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Botanical origin discrimination of Greek
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Abstract

BACKGROUND: The authenticity of honey is of high importance since it affects its commercial value. The discrimination of the
origin of honey is of prime importance to reinforce consumer trust. In this study, four chemometric models were developed
based on the physicochemical parameters according to European and Greek legislation and one using Raman spectroscopy
to discriminate Greek honey samples from three commercial monofloral botanical sources.

RESULTS: The results of physicochemical (glucose, fructose, electrical activity) parameters chemometric models showed that
the percentage of correct recognition fluctuated from 92.2% to 93.8% with cross-validation 90.6–92.2%, and the placement
of test set was 79.0–84.3% successful. The addition of maltose content in the previous discrimination models did not signifi-
cantly improve the discrimination. The corresponding percentages of the Raman chemometric model were 95.3%, 90.6%,
and 84.3%.

CONCLUSION: The five chemometric models developed presented similar and very satisfactory results. Given that the recording
of Raman spectra is simple, fast, a minimal amount of sample is needed for the analysis, no solvent (environmentally friendly) is
used, and no specialized personnel are required, we conclude that the chemometric model based on Raman spectroscopy is an
efficient tool to discriminate the botanical origin of fir, pine, and thyme honey varieties.
© 2020 Society of Chemical Industry
Supporting information may be found in the online version of this article.
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INTRODUCTION
According to Codex Alimentarius,1 ‘honey is the natural sweet
substance, produced by honeybees from the nectar of plants or
from secretions of living parts of plants, or excretions of plant-
sucking insects on the living parts of plants, which the bees col-
lect, transform by combining with specific substances of their
own, deposit, dehydrate, store and leave in honeycombs to ripen
and mature’. Nowadays, honey is the most important primary
product of beekeeping, from both quantitative and economic
points of view. The most recently published statistics estimate
an annual Greek production for 2017 of 21.939 t with total con-
sumption 1.7 kg per person.2 Domestic production covers about
90% of consumption.3 Beekeeping is widespread throughout
the country, but there are areas of greater interest in beekeeping.
Among Greek unifloral honeys, pine, fir, and thyme varieties are

commercially available. Pine honey comes from honeydew secre-
tions of Marchallina hellenica (Gennadius), a hemipteran insect
species parasitizing living parts of various Pinus species. The main
pine species in the Greek region are Pinus halepensis Ten. and
Pinus brutiaMill., which belong to the Pinaceae family. Pine honey
is mainly collected during August to October, and it constitutes
approximately 65% of total Greek annual honey production.4 Fir
honey is also a honeydew honey, produced mainly from Abies

cephalonica Loudon and Abies albaMill., also of the Pinaceae fam-
ily.5 It is estimated that about 5% of the annual production in
Greece is fir honey. Thyme honey is a blossom variety derived
from Thymbra capitata L. of the Lamiaceae family and amounts
to about 10% of the total annual production. We mainly find it
in the Greek islands. The commercial value of these honeys is high
for Greece; therefore, standardization acquires increasingly fur-
ther interest.
According to European legislation, the honey botanical origin is

determined by physicochemical characteristics such as sugar con-
tent, moisture, water-insoluble fraction, electrical conductivity,
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free acid, diastase activity, and hydroxymethylfurfural.6 Greece
also uses melissopalynological analysis.7

Many studies have been published regarding honey botanical
origin based on physicochemical parameters in combination with
chemometric techniques.8–13 However, a wide dispersion of these
parameters for the honey type was found, which is associated
with the natural heterogeneity of honey as a product. It produced
overlapping of these variables, which reduces their usefulness in
honey source classification.14

Raman spectroscopy is a simple spectroscopic technique used in
condensed matter physics and chemistry to study vibrational, rota-
tional, and other low-frequency modes in a system.15,16 Raman
spectra are not affected by the presence of water, and the effect
of fluorescence is minimal.17 Nowadays, Raman spectroscopy is
increasingly used as an analytical technique for the evaluation of
food safety and quality. In recent years, several studies on honey
were performed, proving the potential of Raman spectroscopy as
a feasible alternative for honey authentication.16,18–20

Multivariate methods have been recently applied in the field of
honey authentication to different extents, starting from principal
component analysis (PCA), and clustering methods.18,19 Super-
vised multivariate classification models have also been applied,
the most exploited tools being: linear discriminant analysis
(LDA),15,20 PCA–LDA,21 factorial discriminant analysis22 and
K nearest neighbors.23 Other approaches are based on artificial
neural networks23,24 and support vector machines.25

The aim of this work is to investigate the potential of chemo-
metric models developed based on (i) physicochemical parame-
ters according to European and Greek legislation and (ii) Raman
spectroscopy for the purpose the discrimination of botanical ori-
gin of three Greek commercial honeys. An additional goal is to
compare these chemometric models with each other.

MATERIALS AND METHODS
Samples
Eighty-three monofloral honey samples from three botanical
sources (27 pine, 19 fir, and 37 thyme) were purchased directly
from Greek beekeepers from 2018 to 2019 harvest years. To
ensure that all samples could be classified as monofloral, melliso-
palynological analysis was performed. The water content of sam-
ples ranged between 13.70 and 18.40% (w/w). Samples were
delivered to the laboratory and kept in the dark at 25 °C until fur-
ther analysis. Honey samples were liquefied in a water bath at 55 °
C for 20 min and their Raman spectra were recorded.20

Raman spectroscopy
A DeltaNu Advantage 785 visible–infrared Raman spectrometer
(DeltaNu Inc., Laramie, WY, USA) equipped with a 785 nm diode
laser for excitation with a maximum output power of 71.6 mW
was used to record the honey's spectra. Each spectrum was a 10 s
acquisition over the spectral range of 2000–200 cm−1 using a reso-
lution of 8 cm−1. The spectrometer was accompanied by NuSpec
software. A small amount of each sample of honey was placed in
Wilmad NMR sample tubes (40 x 8.2mm) (Warminster, USA), , and
remained at room temperature before analysis to remove the bub-
bles. Nine spectra were obtained for each honey sample.
Raman spectra were smoothed using the Savitsky–Golay algo-

rithm and their baselines were corrected. These pretreatments
were performed with ‘automatic smoothing’ (five-point moving
second-degree polynomial) and ‘baseline correction’ (second-
degree polynomial, 20 iterations) functions. Finally, using the

Statistical Spectra function, the mean of nine spectra for each
sample was taken from the nine initial spectra and themean spec-
trum was normalized (absorbance maximum value of 1). Spec-
trum processing was performed using OMNIC v.9.1 software
(Thermo Fisher Scientific Inc., Waltham, MA, USA).

Physicochemical and melissopalynological analysis
The determination of the honey sugars was performed by high-
performance liquid chromatography using a Shimadzu CTO-10A
column oven and a Shimadzu RID-20A detector (Duisburg, Ger-
many).26 Fructose, glucose, maltose, and sucrose content were
determined. Furthermore, the sum of fructose and glucose was
calculated. Electrical conductivity (μS cm−1) was performed with
a Consort C3010 multi-parameter analyzer (Turnhout, Belgium)
according to the International Honey Commission.27 Finally, mois-
ture (%, w/w) was measured using a 38-01 OPTi refractometer
(Bellingham & Stanley, Tunbridge Wells, UK) and Edmund Buhler
water bath (Labortechnik Biotechnologie Materialtechnik Unwelt-
technik, Wasserburg, Germany) according to the International
Honey Commission.27

The melissopalynological analysis was performed with a Krüss
microscope (A. Krüss Optronic GmbH, Hamburg, Germany).28

Statistical analysis
Chemometric models were developed for the discrimination of the
samples according to the botanical origin. The chemometric
models were based on physicochemical variables and the LDA sta-
tistical technique, one according to European legislation and one
other according to Greek legislation.6,7 In these two chemometric
models, maltose content was added and they were recalculated
and compared. Then, a chemometric model based on Raman spec-
troscopy and a stepwise-LDA statistical technique was developed.
For the development of chemometric models, the 83 samples

were randomly allocated into twogroups. The first group of 64 sam-
ples (termed ‘standards’; St1–St64) was used as a calibration set and
the second set of 19 samples (termed ‘unknown’; T1–T19) was used
as the test set. The normal distribution (P > 0.05) of variables of
each group was exanimate by the Kolmogorov–Smirnov and
Shapiro–Wilk normality tests. The correlation coefficient between
variables was checked (P < 0.05). Each chemometric model was
checked by cross-validation. The statistical analysis was performed
using SPSS v.25 software (IBM Corp., Armonk, NY, USA).

RESULTS AND DISCUSSION
Physicochemical and melissopalynological analysis
Table 1 shows the results of physicochemical analysis. Fructose
and glucose are themain sugars in honey, and their actual propor-
tion depends largely on the source of the nectar.29 The sum of
fructose and glucose for honeydew and blossom honeys must
be not less than 45% and 60% (w/w) respectively.6 In our case,
fir and pine honeys had a minimum content of 46.30% and
46.40% (w/w) respectively, and thyme honeys had 60.10%
(w/w). It has been reported that honeydew honey presented a
lower mean content of this parameter than blossom honey.9,30

This can be confirmed by our results, as shown in Table 1. The
maltose content is correlated with the botanical origin,31 and hon-
eydew honeys usually have a higher maltose content than blos-
som honeys,32 yet our results showed similar maltose content in
all three botanical origins (2.37–2.50% w/w). The sucrose content
presented differences, with a higher mean value found in thyme
honey samples (0.63% w/w).
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Electrical conductivity is a good indicator of the botanical origin
of honey.33 Overall, honeydew honeys are generally characterized
by higher values of electrical conductivity than blossom honeys
are.9,34,35 The European legislation states that blossom honeys
must have values <800 μS cm−1, whereas honeydew honey and
mixtures of honeydew and blossom honeys must have values of
>800 μS cm−1.6 Simultaneously, Greek legislation states that fir
honey must have values >1000 μS cm−1, pine honey
>900 μS cm−1, and thyme honey <600 μS cm−1.7 The average
electrical conductivity we found for the fir honey samples was
1562 μS cm−1, for pine honey it was 1114 μS cm−1, and for thyme
honey it was 443 μS cm−1.
Moisture content is an important quality parameter that influ-

ences the shelf life of honey.36 This depends on various factors,
including the harvesting season, the degree of maturity reached
in the hive, and climate factors.37 Moisture content cannot be
higher than 20% (w/w)6 and no more than 18.5% (w/w) for fir
honeys.7 The moisture content of all samples ranged between
13.70% and 18.40% w/w.
The melissopalynological analysis results are shown in Sup-

porting Information Table S1. Thyme honey samples have
≥18% thyme pollen grains, and at the same time the percent-
age of pollen grains of other plant species does not exceed

45%. Melissopalynological analysis is not a safe criterion for
botanical origin of pine and fir honeys.38 The existence of fun-
gal spores, mold hyphae, microscopic algae, trichomes, and
pollen from nectarless and anemophilous plants, stated as hon-
eydew elements (HDEs), contributes to the botanical recogni-
tion of these honeys. Pine honey samples have important
presence of HDEs, and fir honey samples have a small presence
of HDEs.38

Spectroscopic analysis
Representative spectra from each botanical origin are presented
in Fig. 1. The assignments of the major peaks are shown in
Table 2. It was observed that the spectra showed significant sim-
ilarities. The most important area of the spectrum is between
1700 and700 cm−1‑, where the most characteristic groups and
sugars absorb.

LDA based on European legislation physicochemical
analysis
Hydroxymethylfurfural and diastase activity are usually used as a
measure of honey freshness.47 The pH value is related to the sta-
bility, the shelf life of honey, and as an indicator for possible
microbial contamination.48,49 Therefore, the previous parameters

Table 1. Results of physicochemical analysisa

Botanical origin
Aggregate
functions Fructose (%) Glucose (%)b Maltose (%)c Sucrose (%)d Fructose + glucosee

Electrical
conductivity
(μS cm−1)f Moisture (%)g

Fir honeys Min. 25.50 20.80 0.00 0.00 46.30 1241 13.70
Max. 35.50 32.70 7.10 0.10 64.50 2000 18.40
Average 30.16 24.53 2.37 0.07 54.69 1562 15.37

Pine honeys Min. 26.20 22.60 0.00 0.00 46.40 901 14.40
Max. 39.20 42.20 6.10 1.00 77.20 1431 17.90
Average 31.41 28.39 2.50 0.13 59.43 1114 16.02

Thyme honeys Min. 31.30 25.50 0.00 0.00 60.10 273 14.30
Max. 43.70 45.40 6.30 2.30 86.40 588 17.90
Average 36.82 31.08 2.50 0.63 67.88 443 15.93

a All percentages w/w.
b Glucose (%w/w).
c Maltose (%w/w).
d Sucrose (%w/w).
e Sugars (fructose, glucose) (%w/w).
f Electrical conductivity (μS cm−1).
g Moisture (%w/w).

Figure 1. Mean Raman spectra derived from thyme, pine, and fir honey samples.
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are not related to the botanical origin. For this reason, they were
not included in the chemometric models based on the physico-
chemical characteristics.
It emerged from the Kolmogorov–Smirnov and Shapiro–Wilk

tests that the results of some variables did not confirm the nor-
mality hypothesis, since the values of the statistical P-value were
lower than the significance level of 5% (P < 0.05; Table 3). Then,
the correlation coefficient between variables was checked with

Spearman's rho test. The results showed that the variables are
somewhat correlated.
So, the next step was the use of PCA. However, it was necessary

to check the suitability of the variables for PCA (varimax rotation).
The value of Kaiser–Meyer–Olkin measure of sampling adequacy
was found to be 0.466. The Bartlett test of sphericity was
χ2 = 691.516 (P < 0.05). Finally, the values of sampling adequacy
from the anti-image correlation table were <0.5. The

Table 2. Main peaks of the Raman spectrum derived from honey samples

Wavenumber (cm−1) Functional group Peak performance Assignment Reference

∼325–328 C C C Glucose and fructose Stretching 20

∼423 C C O and C C C Glucose and fructose Bending 20

∼455–458 Skeletal Sugars Stretching 20

∼517–518 C C O and C C C Glucose and fructose Bending 39,40

∼539–541 Ring Fructose Stretching 39,40

∼588–590 Ring Fructose Deformation 39,40

∼627 Skeletal Sugars Stretching 19,41

∼705 C O, C C O, and O C O Sugars Stretching and Bending 20,40

∼819–821 C H Sugars Stretching 20,42

∼860–864 C H, C O H, and CH2 Sugars Stretching 20,42

∼916–917 C H and C O H Sugars Bending 20,40

∼978–980 C C H Fructose Bending 43

∼1063–1065 C O Sugars Stretching 20,44

∼1121–1125 C N Proteins – amino acids Stretching 40

∼1266–1271 C ΟH Protein – amide (III) Stretching 25,45

∼1363 CH2 Sugars Deformation 25,45

∼1460–1461 CH2 and COO− Flavanols and organic acids Bending and stretching 44–46

Table 3. Correlation between physicochemical variables

Physicochemical
variables

Aggregate
functions Fructose (%)a Glucose (%)b Maltose (%)c Sucrose (%)d Fructose + glucose (%)e EC (μS cm−1)f Moisture (%)g

Fructose CCh

P-value
Glucose CC 0.55**

P-value 0.00
Maltose CC 0.11 0.05

P-value 0.37 0.69
Sucrose CC 0.20 0.01 0.40**

P-value 0.14 0.93 0.00
Fru-Glu CC 0.88** 0.85** 0.11 0.08

P-value 0.00 0.00 0.37 0.53
EC CC −0.63** −0.41** −0.15 −0.58** −0.55**

P-value 0.00 0.00 0.22 0.00 0.00
Moisture CC 0.10 0.39** −0.02 −0.06 0.29* −0.17

P-value 0.44 0.00 0.90 0.65 0.02 0.17

*P < 0.05;
** P < 0.01.
a Fructose (%w/w).
b Glucose (%w/w).
c Maltose (%w/w).
d Sucrose (%w/w).
e Sugars (fructose, glucose) (%w/w).
f Electrical conductivity (μS cm−1).
g Moisture (%w/w).
h Correlation Coefficient.
N = 64. All percentages w/w. CC: correlation coefficient; EC: electrical conductivity.
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aforemetioned results indicate that the variables were not suit-
able for PCA.
Moreover, the LDA model can be used excluding some vari-

ables. Sucrose was the first variable to be excluded, because it
did not confirm the normality hypothesis and had outliers accord-
ing to the Kolmogorov–Smirnov and Shapiro–Wilk tests. The sum
of fructose and glucose was excluded as it had a high correlation
with other variables. Finally, electrical conductivity and moisture
were used for the LDA model, based on European legislation.
Box's M test (P > 0.001) confirmed that we could continue with

LDA.50 Figure 2 shows the results of LDA. The group centroid
values, which represent the unstandardized canonical discrimi-
nant functions evaluated at group means, are also plotted. Each
centroid gives information about the coordinates (discriminant
functions) of the group means in the polyparametric space.

Specifically, the percentage of samples that were classified cor-
rectly was 92.2%, whereas using the cross-validation method
resulted in 90.6% (Table 4).
According to the Wilks' Lambda (Λ) statistical test, the percent-

age that cannot be explained by the variability variable is very
small (Λ = 0.090 with P < 0.05 for the first and Λ = 0.904 with
P < 0.05 for the second canonical discriminant function).
With regard to the eigenvalues, the first discriminant function

recorded the higher eigenvalue (9.025) and the second a much
lower one (0.106). The canonical correlation for the first discrimi-
nant function was estimated at 94.9%, which explains 98.8% of
total variance. The corresponding values for the second discrimi-
nant function were found to be 31.0% and 1.2%. This means that
the first function contributes significantly to the separation of
regions. Discriminant functions accounted for 100% of total
variance.
Of the ‘unknown’ fir honey samples, 80% were correctly classi-

fied and the other 20% were in the pine honey group. Of the
‘unknown’ pine honey samples, 70% were correctly classified
and 30% were in the fir honey group. Every ‘unknown’ thyme
honey sample was correctly classified. In total, from the
19 ‘unknown’ honey samples, 15 (79.0%) were correctly classified
and four (21.0%) misclassified. Samples that were not classified
correctly could in some cases be justified. Pine and fir honey are
honeydew honeys, with several similarities in physicochemical
characteristics (sugars, electrical conductivity, moisture), so false
prediction is explicable. Also, thyme honey often has a variable
contribution of pine honeydew.47

Then, maltose was added and the model was recalculated
(Supporting Information Table S2). Ιt should be mentioned that
maltose confirmed the normality hypothesis and did not correlate
with the other variables. The percentage of samples that were
classified correctly was 92.2%, and the cross-validation method
result was 92.2% too. Compared with the European chemometric
model, the percentage when using the cross-validation method
was a little bit higher. Also, the prediction set had better classifica-
tion results, with 16 (84.3%) samples that were correctly classified
and three (15.7%) misclassified.

Figure 2. Discrimination results based on European legislation physico-
chemical analysis.

Table 4. Classification resultsa,b based on European legislation physicochemical analysis

Label

Predicted group membership

TotalFir honeys Pine honeys Thyme honeys

Original Count Fir honeys 10 4 0 14
Pine honeys 1 16 0 17
Thyme honeys 0 0 33 33

% Fir honeys 71.4 28.6 0.0 100.0
Pine honeys 5.9 94.1 0.0 100.0
Thyme honeys 0.0 0.0 100.0 100.0

Cross-validatedc Count Fir honeys 10 4 0 14
Pine honeys 2 15 0 17
Thyme honeys 0 0 33 33

% Fir honeys 71.4 28.6 0.0 100.0
Pine honeys 11.8 88.2 0.0 100.0
Thyme honeys 0.0 0.0 100.0 100.0

a 92.2% of original grouped cases correctly classified.
b 90.6% of cross-validated grouped cases correctly classified.
c 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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LDA based on Greek legislation physicochemical analysis
Greek legislation includes the variables of both European legislation
and melissopalynological analysis. The results of discrimination anal-
ysis are shown in Fig. 3. Some93.8%of honey sampleswere classified
correctly, whereas the corresponding percentage using the cross-
validation technique was found to be 92.2% (Table 5). Wilks' Lambda
values were found to be very small, at 0.051 and 0.666 (P < 0.05) for
the first and second canonical discriminant functions, respectively.
The corresponding eigenvalues were 12.061 and 0.502. The canoni-
cal correlation for the first and second discriminant functions was
estimated at 96.1% and 57.8%,which explain 96.0% and 4.0%of total
variance, respectively. This shows that the first function contributes
significantly to the separation of regions.
Ther were 19 ‘unknown’ honey samples (84.3%) correctly classi-

fied and three (15.7%) misclassified. In particular, 100% of the fir

honey samples were correctly classified. For the pine honey sam-
ples, 70% were correctly classified and the other 30% were in the
fir honey group. Every ‘unknown’ for thyme honey was correctly
classified.
A second chemometric model based on Greek legislation plus

the maltose content was developed (Supporting Information
Table S3). The percentage of samples that were classified correctly
was 93.8%, whereas when using the cross-validation method it
was 92.2%. The prediction set had the same classification results
as the Greek legislation model.
From the previous analysis, we conclude that the four proposed

chemometric models can discriminate the honey samples satis-
factorily. The addition of maltose content in the chemometric
model increases the discrimination percentage. This confirms its
association with the botanical origin of honey.

Stepwise-LDA of Raman spectra
The statistically significant spectral regions (Fig. 4) that the statis-
tical model was based on for the discrimination of the three vari-
eties (fir, pine, and thyme) were 600–680, 890–950, 955–1000, and
1000–1100 cm−1. The first spectral region, 600–680 cm−1, was
related to deformation of the fructose ring. The second spectral
region, 890–950 cm−1, was related to the bending vibration of
C H and C O H. The third spectral region, 955–1000 cm−1,
was related to the C C H bending of the fructose. Finally, the
fourth spectral region, 1000–1100 cm−1, was related to the vibra-
tion of C O, and the region from 1070 to 1077 cm−1 was mainly
due to vibration of C H and C O H of sugars and a small contri-
bution from the vibration of the C N bond of proteins and amino
acids.
We based the creation of the calibration model on the spectral

differences in the 1280–600 cm−1 spectral region. The equiva-
lence between the groups was checked with Box's M test
(P > 0.001), because the number of samples per group is not the
same. The results showed that six steps were formed. The Wilks'
Lambda value of the first step was found to be 0.829 with
P < 0.05, the second was 0.220 with P < 0.05, the third was

Figure 3. Discrimination results based on Greek legislation physicochem-
ical analysis.

Table 5. Classification resultsa,b based on Greek legislation physicochemical analysis

Label

Predicted group membership

TotalFir honeys Pine honeys Thyme honeys

Original Count Fir honeys 12 2 0 14
Pine honeys 2 15 0 17
Thyme honeys 0 0 33 33

% Fir honeys 85.7 14.3 0.0 100.0
Pine honeys 11.8 88.2 0.0 100.0
Thyme honeys 0.0 0.0 100.0 100.0

Cross-validatedc Count Fir honeys 11 3 0 14
Pine honeys 2 15 0 17
Thyme honeys 0 0 33 33

% Fir honeys 78.6 21.4 0.0 100.0
Pine honeys 11.8 88.2 0.0 100.0
Thyme honeys 0.0 0.0 100.0 100.0

a 93.8% of original grouped cases correctly classified.
b 92.2% of cross-validated grouped cases correctly classified.
c 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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0.159 with P < 0.05, the fourth was 0.123 with P < 0.05, the fifth
was 0.101 with P < 0.05, and the sixth was 0.088 with P < 0.05.
Then, stepwise-LDA was performed in honey samples to set the

calibration model. According to the results, a satisfactory discrim-
ination was observed (Fig. 5). Honeys were differentiated accord-
ing to botanical origin. The group centroid values, which
represent the unstandardized canonical discriminant functions
evaluated at group means, are also plotted. Each centroid gives
information about the coordinates (discriminant functions) of
the group means in the polyparametric space. More specifically,
the percentage of samples that were classified correctly was
95.3%, whereas with the method of cross-validation it was
90.6% (Table 6).
According to the Wilks' Lambda statistical test, the percentage

that cannot be explained by the variability variable is very small
(Λ = 0.088 with P < 0.05 for the first and Λ = 0.487 with
P < 0.05 for the second canonical discriminant function), which
shows satisfactory discriminating ability of the chemometric
model.
The calibration model was also confirmed by eigenvalues. The

first discriminant function recorded the higher eigenvalue
(4.535) and the second a much lower eigenvalue (1.053). The

Figure 5. Discrimination results based on Raman spectra analysis.

Figure 4. The statistically significant spectral regions that the statistical
region was based on for the differentiation of the three honey varieties.

Table 6. Classificationa,b results based on Raman spectra

Label

Predicted group membership

TotalFir honeys Pine honeys Thyme honeys

Original Count Fir honeys 13 1 0 14
Pine honeys 0 16 1 17
Thyme honeys 0 1 32 33

% Fir honeys 92.9 7.1 0.0 100.0
Pine honeys 0.0 94.1 5.9 100.0
Thyme honeys 0.0 3.0 97.0 100.0

Cross-validatedc Count Fir honeys 12 2 0 14
Pine honeys 0 16 1 17
Thyme honeys 0 3 30 33

% Fir honeys 85.7 14.3 0.0 100.0
Pine honeys 0.0 94.1 5.9 100.0
Thyme honeys 0.0 9.1 90.9 100.0

a 95.3% of original grouped cases correctly classified.
b 90.6% of cross-validated grouped cases correctly classified.
c 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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canonical correlation for the first discriminant function was esti-
mated at 90.5%, which explains 81.2% of total variance. The sec-
ond discriminant function was estimated at 71.6%, which
explains 18.8% of total variance. This confirms that the first func-
tion contributes significantly to the separation of regions. Discrim-
inant functions accounted for 100% of total variance.
In total, from the 19 ‘unknown’ honey samples, 16 (84.3%) were

correctly classified and three (15.7%) misclassified. Of the
‘unknown’ fir honey samples, 60% were correctly classified. The
other 40% were classified in the pine honey group. The corre-
sponding percentage for the ‘unknown’ pine honey samples
(90%) was correctly classified in the pine honey group. The other
10% were classified in the fir honey group. Of the ‘unknown’
thyme honey samples, 100% were correctly classified in the
thyme honey group. Pine and fir honeys are honeydew varieties,
with several similarities in physicochemical characteristics (sugars,
electrical conductivity, moisture), so false prediction is explicable.
Also, thyme honey often has some contribution of pine honey.
For the estimation of these results, partial least-squares regres-

sion models were performed between the Raman spectra and
the parameters that were considered as significant for the chemo-
metric models.45 The results showed the parameters evaluated
had a high correlation coefficient (Supporting Information
Figs S1–S3). Good calibration models were obtained between
Raman spectra and electrical conductivity (R2 = 0.967), moisture
(R2 = 0.877), and maltose (R2 = 0.760). These results confirm the
hypothesis that Raman spectroscopy is a useful technique with
acceptable accuracy in determining the botanical origin of mono-
floral honeys.

CONCLUSIONS
Two chemometric models were developed, employing data from
physicochemical parameters according to European and Greek
legislation, and two other models according to previous parame-
ters plus maltose content, for the purpose of botanical discrimina-
tion of three commercial Greek honeys (fir, pine, thyme).
According to the results, the percentage of correct standard rec-
ognition ranged from 92.2% to 93.8%, with cross-validation values
of 90.6–92.2%, whereas the percentage of correct placement of
the ‘unknown’ samples of the test set was 79.0–84.3%. The addi-
tion ofmaltose content to the chemometric models did not signif-
icantly affect the results of the discrimination.
In addition, a chemometric model of discrimination was devel-

oped based on Raman spectroscopy combined with stepwise-
LDA. The results were similar to those of previous chemometric
models (recognition of standards: 95.3%; cross-validation: 90.6%;
test set: 84.3%).
Considering that Raman spectroscopy is simple, is not time-

consuming, is non-destructive, requires small amounts of
samples, is environmentally friendly (does not use solvents),
does not require specialized personnel, and, at the same time,
is just as accurate, we conclude that it can be used for botan-
ical origin discrimination of the aforementioned honey sam-
ples, in combination with the stepwise-LDA statistical
technique.

SUPPORTING INFORMATION
Supporting information may be found in the online version of this
article.
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