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Abstract: Among the variants of Greek honey, the most commonly available are pine, fir, thyme,
and citrus honey. Samples of the above kinds of honey, identified according to European and Greek
legislation, were studied using gas chromatography coupled with mass spectrometry (GC-MS)
and the attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic techniques.
Two chemometric models were developed based on statistically significant volatile compounds
(octane; 2-phenylacetaldehyde; 1-nonanol; methyl 2-hydroxybenzoate; 2-(4-methylcyclohex-3-en-
1-yl); nonanoic acid) and the 1390–945 and 847–803 cm−1 spectral regions, mainly vibrations of
fructose and glucose, combined with the stepwise linear discriminant analysis (stepwise LDA)
statistical technique. In total, 85.5% of standard samples, and 82.3% through internal validation
and 88.5% through external validation, were identified correctly using the GC-MS-stepwise-LDA
chemometric model. The corresponding results for the ATR-FTIR-stepwise-LDA chemometric model
were 93.5%, 82.5%, and 84.6%. The double validation (internal, external) enhances the robustness of
the proposed chemometric models. The developed models are considered statistically equivalent,
but FTIR spectroscopy is simple, rapid, and more economical.

Keywords: honey; botanical origin; unifloral; authentication; volatile compounds; GS-MS/SPME;
ATR-FTIR spectroscopy

1. Introduction

In many nations, beekeeping remains an underexploited sector of the agrarian econ-
omy. Published sources indicate that the annual production of honey in Greece reaches
21.939 tons, equating to a consumption rate of 1.7 kg per person [1]. Recently, there has
been growing interest in honey exports, and Greece is now the 27th largest honey exporter
in the world. Annual levels of value grew by over 14% from 2015 to 2019, with quantities
rising by 18% during the same period [2]. Greece is one country that has specified the
required physicochemical and microscopic characteristics for the main categories of honey.
Specific parameters employed for the standardization of monofloral honey are published
in the Government Gazette B-239/ 23-2-2005 [3]. All other values of the parameters are
listed in Annex II of Article 67 of the Food Code. Nevertheless, honey is a complex natural
product; therefore, there are major issues related to authenticity and inherent challenges in
this area.

The principal commercially available forms of Greek honey are the pine, fir, thyme,
and citrus varieties. The most popular format is pine honey, which comprises 60–65% of
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overall honey production in Greece. In comparison, citrus accounts for 15%, thyme for 10%,
and fir for 5% [4]. Commercially produced honey is particularly susceptible to adulteration,
fabricated declarations of botanical origin, and multiple other forms of fraudulent conduct.
This profiteering and deception frequently damage the interests of producers, suppliers,
and consumers. Hence, there is a clear need for techniques capable of reliably ascertaining
the monofloral botanical origin of honey.

The botanical origin of honey can be determined in accordance with its melissopaly-
nological and physicochemical properties [5–8]. However, these techniques are expensive,
time-consuming, and require specialized staff. Authentication of honey can be carried out
with different analytical techniques, such as high-performance liquid chromatography with
electrochemical detection (HPLC–ECD) [9], stable isotopic analysis [10], nuclear magnetic
resonance (NMR) [11], electronic nose [12], and gas chromatography coupled with mass
spectrometry (GC–MS) [13] Furthermore, techniques such as Fourier transform infrared
(FTIR) [14], near-infrared (NIR) [15], and Raman spectroscopy [16] can also be used. In re-
cent years, there has been a continuous effort to develop more of these techniques coupled
with multivariate statistical analysis [17,18].

Among the above techniques, the determination of volatile compounds based on
solid-phase microextraction (SPME) coupled with GC-MS has been adopted to identify
the botanical origins of Greek honey [13,19,20]. Nevertheless, parameters such as polarity
fraction, the number of volatile compounds, and chemometric techniques could directly
impact the results of discrimination. In addition, there is a growing, constant need to
develop practical, reliable, and rapid methods. To the best of our knowledge, there have
been no reported studies using total reflectance (ATR)-FTIR spectroscopy for discrimination
of Greek honey of different botanical origins.

Multivariate statistical analysis in combination with previously outlined analytical
methods could in some cases be a powerful tool for the botanical authentication of honey.
To be robust, a statistical model must possess many honey sample standards from every
botanical origin, known as a “calibration set”, in addition to a “test set” which can be
used for validation. Furthermore, the composition of honey means that it is necessary to
generate a constant and accurate chemometric paradigm in accordance with monofloral
samples, which can be measured against existing legislation.

The aim of the present work was (a) the study of Greek honey samples derived
from pine, thyme, fir, and citrus, which were identified according to European and Greek
legislation, using SPME-GC-MS and FTIR spectroscopy, and (b) the development of robust
chemometric models based on the chromatographic and spectroscopic data for the purpose
of differentiating honey samples according to their botanical origin.

2. Materials and Methods
2.1. Samples

A total of 88 monofloral honey samples from 4 botanical origins (16 pine, 17 fir,
39 thyme, and 16 citrus) were provided directly from beekeepers (2018–2019 harvest
years) across Greece under the framework of the research program QuaAuthentic_GR.
The monofloral botanical origin of honey samples was confirmed by physicochemical and
melissopalynological analysis. Honey samples were analyzed in a short period of time
from their receipt; until then, they were kept in the dark at 25 ◦C.

2.2. Physicochemical and Melissopalynological Analysis

The determination of the honey sugars (fructose, glucose, maltose, and sucrose) was
performed with an HPLC Shimadzu CTO-10A, equipped with a detector Shimadzu RID-
20A (Shimadzu Corporation, Kyoto, Japan) according to the official methods of analysis
of the Association of Official Analytical Chemists (AOAC) [21]. Additionally, the sum of
fructose and glucose was calculated. Electrical conductivity (µS/cm) was determined with
a Consort C3010 multi-parameter analyzer, (Consort bvba, Turnhout, Belgium) according
to the international honey commission (IHC) [22]. Moisture (%w/w) was measured using a
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refractometer, (Bellingham & Stanley Ltd., Kent, UK) and a water bath (Edmund Bühler
GmbH, Bodelshausen, Germany) according to IHC [22].

Finally, melissopalynological analysis was performed with a Microscope Krüss (A.
Krüss Optronic GmbH, Hamburg, Germany) [23].

2.3. Isolation of Volatile Compounds

The isolation of the volatile compounds was performed using the SPME technique.
Volatile compounds were isolated, using a triple-phase divinylbenzene/carboxen/polydime
thylsiloxane (DVB/CAR/PDMS) fiber 50/30 µm (Supelco, Bellefonte, PA, USA) with a
length of 1 cm. Before the experiments, the fibers were conditioned at 270 ◦C according
to the manufacturer’s instructions, using a manual holder. Honey volatile compounds
were extracted according to the literature [24] with some modifications: 7 g of honey was
dissolved with 3 mL of distilled water, and 6 mL was placed in 15 mL screw top vials
with PTFE/silicone septa. Benzophenone (Alfa Aesar, Kandel, Germany) was used as an
internal standard, and a portion of 20 µL (300 µg/mL in methanol) was added prior to
extraction. The vials were kept in a water bath at 60 ◦C under stirring, and honey samples
were equilibrated for 30 min. Subsequently, the needle of the SPME fiber was inserted into
the vial and exposed to the sample headspace followed by a sampling time of 30 min [24].

2.4. Analysis of the Isolated Volatile Compounds

The analysis of volatile compounds was performed using a Trace Ultra gas chromato-
graph (GC) (Thermo Scientific Inc., Waltham, MA, USA), coupled to a mass spectrometer
(MS) (DSQII, Thermo Scientific Inc., Waltham, MA, USA). The desorption conditions were
as follows: GC inlet temperature 260 ◦C in the splitless mode for 3 min, with a 0.8 mm
injector liner (SGE International Pty Ltd., Ringwood, Australia). The column used was
a Restek Rtx-5MS (30 m × 0.25 mm i.d., 0.25 µm film thickness) and the carrier gas was
helium at a 1 mL/min rate. As modified, the oven temperature was adapted to 40 ◦C
for 6 min, then increased at 120 ◦C at a rate of 5 ◦C/min, followed by an increment of
3 ◦C/min up to 160 ◦C and up to 250 ◦C with a step of 15 ◦C/min. Finally, the temperature
of 250 ◦C was kept constant for 1 min [24]. The transfer line and injector temperatures were
maintained at 290 and 220 ◦C, respectively. Electron impact was 70 eV, and mass spectra
were recorded at the 35–650 mass range. The peak identification was carried out with the
Wiley 275 mass spectra library, its masses spectral data and arithmetic index provided
by Adams [25]. Retention index (RI) values of volatile compounds were calculated using
n-alkane (C8–C20) standards (Supelco, Bellefonte, PA, USA). Concentrations of the isolated
compounds were calculated using the internal standard (benzophenone) and expressed as
mg/kg of honey.

2.5. ATR-FTIR Spectroscopy

FTIR spectra of honey samples were obtained without pretreatment using a Thermo
Nicolet 6700 FTIR, (Thermo Electron Corporation, Madison, WI, USA) equipped with
a deuterated triglycine sulfate (DTGS) detector. The spectra were in ATR mode with
a Horizontal ATR accessory (Spectra-Tech Inc., Stamford, CT, USA) employed with a
trapezoid shape ZnSe crystal (800 × 10 × 4 mm). The crystal provided an angle of
incidence of 45◦. The speed of the interferometer moving mirror was 0.6329 mm/s. Spectra
were recorded with a resolution of 4 cm−1 and 100 scans. A background spectrum was
collected using only ATR crystal, prior to spectrum recording of each sample. Triple FTIR
spectra of each sample were obtained, using a different sub-sample each time.

Spectrum processing was performed using the software (OMNIC ver.9.1, Thermo
Fisher Scientific Inc., Waltham, MA, USA). ATR-FTIR spectra were recorded in triplicates,
smoothed using Savitsky–Golay algorithm, and their baselines were corrected. These pre-
treatments were performed with “automatic smoothing” (5-point moving second-degree
polynomial) and “baseline correction” (second-degree polynomial, twenty iterations) func-
tions. Finally, using the “Statistical Spectra” function, the average of the three spectra
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for each sample was calculated, and each average spectrum was normalized (absorbance
maximum value of 1) and saved as a CSV file for further use in the statistical analysis.

2.6. Statistical Analysis

The statistical analysis was performed using the SPSS v.25 (IBM, SPSS, Statistics)
software. Eighty-eight honey samples were randomly allocated into two groups. The first
group of 62 samples (named as “standards”; St1- St62) was used as a calibration set, and
the second of 26 samples (named as “unknown”; T1-T26) was used as a test set.

Two chemometric models were developed using the stepwise linear discriminant anal-
ysis (LDA) statistical technique. One was based on the GC-MS data and another on ATR-
FTIR spectra. Each chemometric model was validated using the cross-validation method
and with external validation (test set). According to Field, the cross-validation method is
more conservative and reliable for the correct classification ability of the samples [26].

3. Results and Discussion
3.1. Physicochemical and Melissopalynological Analysis

A serious problem in the study of honey is the determination of its botanical ori-
gin using objective criteria. For this reason, the European and Greek legislation was
used (physicochemical and melissopalynological analysis). The results (Tables S1 and S2)
were in agreement with the botanical origin of the honey samples, as has been stated by
producers [3].

3.2. Volatile Compounds Analysis

Volatile compounds of honey fractions were very complex and involved different
classes of chemical compounds. The identified components were 55 including alcohols,
acids, aldehydes, ketones, terpenes, hydrocarbons, benzene, and furan derivatives.

Chromatograms of four representative different samples are presented in Figures 1–4.
Table S3 shows the isolated compounds. Volatile compounds found mainly in fir honey sam-
ples were octane, undecane, nonanal, nonanol, decanal, methyl nonanoate, and nonanoic
acid. The main compounds of the volatile fraction of thyme honey samples were benzalde-
hyde, 2-phenylacetaldehyde, undecane, nonanal, 2-phenylacetonitrile, 1-phenylbutane-
2,3-dione, methyl nonanoate, 5-isopropyl-2-methylphenol (carvacrol), nonanoic acid, 3-
hydroxy-4-phenylbutan-2-one, and 3-hydroxy-4-phenylbut-3-en-2-one. The volatile frac-
tion of pine honey samples mainly consisted of undecane, nonanal, nonanol, decanal,
methyl nonanoate, and nonanoic acid. The compounds detected in the volatile fraction
in citrus honey samples were (2S,5S)-2-methyl-5-(prop-1-en-2-yl)-2-vinyltetrahydrofuran
(herboxide), (2S,5R)-2-methyl-5-(prop-1-en-2-yl)-2-vinyltetrahydrofuran (herboxide second
isomer), 2-((2S,5R)-5-methyl-5-vinyltetrahydrofuran-2-yl)propan-2-ol, 3,7-dimethylocta-1,6-
dien-3-ol (linalool), nonanal, (R)-2-((2S,5S)-5-methyl-5-vinyltetrahydrofuran-2-yl)propanal
(lilac aldehyde A), (S)-2-((2S,5S)-5-methyl-5-vinyltetrahydrofuran-2-yl)propanal (lilac alde-
hyde B), (S)-2-((2R,5S)-5-methyl-5-vinyltetrahydrofuran-2-yl)propanal (lilac aldehyde C),
(3S,3aS,7aR)-3,6-dimethyl-2,3,3a,4,5,7a-hexahydrobenzofuran; decanal, 2-(4-methylcyclohex-
3-en-1-yl)propanal (p-menth-1-en-9-al), and methyl 2-aminobenzoate (methyl anthranilate).
Many of these compounds have been reported previously to dominate the volatile profile
of fir [27,28], thyme [29,30], pine [4,31], and citrus [29,32,33] honey.

3.3. Spectroscopic Analysis

Representative spectra from each botanical origin honey sample are presented in
Figure 5. The assignments of the major peaks are shown in Table 1 [34–37]. ATR-FTIR
spectra consist of two main regions. The first range is between 4000 and 1500 cm−1

(functional group range). The second area ranges between 1500 and 750 cm−1. The spectra
were checked for similarity, in the above region, using the OMNIC ver.9.1 software. It
was found that the similarity between them is greater than 93%. Statistical processing is
therefore necessary.
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Figure 1. A characteristic gas chromatogram of fir honey. (a) octane; (b) undecane; (c) nonanal;
(d) nonanol; (e) decanal; (f) methyl nonanoate; (g) nonanoic acid; (I.S.) Internal Standard.

Figure 2. A characteristic gas chromatogram of thyme honey. (a) benzaldehyde; (b)
2-phenylacetaldehyde; (c) nonanal; (d) 2-phenylacetonitrile; (e) 1-phenylbutane-2,3-dione;
(f) methyl nonanoate; (g) 5-isopropyl-2-methylphenol (carvacrol); (h) nonanoic acid; (i) 3-hydroxy-4-
phenylbutan-2-one; (j) 3-hydroxy-4-phenylbut-3-en-2-one; (I.S.) Internal Standard.

Figure 3. A characteristic gas chromatogram of pine honey. (a) undecane; (b) nonanal; (c) nonanol;
(d) decanal; (e) methyl nonanoate; (f) nonanoic acid; (I.S.) Internal Standard.
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Figure 4. A characteristic gas chromatogram of citrus honey. (a) (2S,5S)-2-methyl-5-(prop-1-en-2-yl)-
2-vinyltetrahydrofuran (herboxide); (b) (2S,5R)-2-methyl-5-(prop-1-en-2-yl)-2-vinyltetrahydrofuran
(herboxide second isomer); (c) 2-((2S,5R)-5-methyl-5-vinyltetrahydrofuran-2-yl)propan-2-ol; (d) 3,7-
dimethylocta-1,6-dien-3-ol (linalool); (e) nonanal; (f) lilac aldehyde A, B, C; (g) (3S,3aS,7aR)-3,6-
dimethyl-2,3,3a,4,5,7a-hexahydrobenzofuran; (h) 2-(4-methylcyclohex-3-en-1-yl)propanal (p-menth-
1-en-9-al); (i) methyl 2-aminobenzoate (methyl anthranilate); (I.S.) Internal Standard.

Figure 5. Representative spectra from (a) thyme, (b) pine, (c) fir, and (d) citrus honey samples.
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Table 1. The main peaks and their assignments of the honey samples attenuated total reflection (ATR)-FTIR spectra.

Wavenumber (cm−1) Functional Group Peak Performance Assignment Reference

~3270 O–H Sugars–Water Stretching [34]
~2927 C–H and C–N Carboxylic acids and Amino acids Stretching [34]
~1643 O–H Water Deformation [34]
~1414 C–O–H, –CH2 and C–H Glucose and Alkene Stretching [34–36]
~1341 O–H (C–OH) Fructose Bending [36]
~1253 C–C and –CH2– Glucose and fructose Stretching and Bending [34–36]
~1146 C–O, C–O–C Sugars Bending, Stretching [36]
~1044 C–O (C–OH), C–O Sugars and fructose Stretching [34–37]
~1025 C–O Glucose Stretching [36]
~918 C–H Sugars, Glucose Bending [36]
~865 C–C Fructose Stretching [36]
~818 C–C–H Fructose Stretching [36]
~777 C–C–H Fructose Deformation [36]

3.4. Stepwise LDA Based on Volatile Compounds Analysis

Classification of honey samples was carried out using the supervised method of
LDA. GC analysis has shown that samples of different botanical origins present both
similarities and differences in their volatile composition. Therefore, in order to reach the
optimum discrimination results and develop a robust statistical model, it was essential
to remove the redundant variables and identify the most significant variables that best
discriminate the fir, thyme, pine, and citrus honey samples. For this purpose, stepwise
variable selection was applied based on the Mahalanobis distance. Six volatile compounds,
octane, 2-phenylacetaldehyde, 1-nonanol, methyl 2-hydroxybenzoate (methyl salicylate),
2-(4-methylcyclohex-3-en-1-yl)-propanal (p-menth-1-en-9-al), and nonanoic acid, were
selected from the stepwise algorithm as the most significant for the botanical differentiation
of honey samples. We observe that the stepwise procedure eliminated the furan derivatives,
which mainly emanate from thermal processing and storage conditions [38–41] and are not
related to botanical origin [38,42].

Utilizing the above-selected set of six volatile compounds, LDA was performed where
the application of the Wilks “Lambda statistical test for the calibration model evaluation”
proved the existence of a significant difference between the means vectors of the four
monofloral honey groups (Wilks’ Lambda = 0.027 with p < 0.05 for the first; 0.164 with
p < 0.05 for the second and 0.656 with p < 0.05 for the third canonical discriminant function).
The calibration model was also confirmed by the eigenvalues. According to the eigenvalues,
the first two discriminant functions were significant in the differentiation of honey samples.
The first discriminant function recorded the higher eigenvalue (5.142), whilst the second
was lower (3.008) and the third was significantly lower (0.524). The canonical correlation
for the first discriminant function was estimated at 91.5%, the second at 86.6%, and the
third at 58.6%.

The percentage of correct classification of honey samples was 85.5%, while using the
cross-validation method enabled 82.3% of samples to be accurately discriminated (Table 2).
In total, from the 26 “unknown” honey samples, 23 (88.5%) were correctly classified.
Classification results indicate that the difference among the rate of correct classification,
cross-validation, and external validation set is minimal, which proves the robustness of
the statistical model since a large difference indicates the poor performance of the model.
Although other studies on botanical discrimination of Greek honey [19,20] present a long
distance among pine and fir honey at the discriminant scatter plot. In our study (Figure 6),
we observed that fir and pine honey have a small centroid distance, while thyme honey is
closer to the pine centroid when compared to the citrus honey that is concentrated farther
away. Our findings are confirmed by the literature, as pine and fir honey are honeydew
honey share a number of similarities [43].
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Table 2. Classification results are based on volatile compounds analysis.

Classification Results 1,2

Label
Predicted Group Membership

Total
Fir Honey Thyme Honey Pine Honey Citrus Honey

Original

Count

Fir honey 11 0 3 0 14
Thyme honey 1 18 1 0 20

Pine honey 2 0 12 0 14
Citrus honey 0 2 0 12 14

%

Fir Honey 78.6 0.0 21.4 0.0 100.0
Thyme honey 5.0 90.0 5.0 0.0 100.0

Pine honey 14.3 0.0 85.7 0.0 100.0
Citrus honey 0.0 14.3 0.0 85.7 100.0

Cross-validated 3

Count

Fir honey 11 0 3 0 14
Thyme honey 1 18 1 0 20

Pine honey 3 1 10 0 14
Citrus honey 0 2 0 12 14

%

Fir honey 78.6 0.0 21.4 0.0 100.0
Thyme honey 5.0 90.0 5.0 0.0 100.0

Pine honey 21.4 7.1 71.4 0.0 100.0
Citrus honey 0.0 14.3 0.0 85.7 100.0

1 85.5% of original grouped cases correctly classified; 2 82.3% of cross-validated grouped cases correctly classified; 3 cross validation is done
only for those cases in the analysis. In cross validation, each case is classified by the functions derived from all cases other than that case.

Figure 6. Discrimination results based on volatile compound analysis.

The standardized canonical discriminant function coefficients revealed that two alde-
hydes were the key volatiles, which can be defined as reliable for the discrimination of
the honey groups. In more detail, based on the first discriminant function, the volatile
compound 2-(4-methylcyclohex-3-en-1-yl)propanal permitted enhanced discrimination
of citrus honey from the other honey groups, while according to the second function,
2-phenylacetaldehyde allowed better discrimination of thyme honey from citrus, pine, and
fir honey.

The aldehyde, 2-(4-methylcyclohex-3-en-1-yl)propanal is produced by (E)-8-hydroxyli-
nalool and via the allylic rearranged 8-hydroxygeraniol [44]. Moreover, it has been previ-
ously observed in the volatile fraction of monofloral Greek [13,24,28] and Spanish citrus
honey [45]. The aromatic 2-phenylacetaldehyde has also been previously reported as a
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characteristic volatile compound identified in the majority of thyme honey samples from
Greece [13,46], Italy [47], and Spain [45]. Furthermore, octane, nonanol, and nonanoic
acid have been reported as dominant volatile compounds in pine [4,20] and fir [27] honey.
Finally, methyl 2-hydroxybenzoate was identified in the majority of the fir honey samples
studied; however, according to literature, it has not been previously identified in fir honey.

Karabagias et al. [19] differentiated thyme, pine, citrus, and fir honey samples using
30 volatile compounds as predictive variables, obtaining a classification rate of 86.6% and a
cross-validation rate of 84.0%. In a more recent study, Karabagias et al. [20] differentiated
clover, citrus, chestnut, eucalyptus, fir, pine, and thyme honey samples from Greece, Egypt,
Spain, and Morocco using 56 volatile compounds with a correct classification rate of 95.4%
and a cross-validation rate of 81.5%. The classification and cross-validation results from
other studies are similar; however, in our study, except for cross-validation, we also used
an external validation set to confirm the results of the developed statistical model. In
addition, other researchers have used a large set of volatile compounds for the classification
of honey samples. In our study, we identified key volatile compounds which are directly
associated with the botanical origin of honey and eventually will enable the development
of analytical methods for application in the industrial setting for the authentication of
honey botanical origin.

3.5. Stepwise LDA Based on ATR-FTIR Spectra

The development of the calibration model was based on spectral differences in the
1500–750 cm−1 spectral region. From the application of the stepwise algorithm, the statis-
tically significant spectral regions (Figure 7), for the discrimination, were 1390–945 and
847–803 cm−1. The first spectral region was assigned to the stretching vibration of C–O
and bending of C–C and –CH2– of glucose and fructose. The second was correlated with
C–C–H of fructose.

Figure 7. The statistically significant spectral region on which the chemometric model was based for
the differentiation of four honey varieties.

Subsequently, the calibration model was performed based on the LDA algorithm.
Wilks’ Lambda test showed that a significant difference exists between the mean vectors
of the four monofloral honey groups (Wilks’ Lambda = 0.063 with p < 0.05 for the first
canonical discriminant function; 0.251 with p < 0.05 for the second and 0.651 with p < 0.05
for the third). The eigenvalues of the three discriminant functions (3.021; 1.589 and 0.538)
confirmed the calibration model and revealed that the first two discriminant functions
were significant for the differentiation of the honey samples, while the values of the
corresponding canonical correlations were 86.7%, 78.3%, and 59.1%, respectively.

As per the previous results, the discriminant scatter plot (Figure 8) confirmed our
current understanding of honey. Thus, 93% of samples were classified correctly, with
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the cross-validation being 82.3% (Table 3). Of the 26 “unknown” samples, 84.6% were
identified correctly. From the standardized canonical discriminant function coefficients
for ATR-FTIR spectroscopy, several spectral regions responsible for the discrimination of
specific honey groups were revealed. While the first function separates thyme honey from
fir and pine honey, the second function separates a large percentage of citrus honey from
fir honey. Specifically, the functional groups corresponding to the characteristic groups
C–H, C–O, C–O–C, and C–OH permit more refined discrimination of certain botanical
origins with particularly high absolute coefficients, which correspond mainly to the sugars
(fructose and glucose). This result could be explained by the fact that blossom honey has a
different proportion of sugars from honeydew honey [43].

Figure 8. Discrimination results based on FTIR spectroscopy.

Table 3. Classification results based on FTIR spectroscopy.

Classification Results 1,2

Label
Predicted Group Membership

Total
Fir Honey Thyme Honey Pine Honey Citrus Honey

Original

Count

Fir honey 12 0 2 0 14
Thyme honey 0 20 0 0 20

Pine honey 0 0 12 2 14
Citrus honey 0 0 0 14 14

%

Fir honey 85.7 0.0 14.3 0.0 100.0
Thyme honey 0.0 100.0 0.0 0.0 100.0

Pine honey 0.0 0.0 85.7 14.3 100.0
Citrus honey 0.0 0.0 0.0 100.0 100.0

Cross-validated 3

Count

Fir honey 12 0 2 0 14
Thyme honey 2 17 0 1 20

Pine honey 0 0 12 2 14
Citrus honey 0 3 1 10 14

%

Fir honey 85.7 0.0 14.3 0.0 100.0
Thyme honey 10.0 85.0 0.0 5.0 100.0

Pine honey 0.0 0.0 85.7 14.3 100.0
Citrus honey 0.0 21.4 7.1 71.4 100.0

1 93.5% of original grouped cases correctly classified. 2 82.3% of cross-validated grouped cases correctly classified; 3 cross validation is done
only for those cases in the analysis. In cross validation, each case is classified by the functions derived from all cases other than that case.
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The LDA algorithm has not been previously applied for the discrimination of the
four monofloral honey groups. Gok et al. [18] successfully performed a principal com-
ponent analysis (PCA) discrimination of eight different honey botanical origins from
Turkey. Devi et al. [17] also reported a satisfactory classification among multifloral and
monofloral honey when ATR-FTIR was coupled with PCA. Finally, Ciulu et al. [48] applied
a random forest algorithm to the classification of 80 samples of asphodel, eucalyptus,
thistle, and strawberry tree honey, thereby achieving an average accuracy of 87% in a
cross-validation context.

The findings indicate a high discrimination rate of FTIR spectroscopy in combination
with chemometrics as a more powerful authentication tool compared to the developed
statistical model based on volatile compounds. The above results highlight the importance
of FTIR spectroscopy in combination with chemometrics as an authentication tool with
potential application in the industry. This is of great importance as it comprises a rapid,
environmentally friendly, and low-cost technique, without the requirement of specialized
staff and tedious sample pretreatment.

4. Conclusions

Samples of honey (fir, thyme, pine, citrus) of Greek origin, identified in accordance
with European and Greek legislation, were studied using SPME-GC-MS and ATR-FTIR
spectroscopic techniques. The gas chromatographic and spectroscopic data in combination
with the stepwise LDA statistical technique led to the development of two chemometric
models for the identifications of their botanical origin. The validation was performed
both internally (cross-validation) and externally (test set). The SPME-GC-MS-stepwise-
LDA chemometric model is based on six volatile compounds associated with a botanical
origin and not with thermal processing or storage conditions. This model recognized
85.5% of standards, while 82.3% (cross-validation) and 88.5% (external validation) of
samples were identified correctly. The ATR-FTIR-stepwise-LDA chemometric model was
based mainly on the spectral region of sugar absorption, and the corresponding results
were 93.5%, 82.5%, and 84.6%. The results show that the two chemometric models are
equivalent. In addition, considering that identified samples and double validation were
used, the chemometric models are considered robust. Comparing the two chemometric
models, ATR-FTIR-stepwise-LDA has the advantages of simplicity and speed and is also
more economical.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11073159/s1, Table S1: Results of physicochemical analysis. Table S2: Results of melis-
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