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Abstract

BACKGROUND

Red raspberry (Rubus idaeus L.) is an important nectar source for honey production in some specific habitats
as well as an important crop, so the definition of the features of this kind of honey is noteworthy. However,

due to its rarity on the market, red raspberry honey is poorly characterized. The aim of this work was the
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phytochemical characterization of honey containing red raspberry from different geographical origins, through
melissopalynological analyses concurrently to untargeted metabolomics achieved with different
chromatographic techniques coupled to mass spectroscopy (Solid-Phase Micro-Extraction (SPME)/Gas
Chromatography/Mass Spectrometry (SPME-GC-MS) High-Performance Liquid Chromatography/Mass
Spectrometry Orbitrap (HPLC-Orbitrap).

RESULTS

Only 4 out of the 12 samples involved in the study contained raspberry pollen as dominant pollen, although
these honeys did not group in the hierarchical cluster analysis (HCA) neither in the classical multidimensional
scaling (MDS) analyses used for data evaluation. The first result was the detection of mislabelling in two
samples, that contained raspberry pollen only as minor or important minor pollen. Of the 188 compounds
identified by HPLC-Orbitrap and of the 260 identified by SPME-GC-MS, 87 and 31 compounds were present
in all samples, respectively. The structurally related compounds nicotinaldehyde and nicotinamide, nicotinic
acid and nicotinyl alcohol, were present in 100% of the samples and correlated with R. idaeus pollen count
(r>0.60, Pearson's correlation analysis).

CONCLUSION

This study reveals important aspects about the characterization of red raspberry honey and could give new
insights on bee diet and preferences, since niacin compounds resulted interestingly related to the presence of

red raspberry pollen.

Keywords: red raspberry honey, melissopalynology, nicotine compounds, untargeted metabolomics, volatile

organic compounds, honey characterization
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Introduction

Honey is the sweet substance produced by Apis mellifera L. mainly from the nectar of flowers. This substance
is then processed by the digestive enzymes of honeybees and stored and dried in the honeycomb, where the
nectar is finally turned into honey !. This product is gaining an increasing attention, also because of a growing
interest in honeybee and honeybee health 2.

Monofloral honeys (honey produced mainly from just one plant nectar) are particularly valuable, due to their

1 34, since polyfloral honey is produced by a blend of

specific aroma profiles compared to those of polyflora
nectars of which none is usually dominant. Consequently, monofloral honey are often subjected to adulteration
(in the worst cases), or to botanical origin mislabelling. The latter occasionally happens even without
fraudulent purposes, since beekeepers label their product often without support of a proper
melissopalynological analysis, assigning a botanical origin deducible by subjective sensory analysis and/or
assessing the presence of predominant plant species surrounding the beehive. Nevertheless, depending on the
availability of food sources, bees generally forage on vegetation as far as a 2 km radius from their hive °.
Therefore, often the labels do not report the correct floristic source 7, the only classification envisaged by the
European legislation ® that, however, does not consider the on-label indication of this information as
mandatory, this despite proposals to amend this directive °. Nonetheless, the floristic origin of honey results
quite important for its definition, since properties like flavour, colour, aroma, texture, and other parameters
important in the consumers’ evaluation, are strictly linked to them '. In this context, more than 100 botanical
species are known to produce unifloral honey just in Europe '°, but only those endowed with the most important
commercial value officially described.

Red raspberry honey is not comprised in the list of the main European Unifloral honeys '°. This honey is quite
rare !! but it is often considered a prized type, searched by consumers, also outside Europe. Some studies

12-13-14-15-16-17-18-19

already exist on the characterization of this honey . Most of them focused on its

melissopalynological analysis, alongside the determination of physico-chemical parameters, moisture, pH, free

acidity, electrical conductivity, hydroxymethylfurfural (HMF) content, color, total polyphenols content,

12-13-14-15-16-17-18-

flavonoids content, DPPH radical scavenging activity 19 Few other studies concerned raspberry

20-21

honey contamination and adulterations 2!, or its antimicrobial activity 2. Even less studies *!!, to our

knowledge, have been focused on the secondary metabolite profile of this honey type. Raspberry is considered
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a normo-represented pollen (PK/10 g 30.000 -100.000; %), the secretion of nectar is referred ranging between
1.4 and 67 milligrams per flower in 24 hours and the sugar content is between 24 and 42%. Raspberry nectar
contains only fructose and glucose with a ratio of 1.0 ?°. For its sugar ratio, this honey tends averagely to
crystalize. For raspberry pollen, the general criterion of pollen presence over 45% is usually adopted to define
a monofloral.

Red raspberry (R idaeus) is nonetheless an important floral resource for some specific habitats. Salonen et al.
12 mentioned how wild raspberry is an important foraging resource for bees in a territory where the beckeeping
season is short, as Finland. This plant is defined as the most aggressive invading plant in northern hardwood
forests 2° and it is a pioneer of transition with a behaviour sometimes like an invasive plant in forest habitats,
in particular after disturbances as windstorm or wildfire 2’2, Red raspberry is widely distributed in all
temperate regions of Europe, Asia, and North America and it is a major commercial fruit with many
commercial varieties, high price, and increasing consumers’ demands . Considering this, raspberry honey
could be more important in the market than estimated and a not enough known resource for beekeeping
activities. For this reason, more studies on this kind of honey other than the merging of the knowledge already
existing are advisable and even suggested by recent literature *.

Hence, the aim of this work was to characterize honey produced in known red raspberry growing areas or
labelled as red raspberry honey, in different locations in Europe, USA and Canada. The assessment of the
botanical origin was performed through melissopalynological analysis. The definition of colour/colour
intensity was performed through spectrophotometric analysis. The phytochemical profile was investigated
through chromatographic techniques (SPME-GC-MS, and HPLC-Orbitrap). Eventually, the correlation
between the presence of raspberry pollen and secondary metabolites identified by metabolomic analysis was

also considered.
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Materials and methods

Samples collection

This study was carried out on twelve honey samples. Seven samples were collected on the Italian Alps in the
distribution area of red raspberry where usually beekeepers produce raspberry blossoms honey or
wilflower/raspberry blossoms honey. Of these, n=5 were collected in Valtellina (Orobie Alps and Western
Rhaetian Alps) and n=2 in Valcamonica (Southern Rhaetian Alps). Valtellina and Valcamonica are two valleys
of the Italian Alps in Lombardy region. The other five samples were purchased from different countries, where
they were indicated as wild red raspberry blossoms honey or wildflower/raspberry honey in the case of the
honey from Cerdagne (France). More in details, the origin of the honey was: United States of America (Maine
region), Canada (Port Colborne, Ontario), and three different European mountain areas (Carpathian Alps in
Romania, Pyrenees mountains and Auvergne mountains in France). The origin was declared on the label. Table
1 shows red raspberry blossoms honey sampling and sample codes. A picture of each sample is reported in
figure 1.

For colour analysis, the honeys for the comparison (rhododendron and manuka) were purchased on the web

and checked through melissopalynological analysis.

Melissopalynological analysis

Slides for qualitative melissopalynological analysis were prepared according to the procedures indicated by
the International Commission for Bee Botany (ICBB) *. To provide the percentage of specific pollens, at least
300 pollen grains were counted for an estimation of the relative frequencies of pollen types 3!. The pollen types
present in the honey samples were identified, counted, and classified, according to their percentages, as
dominant pollen (more than 45% of the total pollen grains counted), secondary pollen (from 16 to 45%),

important minor pollen (from 3 to 15%), minor pollen (less than 3%) or sporadic pollen (less than 1%) 2.

Phytochemical analysis

Secondary compounds for HPLC-Orbitrap analysis were extracted by sugaring-out assisted liquid-liquid

33-34-35

extraction (SULLE) in the modified LLE version for the analysis of honey , using a sodium chloride
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solution instead of deionized water for dissolving honey for better phase separation and increased recoveries
of metabolites. In details 0.5 g of honey sample were placed in a 2 mL round bottom Eppendorf polypropylene
tube where 10 % NaCl solution (0.5 mL) in 0.01 M HCI (pH = 2) was added, before agitating in a vertical tube
vortex mixer until dissolution of all solids. MeCN (methyl cyanide, 1 mL) was added to the mixture and the
tube was vortexed for another 1 min at 2000 rpm, followed by centrifugation for 1 min at 15,000 rpm. The
upper organic phase was collected in a 2 mL crimp top chromatography vial. Another portion of MeCN (1
mL) was added and the extraction procedure was repeated one time, with the total collected organic phase
amount of about 1.9 mL. The organic phase was dried under a gentle nitrogen flow at room temperature and
reconstituted in 98:2 v/v water/MeCN mixture (0.5 mL) with 0.1 % FA added. The extracts were stored at 4
°C in the dark prior to the analysis. A QC sample was prepared and analyzed in the same batch . The extract
was filtered by 0,45 um syringe filter and subsequently diluted with 0.1% of formic acid (1:1). The 10uL was
introduced in HPLC-Q-Exactive-Orbitrap®-HRMS instrumentation. All analysis were repeated for three
biological samples. Untargeted metabolomics approach was performed according to the recently developed
strategy for propolis *” and mountain wildflower honey ° with some modifications. In brief, a Restek RP column
with a programmed gradient flow of 0.1% HCOOH in water and methanol was employed for the
chromatographical separation utilizing a Vanquish HPLC equipment (Thermo Fisher Scientific, San Jose, CA,
USA). An Orbitrap Exploris™ 120 (Thermo Scientific, San Jose, CA, USA) equipped with a heated
electrospray ionization source (HESI) was used for high-resolution mass spectrometry and operated
simultaneously in both positive mode and negative mode, The HESI spray voltage was set to 3.3 kV; sheath
and auxiliary gas were set at 40 and 10 arbitrary units, respectively. Full scan data-dependent MS2 acquisition
(FS-dd-MS2) with a resolving power of 60,000 and 15,000 for FS and dd-MS2, respectively, was employed
for fragmentation of pseudo-molecular ions or adducts detected in FS mode. The full scan acquisition mode
was selected with a scan range of m/z 70-800. Fragmentation of precursors was executed with stepped,
normalized collision energy set at 20, 30, and 40 eV. 2.3.

The Exploris Orbitrap raw data were submitted to Compound Discoverer (CD) 3.2 software (Thermo Fisher,
San Jose, CA, USA), which enabled the programmed identification and relative abundance of compounds. The
procedure was based on untargeted metabolite identification, which comprised a sequence of steps that were

accomplished consecutively, including spectra selection, retention time alignment, peak detection, profile
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assignment, and isotope annotation, The identification was accomplished by consulting CD-integrated
databases (https://www.mzcloud.org and https://www.chemspider.com), accompanied by two different types
of mass lists: those performed in-house and those available in online database. The criteria for putative
identification of metabolites identified by the CD workflow were chosen as a combination of a few different
assets: a mzCloud (Thermo Fisher, Bratislava, Slovakia) match score higher than 75% (cosine match
algorithm) and the same identification being proposed by at least one external web database, such as the Human
Metabolome platform HMDB (https://hmdb.ca/), the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(https://www.genome.jp/kegg), Pubchem (www.pubchem.com), the Small Molecule Pathway Database
(SMPDB) (http://smpdb.ca), and lipid maps (https://www.lipidmaps.org). If the mass fragmentation pattern
did not match any of the available library, the fragmentation pattern was evaluated by FISh (Fragment lons
Shearch) Scoring (implemented in Compound Discoverer) or compared with recent publications. The final
concentration of identified compounds was obtained by the normalisation of chromatographic peaks areas
respect to IS-1.

The volatiles profile was performed through HS-SPME-GC-MS analysis of volatiles organic compounds
(VOCs). SPME is a simple and fast technique of extraction of volatile organic compounds that rely on their
adsorption on different polymeric fibers and, due to its efficiency, this technique is used for different purposes
and different matrices **3°. All the samples were prepared by weighing 5 g of honey in a 20 mL glass vial
along with 10 pL of the IS (4-Methyl-2-pentanone, 2 mg/L in 2-propanol). Each vial was fitted with a cap
equipped with a silicon/PTFE septum (Supelco, Bellefonte, PA, USA) and passed in an ultrasonic bath for 10
seconds at 30°C. At the end of the sample equilibration period (1 h), a conditioned (1.5 h at 280 °C) 50/30 um
Divinylbenzene/Carboxen/polydimethylsiloxane (CAR/PDMS/ DVB) StableFlex fibre (Supelco, Bellefonte,
PA) was exposed to the headspace of the sample for the extraction (120 min) by CombiPAL system injector
autosampler (CTC analytics, Switzerland). Adsorption of analyte was obtained using CAR/PDMS/DVB and
120 min as extraction time at 25° C, to prevent possible matrix alterations (oxidation of some compounds,
particularly aldehydes and furans). A heater plate kept a constant temperature during analysis in the vials (CTC
Analytics, Zwingen, Switzerland). GC-MS analysis was performed using a Trace GC Ultra (Thermo-Fisher
Scientific, Waltham, MA, USA) Gas Chromatograph coupled to a Trace DSQII quadrupole mass spectrometer

(MS) (Thermo-Fisher Scientific, Waltham, MA, USA) and equipped with an Rtx-Wax column (30 m; 0.25
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mm i.d.; 0.25 um film thickness, Restek, USA). The oven temperature program was from 35° C, hold 8 min,
to 60° C at 4° C/min, then from 60° C to 160° C at 6° C/min, and finally from 160° C to 200° C at 20° C/min,
hold 20 min. The injections were performed in splitless mode (8 min). The carrier gas was helium at a constant
flow of 1 mL/min. The transfer line to the mass spectrometer was maintained at 230° C, and the ion source
temperature was set at 250° C. The mass spectra were obtained by using a mass selective detector with the
electronic impact at 70 eV, a multiplier voltage of 1456 V, and by collecting the data at rate of 1 scan s™! over
the m/z range of 35-350. Compounds were identified by comparing the retention time (RT) with the literature
data and through the National Institute of Standards and Technology (NIST) MS spectral database as in
previous research 4!, Volatile compounds measurements from each headspace of honey extracts were carried
out by peak area normalization (expressed in mg/Kg).

All analysis were repeated for three biological samples.

Colour analysis

Solutions of honey dissolved in distilled water at 50/50 w/v% concentration were heated to 50 degrees until
sugars were completely dissolved to determine colour according to the Pfund scale. Absorbance was measured
at 635 nm, and absorbance values were classified 4*** with the formula:

Pfund index (mm) = -38.70 + 371.39*absorbance A635

Colour intensity instead was defined as the difference of absorbance (expressed as mAU *¥) between two
absorbance values (nm), corresponding to

Colour intensity (mAU) = absorbance A4s0- absorbance A720

The measurements were performed at room temperature (25 °C) on three biological samples and confronted
with known clear and dark and more or less intense coloured honey (light and clear: rhododendron; dark and

intense: manuka). During the spectral acquisition distilled water was used as blank.

Statistical analysis and data elaboration
Once the assumptions of normality of group data and homogeneity of variances were verified, the statistical
relationship between the percentage presence of R. idaeus pollens and the single compound content was

assessed through the Pearson's correlation coefficient (r), that measures the linear correlation between two
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variables. When r assumed a value higher than 0.6 (and p-value was lower than the o level of 0.05) and the
compounds had a presence 100% in the sample batch, data were showed in a scatterplot of the paired values
along with the trendline (and R?value).

Similarity/dissimilarity between samples were analysed through HCA and by MDS multivariate analysis. The
differences between compounds revealed in (SPME) GC-MS and HPLC-Orbitrap analysis were showed
through Heat-map where only the compounds present in all samples were considered.

All statistical analysis were performed using R 3.5.2. software, ggplot, magrittr, dplyr and ggpubr packages *°.
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Results

Melissopalynological analysis

The results reported in Table 2 show the pollen types identified by melissopalynogical analysis in each of the
n=12 samples selected for this study (Table 1). Data about sporadic pollens (less than 1%), honeydew and not-
nectariferous pollens are shown in Supplementary Table S1. Table 3 shows the average presence of the main
pollen types in the sample batch (only pollens with an average presence >1 are considered). Rubus pollen was
present in all samples, with an average presence of 29.35 + 21.32 %. Images of R. idaeus pollen are reported
at several magnifications, focuses and positions in figure 2.

Based on these data, only samples A, B, D, E could be properly classified as monofloral red raspberry honey.
In sample A and B, however, the percentage presence of linden pollen (Zilia spp.) of 14.2 % and 15.2 % it is
to consider, since a honey with the presence of just 20% of linden pollen can be called linden honey. Honey A
and B, basing on melissopalynological results, could be called raspberry mono-floral, and at the same time
were not totally compliant to linden honey features.

In sample E from Canada, Rhamnaceae were present as secondary pollen, and indeed sample E could be
considered almost a bifloral (red raspberry and buckthorn honey).

Ericaceae (Rhododendron for honey produced at higher elevation and Erica, Vaccinium, Calluna for lower
altitudes) was the most frequent family of pollens found after “Rubus” (Rhododendron f.: 13.25 = 21.69 and
Erica, Vaccinium, Calluna: 11.00 £ 16.99).

In sample H, produced in USA, we couldn’t find any pollen, since in this country to filter and pasteurize honey
is ordinary and usually this practice is not specified on the label, so we can reasonably conclude that this honey
is filtered.

Samples G and I, from Auvergne and Pyrenée French mountains, although labelled as raspberry and
wildflower/raspberry respectively, contained red raspberry pollen only as minor (2.5%) and important minor
(13.5%) pollen.

Sample J can be considered a mountain wildflower/rhododendron (67.5 % of thodendron pollens) honey, while
sample K is in all respects a mountain wildflower honey (red raspberry 21.6% and rhododendron 30.2%, with

the organoleptically neutral presence of clover 28.2%). Together with this last (sample K), samples C, F, and
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L had no dominant pollens and could be considered “pure” wildflower honeys with the presence of red

raspberry.

Phytochemical analyses

In Table S2 are shown the results of HPLC-Orbitrap metabolomic analysis and the statistical elaboration of
data, including frequency in the sample batch and Pearson coefficient (r) of correlation between individual
metabolite concentration and R. idaeus pollen percentage presence. Samples are divided in compound classes.
A total of n=188 compounds were identified, of which n=87 out of them were present in all samples. Figure 3
shows the results from HCA performed on the compounds present in all sample.

Considering then the compounds present in all samples, caffeic acid was present in the samples from France
in a remarkable amount (137.26 £ 19.83 mg/Kg in sample G and 216.87 = 12,68 mg/Kg in sample I,
respectively). Sample K contained the highest quantity of citric acid (405.85 & 80.58 mg/Kg). Kynurenic acid
was present in all samples, with the highest concentration found in sample F (1201.64 + 11.90 mg/Kg). Sample
A was the richest in nicotinic acid (799.77 £ 138.55 mg/Kg) while sample G had the highest quantity of 8-
hydroxyquinoline (568.61 + 8.57 mg/Kg). Kynurenic acid, nicotinic acid, and 8-hydroxyquinoline were
remarkable for their quantity and presence in the samples batch (were present in most samples with a high
content, on average in the samples respectively 383.28 + 332.32 mg/Kg, 282.33 £219.12 mg/Kg and 222.41
1 7169.15 mg/Kg, Table S2). Sample B contained the highest amount of chrysin (300.90 * 25.36 mg/Kg,Table
S2). Sample G contained the highest amount of kaempferol (113.58 + 10.30 mg/Kg), ten times higher than
other samples as sample A or B). Several compounds were instead present in a single sample.

Figure 4 shows the MDS analysis of samples resulting from HPLC-Orbitrap metabolomic profiling
considering all the compounds identified, also the ones with a presence < 100% in the sample batch. The
grouping outcomes slightly different from the results of the previous HCA that considered only the compounds
present in all samples (Figure 3). A, B, D, E, the raspberry monofloral honeys, however, do not group together
in both analyses.

Supplementary Table S3 shows the results of the SPME-GC-MS analysis and the statistical elaboration of data,
the same as for HPLC-Orbitrap. Samples are divided in compound classes. Of the n=260 identified compounds,

n=31 were present in all samples. The compounds present in all the samples are shown in the HCA of Figure
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5. Of these compounds Cymene was present in all the samples but with different isomers. Cymenene was
present in all samples and sample A had the highest content (23 + 10.64 mg/Kg). Some compounds generally
found in honey as B-damascenone and Trans-linalool oxide were present in all samples. Nonanal was find in
all samples and we found the highest content in sample A (6.36 + 1.12 mg/Kg). Benzaldehyde and
benzylcarboxaldehyde were also present in all samples. A group of long chain carboxylic acids characterized
all samples (propanoic acid, 2-methylpropanoic acid, butyric acid, valeric acid, hexanoic acid, octanoic acid
and nonanoic acid) and the aromatic aldehyde cuminol was also present in all samples. In both MDS analysis

and HCA, monofloral raspberry honeys did not group together (Figure 5 and Figure 6).

Correlation of metabolomics and volatolomics components with the presence R. idaeus pollen

From Pearson correlation analysis, only one compound resulted strongly correlated with the presence of R.
idaeus pollen, nicotinyl alcohol, with a correlation coefficient r = 0.75 (p-value = 0.005). Other compounds,
however, were present in all samples and had an r coefficient value over 0.60: they were the long-chain
carboxylic acid 13-HODE (r = 0.64, p-value = 0.02), nicotinic acid (r = 0.65, p-value = 0.02) and nicotinamide
(r=10.62, p-value = 0.03). Among VOC:s, nicotinaldehyde only showed significant correlation with raspberry
pollen count (r = 0.78, p-value = 0.003).

In the scatterplots, sample H that did not contain any pollen and was eliminated due to its anomality compared
o the other samples. Figure 7 (a, b, ¢, d) shows the trendline of the two variables of the presence of raspberry
pollen and the chemical compounds with a correlation coefficient higher than 0.6 and present in all samples
from HPLC-Orbitrap MS analysis. Figure 8a shows the correlation trend of the presence of raspberry pollen
and the VOCs found with an r coefficient higher than 0.6 and present in all samples, namely nicotinaldehyde.
In this case, the content was also quantified with the real compound (Figure 8b). As we can see from the
scatterplots, of the compounds considered, Nicotinaldehyde and Nicotinic acid respect quite well also the
criterion of linearity, with an R? higher than 0.6.

If we consider although the sum of the niacin compounds (Nicotinic acid, Nicotinamide, Nicotinyl alcohol,
and Nicotinaldehyde) the scatterplot of the variables reaches a good linearity (R?= 0.76, Figure 9) and the sum

of all the compounds gave a significative correlation (r = 0.75, p-value = 0.01).
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Colour analysis

Honey definable as raspberry monofloral resulted a light-medium dark and light-medium clear honey,
positioning between the very dark and intense manuka and the light and clear rhododendron. Colour according
to Pfund scale of the four raspberry monofloral honeys was approximately 23 mm, while colour intensity was

approximately 400 mAU (Table 4). Honey G, H, I resulted similar and with a more intense colour (Figure 10).
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Discussion

In our research, only four samples of the batch could be labelled “raspberry monofloral” following the
standards of the International Commission for Bee Botany (ICBB) ** but they did not group neither in the MDS
analysis nor in HCA based on both their metabolome and volatolome.

For red raspberry honey, the general criterion of the floral origin based on the percentage of presence of the
relative pollen higher than 45 % is used, since the pollen is considered “normo-represented”. We saw although
that the ranges of values reported by Maurizio and Louveaux 2* are very wide. In some cases, pollens are
underrepresented in honey, as can be the case of Tilia spp. or Robinia pseudoacacia L., where the percentage
of 20% or even 15% is sufficient to label honey as linden honey or acacia honey. Honey B and A in fact,
resulted importantly influenced by the presence of linden and showed more similarities, grouping together in
the MDS of the metabolomics and HCA and MDS of volatilome. Linden is classified as under-represented

10 By contrast, pollens of some species can be instead

pollen and a strongly characterizing nectar
overrepresented, such as in the case of chestnut **’. This happened for sample B, F, 1, L for chestnut and in
sample C for myosotis pollen. Other kinds of honey, instead, as Brassicaceae honey, require a percentage
higher than 45% (specifically 80%) to be correctly labelled respecting the organoleptic features *. As
mentioned, few studies about raspberry honey and raspberry blossom nectar are currently available. In an
official report by the Swiss Centre for Research in Apiculture, it is already mentioned how raspberry typical
aroma of weak intensity is often masked by the accessory components (often linden, dandelion or
rhododendron) .

In the present study, coherently, we couldn’t find indicatory outcomes in the similarity of samples analysed,
and the general criterion of the presence of more than 45% of pollens from red raspberry could be debated,
since raspberry nectar could be considered quite “neutral” in the organoleptic properties similarly to other
pollens as sunflower or clover, or even could be necessary a higher percentage (60% or 80%) as for brassica
honey 3, in particular in presence of very characterizing nectars i.e. linden, so as in our samples. More studies
should be done on a wider batch of monofloral samples with high percentage of R. idaeus pollen (from 60%

to 80%) to give a more robust answer to this question. The difficulty of the study is represented, as mentioned,

by the rarity of this honey as monofloral, and the cooperation of different research centres interested in this
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theme and located in different production areas is advisable to shape a reliable description of rasperry honey,
as happened for the description sheets of the already existing monofloral honeys °.

The fact that two of the samples are mis-labelled is as well interesting. The floristic source is the only
classification envisioned by the EU legislation, although not compulsory °. When it is indicated, however, it
must be correct, to not fall back into food fraud.

Very often, pollens are difficultly recognizable inside the genus, and this is what happens for example for
“Rubus forma”, where the species is inferred by the rest of the pollinic spectrum. Sometimes this evaluation
results indeed very challenging, as in case of honey I, from Pyrenees mountains, where in the sediment a
mixture of "Mediterranean" and mountain elements, with also the presence of chestnut, was observed, very
likely due to the particularities of this territory. Finding new and faster methods of botanical origin
identification (comparing to microscopy) is then valuable, and options as plant RNAs in honey * or DNA
metabarcoding 3! are promising. What we can also see from this case, is that often bee products (honey, but
also pollen and propolis) are a representation of the plant biodiversity of a territory ** and botanical spectra are
useful to create a valid tool able to assign a territorial brand 3 and avoid mislabelling, as happened in our case.
Always in this framework, the identification of characteristic compounds would be very useful to correctly
assign the botanical origin and the consequent unique organoleptic features to a monofloral honey. The search
of specific compounds is seen as one of the modern methods for assessing the quality of honey and its botanical

origin identification *3435-

, other than being important in other fields as bee ethology and biology.

Heatmaps (HCA) and MDS, different but complementary visualization techniques, complemented one another
providing an additional perspective, and the results of Pearson correlation analysis returned very interesting
results. The compounds correlated with the presence of raspberry pollen were in fact just few among the total
of 448 found from SPME-GC-MS and HPLC-Orbitrap analysis and almost all of them with chemical
similarities. Apart from 13-HODE (that is a stable hydroxydienoic fatty acid already found in royal jelly >/, the
other resulting with an r coefficient r > 0.6 were the nitrogen-containing compounds nicotinyl alcohol,
nicotinamide and nicotinic acid. Nicotinyl alcohol showed the highest correlation with the presence of
raspberry pollen (r = 0.75, p = 0.005). Nicotinic acid is to be taken into account since it was among the

compounds present in higher quantity in the samples (Table S2), other than having r > 0.60. Further, nicotinic

acid was the compound respecting more the criteria of linearity in the scatterplots (Figure 7). Among VOCs
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nicotinaldehyde was the only one with a Pearson’s correlation coefficient r > 0.7. Nicotinyl alcohol is the
compound resulting from reduction of nicotinaldehyde, while nicotinic acid is the result of oxidation of
nicotinaldehyde. For nicotinamide and nycotinil alcohol the criterion of linearity was less respected. Although,
the sum of all the compounds gave a significative correlation (r = 0.69, p-value = 0.01) and a good linearity in
the scatterplot (R? = 0.76).

Nicotinic acid is very important in nutrition 3. Nicotinic acid and nicotinamide, jointly called niacin, are
precursors of nicotinamide adenine dinucleotide (NAD+) and nicotinamide adenine dinucleotide phosphate
(NADP), molecules with a known vital role in the metabolism of both plants and animals. Niacin has been
found in interesting amounts in raspberry fruit * and consequently red raspberry has been investigated as an
interesting ingredient for use in nutrition labelling and promoting healthy food choices .

In our study it is interesting to notice how in sample H, produced in United States and labelled as raspberry
blossom honey, raspberry pollens were not present and no pollen in general could be isolated, since in this
country to filter and pasteurise honey is very common. Always in this sample, however, the compounds
previously described were found.

Nicotinaldehyde, as niacin, was found in other plants nectar and honey. In ¢! this VOC was found in some
cultivar of European pear. In this study, this compound was found also EAG (electroantennogram) active. The
antennae of honeybees were sensitive to 17 of the 108 compounds of pear flowers, which suggests that only a
fraction of the olfactory phenotype is involved in signalling between pear flowers and the honeybee ®'. Several
of these electroantennographically active compounds were not known to cause physiological and/or
behavioural responses in (honeybee) pollinators before, among them nicotinaldehyde 62,

This VOC has been previously found also in the nectar of some cultivar of red raspberry and hawthorn, and
hawthorn was found especially rich in benzaldehyde and nicotinaldehyde . In our previous study on a kind
of honey where there was a considerable presence of bramble (Rubus fruticososus L.), a species very similar
to red raspberry, this aldehyde was not found, although an interesting amount of nicotinic acid and its analogues
(2-hydroxynicotinic acid and 2-hydroxyquinoline) was detected ’. Nicotinaldehyde was not found in recent
works analysing Rosaceae (in detail a Prunus species) volatiles ®. The presence of nicotine compounds could

be related to the botanical origin attributed to fruit trees, unfortunately sample D and E, which has a
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considerable content of Pyrus/malus pollen, are also rich in raspberry pollen. Although, sample G, which
contains a considerable amount of Prunus pollen, seems to contain less of these compounds.

Another aspect to consider is that nicotinaldehyde was found in plants not included in the fruit or bushes trees,
as buckwheat nectar ® and buckwheat honey ¢, in tobacco aroma °, and in linden honey ®. In this last case it
was not yet mentioned among the typical compounds of linden (otherwise called lime-tree). It was also found
in some sorbus species 7°. Considering pollen beyond nectar, niacin was present in fairly large amounts in
pollens collected by bees from different blossoms 777273,

Beyond our findings on the correlation between the presence of raspberry pollen and nicotine compounds
(nicotinyl alcohol, nicotinamide, nicotinic acid and nicotinaldehyde), studies on a wider batch of samples with
a higher presence of raspberry nectar (pollens presence higher than 60% or even 80%), are needed, as
previously explained.

These compounds, although, other than important in the characterization of honey, could be although important
in defining the relationship between plant and pollinators. The mutualistic relationship where the plant serves
as food and in return the insects help them with their reproduction begins in the early Cretaceous 120 million
years ago *"°, This link could be much tighter and more related to phytochemical aspects rather than just
rewarding due to the quantity and concentration of nectar sugars, as suggested in other works 777, The role of
secondary metabolites in deterring herbivores and pathogens from vegetative parts of plants is well shown, but
their role in floral nectar is still open to discussion 7, In this framework, although honeybee (Apis mellifera
L.) has usually been categorized as a generalist pollinator (not strictly co-evolute with one or few species of
flowering plants), recent studies are proposing different theories, individuating certain key species or plant
groups that are particularly important in the honeybees foraging . Among secondary metabolite, alkaloids,
for example, could play an important part in the mutualistic relationship between plants and pollinators 81828,
Nicotine and caffeine and other secondary compounds are distributed in nectars of many plant species %, while
some are characteristic of some nectars 8356,

Despite the possible evolutionary and ecological implications, the concurrent effects of floral attractiveness
and bee preference on pollinator visitation have not been widely studied yet and could be very important also

in the field of honeybee diet and health %. Recent studies showed also how sometimes pollinators look for

plant secondary metabolites useful for their health ¥, More studies should be performed on the role of
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nicotinic acid and its analogues in nectar and in pollen. In bumblebees for instance, recent research
demonstrated that vitamin B3 (Niacin) supplementation in tryptophan-deficient diets significantly improved

8 and as, mentioned, Nicotinaldehyde was found EAG

survival and reduced aggressiveness
(electroantennogram) active ®!, and consequently very probably attractive for honeybees.

What is already well-acknowledged is that olfactory signals are very important to bees to make flower choices
because olfactory cues are easily learned and remembered by pollinators *° and act in synergy with the reward
and other floral features as the colour and the shape to attract specific pollinators ™. Most studies although
showed that just a limited number of substances have a direct key function in attracting pollinators !, Many
substances appear almost universally present in flower scent of flowers pollinated by honeybees, as linalool
and its analogue (found also in our studies), while other are characteristic of one or few species.

The phytochemical profile is very important also for the organoleptic properties of honey, and depends, other
than from the floral origin, on the honeybee metabolism, processing, and conservation °>*. At high
concentration nicotinaldehyde has a very characteristic aroma of bitter almond, as the other aldehydes
benzaldehyde and benzylcarboxaldehyde, that were present in all samples also if not directly correlated with
the presence of red raspberry pollen. These aldehydes are characterized by a “strong, sharp, sweet, bitter,
almond-nutty, fruity, cherry” aroma. In the study by Seisonen et al. 2, benzaldehyde together with other
benzene derivatives, were present at the highest concentration levels in raspberry honey comparing with other
honeys using solid-phase microextraction and gas chromatography—mass spectrometry/olfactometry. Some
difference among this work and our research could be due to the analytical techniques and to the differences
among samples, that are never “pure” raspberry. In the study mentioned (that considers different monofloral
honeys) we find only two samples of raspberry honey, since, as declared by the authors, this honey is rare on
the market. In this study, further, the compounds previously defined as the most present in raspberry blossoms,
(Z)-3-hexenyl acetate and E-b-ocimene *, were not found similarly to our results. However, very rarely aroma
compounds found in flowers are also found in honey, and few compounds are common to honey and the
corresponding blossom * probably due to elaboration action of bees in the honey sack, where many enzymes
elaborate the nectar, additionally many compounds are universally present in the vegetal kingdom 2.

Honey with a high component of red raspberry nectar is described by professional taster with an intense fruity

aroma, recalling jelly of cherries and berries (Carla Gianoncelli, personal communication). This is very
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coherent with our findings. The relevant presence of cymene and cymenene (“fruity, cherry, sweet, hay-like
with cereal and bread-like nuances”), could also participate to this cherry-fruity aroma. f-Damascenone and
Trans-Linalool Oxide were present in all samples in an interesting amount, giving the “floral” note to the
aroma of the honey analysed. Nonanal, found in all samples and highest in sample A, could be also responsible
for the fresh-floral aroma.

Despite the efforts, it is difficult to find molecular markers for a complex matrix as honey, and different studies
report very often different floral specific compounds for honey of the same floral origin, moreover also the
sample preparation and analysis techniques can affect the results *. Very few compounds are characteristic of
the botanical origin and can be considered as markers, such as methyl anthranilate for citrus honey %4, 2-

S or 2-

hydroxy-5-methylhexan-3-one and 3-hydroxy-5-methylhexan-2-one for eucalyptus honey
aminoacetophenone for chestnut honey ¢°, and we are always in the range of monofloral honey. The challenge
becomes more difficult if we talk about bi-floral or multi-floral honey, and nevertheless we must consider that
unifloral are never actually unifloral 3. In our case, the features of red raspberry honey are still not fixed,
differently from other commercially important unifloral honey '°, probably due to the territoriality and rarity
of this honey, and we can assume from our finding that this nectar act as a “base” nectar of more characterizing
plant nectars as linden or rhododendron, as happened in our study and in previous research on this rare honey
49

A partial confirmation of this could be the analysis of colour and colour intensity, where we found samples
with raspberry pollens placed in a medium area between the very dark and very clear. Although, the presence
of raspberry was enough to effect on sample J and K, for example, making them darker than a pure
rhododendron, although not far from the expected values for the honey with this floral origin, that is less than
25 mm following the Pfund scale.

Although rare, it is important to characterize this kind of honey, since R. idaeus is a common species, probably
the most invading plant in northern hardwood forests 2°. Following large-scale disturbances, as wildfire or
windstorms, it often forms a mono-specific shrub layer that competes with tree seedlings for light, soil moisture
and nutrients and has a pioneer role in hardwood forests: it invades open sites in the first 2 years following a
disturbance and becomes the dominant shrub layer within 4 years, before the higher plants take the ground %’.

Its presence could increase due to disruptive events linked to climate change also in the Southern Alpine range
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2 R. idaeus also colonize those montane and sub-alpine grasslands abandoned by man, very frequent

96-97

phenomenon in the Alps , making this shrub an important foraging resource for the honeybee in higher

elevation environments ¢, In addition, red raspberry is also a commercial crop with an increasing importance
29

Beekeeping can become an important activity in mountain and rural areas due to the ample variety of botanical
sources, arising the interest of consumers looking for high quality and special kinds of honey *®. In this case,
the presence of a product with well-described organoleptic features would be important for the economy of

these marginal areas.

Conclusions

Our research provided more information on a poorly characterized honey type, red raspberry honey, rare on
the market but that could gain more economic importance in special territories as marginal rural and mountain
territories. The definition of a specific phytochemical profile and colour for this kind of honey was challenging,
since few of the samples were definable as monofloral, and all the samples contained more characterizing
nectars. Some compounds with chemical similarities with niacin were found to be the ones related to the
presence of raspberry nectar from the statistical analyses. Further studies should be performed on the
attractivity and role of this group of compounds on honeybee behaviour and health, and the presence of B
vitamins could be a valuable aspect of honey produced from red raspberry nectar and should be further

investigated.
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Figure legends

Figure 1. Picture of the 12 samples analysed compared to rhododendron and manuka.

Figure 2. Rubus idaeus pollen observed at optical microscopy.

Figure 3. HCA: dendrogram (upper panel) and heat-map reflecting the differences between compounds
revealed in HPLC-Q-Exactive-Orbitrap-MS metabolomic analysis of secondary metabolites (lower panel).
Only the compounds present in all samples are considered. Capital letters indicates the sample code.

Figure 4. Plots from Multidimensional Scaling (MDS) analysis of the similarity/dissimilarity between samples
basing on the compounds revealed by HPLC-Q-Exactive-Orbitrap-MS metabolomic analysis of secondary
metabolites. Capital letters indicates the sample code.

Figure 5. HCA: dendrogram (upper panel) and heat-map reflecting the differences between compounds
revealed in the (SPME) GC-MS analysis of volatiles compounds. Only the compounds present in all samples
are considered. Capital letters indicates the samples.

Figure 6. Plots from Multidimensional Scaling (MDS) analysis of the similarity/dissimilarity between samples
basing on the compounds revealed by SPE-GC-MS analysis of secondary metabolites. Capital letters indicates
the sample code.

Figure 7. linear trend between raspberry pollen and the compounds with r coefficient higher than 0.6 and
present in all samples from the HPLC Orbitrap MS profiling: (a) 13-HODE, (b) Nicotinic acid, (c)
Nicotinamide, (d) Nicotinyl alcohol.

Figure 8. linear trend between raspberry pollen and the compound nicotinaldehyde from the semi-quantitative
SPME-GC MS analysis (a) and the quantification with the real compound standard (b).

Figure 9. linear trend between raspberry pollen and the sum of compounds with chemical similarity to niacin.

Figure 10. Colour of the honey analysed compared with other known honey (axes: x colour; y colour intensity).

Table legends
Table 1. Samples analysed with the corresponding code and provenience.
Table 2. Relative frequencies of the main pollen types (in percentage) in the samples analysed. Sample H* did

not contain any pollen and was probably filtered.
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Table 3. The table shows the main pollen types found in the analysis (average presence and sd, n = 12). Just
the pollens with a percentage presence >1 are considered.

Table 4. Colour of the honey analysed compared with other known honey (Manuka, dark and intense;
Rhododendron, light and clear).

Tables (Supplementary) legend

Table S1. Relative frequencies of the pollen types (in percentage) retrieved in the twelve honey samples
analyzed (letters are sample codes).

Table S2. Metabolomic identification of secondary metabolites (RT, retention time) detected in the twelve
honey samples analyzed (capital letters are sample codes); values are in ppm.

Table S3. Identification of volatile organic compounds (VOCs) detected in in the twelve honey samples

analyzed (capital letters are sample codes). RT=retention time; values are in ppm.
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Table 1. Samples analysed with the corresponding code and provenience.

Sample code Country Region Mountain production area
A Italy (EU) Lombardy region (Valtellina) Western Rhaetian Alps
B Italy (EU) Lombardy region (Valtellina) Western Rhaetian Alps
C Italy (EU) Lombardy region (Valtellina) Orobie Alps
D Romania (EU) Transilvania Carpathian Alps
E Ontario (Canada) Port Colborne Fraser Valley
F Italy (EU) Lombardy region (Valtellina) Orobie Alps
G France (EU) Auvergne-Rhone-Alpes region Auvergne mountains
H Maine (USA) Albion - Maine region Appalachian mountains
I France (EU) Department of Pyrénées-Orientales Pyrenees Range - Cerdagne
J Italy (EU) Lombardy region (Valcamonica) Southern Rhaetian Alps
K Italy (EU) Lombardy region (Valcamonica) Southern Rhaetian Alps
L Italy (EU) Lombardy region (Valcamonica) Western Rhaetian Alps

Table 2. Relative frequencies of the main pollen types (in percentage) in the samples analysed. Sample H* did

not contain any pollen.

~ mples A B C D E F G H* 1 J K L
Nectariferous

Rubus 657 488 248 534 475 281 2.5 0 13.5 112 21.6 5.8
Acer 0 <1 1.7 2.1 0 2.1 0 1 0 <1 334
Achillea 0 <1 <1 0 0 <1 0 2 0 0 <1
Aesculus 0 0 0 0 0 0 0 0 <1 0 0
Ailanthus 0 0 0 <1 0 0 <1 0 0
Anthyllis 0 <1 0 0 0 0 0 0 0
Aster/Solidago 0 <1 <1 0 0 <1 0 <1 33 0
Astragalus/Ononis 0 0 0 <1 0 <1 0 0 <1 <1 0
Buddleja 0 <1 0 0 0 0 0 0 0 0
Campanulaceae

(Campanula,

Phyteuma) 0 <1 32 0 0 <1 <1 0 1 2.3 <1 1
Caryophyllaceae

(Silene f.,

Cerastium, Dianthus

1) <1 <1 0 <1 <1 0 0 0 0 <1 0 0
Castanea <1 NA <1 <1 0 NA <1 0 NA <1 <1 NA
Centaurea j. 0 0 <1 <1 <1 0 1.1 0 2.5 0 <1 <1
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Table 3. The table shows the main pollen types found in the analysis (average presence, n = 12). Just the

pollens with a percentage presence >1 are considered.

Pollens Presence (%)
Rubus 29.35+21.32
Ericaceae (Rhododendron f.) 13.25 £21.69
Ericaceae (Erica, Vaccinium, Calluna f.) 11.00 £ 16.99
Trifolium repens gr. 6.89 £10.96
Tilia 4.66 £9.71
Rhamnaceae f. 4.10+13.36
Acer 3.66 £10.84
Lotus alpinus 2.29+434
Lotus corniculatus 2.18 £3.08
Pedicularis f. 2.11+£3.8
Centaurea cyanus 1.65+£5.72
Cruciferae (Brassica, Sinapis f.) 1.56 £5.16
Labiatae M (Salvia, Thymus, Origanum, Lavandula f.) 1.28 +1.65
Polygonum bistorta 1.16 £3.57
Pyrus f. (Pyrus/Malus) 1.04 £1.92
Robinia 1.03 £3.61
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Table 4. Colour of the honey analysed compared with other known honey (Manuka, dark and intense;

Rhododendron, light and clear).

Samples Colour (mm) Colour Intensity (mAU)
Mean + sd Mean + sd
Rodhodendron 4.44+4.73 146.63 £ 5.56
Manuka 76.25 +3.00 1241.30 £2.18
A 33.13+4.26 439.97 £ 9.89
B 11.72£1.27 309.83 +£2.33
C 33.05+3.37 537.50 £ 6.85
D 24.98 +2.62 485.60 +7.53
E 21.79+1.73 454.40 + 3.55
F 26.29 +0.81 380.20 £ 6.42
G 66.92 +9.36 678.23 £ 13.69
H 60.29 +£2.37 628.07£1.91
I 61.79+0.75 664.27+1.27
J 17.24 £0.14 300.80 £2.31
K 18.12+2.82 272.90 +3.29
L 2423 +2.33 405.57+£6.92
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Figure 2. Rubus idaeus pollen observed at optical microscopy.

Figure 1. Series of the 12 samples analysed.

Rhododendron



Figure 3. HCA: dendrogram (upper panel) and heat-map reflecting the differences between compounds

revealed in HPLC-Q-Exactive-Orbitrap-MS metabolomic analysis of secondary metabolites (lower panel).

Only the compounds present in all samples are considered. Capital letters indicates the sample code.
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Figure 4. Plots from Multidimensional Scaling (MDS) analysis of the similarity/dissimilarity between samples

basing on the compounds revealed by HPLC-Q-Exactive-Orbitrap-MS metabolomic analysis of secondary

metabolites. Capital letters indicates the sample code.
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Figure 5. HCA: dendrogram (upper panel) and heat-map reflecting the differences between compounds
revealed in the (SPME) GC-MS analysis of volatiles compounds. Only the compounds present in all samples

are considered. Capital letters indicates the samples.
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Figure 6. Plots from Multidimensional Scaling (MDS) analysis of the similarity/dissimilarity between samples
basing on the compounds revealed by SPE-GC-MS analysis of secondary metabolites. Capital letters indicates

the sample code.
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Figure 7. linear trend between raspberry pollen and the compounds with r coefficient higher than 0.6 and
present in all samples from the HPLC Orbitrap MS profiling: (a) 13-HODE, (b) Nicotinic acid, (c)

Nicotinamide, (d) Nicotinyl alcohol.
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Figure 8. linear trend between raspberry pollen and the compound nicotinaldehyde from the semi-quantitative
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Figure 9. linear trend between raspberry pollen and the sum of compounds with chemical similarity to niacin.
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Figure 10. Colour of the honey analysed compared with other known honey (axes: x colour; y colour intensity).
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