foods

Article

The Chemical Composition of Scaptotrigona mexicana Honey
and Propolis Collected in Two Locations: Similarities
and Differences

Dessislava Gerginova !

, Milena Popova 2 Ralitsa Chimshirova 2, Boryana Trusheva

2(0, Maggie Shanahan 30,

Miguel Guzman 4 Erik Solorzano-Gordillo %, Estefhania Lopez-Roblero 4 Marla Spivak 3(D, Svetlana Simova 1-*

and Vassya Bankova %*

check for
updates

Citation: Gerginova, D.; Popova, M.;

Chimshirova, R.; Trusheva, B.;
Shanahan, M.; Guzmén, M.;
Solorzano-Gordillo, E.;
Lépez-Roblero, E.; Spivak, M.;
Simova, S.; et al. The Chemical
Composition of Scaptotrigona
mexicana Honey and Propolis
Collected in Two Locations:
Similarities and Differences. Foods
2023, 12, 3317. https://doi.org/
10.3390/foods12173317

Academic Editor: Olga Escuredo

Received: 28 July 2023
Revised: 25 August 2023
Accepted: 30 August 2023
Published: 3 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Bulgarian NMR Centre, Institute of Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of
Sciences, Acad. G. Bonchev Str., Bl. 9, 1113 Sofia, Bulgaria; dessislava.gerginova@orgchm.bas.bg
Laboratory Chemistry of Natural Products, Institute of Organic Chemistry with Centre of Phytochemistry,
Bulgarian Academy of Sciences, Acad. G. Bonchev Str., Bl. 9, 1113 Sofia, Bulgaria;
milena.popova@orgchm.bas.bg (M.P.); ralitsa.chimshirova@orgchm.bas.bg (R.C.);
boryana.trusheva@orgchm.bas.bg (B.T.)

Department of Entomology, University of Minnesota, 219 Hodson Hall, 1980 Folwell Ave.,

St. Paul, MN 55108, USA; mshanaha@umn.edu (M.S.); spiva00l@umn.edu (M.S.)

El Colegio de la Frontera Sur, Carretera Antiguo Aeropuerto km 2.5, Tapachula 30700, Chiapas, Mexico;
mguzman@ecosur.mx (M.G.); ejsolorzano@ecosur.edu.mx (E.S.-G.); el.roblero@outlook.es (E.L.-R.)
Correspondence: svetlana.simova@orgchm.bas.bg (S.S.); vassya.bankova@orgchm.bas.bg (V.B.)

Abstract: The chemical composition of stingless bee honey and propolis depends on the plant sources
they are derived from, and thus reflects the flora available in the vicinity of the hives, the preferences
of the bee species, and the climate (altitude and temperature). To understand the relative influence of
these factors, we studied the composition of honey and propolis of the stingless bee Scaptotrigona
mexicana. Samples from 24 colonies were analyzed: 12 each from two S. mexicana meliponaries located
in the state of Chiapas in southern Mexico, approximately 8.5 km apart, Tuxtla Chico and Cacahoatan.
The chemical composition of honey and propolis was studied using nuclear magnetic resonance
(NMR) and gas chromatography-mass spectrometry (GC-MS), respectively. The antioxidant activity
of propolis was also studied. Chemometric analyses were applied. The Tuxtla Chico honey samples
contained higher concentrations of glucose and fructose, while the Cacahoatan samples displayed
a rich composition of di- and trisaccharides. These differences can be attributed to the distinct
nectar sources utilized by the bees at each location. Propolis compositions in the two locations
also demonstrated qualitative differences, indicating a specific choice of resins by the bees. The
observed substantial variations in the chemical composition of propolis and honey of S. mexicana
from two locations relatively close to each other supports the assumption that bee species cannot be
considered the most important factor in determining their chemistry.

Keywords: stingless bees; Scaptotrigona mexicana; honey; propolis

1. Introduction

Stingless bees, of the Meliponini tribe within the Apidae family, share a close genetic
relationship with the more familiar Western honeybees, Apis mellifera. They earn their
moniker “stingless” due to their greatly diminished stingers, which they do not employ
for defense. Instead, they safeguard their nests through biting [1]. The Meliponini tribe
encompasses a vast array of over 600 species distributed across tropical regions worldwide.
Their highest numbers and diversity are found in the Neotropics (comprising South and
Central Americas), as well as in tropical Africa, Southeast Asia, and Australia [2]. These
bees display eusocial behavior and establish colonies led by a single queen, with worker
populations ranging from a few dozen to several thousand [3].
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The role of stingless bees in plant pollination carries substantial significance, as they
contribute to the pollination of an estimated 40-90% of native and cultivated species
in tropical regions [3]. The practice of domesticating stingless bees and utilizing their
products dates back to pre-Colombian times in the Americas. The Mayan culture, for
instance, engaged in meliponiculture, not only for sustenance and medicinal purposes, but
also for the honey and propolis produced, which played a role in religious ceremonies.
In regions such as Southeast Asia, Africa, and Australia, stingless beekeeping is a more
recent development but is steadily gaining popularity. The products derived from stingless
bees are emerging as a viable market in various parts of the world, with the potential for
meliponiculture to serve as an economic and social support in forested areas and regions
facing significant challenges [4].

In Mexico, 46 species of stingless bees occur; many of these are cultivated for the
production of honey, pollen, and propolis [5]. Stingless beekeeping, or meliponiculture,
is part of a rich biocultural tradition since ancient times [6]. Scapotrigona mexicana Guérin-
Meéneville was preserved by pre-Columbian societies in Mexico and is still kept in many
regions today [7]. These bees are important pollinators of many wildflowers and crops and
are of both ecological and economic importance [8].

Scaptotrigona mexicana honey is in high demand in organic food markets and is tradi-
tionally used for its medicinal properties, such as treating respiratory problems, digestive
disorders, and wounds. This honey is also known for its antimicrobial properties [8].
Scientific studies have confirmed its antimicrobial and antioxidant potential [9]. Honey
is fundamentally a unique food product, and its exact chemical composition is related
to several different important fields: health, ecology, pollination, food, manufacturing,
economy, adulteration, etc. The components in the more traditional A. mellifera honey differ
significantly from the less studied stingless bee honey. Only recently, in 2021, using 3C
NMR spectroscopy, the presence of the rare sugar isomer trehalulose was unequivocally
demonstrated in the latter [10], and in the present work, we use the same methodology. Up
until now, studies on S. mexicana honey have mainly focused on physicochemical proper-
ties [11]. Chemical composition data are limited to total phenolics, total carotenoids, and
identification of lactic acid and 5-(hydroxymethyl)furfural (HMF) [11-13]. Our approach is
based on 3C NMR chemical profiling of S. mexicana honey, and provides detailed informa-
tion on the sugar composition, not only for the usually determined saccharides glucose,
fructose, andsucrose, but also for the less abundant, but important for type discrimination,
honey sugars such as erlose, panose, maltulose, turanose, trehalulose, and nigerose. Several
organic and amino acids as well as some additional honey components can be determined
as well.

S. mexicana propolis, which is also a valuable bee product, is poorly studied, too.
There is only one study of its chemical composition; some flavonoids, chromenes, to-
tarolon, and hydroxycinnamic acids have been identified in it through liquid chromatog-
raphy with tandem mass spectrometry [14]. Its good antibacterial activity has also been
proven [10]. We obtained chemical profiles of S. mexicana propolis using the well-established
gas chromatography—mass spectrometry approach for propolis profiling. Due to the intri-
cate chemical composition of propolis, GC-MS emerged as the predominant method in the
1980s for the rapid chemical profiling of propolis samples from various geographic locations
and plant origins [15]. However, most of the components in propolis are relatively polar,
such as flavonoids, phenolic acids, diterpenic acids, etc., which necessitate derivatization
(silylation) to improve their volatility and facilitate GC analysis. This circumstance, coupled
with the introduction of soft ionization techniques compatible with liquid chromatography
in the 1990s, quickly elevated high performance liquid chromatography-diod array detector
and high performance liquid chromatography-mass spectrometry as the preferred methods
for analyzing propolis alcohol-soluble constituents of propolis [16,17].

Nonetheless, the exceptional resolving capability of capillary GC and the valuable
structural insights provided by electron impact mass spectrometry continue to entice
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researchers to utilize GC-MS, despite the drawbacks associated with derivatization proce-
dures [18,19].

The importance of the bee species on the chemical profile of stingless bee honey
and propolis and the specificity of the plant sources used have not yet been clarified in
depth [14]. It is generally accepted that the chemical composition of stingless bee honey
and propolis depends on the plant sources used and that it is influenced by the available
flora near the hives, bee preferences, and climate (altitude and temperature) [20]. Whether
species-specific bee preferences or nearby flora and climate are of primary importance in
this respect is still debated.

There are contradictory data for honey; for example, Kek et al. [21] claimed that
physicochemical and antioxidant parameters can be used for entomological discrimination
of stingless bee honeys. On the other hand, Sujanto et al. [22] suggest that “the composition
and functional properties of stingless bee honey is differs depending on the source of honey;
either influenced by the location of hive or by the species of stingless bee itself.” Using
nuclear magnetic resonance (NMR) and chemometrics, Shievano et al. [23] were able to
obtain discrimination based on the entomological origin, but only if the limited distribution
regions of bee species were taken into consideration.

There are also conflicting studies on propolis. Carneiro et al. [24] demonstrated that
Tetragonisca angustula bees in different locations collected the same resin to produce propolis,
while Velikova et al. [25] found no definite correlation between bee species and propolis
origin/chemistry for several bee species.

To determine the relative influence of flora, climate, and bee species-specific prefer-
ences, we studied the composition of honey and propolis from two S. mexicana meliponaries
(or stingless bee yards) in the state of Chiapas, in southern Mexico. The meliponaries were
located only 8.5 km from each other, but with an altitude difference of over 150 m. To
characterize the chemical variability of stingless bee honey and propolis, samples from
24 colonies were analyzed: 12 from each meliponary. Our results demonstrate that the
climate and specific flora around the hives influence the chemical composition of honey and
propolis collected by bees of the same species. Furthermore, we addressed the emerging
question of whether the saccharide trehalulose can be used as a biomarker for stingless
bees” honey in general [26].

2. Materials and Methods
2.1. Bee Species and Study Sites

For the study, 12 x 2 Scaptotrigona mexicana honey (Mh) and propolis (Mp) samples
were collected from two meliponaries in Mexico in 2021. The bee species was determined by
stingless beekeeping technician Miguel Guzman. Bees were kept in boxes. The meliponaries
were located in Tuxtla Chico (T; 14.89° N 92.18° E, 320 msnm) and in Cacahoatan (C;
15.00° N 92.16° E, 478 msnm). Both study sites are located within the Pacific Coastal Plains
phytogeographic region. The vegetation consists of a mosaic of secondary strata covered
by high evergreen forest. Both study sites are characterized by a warm and humid climate
with an annual average temperature of 31 °C, but precipitation varies significantly between
sites. Average annual rainfall in Tuxtla Chico is 2488.9 mm, while average annual rainfall in
Cacahoatéan is 951 mm. In Figure 1, the location and climate of the study sites are visualized.

2.2. Propolis Sample Collection

Five grams of propolis was collected from the interior of each of the 24 colonies studied
in October /November 2021. Propolis was scraped from the underside of the lid of each
colony using sterile gloves and clean serrated knives; fresh extraction equipment was used
for each colony to avoid sample contamination. Samples were placed in sterile 50 mL
Falcon tubes, labeled, and subsequently stored at 10 °C.
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Figure 1. Climatic characteristics and altitude of the two locations.

2.3. Honey Sample Collection

Twenty milliliters of honey from the interior of each colony was collected using a
sterile syringe and stored in an amber glass bottle (120 mL) in May 2021. Fresh extraction
equipment was used for each colony to avoid sample contamination. Samples were labeled
and stored in a refrigerator at 10 °C.

2.4. Honey Sample Preparation

For the preparation of honey samples, 320 mg honey was dissolved in 418 pL of
purified water. Then, 187 uL phosphate buffer in D,O solution at pH~4.5 were added. The
pH was adjusted to 4.2 with small amounts of 0.1M H3POy or 0.1 M NaOH.

2.5. NMR Spectroscopy

NMR spectra were acquired on a Bruker NEO 600 spectrometer (Biospin GmbH,
Rheinstetten, Germany) at 300.0 + 0.1 K using a probe head Prodigy. Parameters for 1>C
NMR spectra as used in [27,28] were applied. In addition to sugars, several identified
(e.g., meso- and racemic 2,3-butanediol) and 16 other organic components (unknown) were
used in the analysis (Table S1).

2.6. Propolis Extraction and Sample Preparation

Propolis samples were grated after cooling and extracted with 70% ethanol (1:10, w/v)
at room temperature, 2 x 24 h. The extracts were filtrated and evaporated to dryness under
vacuum. Dry extracts were silylated: about 5 mg of dry extract was mixed with 50 uL dry
pyridine and 75 pL N,O-bis(trimethylsilyl)trifluoracetamide (Sigma-Aldrich, Darmstadt,
Germany), heated at 80 °C for 20 min, and analyzed by GC-MS.

2.7. Total Phenolics

Total phenolic content was determined using the Folin—Ciocalteu method. Each honey
sample (2.5 g) was diluted to 25 mL with distilled water. Then, 0.5 mL of the solution
was mixed with 2 mL of Folin—Ciocalteu reagent (Merck, Darmstadt, Germany), and 3 mL
of 20% sodium carbonate (w/v) (Labosi, Paris, France) solution was added. The volume
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was made up to 25 mL with distilled water. Absorbance at 760 nm was measured after
2 h. Gallic acid (Sigma—Aldrich Chemie, Steinheim, Germany) in a concentration range
28-220 pug/mL was used as standard to obtain the calibration curve. Total phenolic content
was expressed in mg of gallic acid equivalents (GAE)/100 g of honey (Table S2).

2.8. GC-MS Analysis

GC-MS analysis was performed with a GC coupled to a tandem mass spectrometer
GC-MS-TQ 8050 NX Shimadzu (Tokyo, Japan), operating in Q3 scan mode and equipped
with a 30 m long, 250 pum i.d., and 0.5 um film thickness SAPIENS-5MS capillary column
(Teknokroma, Barcelona, Spain). The oven temperature was programmed to increase
from 75 to 300 °C at a rate of 5 °C/min, with 5 min hold at 75 °C and 25 min hold
at 300 °C. Carrier gas He was kept at a constant flow rate of 0.8 mL/min. Pressure was
45.9 kPa, split ratio was 75:1, injector temperature 280 °C, interface temperature 310 °C, and
ionization voltage 70 eV. Compounds were identified by computer searches of commercial
libraries, comparison with spectra of authentic samples, and data from the literature. The
percentage values in Table S3 refer to the percentage of the total ion current (TIC) and are
semi-quantitative (semi-quantification was performed by internal normalization.)

2.9. Free Radical Scavenging Activity

The radical scavenging activity (RSA) against 2,2-diphenyl-1-picrylhydrazyl (DPPH)
was measured as previously described [29]. Each dry extract was dissolved in MeOH to
final concentration of 1 mg/mL. Bulgarian propolis was used as a standard (0.1 mg/mL).
Then, 2 mL of fresh methanolic DPPH solution (0.1 mM) was mixed with a 100 pL aliquot
of each tested sample.

After 30 min storage in a dark place, the absorption decrease was measured at 517 nm
(UV-vis spectrophotometer Thermo Scientific Helios gamma). Results were expressed
as percentages relative to the control value. The DPPH scavenging activity of the tested
samples was calculated using the following equation:

RSA (%) = [(Ag — Ag)/Ao] x 100 1)

where A is the absorbance of the control sample (100 uL MeOH instead of the aliquot
volume of the sample) and Ag is the absorbance of the tested sample. Each sample was
analyzed in triplicate.

2.10. Ferric-Reducing Antioxidant Power (FRAP) Assay

The assay was performed as previously published [30], with slight modifications. The
FRAP reagent was freshly prepared: 10 parts of 0.3 M acetate buffer (pH 3.6), 1 part of
TPTZ (2,4,6-tri(2-pyridyl)-1,3,5-triazine) in 40 mM HCI, and 1 part of 20 mM FeCls3-6H,0 in
distilled HyO. The FRAP reagent (3 mL) was mixed with the test sample (100 pL solution
with a concentration of 1 mg/mL for stingless bees propolis and 0.1 mg/mL for Bulgar-
ian propolis, which was used as a standard), and the mixture was kept 30 min at room
temperature in the dark. After that, absorbance was measured at 593 nm against a blank.
The FRAP value, in pmol Fe2* /L, was calculated from a calibration curve of FeSO,4-7H,0O
standard solutions. Each sample was analyzed in triplicate (Table S4).

2.11. Statistical Analysis

Orthogonal partial least squares discriminant analysis (OPLS-DA) was performed
using SIMCA 17.0.2 software (Sartorius Stedim Data Analytics AB, Umetrics, Malmo, Swe-
den). OPLS-DA is a supervised method, consisting of the separation of a priori given
classes of objects, used to obtain the best classification and establish the discriminant
models [31,32]. The analysis used semi-quantitative data for compounds observed in
24 samples: 43 compounds for honey and 10 groups of compounds for propolis. In both
cases, the samples were divided into two classes (groups) with an equal number of samples
in each class. Misclassification tables (Table 1, same for honey and propolis) and permu-
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tation tests (Figure 2) were used to validate the established OPLS-DA models and assess
their predictive ability. These techniques ensure the reliability and accuracy of the models
by evaluating their performance and ability to correctly classify samples from both classes.
Nightingale’s diagrams were created using Excel software (Microsoft Office Standard 2019).
The chart is typically used to visually represent individual characteristics and allows for a

more intuitive understanding of the variation in the two groups.

Table 1. Misclassification table for the honey/propolis from the two regions.

Members Correct Tuxtla Chico Cacahoatan No Class (YPred < 0)
Tuxtla Chico 12 100% 12 0 0
Cacahoatan 12 100% 0 12 0
No class 0 0 0 0
Total 24 100% 12 12 0
Fisher’s prob. 3.7 x 1077
OPLS-DA
TUXTLA CHICO
\ R2 l OR2
maQ @ HQ
0.8 e ° "
-~ 0.5 —*’ /
0.6 /’/ '. . ’l— e
- 1 . /. | ] ’/’
0.4+ . /’ ] e
s 0 p|
0.2 4 l |
{ ] -’ '/ | |
0+ H L_yd -0.5 - l
-0.24 I /’ ¥
04 ¥ i ! I
-0.4- ,
! " ] m]
206 | I | O
{ m Em -1.5 [m]
-0.8: mpEE
_l’v‘v-'. ~~~~~~~ — = D T R S TR .
02 0 02 04 06 08 1 02 0 02 04 06 08 1
50 permutations 1 components 50 permutations 1 components
(A)
1 @ R2Y(Cum) 1 @ R2Y(Cum)
| W Q2(Cum) 1 ,’ W Q2(Cum)
0.8 ’l':,‘ 0.8 ”t"l
s/ Py
~ S 0.6 iy
0.6 /’ 'll 1 . '/' 'I
1 ," / 0.4 ‘
’
oal § R 3 .
£ e i / g '
= ¥ =
< 024 y / o
5 o2 J 4 l,", g o ’I
£ £ /
S o — " Q-o.z i :
2 { / 2
o2 BEH 041
l/'i " 061 m
0.4 1
| i I 08 |
0.6 1 f
4 | .
0.8+ l ....... Q24—
"0% 0% 20% 40% 60% 80%100% -20% 0% "0% 40% 60% 80%100%
50 permutations, component 1 50 permutations, component 1
(B)

Figure 2. Permutation tests that validate the OPLS-DA models used (A) for honey and (B) for propolis.
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DPPH and FRAP values were presented as means and standard deviation of triplicates.
Pearson’s correlation, one-way ANOVA, and Tukey’s post hoc test at significance levels
of p <0.01 and/or p < 0.05 were performed with Excel (ChemOffice 2019, PerkinElmer,
Shelton, CT, USA).

3. Results and Discussion
3.1. Chemical Profiles of Honey

For the chemical profiling of the honey samples, we used '*C NMR spectroscopy as
previously described [27,28].

To investigate the differences in the honey sugar profiles (Table S1) originating from
two different geographical regions, the widely used supervised statistical method orthogo-
nal partial least squares discriminant analysis (OPLS-DA) was used to analyze the obtained
quantitative data from 3C NMR spectra. By using two-component OPLS-DA analysis,
VIP (variable importance in projection) values were obtained (Figure 3). They revealed
16 statistically significant compounds (shown in the red box) to differentiate between
S. mexicana honey from Tuxtla Chico and Cacahoatan. Subsequent use of an OPLS-DA
based on these 16 compounds (R2X(cum) = 0.862; R2Y(cum) = 0.827; Q2(cum) = 0.626)
visually demonstrated significant differences in the composition of the honey samples,
presented in Figure 4.
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Figure 4. OPLS-DA score plot of honey samples from two regions, Tuxtla Chico and Cacahoatén, Mexico.
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Honey samples from Tuxtla Chico contained higher concentrations of glucose
(17.4-25.2 g/100 g) and fructose (26.8-30.6 g/100 g) than those from Cacahoatan, where glu-
cose concentrations varied from 14.6 to 20.0 g/100 g and fructose from 24.3 to 28.1 g/100 g.
Cacahoatan honey samples were characterized by a rich composition of di- and trisac-
charides, including maltulose, turanose, trehalulose, erlose, and panose. It should be
noted that the concentration of erlose in all samples from this region exceeded 1 g/100 g,
while only one sample from Tuxtla Chico, Mh7, demonstrated such a high level with a
concentration of 1.2 g/100 g. The differences between the two honey groups are illustrated
using the contribution plot and the Nightingale’s diagram (Figure 5). These variations
can be attributed to the distinct nectar sources used by bees in each geographical region.
The differences in altitudes and average temperatures between the two regions (Figure 1)
contribute to differences in plant species and their nectar composition.

M nen 1’*}\\%‘\:
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i ..
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Figure 5. OPLS-DA contribution plot (left) and Nightingale’s diagram (right) for the average content
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of significant substances (Tu—turanose, Mu—maltulose, Er—erlose, Pa—panose, Ng—nigerose,
Tru—trehalulose, G—glucose, F—fructose, m/r Bd—meso and racemic 2,3-butanediol,
Un—unknown) in honey samples from two regions, Tuxtla Chico (T) and Cacahoatan (C).

An interesting observation is the significant presence of trehalulose in all honey
samples—over 6.7 g/100 g. Recently, this unusual reducing sugar, an x-(1—1) glucose-
fructose isomer of sucrose, was found in the honey of different stingless bee species from
Asia, Australia, Africa, and South America, and it has been suggested that trehalulose may
be a marker for its authenticity [10,33]. The presence of trehalulose is considered beneficial
due to its known low glycemic index, acariogenic properties, and antioxidant activity [33].

In a series of feeding experiments with Australian stingless bees, Hungerford et al. [34]
demonstrated that the conversion of fed sucrose resulted in trehalulose (64-72%) with
less erlose (18-23%) and fructose (9-12%). On the other hand, feeding solutions of glu-
cose/ fructose mixtures (1:1) did not result in the formation of trehalulose/erlose. This
disaccharide is thought to be the result of certain enzymatic processes due to microorgan-
isms in the stingless bee nest and not to come from the floral sources of the nectar. Thus,
Hungerford et al. [34] speculated that stingless bees with access to high-sucrose floral nectar
would produce honey high in trehalulose. This hypothesis is supported by our results, as
the honey from Tuxtla Chico, which has higher fructose and glucose content, has lower
amounts of trehalulose.

However, there are still insufficient published data to conclude that trehalulose is
a universal marker for stingless bee honey. Recent work from Malaysia [35] and some
unpublished data for honey from Malaysia and Indonesia [36] indicate that this hypothesis
needs verification in future studies.

The total phenolic content of the honey samples was also studied. Values varied
between 61.5 and 111 mg GAE/100 g (Table S2). This is consistent with previous studies
of different stingless bee honeys [37]. Our data are also similar to data for A. mellifera
(honey bee) honey, which displays a wide range of values (18.9 to 177 mg GAE/100 g),
depending on the geographical region of origin [38,39]. It has been demonstrated that the
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Folin—Ciocalteu method can be considered suitable for the purpose of antioxidant potency
evaluation [40]. This suggests that the S. mexicana honey has similar antioxidant potential
to A. mellifera honey.

The results for the samples from the two locations did not demonstrate statistically sig-
nificant differences: honey samples from Tuxtla Chico contained an average of 79.9 £+ 12 mg
GAE/100 g, while honey samples from Cacahoatan contained an average of 74.8 £ 10 mg
GAE/100 g (p = 0.279).

3.2. Chemical Profiles of Propolis

The chemical composition of the 70% ethanol extracts of the propolis samples was
analyzed using gas chromatography-mass spectrometry (GC-MS) after silylation. More
than 40 individual compounds belonging to various chemical classes were identified such
as phenolic lipids (cardols, cardanols, and anacardic acids), diterpenes, triterpenes, and
lignans. The complete chemical profiles of all samples can be found in Table S3.

To determine whether the propolis samples could be distinguished according to
their geographical origin, a two-component OPLS-DA analysis was applied analogously
to the honey samples. The relative content of the compounds as groups, according to
structural type rather than the percentage content as individual substances, was used for
the analysis. Of the ten different groups of compounds that were identified, only seven
proved to be statistically significant for distinguishing between S. mexicana propolis from
Tuxtla Chico and Cacahoatan regions according to the VIP values presented in Figure 6.
This model, based on seven groups of compounds (R2X(cum) = 0.984; R2Y (cum) = 0.897;
Q2(cum) = 0.847), demonstrates the formation of two distinct groups of samples visualized
in Figure 7. The variables responsible for the distinction between the two groups and their
contribution are presented in Figure 8.

OPLS-DA
14{ — - | ~ T : ' '

0.6

|02 -
02—, . . . . 4 . . . :

Lignans

Quinic acids
Diterpenes
Cardanols
Cardols
Anacardic acids
Phenolic acids
Sugar alcohols

Triterpenes cycloartane type
Triterpenes ursane/oleanane type

Figure 6. VIP values used in the OPLS-DA analysis for the propolis samples are presented in the red box.

All samples from both locations contained the typical Mangifera indica chemical
markers: cycloartane type triterpenes (cycloartenol, mangiferolic, and isomangiferolic
acids) and the group of phenolic lipids, mainly cardols (alk(en)yl resorcinols) [41]. How-
ever, the two sample groups also demonstrated a significant difference. While 11 of
the 12 samples from the Tuxtla Chico region contained almost no secondary metabolites
other than mango tree compounds, those from the Cacahoatan region contained kaurane
type diterpenes(mainly kaurenoic acid), dibenzylbutanediol lignans (dihydrocubebin and
3,4-methylenedioxy secoisolariciresinol), and small amounts of quinic acid isomers. The
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difference in the chemical profiles of the two groups of samples is shown in Figure 8. Our
results differ from published data [20]: flavonoids, chromenes, and totarolon were not
identified in our samples.
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Figure 7. OPLS-DA score plot of propolis samples from two regions, Tuxtla Chico and Cacahoatan, Mexico.
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Figure 8. OPLS-DA contribution plot (left) and Nightingale’s diagram (right) for the average content
of significant substances in propolis samples from two regions, Tuxtla Chico (T) and Cacahoatan (C).

These results are a solid indication that the bees in the Cacahoatan meliponary col-
lected resin from another botanical source in addition to the mango latex, because the
propolis produced by them contained diterpenes, lignans, and quinic acids that were not
found in the Tuxtla Chico samples. The only exception is sample Mp-11 (Tuxtla Chico),
in which diterpenes and lignans were detected in significantly lower amounts. The as-
sumption that all three groups of constituents (diterpenes, lignans, and quinic acids) that
differed from the Tuxtla Chico samples came from the same source plant is supported by
the statistically significant correlation between the concentration of lignans and diterpenes
(R=0.818, p < 0.01) and between the lignans and quinic acids concentration (R = 0.859,
p < 0.01). The predominance of a single additional resin source in these samples is surpris-
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ing, however, given that bees were observed entering Cacahoatan colonies with resins of
various different colors (red, brown, orange, white) twice a week for a year. To the best of
our knowledge, no plant resin, exudate, or latex has been reported to contain a combination
of all these substances. Indeed, in many cases, especially in Gymnosperm resins, lignans
and diterpenes occur simultaneously, but a material with a combination of kaurenoic acid
and kaurene type diterpenes with dibenzylbutanediol lignans is not yet known. The only
information on such a co-occurrence refers to Aristolochia species [42,43]. However, these
plants do not produce any substance on their surface to attract stingless bees and serve
as a source of resinous material for the bees. The botanical origin of these compounds
has not yet been revealed; additional observations of bee behavior can be very helpful
in determining their source. This plant must be attractive to resin foragers; as already
mentioned, one of the samples from Tuxtla Chico contains small amounts of the same
diterpenes and lignans, although it is probably located far from their source.

The antioxidant activity of the extracts was tested using the DPPH radical scavenging
activity test and a FRAP test. The results are presented in Table S4. DPPH radical inhibi-
tion values for both groups were relatively low and did not show statistically significant
differences, in contrast to FRAP. No correlation was observed between DPPH and FRAP
values of all samples, but this was expected [41]. The samples from Cacahoatan had a
higher ferric-reducing antioxidant potential than Tuxtla Chico ones, and the difference was
statistically significant at p < 0.05 (p = 0.0425). The presence of lignans probably accounts
for this difference. This assumption is supported by the strong positive correlation between
FRAP and lignan concentration in this group of samples (R = 0.8991, p < 0.01). It is inter-
esting to note that dihydrocubebin has been found to possess significant antituberculosis
activity [44].

4. Conclusions

In conclusion, our results indicate the importance of geographical location, in particu-
lar through plant origin and climate, on the composition of honey and propolis produced
by the same stingless bee species. The observed substantial differences in the chemical com-
position of propolis and honey of S. mexicana from two relatively close locations definitively
support the conclusion that the bee species cannot be considered the most important factor
in determining the chemistry of these products. Propolis composition indicates that the
bees visit different resin sources at the two locations. The significant difference we observed
between the honeys from the two regions is not consistent with the recent conclusion [45]
that entomological origin is the main factor that determines the characteristics of honey,
and that the floral origin is only the secondary factor. Further studies are needed to clarify
whether species-specific bee preferences or local flora and climate are more important for
the chemical composition of stingless bee honey and propolis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/foods12173317/s1, Table S1: Chemical composition of the honey
samples studied (in g/100 g); Table S2: Total phenolic content of Scaptotrigona mexicana honey;
Table S3: Chemical composition of the investigated propolis samples (GC-MS after silylation; %TIC);
Table S4: DPPH and FRAP for Scaptotrogona mexicana propolis.
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