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Abstract

Eleven samples of Polish Phacelia tanacetifolia Benth., three Brassica napus and one Salix spp. honeys were characterized
by melissopalynology and analysis of the compositions of their volatile fractions. Headspace solid-phase microextraction
coupled with gas chromatography mass spectrometry (HS-SPME/GC-MS) using PDMS/CAR/DVB fiber was used for the
isolation of low-molecular weight compounds which create a volatile fraction. To differentiate and indicate the most rep-
resentative unifloral samples, chemometric techniques such as principal component analysis (PCA) and hierarchical-tree
clustering (HTC) were applied to the dataset of the chromatographic fingerprints. Based on the obtained results, a unique
chemical fingerprint of phacelia honey was generated. This study allows us to discriminate the botanical origin of the phace-
lia honeys based on the GC-MS and HPTLC analysis. In case of the GC-MS analysis trans-linalool oxide, hotrienol, cis-
linalool oxide and cis-epoxylinalool were identified as a predominant compound. Additionally lipophilic fractions obtained
by ultrasound-assisted extraction (UAE) and solid-phase extraction (SPE) were subjected to the HPTLC analysis. It allowed
the construction of a barcode-type identifier that could be used to differentiate the honey samples even without identifying
the individual components of the obtained fraction.
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Introduction

Honey is defined as a natural sweet substance produced by
honey bees (Apis mellifera) from floral nectar or honeydew.
Recently, the popularity of honeys and other bee products,
much like natural products in general, has contained to
increase mostly because they are rich in biologically active
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component and a good therapeutic agent. Moreover, con-
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5]. Additionally, another important issue in honey falsi-
fication is the erroneous classification of their botanical
or geographical origin. It is frightening that the practice
of falsifying food products is not only seen in honeys.
Therefore, the authentication of food products constitutes
a significant challenge for the institutions responsible for
ensuring food quality [6]. The botanical origin of honey
is commonly determined based on pollen analysis [7] and
basic physical, chemical [8§-10] and biological [9] param-
eters. Melissopalynological analysis is based on the fact
that each honey includes evidence of its botanical and geo-
graphical origin in the form of thousands of pollen grains
from the plants from which nectar was collected. Unfortu-
nately, scientific data show that both of these approaches
possess significant limitations and are not sufficient for
tracing honey adulteration [11].

Taking this into consideration, there has been increasing
focus on the development of different analytical approaches
for authenticating the botanical and geographical origin of
honeys. These methods are considered to be the alternative
or supporting methods to the routinely applied methods. The
elaboration of such methods is, however, not a simple task
since honey is a very complex matrix, and its composition
depends on a large number of variable factors (e.g., climate,
soil, harvest technology, beekeeping conditions, age of the
honey and storage conditions) [10, 12]. One of the groups
of compounds on which the researchers are focused is those
present in the volatile fractions. These fractions are respon-
sible for the aroma and flavor of the honeys. Of the studied
types and varieties of honeys, more than 600 compounds
have been identified in their volatile fractions [13]. These
compounds belong to different chemical classes, with the
most important compounds being classified as monoterpe-
nes, sesquiterpenes, aldehydes, ketones and higher aliphatic
alcohols. Moreover, they might originate directly from the
plant nectar or be the result of enzymatic transformations.
The volatile fractions are highly variable because many fac-
tors can influence the contents of volatile compounds (e.g.,
time and conditions of storage and harvesting and processing
methods). Furthermore, all factors that influence the com-
position of the nectar of certain plants can also cause the
chemical differences observed among honeys of the same
variety [12, 14, 15].

The main objectives of the present study were the isola-
tion and identification of unique volatile compounds from
Polish phacelia honeys and the creation of a specific profile
of their components, which might serve as a basis for the
differentiation of these honeys. The honey samples analyzed
herein were collected in different years (2014-2018) and
from different regions of Poland. The studies were carried
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out using three different methods for the extraction of the
volatiles and lipophilic compounds: headspace solid-phase
microextraction coupled with gas chromatography mass
spectrometry (HS-SPME/GC-MS) using PDMS/CAR/DVB
fibers, ultrasound-assisted extraction (UAE) and solid-phase
extraction (SPE). Based on the obtained results, a unique
chemical fingerprint of phacelia honey was created. Further-
more, to study the composition of the lipophilic fractions,
high-performance thin-layer chromatography (HPTLC) anal-
ysis was applied. This allowed the construction of barcode-
type identifiers, which might be useful for differentiating
honeys of different origins.

Materials and Methods
Honey Samples

A total of 15 honey samples originating from lacy phacelia
(Phacelia tanacetifolia Benth.), rape (Brassica napus L.)
and willow (Salix spp.) were used in this study. Samples
were purchased between 2014 and 2018 from domestic api-
aries located in different geographical regions in Poland.
The apiaries confirmed the botanical origin of these honeys,
and each honey sample was subjected to pollen analysis. All
analyses were performed on an Olympus BX41 microscope
(Olympus America, PA, USA) under 400 X magnification
according to the methodology recommended by the Interna-
tional Commission of Bee Botany and by the International
Honey Commission [16]. The results of the pollen analyses
of the tested honeys are presented in Table 1 and they sup-
port the correct assignment of the honey types by the bee-
keepers. The honeys were stored at 4 °C and analyzed in the
year of the harvesting.

Chemicals and Reagents

All chemicals used in this study were of analytical grade.
Solvents (dichloromethane, methanol, ethanol, toluene, ethyl
acetate, and glacial acetic acid), sodium chloride, anhydrous
magnesium sulfate and 95% sulfuric acid were purchased
from POCH S.A. (Gliwice, Poland). The homologous series
of n-alkanes Cy—C,5, anisaldehyde and all compounds used
as references were purchased from Sigma-Aldrich (Poznan,
Poland). Strata SDB-L SPE cartridges were purchased from
Phenomenex, while silica gel 60 HPTLC aluminum plates
(20 cm x 10 cm) were purchased from Merck.
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Table 1 Pollen content of Sample ID Predominant pollen types (>35%) Other important pollen types
anal‘yzed honeys garnples aft.er (34-3%)
melissopalynological analysis
FA-1 Phacelia tanacetifolia Benth. 38.9% Fagopyrum 10.1%
Salix spp. 32.3% Brassicaceae 9.3%
FA-2 Phacelia tanacetifolia Benth. 85.4% Brassicaceae 11.4%
FA-3 Phacelia tanacetifolia Benth. 76.4% Brassicaceae 6.4%
Acer spp. 3.1%
FA-4% Phacelia tanacetifolia Benth. 60.5% Brassicaceae 15.1%
Tilia spp. 4.6%
Salix spp. 4.3%
Trifolium spp. 3.8%
FA-5 Phacelia tanacetifolia Benth. 69.8% Brassica napus 9.8%
Prunus spp. 6.7%
FA-6 Phacelia tanacetifolia Benth. 62.8% Centaurea cyanus 7.8%
Brassicaceae 7.6%
Trifolium spp. 5.3%
Rubus spp. 3.0%
FA-7 Phacelia tanacetifolia Benth. 81.6% Brassicaceae 8.1%
Fagopyrum 3.3%
FA-8 Brassica napus 40.3% Prunus spp. 4.0%
Phacelia tanacetifolia Benth. 39.5% Salix spp. 3.8%
FA-9 Phacelia tanacetifolia Benth. 80.5% Brassicaceae 10.0%
FA-10 Phacelia tanacetifolia Benth. 66.0% Brassicaceae 19.8%
Centaurea cyanus 32%
FA-11 Phacelia tanacetifolia Benth. 80.0% Brassica napus 9.0%
Brassicaceae 3.0%
Wi-1 Salix spp. 59.0% Brassica napus 20.0%
Rz-1 Brassica napus 89.0% Salix spp. 6.0%
Prunus spp. 3.0%
Rz-2 Brassica napus 85.0% Prunus spp. 7.0%
Acer spp. 3.0%
Rz-3 Brassica napus 73.0% Salix spp. 18.0%

There is possibility of addition of pollen grains of phacelia after harvesting; the chemical composition

could be different

Extraction and Determination of the Volatile
Compounds

Headspace Solid-Phase Microextraction (HS-SPME)
Methodology

The composition of the volatile fractions of eleven phacelia,
three rape and one willow honeys were determined using
HS-SPME/GC-MS. Each honey sample was analyzed in
triplicate. Moreover, to control and avoid overloading the
SPME fiber, blank analyses were run between sequential
analyses. Before the experiments, the fiber was conditioned
according to the manufacturer’s instructions. The details of
the analysis procedure were described previously [17]. For
analysis, 5 g of honey was dissolved in 5 mL of distilled
water, and 0.75 g of NaCl was added. The mixture was

placed in a 15 mL vial, which was then tightly sealed with
a PTFE-silicone septum. The extraction was performed in
a thermostatic bath at 70+ 1 °C under constant agitation for
45 min (including 15 min of preincubation). The extracted
volatiles were thermally desorbed in the injection port of the
GC-MS for 5 min at 250 °C.

GC-MS

An Agilent 6890 GC in combination with a 5973 MSD
was used. Separation was done on a 30 mx0.25 mm
ID % 0.25 pm HP-5MS column (Agilent Technologies). The
mass spectrometer was operated in the SCAN mode (m/z:
35-350). Other analytical conditions were used as described
previously [16]. Benzophenone (with a final concentration
of 10 ppm) was used as an internal standard. The average
percentage of each component was calculated using the
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normalization method (without a correction factor) based
on the area of the GC peaks. The compounds were identified
based on a comparison of their spectra with those deposited
in the NIST 14 library (National Institute of Standards and
Technology, Gaithersburg, MD, USA) or with standard sub-
stances available in our laboratory. Moreover, the retention
indices calculated for each peak relative to Cq—C,5 n-alkanes
on the HP-5 MS column were compared with those present
in the literature (NIST Chemistry WebBook, NIST Standard
Reference Database Number 69, http://www.webbook.nist.
gov/chemistry/). Each analysis was performed in triplicate.

Extraction and Determination of the Lipophilic
Fraction

Ultrasound-Assisted Extraction (UAE) and Solid-Phase
Extraction (SPE)

Ultrasound solvent extraction and solid-phase extraction
were performed according to the procedures described pre-
viously [17-19]. For each honey sample, the extraction was
performed in triplicate. To obtain the UAE extracts, 40 g of
honey was dissolved in 20 mL of distilled water, and 1.6 g
of anhydrous magnesium sulfate was added. The aqueous
solution was then extracted three times with 22-mL por-
tions of dichloromethane using an ultrasonic cleaning bath
(Cole-Parmer 8891) at 25 °C for 30 min. After each sonica-
tion step, the whole extract was centrifuged at 3000 rpm.
The collected organic layers were combined and dried over
anhydrous magnesium sulfate. In the case of SPE, the entire
procedure was carried out in a Baker SPE-12G vacuum man-
ifold (J. T. Baker®, Phillipsburg, NJ, USA) at a flow rate
of 1.5 mL/min using 3-mL Strata SDB-L cartridges with
200 mg of styrene—divinylbenzene resin (Phenomenex).
Prior to use, the cartridges were conditioned by rinsing
sequentially with 6 mL of dichloromethane, water and an
ethanol-water mixture (12%, v/v). Ten grams of each honey
sample was dissolved in 30 mL of distilled water, filtered
through filter paper and passed through a cartridge. Sub-
sequently, the hydrophilic components and the remaining
sugars were flushed out with 20 mL of water, and finally, the
volatile and semivolatile compounds were eluted with 10 mL
of dichloromethane. The organic fractions were dried over
anhydrous magnesium sulfate. The resulting extracts after
both extraction procedures were concentrated on a rotary
evaporator at 35 °C, and the obtained oily residues were
dissolved in 350 pL of dichloromethane and stored at 4 °C
until HPTLC analysis.

HPTLC Separation

High-performance thin-layer chromatography was used
to analyze the lipophilic fractions obtained by UAE and
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SPE using the parameters developed in our laboratory [17,
19]. Ten microliters of each extract at a concentration of
100+ 5 ng/spot was applied to the plate in 10 mm bands
15 mm from the lower edge of the plate using a semiau-
tomated HPTLC application device (Linomat 5, CAMAG,
Muttenz, Switzerland) under a constant flow of nitrogen gas
and at a rate of 250 nL-s™!. Precoated silica gel 60 HPTLC
aluminum plates (20 X 10 cm) were used. The separations
were performed in a chromatographic tank, which was satu-
rated with the mobile phase (toluene-ethyl acetate [80:20
(v/v)]) for 20 min before analysis. The spots were developed
to a distance of 90 mm. Then, the plates were visualized
using an HPTLC imaging device (TLC Visualizer, CAMAG)
and examined by visionCATS and CAMAG software under
white light and with irradiation at 254 nm and 366 nm. At
the final stage, the plates were derivatized with anisalde-
hyde, dried at 105 °C for 5 min and visualized again.

Statistical Analysis

Statistical analyses were performed using STATISTICA 13.1
software (StatSoft Inc., Tulsa, OK, USA). PermutMatrix
software was used for heatmap creation [19]. The obtained
data were analyzed via hierarchical cluster analysis (com-
plete linkage using Euclidean distance) and principal com-
ponent analysis (PCA). These two classification techniques
were used to discover the natural groupings of the data and
examine the variations between the analyzed honey samples.

Results and Discussion

Phacelia honey is produced from the nectar of lacy phacelia
(Phacelia tanacetifolia Benth.), which belongs to the Bor-
aginaceae family and it native to Texas. Despite the fact that
phacelia plants are considered one of the greatest nectar-
providing plants for bees [20, 21], phacelia honey is still
one of the least popular unifloral honeys in the world. The
ability to provide food for bees even under extreme weather
conditions is one of its greatest advantages [21]. Monofloral
phacelia honeys are light honeys (the color is characterized
as pale, amber, light green, reddish-brown or even white).
Furthermore, it is characterized by delicate flavor and aroma
[22-24]. Compared to other unifloral honeys, characteriza-
tion data for phacelia are scarce, and only a few papers have
reported their physical-chemical parameters [25-28], total
flavonoid and phenolic contents [29, 30] and the composi-
tion of their volatile fractions [27, 31]. Moreover, taking
into account that phacelia pollen may be overrepresented
over other types of pollen [24, 32], it is worth expanding the
available data to avoid the mislabeling of honeys. Therefore,
the main purpose of this study was to isolate the volatile
compounds in phacelia honeys and determine whether the
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generated chemical fingerprints can be used to determine
their botanical origins. To create these chemical fingerprints,
we use two different approaches. The first relied on head-
space solid-phase microextraction (HS-SPME) with DVB/
CAR/PDMS [[divinylbenzene/carboxen/polydimethyl-
siloxane)] for the extraction of the volatiles followed by
GC-MS analysis and then application of two chemometric
tools (PCA and HCA). Two methods of extraction (SPE
and UAE) were applied to differentiate the phacelia hon-
eys based on the lipophilic fraction. Eleven phacelia honey
samples were collected from different locations in Poland,
and their botanical origin was confirmed by pollen analysis
(Table 1). Four of the samples had phacelia pollen grain
contents higher than 80%, one had a content higher than
70%, four had contents higher than 60% and only two had
pollen contents lower than 40%. Pollen analysis indicated
that phacelia honeys are mostly contaminated with Brassica
napus L. and Salix spp. Three honeys samples of the former
and one sample of the latter (with well-confirmed botanical
origins) were included in this study.

GC-MS analysis of the obtained extracts allowed the
identification of 79 volatile compounds belonging to vari-
ous chemical classes. Exemplary TIC chromatograms are
presented in Fig. 1, and all the obtained results are presented
in Table 2.

In the analysis of the obtained results, several isolated
fatty acids, their esters, and higher nonpolar hydrocarbons,
such as n-hexadecanoic acid, nonadecane, tricosane, 1-doc-
osene, (Z)-octadec-9-enal, and (Z,7)-9,12-octadecadienoic
acid, were excluded since these compounds are widespread
among honeys of many origins and are not indicative of the
botanical source. Among the isolated chemical constitutes

1.5e+07
1e+07 2
5000000

-5000000 W

-10000000

(T er ) »;/\..‘»\~,.., - ‘“FM:{" A .,»»T, ]{’

of pure phacelia honeys, the most abundant compounds that
were present in all the samples were trans-linalool oxide
(14.1-56.0%), hotrienol (2.7-14.7%), cis-linalool oxide
(5.8-10.1%) and cis-epoxylinalool (0.8-2.5%). The pure
rape honeys showed sulfides, which are characteristics of
Brassicaceae honeys [33]; specifically, they showed higher
amounts of dimethyl disulfide (12.8-17.7%). Moreover, the
same compounds were also determined in the FA-8 sample,
and although it was labeled as phacelia, rape pollen was
dominant. Additionally, in honeys in which Salix spp. or
Brassica napus L. were the dominant pollens, compounds
such as safranal, trans-cinnamaldehyde, 4-vinylguaiacol,
p-cymenene, p-cymene and p-cymen-8-ol, 4-oxoisophrone
and 3-hydroxy-f-damascone, methyl syringate, limonene-
1,2-diol and 1,3,8-p-menthatriene were observed, and these
compounds were previously identified in willow and rape
honeys [34, 35]. Interestingly §pénik et al. (2012) indicated
that 1,3,8-p-menthatriene is unique to phacelia honeys
[27], whereas in our study, as well as the report published
by Kus et al. [28], this compound was not detected in pure
phacelia honeys. Our results suggest that the presence of
1,3,8-p-menthatriene is more likely correlated with the
abundance of Salix spp. pollen grains. The obtained data
strongly indicate that linalool derivatives are common in
phacelia honeys. They are present in a significant percent-
age of honeys in which the phacelia pollen content is higher
than 60%, whereas in samples with lower amounts of phace-
lia pollen, these compounds are observed less frequently.
These data also correlate well with those presented in the
literature [28, 31]. Thus, Kus et al. analyzed samples of Pol-
ish phacelia honeys and indicated a high content of linalool

FA-11

FA-5
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Fig. 1 Exemplary TIC GC-MS chromatogram for two phacelia honey samples; (1) trans-linalool oxide (2) cis-linalool oxide (3) hotrienol (*)

internal standard

@ Springer



E. Makowicz et al.

- - - - - - - - - - - - - - - - - - - - 0 90 PO OIUIWUNY - 7¢
€0 S0 Lo €0 €0 S0 S0 90 €0 0 [ 4] €0 S0 S0 - 00 70 1’0o 70 10 0 QuaWsoy  [¢
o-1
- - - - - - - - - - - - - - - - 10 0 10 €0 - - -uaIp-g'z-eqiuoN-d-s1o (g
91 €L VL 8¢ SL o1 '8 144 'L S8 89 - - - - - €0 Tl 0 8T - - ¢PPIXO[OTeUI-S10 6T
Lo 81 €T ST 80 01 0T 94 T 01 ST - - - - - - - - - - - [oofeurjAxodyg-s10 87
- - - - - - - - - - - - - - - - - - - - €0 91 [o1oRAIED) /T
- - - - - - - - - - - - - - - - - - 10 0 - - ausrepe) 97
90 0 - S0 - - - 91 - - ST [ 8T 91 94 144 - - - - - - ([Ooyod[e [Azueg  ¢T
[ A - 99 - - 8T - - e - ST oL 98 €L s - - - - - - (Lo dI0ZUdY ¢
vo 10 - - - 'l - - - - - - - - - - - - - - - - aUAWIOO[Y €7
€0 TOo - 90 S0 - - 01 - - - 4] 0 Lo o €0 - - - - - - eloderen3[AuipA-y 7T
- - - - - - - - - - - o0 0 0] - - - - - - - - S[OSIUBAUIA-Y 1T
- - - - - - - - - - - - - - - - 0 €C 10 60 00 1’0 auoroydostoxQ-f 07
uouor
€0 10 - - - - - - - 80 - - - - - - - - - - - - -0-0IPAYIP-8°L-0XO-¢ 61
- - - - - - - - - - - - - - - - ¥'0 [ 0 60 - - ouoosewrep-g-Axo1pkH-¢ 81
0 TO - 0 - - S0 - 0 0 €0 - - - - - - - - - - - ououow-d-1-Axodg-6°¢ L1
PPAY
o0 TOo - 90 - - - 0 - €0 €0 60 'l 01 €C - - - - - - —  -Op[ezuaqAXoyIPWI-GE 91
S0 TO - - - ST - - - - - - - - - - - - - - - —-  JoudydiAypwnl-¢'pe ST
10 10 SO - - - - - - - - - - - - - - - - - - — [ouejuado[oAdQURAYRIN-C +1
Jfosiue
- - - - - 10 - - - - - 10 10 €0 - - - - - - - - -lApow-p-[Adordos|-z ¢
[01p-9°Z-oud
- - - - - - - - - - - - - - - - Lo 8l 10 01 - = -IpeIoO-L¢-[AyPwi-9C ¢l
apAy
€1 90 0¥ - - 91 - - - - - - - - - - - - o €0 0 ¥'0  -9P[exoqredlpurIng-¢7 [
quouaydojooeorpAyene)
- - - - - - - - - - - - - - - - - - 0 S0 00 €0 -g-@-IApewIq-+1T 01
ud
- - - - - - - - - - - - - - - - - - 1'0 01 - — -XoyopAo-[-[Apeund-¢r 6
- - - - - - - - - - - - - - - - 1o 80 90 8T €0 T suaLneUIN-d-g°¢‘T 8
€0 T0 - Lo - - - - - 80 - - - - - - - - 1o o0 10 [\ Puourdir-4 L
- - - - - - - - - - - 0 €0 - 80 - - - - - L0 0¢ PUAIPUB[YJ-4 9
[ S ] - (44 - - - - - - - 70 €0 - 60 - - - - - - - [owsapng-g ¢
60 0 - S0 L0 - - 8T - - - €0 80 1 60 €0 |4 86 (4 1 0 0T Quouddsewe(-g ¢
€0 €0 - 0 L0 ¥'0 - 60 - - €0 1o 10 - 0 - - - - - - - cloouidRl-0 ¢
01 +0 - (43 - - - - - - - Lo S0 - V'l - - - - - - - [owsopng-v ¢
- - - - - - - - - - - - - - - - - - 10 €0 - - Quatooe[eD)-v |
[e=u] [¢=u] [e=u] [g=u] [e=ul [e=u]l [e¢=u] [¢=u] [e=u]l  [e=u] [e=u] [e=u] [e=u]
vl AY AV Ay AV [g=u] AV Ay Ay YAy [e=ulay Ay Ay as AY as Ay _dS Ay
as AV Tvd ¢vd Svd 9-vd L-vVdA 8-vd 6-vVd  01-Vd T11-Vd as [zd] av -4 ¢zy €7q I-TA 1-vd -vd punodwo) ‘oN

1546

S21Npad01d JUSIAYIP YIIM PAUTRIQO SIOBNXD Ul (SIN—DD-HINAS/SH) Anowonoads ssew—Aydeiojeworyd ses Aq paziieioereyd Aouoy pazAjeue jo spunodwod [1B[OA ¢ 3|qel

pringer

Qs



1547

Botanical Origin Authentication of Polish Phacelia Honey Using the Combination of Volatile...

- - - - - - - - - - - 90 0 €1 - - - - - - - - PIoE onode[Aukyd 89
7T 9¢ 0T 6% [ L€ LT 6'8 6T Sy 0°¢ 123 Tl 9¢l  SST SL 10 1 10 Tl €0 L0 LAPAyepeIeoeifudyd L9
90 60 - Tl Tl 91 90 0T - 01 80 S0 Sy 8¢ N9 Ly 00 01 - - - - <[0Uod[e [Aajhudyg 99

- - - - - - - - - - - 971 Tl - - <03 - - - - - - Aeseoe [Aypeudyd 69
¥0  TO - - - 90 I'1 - - - - 90 1 1 8T €0 - - €y 0t 6T TLT suduowA)-d 9
70 10 - - S0 - €0 - - - - - - - - - - - Tl 9L L0 6¢ [o-g-uowA)-d ¢9
10 - - - - 0 - - - - - - - - - - - - €0 ST o 80 Puawk)-d 9
0} - - - - 0 - - - - - - - - - - - - S0 ST - - PPAYap[E orum)-d 19
ST 80 0 - - - - LY €T - - - - - - - - - - - - - pIoE OI0UERO 09
S0 LT €T ¥l 61 80 0C 'l I'c €T LA 0 70 ¥0 €0 - 10 90 00 S0 - - [eue0 65
€0 10 - - 60 - - - - - - - - - - - - - 10 €0 - - [0-1-Ue00 8¢
60 ST +v0 t¢ [ 81 - 0T 97 0T A ST 9T 8y 91 971 0 90 - - - - pIog OIOUBUON L
L0 TO0 - - Tt - - - - - - S0 0 - - 'l - - - - - - [0-[-UBUON 9
€0 L0 - L0 80 90 80 L0 90 60 Tl 10 0 S0 S0 0 0 ST 10 01 - 70 9pIX0 [OIN S
¥0 10 - - - - - [ - - - ¥'1 ST Sy S1 ¥'1 - - - - - - PIESULIAS KON S

QJeOZUdq

- - - - - - - - - - - ¥0 90 80 60 - - - - - - - -Axoyewin-¢y e KRN €6
T0 10 - S0 - - - 90 - - - 0 T0 0 - 0 - - - - - - cfooeury g

- - - - - - - - - - - - - - - - 0 9T 10 8T o 10 C[OIp-Z [-ououowry [g

oI

€0 €0 - - 0 S0 - - 90 90 90 - - - - - 10 0 - 0 - - IowosI) apAYapTE JB[IT  OS
T0 L0 €0 80 L0 S0 L0 80 01 I'1 L0 T0 T0 - <0 - 0 T 10 01 - — o(II JowosT) dpAYdp[E SB[ 61
0 S0 €0  +0 - - 70 - 80 Tl 'l - - - - - Tl 8 S0 €¢ - — o(1 1owost) opAyople SB[ 8

- - - - - - - - - - - €0 €0 €0 - 90 - - - - - - PIOB OIWRUUTOIPAH L
e 6L TL 98 €L Lt 99 101 YL v9 LI 61 9 €8 L9 Le ve 88l 01 6  ¥0 0O [OUSIOH  9f
70 10 - €0 - - - 80 - - - - T0 €0 €0 T0 - - - - - - QuoledBjAUBRD  Cf
€0 €0 60 €0 - - 0 80 - - - 10 01 60 01 01 - - - - - - C[OUdSNT  pp
S0 €0 - - 1 A - - - - - - - - - - 61 ¥ - - - - aeseoeifudyd [Apg  ¢f

- - - - - - - - - - - Sl Sl - 60 9¢ €0 Tl - - - —  QRWeUuOIPAYIP AP TP

- - - - - - - - - - - - - - - - 10 L0 - - - - dewreuurd Tmﬁm v
¥ L0 - - (a4 T - - - - - LT T - e 6'¢ 10 I 90 0T - - aeozuaq AP OF
€0 TO0 90 €0 - - L0 - - - - - - - - - - - - - - - pIoe olouedepod  6¢
L0 +0 Tl - - - - 0T - - - 0T $9 Iy §9 06 00 01 - - - - apy[nsin [Apowiq 8¢
0 TO 10 - €0 - 0 [ - - - 01 S Ic oy (7 €0 T - - - - PPYMS [Apowiq  Lg
7T 90 - - 90 - 60 6'¢ - 0 - 0T €61 8Tl SSI L'LT 0 re - - - - PPYINSIP [APowiq  9¢
80 L0 SO0 60 - (4 - 'l - L1 - T0 T0 0 €0 - €0 8T - - - - QuAUOL-Te-0IpAYad  §¢
80 80 S0 0T - - - - L1 L1 Tl 01 61 €e €1 I'l - - [0 0 o L0 (PIOE OTOUBOI(  HE¢
't LT 60 TI - 80 9T 971 Se 6T LT 70 €0 60 - - - - - - - - [eUBOdq €€

[e=u]l [g=u] [g=u] [g=u] [e=ul [g=u]l [g¢=u] [g=u] [e=u]l [g=u] [e=u] [e=u] [e=u]
v A N4 A Ay [g=u] Ay N4 AY AY AY [e=u] Ay A A as AV as AV as AY
as AV Tvd ¢vd Svd  9Vd LV 8Vd 6Vd 01-vd [1-vd as [zdl av 1-zd 7o ¢zd - 1-vd Pvd punodwo) “oN

(ponunuoo) zsjqey

pringer

a's



1548

E. Makowicz et al.

Table 2 (continued)

&

SD
[FA]

FA-6 FA-5 FA-3 FA-2 Av.
3] Av. Av. Av.
[n=3] [n=3] [n=3] [n=3]

FA-
Av. [n

FA-9 FA-8
Av.
=3] [n=3]

Av.
[n

FA-11 FA-10
Av.
=3] [n=3]

Av.
[n

Av. [Rz] SD

=3]

Av. [n

Rz-2 Rz-1
=3]

Av.
31 [n

Rz-3
Av.
[n=

SD

Wi-1
Av.
[n=3]

SD

FA-1
Av.
[n=3]

SD

=3

FA-4
Av.
[n

No. Compound

Springer

0.9

0.3

2.7

0.2 0.2

0.5

0.6 0.6 0.3

1.6

69 p-Menth-1-en-9-al

0.1

1.6

70 p-Menth-6-en-2-one

1.0 1.0 0.2

- 3.0

71 p-Mentha-1(7),3-diene
72 Pseudocumenol
73 Safranal

74 Santene
75 Thymol

0.3

0.1

1.1

12
0.8

4.5

0.4

33

0.6

45

2.3

3.0
0.1

7.6

1.7

3.1

2.0
0.6

4.5

34

4.7

3.1

0.2

0.2

0.3

0.4
0.3

0.4
0.2

0.9

39

0.1

0.2

0.9 42 1.3

38

0.2

76 trans-Cinnamaldehyde®

0.6

0.9

1.9
55.1

1.4
41.3

0.3

0.4

1.5
56.0

0.2

1.4
50.2

77 trans-Epoxylinalool

15.5

37.7

51.3 21.2 28.6

14.1

21.5

0.8 1.0 0.8 0.2

0.5

0.4

2.5

0.4

2.3

78 trans-Linaloloxide®

0.3

79 trans-Rose oxide®

Av average peak area calculated from three repetition expressed in [%], SD standard deviation

?Additionally confirmed with standard substance

bCorrect isomer not identified

derivatives and postulated that these compounds could be
considered potential markers [28].

The identified volatiles were used to create the heatmap
shown in Fig. 2. It is a simple matrix that represents the
relationships between the percentages of each identified
compound and the corresponding honey samples. The heat-
map allow the fast differentiation of different honey varieties
based on the resultant code system. The growing literature
data on the analysis of the chemical compositions of mono-
floral honeys clearly indicate that it is practically impossible
to identify single specific markers for each of type of honey.
Various honeys are often characterized by the presence of
the same markers, and the use of libraries of their chemical
components is reasonable for their precise discrimination.
Heatmaps, which provide a clear visual representation of
obtained data, could be a very useful tool in such cases.

Since the studied phacelia honeys are of variable botani-
cal purity, principal component analysis (PCA) and hier-
archical clustering analysis (HCA) were conducted to sort
the honey samples. The obtained results are presented in
Fig. 3(a, b). In the case of PCA, the first two components
explained 75.2% of the data variance (PC1 explained 56.55%
of the mentioned variance, whereas PC2 explained 18.76%).
Although PCA is classified as an unsupervised method, it
gave satisfactory results and allowed us to discriminate the
honeys because some natural groupings of the samples were
observed in the PCA score plot; three main groups were
observed. The first group corresponds to pure rape honey
samples. The second includes phacelia honeys of various
purities (FA-2, FA-3, FA-5, FA-6, FA-7, FA-9, FA-10 and
FA-11). Sample FA-8, in which only 39.5% of the pollen
present is phacelia and 40.3% is rape pollen is still more cor-
related with phacelia than with the rape honeys. In contrast,
FA-1, which contains 38.9% phacelia honey and 32.3% Salix
pollen, was more correlated with willow honey. These two
honey samples, along with FA-4, form the third group in
the PCA plot. FA-4 contained 60.5% phacelia pollen with
the remaining pollens being present in minute quantities. Its
chemical composition evidently does not fit into the stand-
ards of phacelia honeys. We speculate that additional pollen
may have been added.

Among the studied compounds, the percentage of some
poses either significantly negative or positive contributions
to PC1 and PC2 (e.g., the abundances of trans-linalool
oxide, cis-linalool oxide, hotrienol, and phenylacetaldehyde
exhibit significant negative contributions to PC1, whereas
the abundances of dimethyl sulfide, dimethyl disulfide,
dimethyl trisulfide, phenylethyl alcohol, and nonanoic acid
exhibit significant positive contributions to PC2). If PC3 is
included in the other analyses, a total of 88.3% of the vari-
ance in the data is explained. Significant negative contribu-
tions from p-cymenene, p-cymen-8-ol, safranal and trans-
cinnamaldehyde was observed for this factor.
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Fig.2 Heatmap of all tested
honey samples based on the
identified compounds by HS-
SPME/GC-MS method. Black
color means that compound was
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The dendrogram of the chemical profiles obtained by
HCA (complete linkage using Euclidean distances) pre-
sented in Fig. 3b shows that all the honey samples clustered
into five groups based on their pollen composition. The first
group contains samples in which the amount of Phacelia
tanacetifolia Benth. is between 76 and 85%, and the second
group includes honeys with phacelia pollen contents in the
range of 40-69%. Honeys classified in both of these groups
can be considered pure phacelia honeys.

According to the pollen analysis, sample FA-4 contains
60.5% phacelia pollen grains; however, in both PCA and
HCA, it is naturally grouped with FA-1 and Wi-1. Sam-
ple FA-1 can be considered mixed phacelia—Salix, whereas
sample F-4 is characterized by a high phacelia pollen con-
tent and should fit into the second group. Additionally, the
same trend is observed in the heatmap analysis; FA-4 clearly
exhibits similarities with FA-1 and Wi-1 but not with pure
phacelia honeys. This observation confirmed the suggestion
that this sample could have been falsified by the addition of
pollen after harvesting, and its actual origin may be different
from that found by melissopalynological analysis.

In summary, our results suggest that to recognize honey
as pure phacelia, the content of phacelia pollen should be
higher than 50-60%. Kus et al. [28] reached the same con-
clusion from their studies.

HPTLC Analysis

To obtain specific HPTLC fingerprints for phacelia hon-
eys, UAE and SPE extracts were obtained. The dominant
extracted compounds in the volatile fraction determined
by HS-SPME were assessed by HPTLC. The idea of the

1,0 N
Rz-1 2
RS-S
05F o=~ % .
Fasy [ VT
\ T
~ FALYT
© o
-~ 00 FQ—%
N
[¢) Pollen composition of FA-8 sample:
Q 40.3 % - Brassica napus L.
39.5 % - Phacelia
05t
1,0 b
-1,0 0,5 0,0 0,5 1,0

PC 1: 56,44%

supplementation of HS-SPME studies with the determina-
tion of the compositions of extracts was described previously
[19]. The obtained bands on the HPTLC plates, which are
presented in Fig. 4(a—d) and in Fig. 1(a, b) in supplemen-
tary materials, create specific and unique fingerprints that
are reminiscent of commercially used barcodes. The most
characteristic zones and their colors are presented in Table 3.
Slight differences were observed among the results obtained
from the two extraction methods. The most characteristic
feature of the UAE extracts is the presence of deep gray
(white light) or black (irradiation at 254 nm and 366 nm)
zones at Rf= 0.10. Furthermore, based on a visual com-
parison of the obtained results, it is possible to observe the
differences between samples FA-1 and FA-4 and the rest
of the studied samples. It seems that compared to typical
approaches for the differentiation of honeys of different
botanical origins, which are based on the analysis of the
chemical composition of their volatile fractions, HPTLC
could be considered a method of choice because it allows
accurate and fast visual discrimination of honey samples.
This technique can be particularly useful as a fast screen-
ing method because of its high precision and low time con-
sumption. Moreover, as it was described previously and was
confirmed in this study [18] the UAE extraction is probably
more suitable for lipophilic fraction profile creation seeing
that the extracted compounds are present in higher con-
centration than in SPE fraction and for screening purposes
one cycle of extraction is suitable, so the time and cost are
decreasing. Furthermore, the number of steps needed to
obtained the fraction ready to analysis is fewer than in case
of SPE.

FA1

Wi-1
Rz:3
Rz-2
Rz

FA-10
FA-6
FA5
FA8

FA-11
FA9
FAT
FA2

FA3

Fig.3 a PCA score plot and b dendrogram obtained by analysis of volatile compounds identified in tested honey samples
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Conclusion

In the present study, the profiling of the volatile fractions
of Polish phacelia (Phacelia tanacetifolia Benth) honey
samples was performed using two different approaches:
HS-SPME/GC-MS and HPTLC analysis of the extracts
acquired by UAE and SPE. Melissopalynological analysis
indicated that the purchased phacelia honeys contained
significant amounts of rape and Salix pollen. Therefore,
pure rape and Salix honeys were also studied in the same
manner for comparison. The HS-SPME/GC-MS method
indicated linalool derivatives could be used as markers

SF:E

for botanical phacelia-derived honeys. These studies were
supported by HPTLC analysis of the extracts obtained by
means of UAE and SPE. The results obtained by these
two methods are presented visually as graphs reminiscent
of commercially used barcodes (in the case of HS-SPME/
GC-MS, a heatmap was constructed, and in the case of
HPTLC, each sample applied on the plate created a unique
pattern). Our studies seem to prove that the idea of gen-
erating such fingerprints based on the identification of
libraries of compounds (based on GC-MS analysis or only
based on the R, values and band colors visible by HPTLC)
may be a good alternative for routine pollen analysis.
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Fig.4 HPTLC fingerprints of phacelia honeys after derivatization (UAE—ultrasound-assisted extraction, SPE—solid-phase extraction) visual-

ized under 366 nm (a, b) and white light (c, d)
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Table 3 Characteristic R, values in HPTLC analysis of phacelia honeys

SPE UAE
366 nm 254 nm White light 366 nm 254 nm White light
R, Color R, Color R, Color R, Color R, Color R, Color
0.77 Yellowish green 0.77 Yellowish green 0.52 Weak brown 0.66 Weak brown 0.46 Deep pink 0.50 Brownish yellow
0.66 Brown 0.70  Weak blue 0.33  Violet 0.46 Weak orange 0.36 Brown 0.42  Yellow
0.52  Pinkish brown 0.66  Weak brown 0.09 Violet 0.36  Brown 0.24  Sky blue 0.36  Deep violet
0.13  Sky blue 0.52  Pinkish brown 0.07  Yellow 0.21 Brown 0.21 Brown 0.14  Yellow
0.34  Weak brown 0.05 Violet 0.14 Weak blue 0.12 Skyblue  0.10 Deep gray
0.32 Weak green 0.10 Black 0.10 Black 0.08 Weak orange
0.10  Sky blue 0.06  Deep pink 0.06  Deep pink
0.04 Pink

UAE ultrasound solvent extraction, SPE solid-phase extraction, R, values are average from three plates for each extract
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