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The importance of geographical origin determination is an increasing and pressing requirement for
all foods. Honey is one of the largest studied foods due to its nutritional and medicinal properties in
a correct diet. In this paper, a total of 41 honey samples (polyfloral and acacia) from different countries
have been analyzed in terms of 1H NMR spectroscopy coupled with multivariate statistical methods.
Unsupervised principal component analysis resulted as an efficient tool in distinguishing 1H NMR
spectra of polyfloral and acacia honey samples and for geographical characterization of the latter
ones. Hierarchical projection to latent structures discriminant analysis was successfully applied for
the discrimination among polyfloral honey samples of different geographical origins. 13C NMR
spectroscopy was applied to honey samples with the aim to investigate possible sugar isoforms
differentiation. Our preliminary data indicated a different isoforms ratio between �FP and �FF only
for polyfloral Argentinean samples, while Hungarian samples showed resonance shifts for some
carbons of RFF, �FP, �FF, and RGP isoforms for both varieties. These data confirmed the potentiality
of 13C spectroscopy in food characterization, especially in sugar-based foods.
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INTRODUCTION

According to the Codex Alimentarius Commission (1), honey
is defined as a natural sweet substance produced by honey bees
and is made up of water and sugars, mainly fructose and glucose.
Other minor components like proteins, free amino acids, flavors
and aromas, pigments, vitamins, and many volatile compounds
are present, constituting the organoleptic and nutritional proper-
ties of honeys. Honey is a very popular and appreciated product
all around the world because of its readily available source of
energy and also because of its antibacterial and antioxidant
activity (2, 3). The large variety of honey available nowadays
in the European markets, whether multi- or polyfloral type,
presents large differences in physical, chemical, and organoleptic
characteristics because of the variable percentage of different
plants from which they are obtained. On the opposite, uni- or
monofloral honeys are constituted of nectar belonging to a single
plant in an extent of at least 10-20 (i.e., citrus, arbutus,
lavender, thymus, and rosemary) or 45% for the others (i.e.,
eucalyptus or castanea) (4–6).

Italian production of nectar and honeydew in 2007 was as
high as 20000 tons. Unfortunately, adulteration was largely
performed (mainly due to the lower price of honey from China
or Latin America). Thus, it is necessary to control the quality
and authenticity to preserve the production area, to develop

particular standards of quality, and to protect consumers from
commercial speculation (7). Differences in price and quality
also persist between countries within Europe and even among
regions of the same country. In particular, the European Union
Commission is encouraging the development of new analytical
methods to control and verify the quality specification for
different honeys and to characterize the geographical origin.

Following the Codex Alimentarius Standard for honey (1)
and the Council directive (8), the use of honey botanical
designation is allowed according to floral or plant source,
whereas the use of the geographical origin is allowed when
produced exclusively within the area declared in the label. The
council directive (8) established that the product label should
report the place where the honey was gathered. Honey origi-
nating from different countries, either from the European
Community (EC) or not, should be indicated with the mentions
“blend of EC honeys”, “blend of non-EC honeys”, or “blend
of EC and non-EC honeys”.

Actually, botanical and geographical origin is evaluated by
pollen analysis (melissopalynology) because pollen reflects the
vegetation from which the nectar was collected. However, for
a correct evaluation of the botanical origin, sensory and several
physicochemical analyses like color, flavor, pH and total acidity,
electrical conductivity, optical activity, moisture, sugar profile,
proline amount, and invertase and diastase activity are
needed (9, 10). Melissopalynology presents some limitations
(11): a great knowledge of pollen morphology and specialized
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professional personnel are required to achieve reliable results.
Besides, the pollen analysis is quite time-consuming due to
pollen scarcity, and fraudulent additions could invalidate the
results (12). Nevertheless, a geographical characterization of
Greek thyme honey has been recently obtained with a discrimi-
nant analysis protocol (13). Many other studies were performed
to establish new methodologies and different analytical methods,
mostly combined with chemometric analysis, to assess the
geographical origin of honey, with either different or equal
botanical origin (14–21).

Among all of the analytical methods applied in food
characterization, NMR has achieved during last years general
acceptance as a powerful method (22, 23) due to its noninvasive
characteristics, high reproducibility, and sensitivity demonstrated
in a large range of applications. NMR studies, focused on
structure determination of specific compounds in honey, were
already present in the literature (24–27), and recently, a
classification method based on heteronuclear NMR experiments
was proposed (28) with the attempt to classify different botanical
origins of honey samples. In this work, we present a study
focused on the geographical differentiation of polyfloral and
acacia honeys from different countries (EC and non-EC) by
using 1H NMR combined with multivariate statistical protocols.
Furthermore, a 13C NMR-based approach showed the possibility
to analyze the isoforms of the most abundant sugars, giving
promising results in honey characterization. The main advantage
of our methodology resumes a rapid and sensible analysis with
very simple sample preparation.

MATERIALS AND METHODS

NMR Analysis. Twenty-three samples of polyfloral and 18 samples
of acacia honey of different geographical origin were analyzed. Among
the polyfloral honey samples, 15 were of certain origin: three from
Argentina, 12 from EC countries, and precisely seven from Hungary
and five from Italy. Another eight samples were purchased directly on
the market: one belonged to Argentina, three to EC countries (one from
Italy, one from Hungary, and one a blend of different EC countries),
while four were blends of honeys from EC and non-EC countries. All
acacia honey samples were of certain origin: 15 were from Italy, while
three were from Hungary. 1H NMR spectra were recorded on a Bruker
DMX 500 spectrometer (Bruker Biospin GmbH Rheinstetten, Karlsruhe,
Germany) operating at 11.7 T and equipped with a 5 mm reverse probe
with z-gradient. Two replicates were taken for each sample, prepared
in double after mixing to minimize possible variability: about 100 mg
of honey was dissolved in 600 µL of deuterated water (Sigma-Aldrich,
99.96 atom % D, Milan, Italy) for each sample. The measured pH
ranged between 3.5 and 4.5 for all analyzed samples. All spectra were
recorded at 300 K, with 7500 Hz spectral width and 32 k of data points.
Solvent suppression was achieved by applying a presaturation scheme
with low-power radiofrequency irradiation. An exponential function
with LB ) 0.3 was applied before Fourier transformation, and phase
and baseline were manually corrected with ACD/Spec Manager (ACD
Laboratories, version 8.12, Toronto, Canada) software. Spectra were
referenced and scaled to TSP (trimethylsilyl 2,2,3,3-2H4 propionate)
external standard and reduced to integrated regions (buckets) of equal
width (0.04 ppm) over the spectral region 10.49 to 0.13 ppm. Spectra
alignment resulted in no significant resonance shifts for all signals when
the anomeric R-glucose proton was used as a reference: the bucket
size provided for possible small resonance shifts. 13C spectra were
acquired with samples prepared by dissolving 200 mg in 500 µL of
DMSO-2H6 solvent (Cambridge Isotope Laboratories, Inc. 99.9 atom
% D, Andover, United States), with 1024 transients and 32786 points
covering 30000 Hz and a pulse width of 13 µs (90° pulse) and 5 s for
relaxation between each scan. A standard inverse-gated decoupling pulse
sequence from a Bruker library was adopted to avoid the heteronuclear
nuclear Overhauser effect derived from proton decoupling. Spectra were
processed by applying an exponential line broadening of 1 Hz for
sensitivity enhancement before Fourier transformation; phases, base-

lines, and references were made by using the solvent signal as a
chemical shift standard (TOPSPIN1.2 Bruker Biospin GmbH Rhein-
stetten, Karlsruhe, Germany).

Statistical Methods. NMR data converted into Excel worksheet
(Microsoft) were imported into SIMCA-P 11 (Umetrics, Umea, Sweden)
for statistical analysis. Principal component analysis (PCA) and
hierarchical projection to latent structures discriminant analysis (PLS-
DA) were performed with “mean centering” and “unit variance” (UV),
respectively, as data pretreatment.

PCA analysis is a well-known data compression technique that
searches for the main variability of the original data set, without any
preconceived ideas, on the possible relationship between samples
(observations) and responses (variables) (29). Measuring N variables
(NMR signals in our case) for each sample, the data can be represented
into a N dimensional space; however, the correlations among variables
could reduce the dimensionality into a small number of factors or
components that are descriptive of the maximum variation within the
data. These components (principal components) can be displayed
graphically as a “score” plot, useful to observe any grouping in the
original data set, representing the new coordinates for the observations.
Coefficients by which the original variables are multiplied to obtain
the PCs are called “loadings”, and these coefficients define the
orientation of the PC’s plane with respect to the original data set.

1H NMR honey spectra were characterized by strong sugar signals
and very small signals, thus supporting the possible use of the
“hierarchical approach” (30). When hierarchical models are concerned,
the whole X-matrix was divided into block A, corresponding to a region
from 2.97 to 5.49 ppm (excluding the water region from 4.65 to 4.85
ppm) dominated by strong sugar signals and into block B from 0.13 to
2.97 ppm and from 5.49 to 10.49 ppm, collecting small signal intensities
for amino and organic acids. Each block was modeled applying PCA;
the two sets of score vectors consisting of four orthogonal variables,
“super variables”, were used to build up the data matrices of the upper
level, and PLS-DA (31) with UV scaling as data pretreatment was
performed. PLS-DA is based on the application of the PLS method to
the X-Y matrices where the response is formed by dummy variables
corresponding to the different classes. The Y-matrix is generated by
the following simple rule: when the sample i belongs to the class j, the
value of the Yij element will be one, while the other elements
of the row i will be equal to zero. This representation allows the
application of PLS regression as a discriminating tool making use of
previous information about class separation in the training set. Among
15 polyfloral honey samples of certain origin, 13 constituted the training
set, while the remaining 10 samples constituted the test set. Acacia
honey samples did not require a classification in both training and test
sets because they are easily discriminated by PCA.

RESULTS AND DISCUSSION
1H NMR provides a simple method to obtain global informa-

tion about complex samples in a single experiment maintaining
the natural ratio of the substances present. Figure 1A represents
a typical 1H NMR spectrum of polyfloral honey water solution,
showing dominant resonances of main components content.
Different spectral regions are characterized by specific com-
pound resonances, like the methyl amino acid region (0-2 ppm),
sugars region (3-5.5 ppm), and aromatic region (6-10 ppm).
Among all resonances, several compounds can be readily
identified and resumed in Figure 1B-D. In the sugar region,
specific signals of glucose, 5.17 and 4.58 ppm (R and �
anomeric protons, respectively), and of R-fructose, 4.04 and 3.97
ppm (H5 and H4, respectively), were recognized. Other sugars,
with very low anomeric proton signal intensity, were identified
by the addition of standard solution: sucrose at 5.35 ppm,
turanose at 5.24 ppm, and raffinose at 5.37 and at 4.94 ppm
(Figure 1C). 1H NMR spectra of acacia samples were similar
to those of polyfloral honey, showing the same water-soluble
compounds content but in different concentrations. In particular,
the comparison among proton spectra of the two varieties
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revealed an evidently larger fructose and sucrose content in
acacia honey than in polyfloral samples. Analysis of 13C spectra
recorded with very high S/N ratio (8960 scans) did not reveal

the presence of low abundant sugars detected with other
techniques (32), due to low sensibility of the 13C nucleus. In
this latter case, the use of more sensible techniques, like HPLC-

Figure 1. (A) Complete 1H NMR spectrum of polyfloral honey sample dissolved in water. Expansions of the aromatic (B), anomeric (C), and aliphatic
(D) regions showing principal spin system assignments.
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MS, coupled with the high specificity of NMR method, would
improve the samples characterization.

The low field region highlighted the content of tyrosine (Tyr),
phenil alanine (Phe), and formic acid (Figure 1B), while the
amino acids region resulted characterized by the dominant
presence of proline (Pro). Other amino and organic acids like
alanine (Ala), threonine (Thr), acetate, and lactic acid were also
detected (Figure 1D).

PCA analysis was performed considering all honey samples
of certain origin: 15 polyfloral and 18 acacia. The first two PCs
explaining 95.5% of the total variance lead to a clear differentia-
tion among samples according to the different variety, as
depicted in the score plot of Figure 2. Acacia samples resulted
from the corresponding loading plot (data not shown) to be
enriched in sugar content with respect to polyfloral honey
samples.

Concerning polyfloral honey samples, PCA performed on a
full spectrum (data not shown) did not lead to a clear sample
separation according to the geographical origin. Accurate
inspection of 1H NMR regions of low abundant resonances, such
as aromatic one, revealed clear different compounds content
due to aromatic amino acids and formiate. In particular,
Argentinean honeys were much more rich in Phe and Tyr with
respect to Italian and Hungarian ones (Figure 3). This suggests
the use of a hierarchical approach (33) to preserve the informa-
tion for very low NMR signals otherwise strongly reduced by
the more intense sugar signals when the complete spectrum is
considered. We performed hierarchical PLS-DA by using 13
polyfloral honeys of certain origin samples constituting the
training set: the first two PCs were scored in the plot of Figure
4, modeling both selected regions of the 1H NMR spectrum
independently. A clear differentiation of samples according to
the geographical origin was achieved. The model diagnostics
were summarized by the fit goodness, R2 (91.9%), and the

prediction goodness parameter, Q2 (72.7%); the cross-validation
(CV) was used to estimate the predictive ability of the model
(34). In this score plot, a very low sample variability between
replicates can be evaluated by observing the close proximity of
the observations, thus supporting both the strong reproducibility
of the NMR method and the sample homogeneity.

The model validation can be estimated by the use of a residual
matrix. It expresses the deviations between the original values
and projections, by the use of residual standard deviations that
can be computed for the observations. These residuals were also
known as DModX, and the corresponding plot is presented in
Figure 5. This plot enabled the evaluation of outliers in the
hierarchical PLS-DA model: all of the observations were largely
below the D critical value, thus indicating no outliers detection
and confirming the model validity.

Test set samples were reprojected into the PLS-DA model
to check whether they could be classified with respect to the
training set samples. In the bidimensional score plot (Figure
6) of the predicted t scores (tPS), filled and open symbols
represented training and test set samples, respectively. Test set
samples from Italy (I, open circle) were correctly predicted,
resulting within the other Italian training set samples. The same
held true for Argentina (RA, open triangle) and Hungary (H,
open diamond) test set samples. Noticeably, samples of mixed
origin (EC and non-EC countries, inverted open triangle) were
clustered in the middle of the score plot, thus confirming their

Figure 2. PCA score plot performed by considering 15 polyfloral (filled
diamond) and 18 acacia (filled circle) honey samples of certain origin.
Pc1 ) 73.6% and pc2 ) 21.9%. R2X ) 99.9% and Q2 ) 99.4%.

Figure 3. Expansions of 1H NMR aromatic regions of polyfloral honeys
spectra of certain origins. From the top are represented typical Hungarian
(H), Argentinean (RA), and Italian (I) honeys.

Figure 4. Hierarchical PLS-DA score plot performed by considering 13
polyfloral honey samples of certain origins, constituting the training set.
Filled symbols represent honey samples from Hungary (diamond), Italy
(circle), and Argentina (triangle). Pc1 ) 38.7% and pc2 ) 22.7%. R2X
) 91.9%, R2Y ) 79.7%, and Q2 ) 72.7%.

Figure 5. Residual standard deviation plot (DModX) for 13 training set
polyfloral samples for a hierarchical PLS-DA model. All observations were
largely below the D critical value of 0.05.
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mixed content. Blended samples from EC countries (star)
resulted in the Hungary grouping, most likely due to its
nonbalanced mixed composition, enriched in Hungarian honey.
The robustness of hierarchical PLS-DA model could be evalu-
ated by the classification list, showed in Table 1. Each sample
of the training set was classified by means of a “classification
score” indicative of its representativeness. When the probability
of belonging to a class is higher than 10%, the object is correctly
predicted and the score is larger than 0.6. In our case, all samples
belonging to a single country were correctly classified, thus
indicating a good model. The classification score obtained from
mixed samples reflected their blend composition.

An unsupervised PCA approach enabled a clear geographical
differentiation of the 18 acacia honey samples between Italian
and Hungarian origins (Figure 7). Six PCs explained 99.7% of
the total variance with Q2 ) 98.1%. The corresponding loading
plot (data not shown) indicated a generally larger content of all
water-soluble compounds for Italian samples with respect to
foreign samples. Our determination resulted in agreement with

what was found previously by using volatile and semivolatile
organic compounds for acacia honey samples by means of
electronic nose and neural network determination (17), and an
even better discrimination was achieved with 1H NMR of water-
soluble compounds. Honey samples were also investigated by
means of 13C NMR spectroscopy, to evaluate the presence of
different sugar isoforms. Quantitative analysis obtained by
integration of 13C signals for both fructose and glucose (Figure
8A) led to F/G ratio for polyfloral (medium value 1.1) and acacia
(medium value 1.5) honey samples, confirming the larger
presence of fructose in the latter honey variety, as observed with
other techniques (35). 13C NMR spectra of honey samples
revealed the dominant signals of fructose and glucose in their
different tautomeric isoforms: In particular, fructose presents
R,�FF and R,�FP forms and glucose only R,�GP forms. A water
solution of glucose and fructose showed the sugar forms in their
“naturally” occurring distribution (36), in particular, 2.4, 4.8,
23, and 69.8% of abundance for RFP, RFF, �FF, and �FP,
respectively, while glucose presents the pyranose tautomeric
forms with 37 and 63% of abundance for RGP and �GP forms,
respectively. The analysis of all honey samples performed in
organic solvent (DMSO-2H6) revealed the presence of a small
deviation with respect to “natural” isoforms ratio for fructose.
Only in RA polyfloral honey (Figure 8A), the ratio between
�FP and �FF isoforms is significantly almost equal to one, thus
suggesting a possible identification marker. It is known that

Figure 6. Hierarchical PLS-DA performed considering 13 polyfloral honeys of certain origins (training set) with reprojection of polyfloral test set sample
scores (10 samples). Filled symbols represent training set honey samples from Hungary (H, diamond), Italy (I, circle), and Argentina (RA, triangle), while
open symbols represent test set honey samples from Hungary (H, diamond), Italy (I, circle), and Argentina (RA, triangle) from different EC countries
(star) and from different EC and non-EC countries (inverted triangle).

Table 1. Classification List for All Polyfloral Honey Test Set Samples
Reprojected onto the Hierarchical PLS-DA Model Performed by
Considering 13 Polyfloral Honey Samples as a Training Seta

prediction classes

test set spectra countries Argentina Hungary Italy

Argentina 0.88 0.12 0.00
Argentina 0.90 0.08 0.02
Hungary 0.10 0.65 0.24
Hungary 0.11 0.67 0.23
Hungary 0.01 1.07 -0.08
Hungary -0.10 1.10 0.00
Italy 0.46 -0.28 0.82
Italy 0.46 -0.14 0.68
Italy 0.47 -0.02 0.55
Italy 0.37 0.05 0.58
mix EC 0.08 0.80 0.12
mix EC 0.07 0.83 0.10
mix EC and non-EC 0.35 0.31 0.34
mix EC and non-EC 0.34 0.35 0.31
mix EC and non-EC 0.20 0.45 0.35
mix EC and non-EC 0.15 0.57 0.27
mix EC and non-EC 0.04 0.54 0.42
mix EC and non-EC 0.29 0.44 0.28
mix EC and non-EC 0.34 0.44 0.21
mix EC and non-EC 0.16 0.61 0.23

a Values higher than 0.6 indicate a probability higher than 10% to belong to
the class.

Figure 7. PCA score plot performed considering all 18 acacia honey
samples. Filled symbols represent honey samples from Hungary (diamond)
and from Italy (circle). Pc1 ) 94.5% and pc2 ) 2.8%. R2 ) 99.7% and
Q2 ) 98.1%.
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thermal degradation of sugars and in particular of the most
abundant �FP isoform leads to furanic derivatives. Among them,
the most referenced is HMF (5-hydroxymethyl-2-furfurale),
whose concentration is fixed by law below 40 mg/kg (7). The
reduction in concentration of the �FP isoform observed for RA

samples would justify a very large amount of HMF, detectable
by 1H NMR: our unpublished results indicated that the proton
NMR detection limit for HMF was as low as 10 mg/kg, and
this made us confident to exclude thermal degradation. Interest-
ingly, specific carbons of only H polyfloral and acacia honey

Figure 8. Low (A) and high field (B) regions of 13C NMR spectra of polyfloral honey samples: from the top are represented a typical Hungarian (H),
Argentinean (RA), and Italian (I) honeys. All anomeric signals (A) and carbon signals, which presented a significant shift in Hungarian samples with
respect to the others (B), are indicated. (C) 13C NMR spectra of Hungarian polyfloral and acacia and Italian acacia honey samples are compared.
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samples experienced large shifts with respect to the same
carbons of the other samples when central line of DMSO-2H6

solvent is aligned: in particular C2, C4, and C5 of RFF; C2, C4,
C5, and C6 of �FP; C1 C3, C4, and C6 of �FF; and C1 and C3 of
RGP showed the largest deviations with respect to the medium
values observed for RA and I honey samples (Figure 8B,C.
This suggested that the aforementioned fructose and glucose
isoforms most likely carried different substituents only in the
Hungarian honey samples.

1H NMR spectroscopy is here suggested as a valid tool for
food characterization and the combination with chemometric
techniques largely improves the capability of sample classifica-
tion. The simple sample preparation and the high quality results
obtained represent a valid alternative to other complex and time-
consuming analysis. Among possible multivariate statistical
tools, the hierarchical PLS-DA demonstrated the high efficiency
in NMR data analysis with the aim of classification capability,
as already demonstrated (33). The high selectivity achievable
with 13C NMR spectroscopy indicated its feasible use for food
authentication, as previously reported (37, 38). The advantage
of 13C NMR with respect to other more sensible techniques (i.e.,
HPLC-MS) lies on the possibility to identify sugar isoforms
otherwise not detectable. In particular, our data concerning sugar
isoforms, both �FP and �FF ratio and RFF, �FP, �FF, and RGP
shifts, suggest possible geographical markers for RA and H
honey samples, respectively. Noticeably, the isoforms shifts are
independent from the honey variety. To confirm our preliminary
13C NMR results, a larger sample data set is also in preparation
with the aim to control a possible correlation between our data
and different productions.
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