency.
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Table 4. Research methods used in assessing the quality and authenticity of varietal honeys.

Methods Used—Name

Applied Methods

Problem Identification
Factors

Group of Honey
Authenticity Problems

Analysis of physicochemical
parameters

The most useful parameters in
identification are

electrical conductivity,

water content,

total and active acidity,

total ash content and

sugar content, including the
ratio of glucose to fructose
concentration (especially
important when identifying
heather honey),

the analysis of aromatic acids
and amino acids,

proline content,

diastase number,

proline content and

pH level.

The methods that deserve
special mention are the
determination of 5-HMF
content and the determination
of the diastase number.

Identification of
physicochemical parameters
characteristic of:

- Varietal honeys, - honey
quality;

- Additives of prohibited
substances;

- Impurities

- inhoneys;

- Liquefied /heated /long-
stored
honeys.

Identification of the
botanical/geographical origin
of the honey.

Evaluation of the quality of
bee honey.

Counterfeit identification.

Identification of bee honey
fermentation.

Identification of impurities.

Identification of
heating/overheating of honey
and improper storage
conditions.

Measurements of color
parametersin L *a*b *and X
Y Z systems

Color parameters L *a*b *
were determined in the
international CIE system.

Identification of characteristic
color parameters
for varietal honeys.

Identification of too-long
storage of honey.

Extraction of volatile
compounds

The solid-phase
microextraction (SPME)
technique using gas
chromatography coupled with
a mass spectrometer (GC-MS).

Identification of volatile
fractions of characteristic
honeys

for varietal honeys.

Identification of the
botanical/geographical origin
of the honey.

Analysis of antioxidant
activity of honey and analysis
of the presence of flavonoids

The botanical origin of honey
significantly affects the
antioxidant activity measured
as the ability to scavenge
DPPHe free radicals.

The photochemiluminescence
test (PCL).

Identification of the level of
antioxidant activity

and the total value of
characteristic polyphenols
for given honey varieties.

Identification of the
botanical/geographical origin
of the honey.

Evaluation of the quality of
bee honey.

Counterfeit identification.

NMR (nuclear magnetic
resonance) spectroscopic
analysis

This analysis is very versatile
and is used with principal
component analysis (PCA).

Metabolic analysis of organic
extracts.

Identification and assessment
of characteristic honey
components

for given honey varieties.

Identification of the
botanical/geographical origin
of the honey.

Evaluation of the quality of
bee honey.

Counterfeit identification.

Identification of impurities.
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Table 5. Research methods used in assessing the quality and authenticity of varietal honeys.

Methods Used—Name

Applied Methods

Problem Identification
Factors

Group of Honey
Authenticity Problems

Analysis of honey microscopic
image identification

This method shows the
picture of honey.

Identification of additives and
impurities.

Identification of honey
adulteration with additives.

Evaluation of the quality of
bee honey.

Identification of bee honey
fermentation.

Identification of impurities.

Analysis of the isotopic
composition of honey
using isotope ratio mass
spectrometry (IRMS)

Measurement of the 13¢/12€
isotope ratio.

Identification of additives
and impurities.

Identification of honey
adulteration with additives.

Chromatographic analysis of
honey composition

Chromatographic analysis
using high-performance
liquid chromatography
(HPLC), gas chromatography
(GC) and gas chromatography
coupled with mass
spectrometry (PTR-MS).

Identification of additives
and impurities.

Identification of honey
adulteration with additives.

Evaluation of the quality of
bee honey.

Identification of bee honey
fermentation.

Identification of impurities.

Analysis
of glycerin
or ethanol content

Analysis of glycerin content.

Identification of
characteristics
for fermented honeys.

Evaluation of honey quality.

Identification of bee honey
fermentation.

Fluorescence spectroscopy
research

The advantage of fluorescence
spectroscopy is the high
sensitivity and specificity of
classification.

Identification and assessment
of honey authenticity.

Identification of the
botanical/geographical origin
of the honey.

Infrared spectroscopic
analysis

Infrared spectroscopy covers
the spectrum of
electromagnetic radiation in
the range between the visible
region and the microwave
region (14,300 and 200 cm L
700-50,000 nm).

Identification and assessment
of honey authenticity.

Identification of honey
adulteration with additives.

Identification of ingredients
determining the quality of
natural bee honeys

Including, in particular, the
adulteration of honey with
sugar syrup from C4 plants.
Identification of the
botanical/geographical origin
of the honey.

Evaluation of the quality of
bee honey.

Research on electrical
properties

The electrical properties of
materials (impedance,
permittivity and dielectric loss
factor) describe the behavior
of the material in an electric
field. The molecular structure
of the material is responsible
for the physical and chemical
properties, so there is a
relationship between the
electrical properties of a given
material and its physical and
chemical parameters.

Identification and assessment
of honey authenticity.
Identification of
characteristics

for fermented honeys.

Identification of honey
adulteration with additives.

Evaluation of honey quality.

Identification of the
botanical/geographical origin
of the honey.
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Table 6. Research methods used in assessing the quality and authenticity of varietal honeys.

Methods Used—Name

Problem Identification Group of Honey

Applied Methods Factors Authenticity Problems

Analysis of the
microbiological purity of
honey

The examination of the
microbiological contamination

Lo . Identification of honey
of honey is aimed at assessing  [dentification of

adulteration with additives.

its quality; the parameters characteristics

usually determined are for fermented honeys.

coliform bacteria, Identification and assessment

sulfite-reducing Clostridium, of honey authenticity. Identification of the

yeasts and molds, aerobic botanical/geographical origin
mesophilic bacteria, Salmonella of the honey.

spp. and Bacillus spp.

Research on rheological
properties of honeys

The crystal structure is a
valuable source of information
about honey. The rheological
properties of honey indicate

the characteristics of their Evaluation of honey quality.
origin and quality.

Identification of honey

Identification and assessment adulteration with additives.

of honey authenticity.

Source: Own research.

2.1. Melissopalynological Analysis (Honey Pollen Analysis)

Quantitative analysis consists of counting all plant parts (N), i.e., pollen grains, fungal
spores and algae hyphae, yeast, starch grains and others in 10 g of honey. It allows honey
to be assigned to one of five classes.

The qualitative analysis determines the varieties of honey, with particular emphasis
on honey and their additives from other climatic zones. It is the basis for the determination
and classification of the nectar plants involved in the production of honey. It consists of
counting pollen grains in a microscope preparation, and then comparing them with the
provisions regulating the content of guiding pollen in varietal honeys.

The minimum percentages of guiding pollen for honeys are as follows: rapeseed—45%,
acacia—30%, linden—20%, buckwheat—45%, heather—45%, and polyfloral—none.

This method is a classic approach to confirming the botanical origin of honey. It is
useful in the control and classification of honeys of individual varieties and those imported
from different regions of the world. However, it is a time-consuming method and depends
on the expert’s experience. This method also allows nectar honey to be distinguished from
honeydew [26,55-65].

It is based on the assumption that certain types of pollen are present in a given area,
which makes it possible to determine the origin of honey on this basis [65].

2.2. Sensory Analysis

The bases for this form of research are the senses and feelings related to the smell,
taste, color, appearance, and consistency of the product. This is a characterization analysis
for honey varieties and their geographical origin, but also contributes to determination of
their quality.

It is used to control the quality level and classification of honeys of particular varieties
and to detect changes in physicochemical and biological parameters. The method is depen-
dent on the experience of the assessment team and must be supported by physicochemical
tests. The result of the study depends on the experience of the research team [66-72].

This method is subjective and unreliable when examining less well-known honeys,
because there is no reference point [65].

Exceeding the limit values of the sensory parameters.

The color, smell and taste of honey may depend on many factors, such as the origin
of pollen, climate, weather conditions and storage time and conditions. Any change in
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these factors may result in organoleptic characteristics different than those standard for a
given variety. The composition of the colored substances depends on the botanical origin
of the honey and the place where the melliferous plants grow [54]. The content of aromatic
substances decreases during heating and long storage [34,35].

Honey in its fresh and mature form should be a clear, highly hygroscopic liquid with
a density of 1.38-1.45 g/cm3. The concentration of sugars (especially invert sugar and
sucrose) affects the viscosity and density of honey in direct proportion [53].

Viscosity and crystal formation—crystallization is a natural process in honey. This
process does not reduce the quality of the honey, but consumers prefer liquid honey.
Glucose is responsible for the crystallization of honey, which is in a supersaturated state
and therefore tends to reach equilibrium by crystallizing. Honeys with a predominance
of fructose over glucose crystallize more slowly or not at all, e.g., acacia honeys. Fructose
concentrates the solution, along with other sugars, and increases its viscosity, which makes
it difficult for honey to crystallize. On the other hand, honeys with a predominance of
glucose crystallize faster (rapeseed honey and dandelion honey). This parameter is not
regulated by legal acts, but the very appearance of honey can indicate whether the honey is
of the right variety and whether it has been heated [52].

2.3. Analysis of Physicochemical Parameters

The physicochemical parameters of honey quality are the basis for identifying the
authenticity and adulteration of honeys.

The most useful parameter in identification is electrical conductivity. The use of this
parameter makes it possible to distinguish nectar honeys of some varieties in relation to
multifloral nectar honeys and, above all, the group of honeydew nectar honeys.

Other methods of differentiating honey varieties are as follows:

Determination of the water content;

Determination of the total and active acidity;

Determination of the total ash content;

Determination of the sugar content, including the ratio of glucose to fructose concen-
tration (especially important when identifying heather honey);

Analysis of aromatic acids and amino acids;

Determination of the proline content;

Determination of the diastase number;

Determination of the proline content;

Determination of the pH.

However, these methods used alone do not allow for the unambiguous differentiation
of varietal honeys into particular types and varieties.
The methods that deserve special mention are as follows:

e  Determination of the 5-HMF content;
e  Determination of the diastase number.

These parameters make it possible to determine the level of honey aging and errors
related to improper storage and thermal processing. The values of the above parameters
change with the time of honey storage [61,69-84].

According to Popek [66], these methods cannot be considered fully reliable because
the parameters change over time. These methods are time-consuming, cost-intensive,
and their result does not provide unambiguous information about the authenticity of the
honey. There are often problems with the interpretation and reproducibility of the results.
Furthermore, the amount of reagent used to determine one sample has a negative impact
on the environment.

2.4. Measurements of Color Parametersin L *a * b *and X Y Z Systems

The color of honey is one of the first features assessed by consumers.
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Tristimulus colorimetry was instrumentally used to assess the color of honey. Color
parameters L * a * b * were determined in the international CIE (Commission Interna-
tionale de I'Eclairage) system. The color is expressed in the CIE L * a * b * system, where
L * is the lightness, and the a * and b * coordinates indicate the contribution of green
(negative a * values), red (positive a *), blue (negative b * values) and yellow (b * values
positive) [55,85-87].

This method requires properly prepared honey, which should be liquid with no signs
of crystallization; otherwise, the test results may be different. The test is quick and easy
to perform, but one should remember about the cost of purchasing the equipment and
ensuring the repeatability of the test [85,86].

2.5. Extraction of Volatile Compounds

The suitability of the solid-phase microextraction (SPME) technique using gas chro-
matography coupled with mass spectrometry (GC-MS) is still being tested in determining
the botanical authenticity of honeys. The qualitative analysis of volatile compound profiles
is used to determine the botanical authenticity of nectar honeys [59,69,88-97].

2.6. Analysis of the Antioxidant Activity of Honey and Analysis of the Presence of Flavonoids

Polyphenolic compounds are among the most active antioxidants present in food. The
use of spectral methods was aimed at determining the profiles of polyphenolic compounds,
as well as assessing the antioxidant potential of individual varieties of bee honey. The
botanical origin of honey significantly affects the antioxidant activity measured as the
ability to scavenge DPPHe free radicals [75,98-102].

The use of the photochemiluminescence (PCL) test consists of the optical excitation of
a UV sensitizer, which is responsible for generating free radicals, partially eliminated by
the antioxidants present in the sample. Other radicals cause luminescence of the detected
substance. The function of the sensitizer and detector is performed by the same compound,
luminol. The measurement is fast and accurate as it only takes a few minutes to calculate
based on the calibration curve, performed automatically by the software [84,103-107].

2.7. Nuclear Magnetic Resonance Spectroscopic Analysis

This analysis is very versatile, not only to assess the identification of the botanical
origin of honey, but also to determine the composition and quality of the honey ingredients.
For example, the diversity of honey components, including saccharides and all kinds of
amino acids, is determined, which confirms their grouping according to the origin of the
honey (using principal component analysis—PCA) [108-117].

Nuclear magnetic resonance (NMR) provides structural information with high re-
producibility and accuracy. The time to obtain a 1H NMR spectrum is short (less than
5 min) and does not require calibration or standards. The advantage of the NMR method is
the simultaneous detection of organic compounds in an unchanged state and conformation.
The use of low-field 1 H NMR allows, based on increasing relaxation times, the detection of
the addition of HFCS syrup in honey. The effective use of the NMR technique to identify
honey adulteration is a very promising direction of research, but due to the relatively small
number of reports, it is necessary to create an appropriate spectrum database, allowing for
the quick interpretation of the results. Another factor limiting the use of NMR in analytics
is the very high cost of the equipment [54].

2.8. Analysis of Honey Microscopic Image Identification

This is a method used when sweeteners are added to honey, e.g., sucrose by feed-
ing bees or the adulteration of honey with the addition of sugar cane or fructose. In
addition, this method shows the picture of honey impurities, e.g., nanoparticles or the
presence/amount of yeast in the case of honeys with a high water content (e.g., added
water). This test does not indicate unequivocal fermentation [118].
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2.9. Analysis of the Isotopic Composition of Honey Using 13%/12 Isotope-Ratio Mass
Spectrometry Measurement

One of the spectrometric methods used to detect the adulteration of honey with the
addition of cane or corn sugar and the incorrect declaration of the origin of honey is
isotope-ratio mass spectrometry (IRMS) analysis. Isotope content is related to latitude,
i.e., the climate prevailing in the place where the honey is obtained. This method is based
on the use of proportions of isotopes characteristic of particular plant species. Its task is
to estimate the amount or ratio of isotopes of one of the three basic elements (13¢/12€,
180/160, 2H/1H) and compare them with standard values [119-123].

This is a method with great potential, but it requires expensive equipment and special-
ized staff. In addition, its universal application does not guarantee the correctness of the
results [124].

2.10. Chromatographic Analysis of Honey Composition

Chromatographic analysis using high-performance liquid chromatography (HPLC),
gas chromatography (GC) and gas chromatography coupled with mass spectrometry (PTR-
MS) is the basis for determining the composition and quality of bee honey. The results of
these analyses are interpreted using statistical tools. The determination is quick, easy and
effective, but costly. This method has many advantages: speed of measurement, low cost
and use of a small amount of the test sample, which will not be destroyed. Rich libraries of
spectra facilitate the identification of unknown substances. In the spectrum, different peaks
may overlap, which can make interpretation difficult. In addition, the cost of purchasing
equipment is high [125-129].

These methods allow for the differentiation of the botanical origin of monofloral and
polyfloral honeys. However, HPLC shows an advantage over PTR-MS by providing much
better differentiation of all analyzed types of honey. Chromatographic fingerprints recorded
at 210 nm allow for the best classification of honey. Mass spectrometry with the proton
transfer reaction is useful for distinguishing buckwheat honey [125-129].

2.11. Analysis of Glycerin or Ethanol Content

One of the methods used in assessing the authenticity (distinguishing natural from
artificial honey) and freshness of honeys is the analysis of glycerin content. Glycerin is the
result of metabolic processes caused by microorganisms present in the liquid collected by
bees [130].

2.12. Fluorescence Spectroscopy Research

The advantage of fluorescence spectroscopy is the high sensitivity and specificity of
classification. Fluorescence spectroscopy requires only minimal sample preparation. The
results of the above studies confirmed that single synchronous fluorescence spectra of
different honeys differ significantly due to their different physicochemical properties and
provide sufficient data to clearly differentiate between groups of honeys. Studies have
shown that this method is a valuable and promising technique for honey authentication.
Honeys are well known to contain numerous fluorophores, such as polyphenols and amino
acids. Some of them have been proposed as markers for monofloral honeys—ellagic
acid for heather honey; hesperetin for citrus honey; phenylalanine and tyrosine, which
turned out to be characteristic of lavender honey and made it possible to distinguish it
from eucalyptus honey; and tryptophan and glutamic acid, which turned out to be useful
for differentiating honeydew and flower honeys. Due to the presence of such powerful
fluorophores, fluorescence spectroscopy can be helpful in confirming the botanical origin
of honey.

In addition, these tests can be the basis for identifying honey overheating and identify-
ing the botanical origin of filtered honeys, in which pollen analysis is not possible [131-142].
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The limitation of this method is building a database of spectra characteristic for honeys.
The method is fast, cheap and without a negative impact on the environment (no reagents
are used) [139].

2.13. Infrared Spectroscopic Analysis

The authenticity of different types of honey can also be confirmed by infrared
spectroscopy.

Infrared spectroscopy covers the spectrum of electromagnetic radiation in the range
between the visible region and the microwave region (14,300-200 cm~L; 700-50,000 nm).
Depending on the wavelength, it is divided into the following types of spectroscopy:

- Near infrared (NIR) spectroscopy, 14,300-4000 cm~! (700-2500 nm);
- Mid (proper) infrared (MIR) spectroscopy, 700-4000 em ! (2500-14,300 nm);
- Far infrared (FIR) spectroscopy, 700-200 cm ™! (14,300-50,000 nm).

Quick quantitative and qualitative determination of the individual parameters that
determine the quality of natural bee honeys is possible thanks to the use of spectroscopy
in the NIR range. Through the basic analysis of the spectra, it is possible to distinguish
between honeydew, artificial and nectar honeys, while using chemometrics, it is possible to
determine the varieties of nectar honeys.

Studies conducted over the years have also shown the possibility of the presence of
corn fructose in honey [78,79,127,133,143-145].

This method has many advantages: speed of measurement, low cost and use of a small
amount of the test sample, which will not be destroyed. Rich libraries of spectra facilitate
the identification of unknown substances. However, it should be remembered that different
peaks in the spectrum may overlap, which can make interpretation difficult [143-147].

2.14. Research on Electrical Properties

The electrical properties of materials (impedance, permittivity and dielectric loss fac-
tor) describe the behavior of the material in an electric field. The molecular structure of the
material is responsible for the physical and chemical properties, so there is a relationship
between the electrical properties of a given material and its physical and chemical parame-
ters. It is possible to use different dielectric quantities (electric permittivity, dielectric loss
coefficient and conductivity) to differentiate honey varieties, and additives such as water
and sugar are still being researched. In addition, these tests can also describe the level of
honey overheating and the degree of crystallization [148-156].

2.15. Analysis of the Microbiological Purity of Honey

The examination of microbiological contamination of honey is aimed at assessing
its quality. The parameters usually determined are coliform bacteria, sulfite-reducing
Clostridium, yeasts and molds, aerobic mesophilic bacteria, Salmonella spp. and Bacillus
spp. [73,113,152,153,156,157].

This method is time-consuming and not always effective. Its reproduction in the same
conditions is impossible [73,156,157].

2.16. Research on Rheological Properties of Honeys

The crystal structure is a valuable source of information about honey. The rheological
properties of honey indicate the characteristics of their origin and quality. The possibility
of crystal formation and the observation of their behavior with the use of birefractive
interferometry and computer image analysis can present the quantitative characteristics of
the honey crystal structure used for its assessment. The analyses take into account standard
stereological parameters, such as the number of identified objects and average values—
surface area, circumference and maximum diameter of crystals. In addition, the numerical
distribution of crystals with regard to the maximum diameter is analyzed. They can be
used both to identify its origin and for other purposes, e.g., to determine the rheological
properties of crystallized honey [157-159].
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3. Conclusions

The authenticity of food products is rarely defined in the literature. However, there
is some agreement in terms of nomenclature and a set of features that make it possible to
recognize that a food product is what it should be, as declared by the manufacturer. Food
adulteration is a frequent phenomenon, which should be considered a significant threat to
every consumer—it is a violation of consumer rights, but also often leads to an increase in
risk associated with the consumption of food products. Therefore, it is necessary to develop
tools that will protect the consumer against abuse from dishonest producers.

Honey is often mentioned as an example of a product that can be counterfeited in
various ways—its composition is changed (e.g., by adding sweeteners), and in recent times,
consumers are often misled by giving false information about the geographical or botanical
origin of honey. There are many research methods that are used to assess the authenticity
of honeys, but above all, they ensure the confirmation of their quality. Regardless of the
method adopted, the goal is always to determine whether the tested product is manufac-
tured fairly and meets all legal criteria, or whether there has been a violation of the law. In
the field of food authentication, there are targeted and non-targeted analytic methods that
are proven by many studies [160]. For each of the products, a number of research methods
can be indicated, but as in the case of assessing the quality and authenticity of honey, there
is no combination of methods that would be 100% effective [54,161,162]. Currently, honey
authenticity tests are difficult because not only local honeys are sold on domestic mar-
kets, but also foreign honeys from other continents, which are characterized by a different
chemical composition and properties. Therefore, researchers are still looking for an ideal
method that will not leave even 1% uncertainty in confirming the quality and authenticity
of honeys [16]. The above list shows how active various researchers are in the search for a
universal and relatively simple method of confirming the authenticity of honeys.

The present work provides a review not only of research methods, but also of their
practical use. The methodological limitations and strengths of each method have been
indicated. The work can be used as a resource and a quick path to finding an appropriate
research method to determine the quality and authenticity of honeys.

In the example of honey quality assessment, it can be seen that single-component
or multi-component analyses of honey quality parameters do not lead to obtaining un-
ambiguous information on the botanical origin of honeys. However, they are helpful in
more accurately indicating the place of origin and quality of honey. However, there is still
no interdisciplinary, fast, effective and cheap method that can confirm the authenticity of
honey, taking into account its quality characteristics.

The above analysis of the literature illustrates the pace at which the research and
the methods used in the assessment of the quality of honey have developed. It demon-
strates their differentiation, taking into account the aspects of varietal authenticity and the
composition of honeys.

According to Kowalski and Lukasiewicz, the introduction of new, hitherto unknown
techniques and the improvement of many measurement techniques (increasing their sen-
sitivity and precision) are creating more and more tools and opportunities to identify
falsifications, even at a very low level. However, it still requires an appropriate approach
and experience from the analytical side, because honey is a product with a complicated
analytical matrix [54]. This paper presents a review of the possible applications of methods
with a high level of efficiency. Methods such as fluorescence, NIR and Raman spectroscopy
seem to be multifaceted. However, they have limitations because they require a complex
mathematical apparatus to interpret the results [54].

Summarizing this review of research methods, it was not possible to identify a method
that is unequivocally the most effective. However, the analysis of research methods allowed
us to identify 16 methodological groups in the field of honey quality and authenticity. The
review of methods also allowed for the extraction of parameters indicating changes not
only in the quality, but also in the authenticity of the honeys, along with the interpretation
of exceeding the limit values of the parameters. The intention of the authors was to create a
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tool to help in selecting the most effective research methods, but also to combine several
methods in order to obtain a reliable result.
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1. Introduction

The quality of bee products is directly related to the health of consumers. Ensur-
ing that bee products meet the required standards is essential to improve their quality.
Osaili et al. conducted a study examining the physicochemical characteristics of honey
imported into the United Arab Emirates (UAE) through Dubai ports from 2017 to 2021,
analyzing 1330 samples for sugar components, moisture, hydroxymethylfurfural (HMF)
content, free acidity, and diastase number [1]. The results showed that while 79.2% of honey
samples met Emirates honey standard requirements, 20.8% did not comply due to possible
adulteration or improper storage or heat treatment. Raweh et al.’s investigation into local
and imported honey samples revealed significant differences in their physicochemical
properties such as moisture level, color, electrical conductivity (EC), free acidity (FA), pH
value, diastase activity, HMF content and individual sugar content [2]. These studies
emphasize the importance of comprehensive analysis of physicochemical parameters for
standardizing bee products and increasing awareness regarding quality investigations.

2. Honey Quality Evaluation

The identification of honey adulteration with various sugar syrups poses a complex
and challenging issue, which is crucial for ensuring equitable trade and protecting the
interests of beekeepers. Yan et al. developed an efficient approach to detect adulterants
in honey by employing fluorescence spectroscopy to analyze the emission spectra and
frequency doubled peak (FDP) intensity at 740 nm, which exhibit distinguishable character-
istics between honey and sugar syrups [3]. Furthermore, Hao et al. utilized fluorescence
spectroscopy combined with chemometrics to investigate a rapid and non-destructive
method for identifying corn sugar syrup as an adulterant in wolfberry honey [4].

Additionally, the authentication of honey is crucial for ensuring quality control.
Zak et al. collected data on various techniques used to evaluate the quality and authen-
ticity of honey, while also highlighting the challenges encountered during this evaluation
process [5]. Furthermore, Dzugan et al. utilized SDS-PAGE and HPTLC techniques to
identify distinctive protein and polyphenolic profiles as a means of authenticating gold-
enrod honey [6]. Sek et al. conducted a study focusing on two important factors in honey
quality control: the diastase number (DN) and HMF content, alongside melissopalyno-
logical analysis of manuka honey. The investigation revealed significant fluctuations in
the percentage of Leptospermum scoparium pollen found in manuka honey. Moreover, a
considerable proportion of manuka honey exhibited low DN levels [7].

The storage conditions also influence the quality of honey. Zivkov Balos et al. con-
ducted a study to evaluate the quality and stability of sunflower honey during storage by
analyzing its physicochemical parameters such as water content, HMF content, diastase
activity, pH value, and free acidity [8]. The findings revealed that after being stored at
room temperature for 18 months, there was a significant decrease in diastase activity but a
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notable increase in HMF content. Moreover, the pH value of honey decreased from 3.66 to
3.56, despite relatively stable levels of water content and free acidity.

3. Bee Pollen Quality Evaluation

The nutritional significance of bee pollen is paramount, as it encompasses a diverse
range of bioactivities that contribute to disease prevention. Varied species of bee pollen
possess distinct nutrient profiles and bioactive compounds, thereby exhibiting differential
bioactivity. Oroian et al. conducted a comprehensive analysis of various parameters
including organic acids, total phenols, total flavonoids, individual phenolic compounds,
fatty acids and amino acids in Romanian bee pollen [9]. Additionally, Rojo et al. assessed the
differences in levels of total phenols and flavonoids as well as antioxidant activity among
bee pollen samples sourced from different botanical origins within Galicia, northwest
Spain [10]. Qi et al. identified L-theanine (864.83-2204.26 mg/kg) and epicatechin gallate
(94.08-401.82 mg/kg) as exclusive markers for the quality evaluation of Camellia bee
pollen [11]. The results demonstrated the extensive botanical diversity and nutrient richness
of bee pollen, thereby enhancing its potential as a valuable nutritional supplement.

However, there is a concern regarding the safety of bee pollen due to its potential to
trigger food-related allergies. Tao et al. conducted a study employing cellulase, pectinase,
and papain for the hydrolysis of allergens in bee pollen and investigated the impact of
enzyme treatment on allergic reactions in BALB/c mice [12]. The results demonstrated
that enzyme-treated bee pollen effectively reduced scratching frequency in mice, mitigated
tissue damage caused by allergies, decreased serum IgE levels, and regulated bioamine
production. Furthermore, it was observed that enzyme-treated bee pollen influenced
metabolic pathways and modulated gut microbiota composition in mice. These findings
indicate that enzyme-treated bee pollen has the potential to be utilized as a hypoallergenic
product for consumer consumption.

4. Royal Jelly Quality Evaluation

Royal jelly is highly valued by consumers for its health benefits attributed to its
abundant protein, peptides, lipids, and other bioactive nutrients. Consequently, the quality
assessment of royal jelly plays a pivotal role in ensuring the market’s sustainable and
healthy development. Considering that the lipid content in royal jelly originates from bee-
collected pollen, and different plant sources of pollen can influence the lipid composition of
royal jelly, Zhou et al. conducted an investigation to explore how feeding honeybees with
various types of pollen affects the lipid composition of royal jelly [13]. The findings unveiled
substantial variations in the phospholipid and fatty acid content in royal jelly produced by
honeybees fed with pollen containing diverse lipid components, thereby exerting an impact
on its overall quality. This research offers valuable guidance for producing premium-grade
royal jelly.

5. Pesticide Detection in Bee Products

Honeybees are exposed to a significant amount of environmental pollutants during
their collection of nectar and pollen from plants. Consequently, upon entering the beehive, a
substantial portion of these pollutants is inevitably transferd to bee products. Kasiotis et al.
employed two effective multi-residue analysis methods, namely HPLC-ESI-MS/MS and
GC-MS/MS, to ascertain the presence of more than 130 pesticides and their metabolites
in 109 honey and bee pollen samples collected between 2015 and 2020 [14]. The findings
revealed that the pesticides detected in honey and pollen with higher residue levels pri-
marily comprised coumaphos, imidacloprid, acetamiprid, amitraz metabolites (DMF and
DMPF), as well as tau-fluvalinate. Therefore, it is imperative to conduct pesticide residue
detection and risk assessment in bee products for the preservation of human health.

Finally, we express our sincere gratitude to the authors who have made significant con-
tributions to this volume through their unwavering dedication and exceptional expertise.
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We cordially invite readers of this article to provide valuable feedback and constructive sug-
gestions on the content under consideration, including any potential typographical errors.
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