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Abstract

:

Yucatan, Mexico, is renowned for its rich plant diversity, with ~40% melliferous plants. Yucatan bee honey (BH) constitutes ~15.83% of Mexico’s annual BH production, giving high international value. Major melliferous families in Yucatan include Fabaceae, with Piscidia piscipula (“Jabin”) as an example, and Polygonaceae, with Gymnopodium floribundum (“Dzidzilche”), crucial for BH production. This study aimed to profile the metabolome of Jabin and Dzidzilche flowers and their associated BH to identify metabolites for each flower coming from two regions (Tahdziu and Acanceh) of Yucatán. Liquid chromatography–tandem mass spectrometry (LC–MS2), total polyphenol content (TPC), and antioxidant capacity (AC) were implemented. As many as 101 metabolites (69 in flowers, 55 in BH) were tentatively identified using spectral libraries and in silico predictions, predominantly flavonoids, which accounted for 50.7% of the total identified metabolites in flower and 16.4% in BH. Samples exhibited variations in TPC, AC, secondary metabolites, and chemical classes depending on geography and botanical origin. Dzidzilche flowers from Acanceh displayed the highest total polyphenol content (TPC, 1431.24 ± 15.38 mg GAE/100 g dry matter) and antioxidant capacity (AC, 93.63% inhibition). Among the metabolites detected in flowers (Piscidia piscipula, Gymnopodium floribundum), 50.7% were found to be part of the flavonoid chemical class, whereas in their respective honey samples, only 16.4% of the identified metabolites were categorized as flavonoids. Vanillin and vitexin were tentatively identified as potential markers for the botanical origin identification of honey from Piscidia piscipula and Gymnopodium floribundum, respectively. Recognizing botanical and geographic BH origin is important for product authentication, identification, and traceability. This study offers chemical insights that can be valuable and complementary to melissopalynology, aiding in determining the origin and quality of Yucatan BH.
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1. Introduction


The Yucatán Peninsula in México has a diverse and abundant flora, with approximately 2329 reported taxa at the species level grouped in 956 genera and 161 native or wild families. In the case of Yucatán, there is a record of 1402 reported plant species, distributed in 120 families and 652 genera, of which 11 species are endemic. As part of the extensive range of documented plant species, the classification of melliferous flora has critical importance because it constitutes 40% of the reported species in Yucatan, representing about 849 species that serve as sources of nectar and pollen for bees. Bees, in turn, transform these resources into various products, like propolis, wax, and, primarily, honey [1]. The production of honey is one of the most important activities in Yucatan due to the abundance of a large quantity of plants (mentioned earlier). The honey production in Yucatan contributes 15.83% of Mexico’s national production (9180 tons per year) [2]. The quality of Yucatecan BH is highly preferred in the international market; a total of 95% of the BH produced in Yucatán is destined for the markets of Germany, Switzerland, and England [3]. The quality of the BH is determined by the available floral composition for the foraging of Apis mellifera; in this sense, it is essential for apiaries to be located in areas with a high availability of nectar and pollen plant supply. It is reported that bees can fly between 2 and 5 km searching for floral resources [4].



According to melissopalynology studies characterizing honey in relation to pollen, it has been determined that certain taxonomic families exhibit a predominant presence in BH. Notably, among these families are Fabaceae and Polygonaceae [5]. Additionally, the presence of polyphenols in Yucatán’s plants has been extensively studied. The scientific literature highlights the abundant presence of polyphenols in Yucatán’s flora, showcasing significant antioxidant properties [6,7]. Alongside their antioxidant attributes, these plants yield a diverse range of secondary metabolites, carrying medicinal and therapeutic potential that has been harnessed by local cultures since ancient times. The metabolites present in the BH flora of Yucatan include flavonoids, terpenes, phenolic acids, and alkaloids, among others. This results in plants containing antioxidants, anti-inflammatory, antimicrobial, and analgesic characteristics. These plants have a history of use in traditional medicine for addressing a range of issues, including headaches, inflammation, infections, and gastrointestinal disorders. [8,9]. A study on the floristic knowledge of the Yucatan Peninsula reported that Fabaceae, commonly known as legumes, is one of the most diverse families in the region, with 230 species reported [10]. In these species, flavonoids, isoflavonoids, and quinones are reported as the prominent classes of secondary metabolites [11]. An important tree of Fabaceae species is the Piscidia piscipula, commonly known as “Jabin”, a well-distributed tree within the Yucatán Peninsula, Mexico, that can reach up to 20 m in height, and its flowering occurs during the dry months of March and April. The inflorescences are generated on the branches, where up to 50 flowers develop. These flowers represent a food source for bees and many other insects [12] and play a significant ecological and socio-cultural role due to their use as a firewood (fuel) source or as poles, and it is considered by locals as a “godmother” plant or “mother of fire” [13]. The Piscidia piscipula honey has been classified as a potential source of monofloral honey [14] and contains several types of polyphenols, including flavonoids, such as genistein and quercetin, and phenolic acids, such as caffeic acid and chlorogenic acid; these metabolites have also been found in Jabin bark, with significant antioxidant anti-inflammatory properties [15,16]. Another plant family reported to be presented in Yucatecan BH is Polygonaceae, a diverse group of plants that include herbs, shrubs, trees, and vines; this family has alternate leaves, small flowers, and inflorescences with cymes form. A phytochemical study revealed the presence of tannins, saponins, flavonoids, alkaloids, and sesquiterpenes [17]. Gymnopodium floribundum, a prominent member of the Polygonaceae family in Yucatan, holds significant importance. Referred to as ‘Dzidzilche’ in the Mayan language, this species plays a vital role within the Yucatecan region, as it is utilized in commercial honey production [18] and traditional medicine for its anti-inflammatory and analgesic properties due to the high content of polyphenols in its leaves [19,20] as well as its tannins [21].



Speaking exclusively about flowers, these are a source of bioactive compounds of interest [22]; an example is the melliferous flora of Yucatán, which is important not only for honey production but also for its medicinal and therapeutic properties due to terpenes, polyphenols, and alkaloids, three metabolites present in these plants.



The polyphenol group is the most widely distributed and diverse category in plants from all around the world [23]. Polyphenols contribute to taste, color, odor, astringency, oxidative stability, bitterness, and chemical defense; they are synthesized by the phenylpropanoid and/or polyketide metabolic pathways derived from shikimic acid, and phenylalanine is the main compound needed for the synthesis of other polyphenols, such as flavonoids, phenolic acids, stilbenes, and lignans [15]. All the reported metabolites in Gymnopodium floribundum and Piscidia piscipula species from Yucatan are the result of biotic and abiotic stress in the region, mainly environmental conditions, such as climate and humidity. In this sense, the total content of polyphenols in flowers varies according to factors such as species, plant age, geographic origin, and environmental conditions [15,24].



A behavior similar to that in flower metabolites is observed in the chemical composition of honey, which is highly variable and mainly depends on the geographical and floral origin. Derived from this, honey is classified according to two characteristics: the region of origin and the flora of that region [25,26]. In a study conducted by Peilin et al. [27], the effects of different floral origins of honey (Schisandra chinensis, Vicia dichroant, Astragalus sinicus, Robinia pseudoacacia, and Ziziphus jujuba) on alcohol metabolism and their correlation with chemical composition were found to have significant differences in the polyphenol profile, especially in protocatechuic acid, p-Hydroxybenzoic acid, kaempferol, apigenin, and caffeic acid. Generally, it is recognized that evaluating the patterns of phenolic acids, phenolic esters, and aromatic carbonyl compounds can provide a good indication of the botanical origin of honey [28].



Some phenolic acids (e.g., ellagic acid) are used as floral markers of brezo honey (Calluna vulgaris), while the hydroxycinnamates (caffeic, p-coumaric, and ferulic acids) are used as floral markers of castaño honey (Castanea sativa) [29]. On the other hand, pinocembrin, pinobanksin, and chrysin are characteristic flavonoids found in most European honey [30], while abscisic acid was detected in rapeseed (Brassica napus), lime (Citrus sp.), and acacia (Acacia sp.) tropical honey [31].



Hence, the importance and interest in understanding the effect of geographical origin and different species of nectar-producing flowers are evident. Derived products, such as honey produced by Apis mellifera (hereinafter honeybee), have the potential to contain both the metabolites and bioactive properties that can be advantageous for human health. In this study, our objective was to investigate the impact of geographical location and flower species on metabolites identified using LC–MS2. This approach represents a novel and innovative process seeking to establish potential correlations between these factors and the honey produced by Apis mellifera from these local (Yucatán) floral species.




2. Materials and Methods


2.1. Collection of Plant Material


The collection of Dzidzilche (Gymnopodium floribundum) and Jabin (Piscidia piscipula) flowers was carried out in February, March, and April 2023 in two different apiaries in two locations in Yucatán, Mexico: Tahdziu and Acanceh. The selected sampling locations for plant material were near the apiaries (500 m approximately).



Flower collection consisted of taking a fragment of the complete terminal branch where flowering was present. Subsequently, the flowers were stored in resealable plastic bags in a Styrofoam container with ice for transportation (<4 h) to the Research and Technology Assistance Center of the State of Jalisco (CIATEJ), southeast unit.



The collected samples consisted of complete inflorescences of each species; however, only floral structures were exclusively utilized for the analyses. For the Jabin species (Figure 1a), the open flowers with the pedicel (3) and closed flowers with the pedicel (4) were employed, while the rachis (2) and developing fruits (1) were excluded. In the case of the Dzidzilche species (Figure 1b), we utilized the open flowers with the pedicel (1) and closed flowers with the pedicel (3); the rachis (2) was discarded.




2.2. Selection and Drying of Flowers


The selection of flower structures took place at the CIATEJ facilities for subsequent freeze-drying. Freeze-drying was performed according to Oney-Montalvo et al. [32] with some modifications. Before freeze-drying, the selected flowers were ultra-frozen (−32 °C, 24 h) in resealable plastic bags. Then, the frozen flowers were freeze-dried for 72 h at a temperature of −50 °C and a pressure of 240 mBar using the Freezone lyophilizer, LABCONCO® Brand, C to obtain a moisture content of ≤5%.



The Jabin flower sample obtained from the location of Tahdziu was used as a conventional dry control. It was dried according to Chel-Guerrero et al. [33], with some modifications, in a FELISA oven (model FE-292) at 50 °C for 48 h to obtain a moisture content of ≤5%.



Grinding and Sieving


Freeze-dried and oven-dried flowers were first ground using a coffee grinder (MasterChef®) until homogeneous powders (flower flours) were obtained. The flower flours were sieved using a No. 35 mesh (500 µm particle size). The final product was stored in resealable bags, labeled, and lined with aluminum foil at room temperature until use.





2.3. Determination of Moisture in Flowers and Flower Flours


The fresh flowers selected were subjected to moisture determination prior to the drying process (freeze-drying or oven-drying) according to the methodology reported by Avilés-Betanzos et al., 2023 with some modifications [34]. With an OHAUS® thermobalance (model MB90, NJ, USA), the moisture content of the samples was determined by placing 0.5 g of sample in an aluminum plate; the samples were kept in the equipment at a constant temperature of 105 °C until a constant weight was reached (weight loss < 1 mg in 60 s). The same procedure was followed with both the fresh flower and the flower flours. Moisture was the difference between the initial and final weights of the sample and was reported in percentage and in triplicate.




2.4. Extraction of Metabolites in Flower Flours


2.4.1. Obtainment of Total Polyphenol Content (TPC) and Antioxidant Capacity (AC)


The extraction process was carried out according to the methodology reported by Avilés-Betanzos et al. [34] with some modifications. A sample of flower flour was weighed (0.5 g); then, 2.5 mL of a methanol: water solution (80:20) was added. The solution was mixed with a vortex until a homogeneous solution was obtained. The solution was sonicated for 30 min at a frequency of 42 kHz using a BRANSON® sonicator (model 3510). After sonication, the samples were centrifuged at 4700× g rpm for 30 min at 4 °C. The supernatants were recovered and filtered using a 0.22 μm nylon filter. Finally, the sample was placed in chromatographic vials and refrigerated (5 °C) until use (<48 h).




2.4.2. Flower Extraction for LC–MS2


We followed the methodology previously described by Contreras-Angulo et al. [35] with minor modifications. To 5 mg of freeze-dried flowers, 500 µL of a solvent mixture of methanol: acetonitrile (ACN): ethyl acetate (1:1:1) was added, and the mixture was vortexed for 1 min and sonicated for 30 min in ice-cold water. Then, the samples were centrifuged at 14,000× g rpm for 10 min at 4 °C, and 400 µL of the supernatant (top layer) was recovered, transferred to an Eppendorf tube, and dried in a SpeedVac system at room temperature. The dried extract was resuspended with 200 µL of a mixture of water: ACN (80:20), vortexed again for 1 min, and sonicated for 30 min in ice-cold water. Finally, extracts were centrifuged at 14,000 rpm for 10 min at 4 °C to obtain a particle-free supernatant suitable for LC–MS2 data acquisition.





2.5. Extraction of Metabolites in Honey


2.5.1. Honey Dilution for Determination of CTP and AC


The dilution was carried out according to Al-Mamary et al. [36] with some modifications. A sample of honey (1 g) was weighed, and distilled water was added until a total weight of 10 g was reached. The sample was then vortexed to make a homogeneous solution to be used later to assess CTP and AC.




2.5.2. Honey Extraction for LC–MS2 Data


A sample of 100 mg of freeze-dried honey was extracted with 500 µL of methanol: ACN: ethyl acetate (1:1:1) solution under sonication for 30 min in ice-cold water. Thereafter, the same steps described in Section 2.4.2 were followed. However, after the evaporation of solvents, the extracts were resuspended at 500 mg/µL using a mixture of water: ACN (80:20).



Then the same methodology as reported in Section 2.4.2 was subsequently followed.





2.6. Experimental Design


To evaluate the effects of the geographical zone on the total polyphenol content and antioxidant capacity in Dzidzilche and Jabin flowers and honey, a 23 factorial design was established. The levels of the main factors (botanical origin, geographical zone, and raw material) were presented at two levels (−1 for Tahdziu, Jabin, and flower and 1 for Acanceh, Dzidzilche, and honey), as shown in Table 1. The raw material factor (honey and flower) was also individually analyzed considering the factors of botanical origin and geographical origin.



2.6.1. Determination of TPC in Dzidzilche and Jabin Flower Flours and Honey


The polyphenols contained in the extracts were evaluated using the Folin–Ciocalteu method with some modifications, following Singleton et al. [37]. A total of 25 μL of the sample (flower flour extract or honey dilution) was taken and diluted with distilled water (25 μL). Then, 3 mL of distilled water and 250 μL of Folin–Ciocalteu reagent (St. Louis, MO, USA) were added. After 5 min, 750 μL of 20% sodium carbonate (Na2CO3, 20%, St. Louis, MO, USA) and 950 μL of distilled water were added, and the mixture was incubated for 30 min. Finally, the samples were read at 765 nm using a quartz cell and UV–Vis spectrophotometer (THERMO SCIENTIFIC® Genesys 140 (Waltham, MA, USA)) to determine absorbance. A calibration curve (0.005−0.1 mg of gallic acid/mL) was prepared prior to sample analysis (flower and honey), obtaining an R2 = 0.999 for both curves (the graphs can be observed in Figure S1).




2.6.2. Determination of AC in Dzidzilche and Jabin Flower Flours and Honey


The antioxidant capacity of the extracts was evaluated using the DPPH method, according to Brand et al. [38]. The 2,2-diphenyl-1- picrylhydrazyl (DPPH) reagent from Sigma Aldrich® (D9132-1G, St. Louis, MO, USA) was weighted (3.3 mg); then, reagent-grade methanol was added (100 mL). The obtained DPPH solution was adjusted (absorbance 0.700 ± 0.002) with a UV–Vis spectrophotometer (THERMO SCIENTIFIC® Genesys 140). To establish the antioxidant capacity, a sample volume of 100 µL (extract of Dzidzilche and Jabin flower flours and honey) was taken, and then a volume of 3.9 mL of DPPH-adjusted solution was added. The mixed solution was stirred and incubated for 30 min. Finally, the samples were read at 515 nm. The results of the extract were presented as the percentage of inhibition (%), according to Equation (1):


  %   I n h i b i t i o n =       D P P H   a d j − D P P H   s a m     D P P H   a d j        



(1)







DPPHadj = Absorbance of adjusted DPPH solution.



DPPHsam = Absorbance of sample (extracts of Dzidzilche and Jabin flower flours and honey).





2.7. Untargeted LC–MS2 Data Acquisition


We followed the instrumentation and protocol previously described [35] with some modifications. We loaded 4 μL of the resuspended metabolite solutions into an Agilent 1260 Infinity LC (Agilent Technologies, Inc., Santa Clara, CA, USA). For the separation of molecules, we employed a ProtID-Chip-43 II column (C18, 43 mm × 75 μm, 300 Å, 5 μm particle size, equipped with a 40 nL enrichment column). The mobile phases were H2O with 0.1% formic acid (FA) as solution A and ACN with 0.1% FA as solution B. The gradient started at 5% B, was increased linearly to 40% B in 20 min and then to 100% B for 5 min, was held at 100% B for 5 min, returned to 5% B within 1 min, and was finally maintained at 5% B for 9 min before the next sample to ensure column re-equilibration. The total analysis time was 40 min at a flow rate of 300 nL/min. To minimize potential carryover, two blank samples (5 μL of mobile phases A and B at an 80:20 ratio) were run between experimental samples. The eluate was delivered to a 6530 Accurate-Mass Q-TOF mass spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA) using an HPLC-Chip Cube MS interface. Nanospray ionization under positive mode was utilized. Data-dependent acquisition was employed over the mass range 110–2000 m/z with a scan speed of 4 spectra/s. MS2 data were retrieved from the top 5 most intense precursor ions per cycle, reaching 150 cps over the mass range 50–2000 m/z at a rate of 3 spectra/s. The active exclusion option was enabled, set to 2 spectra, and disabled after 0.25 min. A ramped collision energy (CE) was used with slope and offset values of 6 and 4, respectively. Before data acquisition and every 24 h, the instrument was externally calibrated using an ESI-L low mix concentration tuning solution (Agilent Technologies, Inc., Santa Clara, CA, USA). The samples were randomly allocated in the autosampler for data acquisition.



LC–MS2 Data Processing


The methodology followed was based on that reported previously by our group [35] with some modifications. The LC–MS2 datasets were analyzed using a workflow that consisted of open-source software packages and free-access online platforms. First, datasets with Agilent, Santa Clara, CA, USA, proprietary format were converted to open-format files (.mzXML) using the MSConvert tool (version 3) from ProteoWizard [39]. The mzXML files were uploaded to the Global Natural Products Social Molecular Networking (GNPS) online platform (https://gnps.ucsd.edu (accessed on 25 august 2023)) [40] to perform classical molecular networking (CMN) and automated structural annotation (against GNPS spectral libraries) (Metabolomics Standards Initiative (MSI) classification level 2 [41]). The principal parameters used within GNPS were 0.02 Da for the mass tolerance of precursor and product ions, a minimum cosine score of 0.6, and at least 4 peaks matched at the MS2 level. To enhance the putative identification of metabolites (MSI, level 3), we utilized MolDiscovery [42] and DEREPLICATOR+ (version 1.0.0) [43] in silico tools integrated into the GNPS platform. The clustered .mgf file generated by CMN was used for MolDiscovery analysis, and the DEREPLICATOR+ analysis was run through the “Annotate with DEREPLICATOR+” option on the results page of CMN. The precursor ion and product ion mass tolerances were set to 0.02 Da, while all other parameters were left as default. As an additional annotation tool, the CSI: FingerID algorithm from the SIRIUS software (version 4.9.12) [44] was used to assign structures found in the BioDatabases (MSI, level 3). First, a molecular formula was assigned with SIRIUS without databases [45] and reranked with the ZODIAC algorithm [46]. The chemical classes of the identified metabolites were assigned on the basis of ClassyFire chemical ontology using the web application http://classyfire.wishartlab.com (accessed on 25 August 2023) [47]. Spectra found in blank samples and annotations with >10 ppm mass accuracy and >5% FDR were filtered out from the results.





2.8. Statistical Analysis


The data presented are reported as means ± standard deviations. Data analysis for a factorial 23 design was employed to assess the total polyphenol content and antioxidant capacity of the factors (1) botanical origin (Dzidzilche or Jabin flowers), (2) geographical origin (Acanceh or Tahdziu locations), and (3) raw material (flower or honey) using an analysis of variance (ANOVA) to determine the effects and their interactions. These analyses were performed using the statistical software Statgraphics Centurion XVII.II-X64 (Stat-graphics Technologies Inc., Virgin, UT, USA). XL-STAT software (version 2021.2.2, Addison, Paris, France) was utilized in the CATA analysis to obtain the principal components analysis of the metabolites obtained in the samples. The analysis of the linear correlation between the concentrations of total polyphenols and the antioxidant capacity obtained by the DPPH was carried out with a linear correlation utilizing Microsoft Excel (version 2019).





3. Results


3.1. Collection of Plant Material


The sampled apiaries (Acanceh and Tahdziu locations) were in two different areas of the state of Yucatan, Mexico, as indicated in Figure 2. The apiary located in Tahdziu (20°19′22.4″ N 089°24′38.6″ W) had scattered vegetation; it was surrounded by hectares with agricultural activity, such as livestock farming, agriculture, and other apiaries. On the contrary, the apiary located in Acanceh (20°45′28.2″ N 089°23′18.5″ W) had dense and closed vegetation, surrounded by unexploited lowland jungle unaffected by commercial activities.



The samples were labeled using codes for identification, which reflected their botanical origin (Jabin or Dzidzilche) and their geographical origin (Tahdziu or Acanceh). At the end of the plant material collection, 365 g of Dzidzilche material and 658 g of Jabin were obtained. The collected sample could contain additional structures other than flowers, principal stems, leaves, and secondary branching; however, these materials were discarded, as described in the following section.




3.2. Selection and Drying of Flowers


An initial weight of 365 g of Dzidzilche material was collected; after finalizing the process of classification and the selection of structures, 125 g remained that corresponded to flower structures. Similarly, Jabin decreased from the initial 658 g to 315 g of plant material corresponding to floral structures. After the drying and grinding process, 47 g and 39 g of floral flour were obtained from the Jabin and Dzidzilche species, respectively.




3.3. Moisture Determination in Flowers and Flower Flours


The Jabin species demonstrated a higher initial moisture percentage than the Dzidzilche species in both the Tahdziu (80.25 ± 0.19%) and Acanceh (72.26 ± 0.62%) apiaries. On the other hand, the Dzidzilche species showed the lowest initial moisture percentage in the Tahdziu locality (56.53 ± 1.09). Statistically significant differences (p < 0.0001) were found in the initial moisture between the species, resulting in three homogeneous groups: ACA-DZI and TAH-DZI, ACA-JA, and TAH-JA. Regarding the final moisture, a significant difference was also obtained (p = 0.0082), as shown in Table 2.




3.4. TPC and AC of Flower Flours and Honeys


The results of the total polyphenol content (TPC) and the antioxidant capacity (AC, with DPPH methodology) as response variables of the 23 factorial designs experiments are presented in Table 3. The data were obtained from two geographical locations (Tahdziu and Acanceh) and two different species (Jabin and Dzidzilche) using honey and flowers as raw materials.



The results showed that the highest concentration of total polyphenols (1431.24 ± 15.38 mg GAE/100 g dry matter) was obtained in the flower with the botanical origin of Dzidzilche and the geographical origin of Acanceh. In general, flowers exhibited higher values of total polyphenol content than the BH.



On the other hand, the BH contained a low concentration of polyphenols, in which the lowest TPC (5.28 ± 0.47 mg GAE/100 g dry matter) was obtained in the Dzidzilche sample from Acanceh.



Meanwhile, flowers developed a higher antioxidant capacity than the BH. Flowers with the botanical origin of Dzidzilche and the geographical origin of Acanceh exhibited the highest antioxidant capacity (93.63% inhibition) (p < 0.05). By contrast, the lowest antioxidant capacity was observed in the BH with Jabin botanical origin and Tahdziu geographical origin (13.68% inhibition).



Figure 3 demonstrates the significant effect of all factors and interactions on the total polyphenol content. However, the raw material factor, as expected, presented a greater statistical effect due to the inherent differences in the materials. The Pareto chart revealed that the main factors, raw material (flowers) and geographical origin (Acanceh), presented significant effects (p < 0.05) on the antioxidant capacity. The effect of all factors on the TPC and AC was confirmed by the interaction chart (Figure S2) and the main factors chart (Figure S3).



Figure S4 shows the effects of the individual factors (botanical origin and geographical origin) and their interaction on AC and TPC in the flowers and their honeys. In this sense, the geographical origin (Tahdziu) had a greater statistical effect than the botanical origin (Jabin); a similar trend was observed for the AC. In addition, the geographical origin (Acanceh) had a greater statistical effect than the botanical origin (Dzidzilche).



In the individual analysis, the flower (Figure S5) showed a significant effect of all factors and interactions on the TPC. However, the geographical origin (Acanceh) presented a greater statistical effect than the botanical origin (Dzidzilche). For AC, the geographical origin (Acanceh) and the interaction had a significant effect, while the botanical origin did not.




3.5. Identification of Metabolites in Flower Flours and Honey of Dzidzilche and Jabin


From the entire dataset, we obtained 312 peaks containing MS2. We focused solely on these peaks to obtain annotations at the molecular structure level through MS2 spectral matching against spectral libraries or through in silico predictions. After filtering out contaminants or low-quality annotations, a total of 55 metabolites in the BH (Table S1) and 69 metabolites in the flower (Table S2) samples were putatively identified, with an identification rate of approximately 24%. Notably, the annotations reported herein are putative, and due to the limitations of the technique, we could not differentiate between enantiomers. Therefore, the reported molecular structures are those automatically retrieved from the automated spectral match and in silico predictions.



Raw materials (flowers and BH) were grouped to provide a comprehensive depiction of the chemical classes of the metabolites identified in both flowers and BH. A distinct chemical profile among flower and BH samples was observed. In flowers (Figure 4a), the 69 annotated compounds belonged to 15 chemical classes, and the flavonoid chemical class accounted for 50.7% of the total identified metabolites. By contrast, the 55 compounds annotated in BH (Figure 4b) spanned 16 chemical classes, with only one more chemical class than the flower repertoire. Despite this, the presence of flavonoids was lower in BH than in flowers, constituting 16.4% of BH metabolites. On the other hand, the percentage representation of carboxylic acids and their derivatives, organonitrogen compounds, and benzene and substituted derivative metabolites were more similar between flowers and BH.



Four chemical classes (aurone flavonoids, indoles and their derivatives, cinnamic acids and their derivatives, and benzopyrans) were only observed in flower samples. Moreover, the BH samples exhibited six chemical classes (pteridines and their derivatives, pyrans, stilbenes, diazanaphthalenes, linear 1,3-diarylpropanoids, and phenols) that were not present in the flower samples, as shown in Figure 5.



The comparative analysis of floral samples revealed a higher number of compounds (30 compounds) in Dzidzilche flowers from Acanceh compared with those from Tahdziu (27 compounds). Both Dzidzilche and Tahdziu samples displayed an equal number of chemical classes (n = 11). However, while cinnamic acids and their derivatives were present in Tahdziu, oxepanes were identified in the Acanceh samples (Figure 6a). Regarding botanical origin, Jabin flowers from Acanceh presented a higher number of compounds (50 compounds) than those from Tahdziu (32 compounds). These 50 metabolites were categorized into 12 different chemical classes, with the notable difference that fatty acyls were present in the Tahdziu samples and absent in the Acanceh samples (Figure 6b). For bee honey originating from Dzidzilche, a higher number of compounds were found in the Tahdziu location than in the Acanceh location (42 and 38 compounds, respectively). These compounds were classified into 15 chemical classes, wherein linear 1,3-diarylpropanoids were solely found in the Tahdziu location (Figure 6c). BH with Jabin botanical origin displayed a higher number of compounds in Tahdziu than Acanceh (48 and 43 compounds, respectively), categorized into 16 chemical classes. Among these isoflavonoids, linear 1,3-diarylpropanoids, oxepanes, and glycerophospholipids were present in the Tahdziu location (Figure 6d).



Although the BH and flower samples shared botanical and geographical origin, differences at the chemical class level were observed. For instance, flowers of Dzidzilche botanical origin from the Tahdziu location exhibited the presence of cinnamic acids and their derivatives, aurone flavonoids, indoles and their derivatives, and naphthofurans (Figure 7a), while BH (associated with the same botany and geography) differentially presented linear 1,3-diarylpropanoids, pyrans, stilbenes, diazanaphthalenes, fatty acyls, phenols, and oxepanes. Bee honey associated with Acanceh flowers from Dzidzilche lacked aurone flavonoids, indoles and their derivatives, and naphthofurans but presented pyrans, stilbenes, diazanaphthalenes, fatty acyls, phenols, and pteridines and their derivatives (Figure 7b). Jabin flowers from Acanceh uniquely presented aurone flavonoids, indoles and their derivatives, naphthofurans, isoflavonoids, and glycerophospholipids, while BH (associated with the same botany and geography) uniquely presented pyrans, stilbenes, diazanaphthalenes, fatty acyls, and phenols (Figure 7c).



Jabin flowers from Tahdziu uniquely presented aurone flavonoids, indoles and their derivatives, and naphthofurans, while BH (associated with the same botany and geography) uniquely presented oxepanes, pyrans, stilbenes, diazanaphthalenes, pteridines and their derivatives, phenols, and linear 1,3-diarylpropanoids. Overall, aurone flavonoids, indoles and their derivatives, naphthofurans, isoflavonoids, and glycerophospholipids were found in flowers, while BH (associated with the same botany and geography) uniquely presented pyrans, stilbenes, diazanaphthalenes, fatty acyls, and phenols (Figure 7c). Naphthofurans were consistently solely found in flowers when compared with their BH counterpart (same botany and geography).



Principal Component Analysis (PCA) and Lineal Correlation


To examine similarities between flowers and BH considering their botany and geography, PCA was conducted. This analysis involved three distinct groups of chemical classes: (1) flavonoids, (2) benzenes and their derivatives, and (3) cinnamic acid and its derivatives. These groups were chosen due to their prominence as representative classes in honey and flowers.



In the PCA chart for flavonoids (Figure 8), the proximity between flower M (Tahdziu–Jabin) and N (Tahdziu–Jabin, oven-dried) suggests a shared similarity. Conversely, all honey samples exhibited close distances, implying common traits. The metabolite afzelin (O) demonstrated a close relationship between Dzidzilche flowers and honey from Acanceh and Tahdziu.



Compounds such as vitexin (B), pueratin (Q2), naringin (A), quercetin (D), kaempferol (E), and 3,5-dihydroxy-2-(4-hydroxyphenyl)-7-[(3,4,5-trihydroxy-6-methyltetrahydro-2H-pyran-2-yl) oxy]-4H-1-benzopyran-4-one (P) showed a clear association with all honey samples, irrespective of their botanical or geographical origins. Regarding the flowers, those stemming from Jabin demonstrated an association with phenolic compounds, including aromadendrin (G), taxifolin-3-glucoside (V), retusin (M), tangeretin (N), 3,6,3′,4′-tetramethoxyflavone (L), sinensetin (T), taxifolin (J), isorhamnetin 3-galactoside (A2), 6″-O-(3-hydroxy-3-methylglutaroyl) astragalin (E2), 6-hydroxysumatrol (R2), 3″-O-L-rhamnopyranosylastragalin (F2), amorphigenin (P2), and hesperidin (H2). On the other hand, flowers of Dzidzilche origin were associated with compounds like (-)-epicatechin gallate (R), reynoutrin (Q), 2′-O-galloylhyperin (I2), and procyanidin B5, and 3′-O-gallate (L2).



When analyzing benzenes and substituted derivatives (Figure 9), the analysis showed the following outcomes: compounds such as 3-methoxybenzoic acid (T2), benzylideneacetone (S2), tyramine (W2), and veratric acid (U2) were denoted as having a strong association with honey from Jabin, regardless of the geographical origin. Dzidzilche honey from Tahdziu showed an association with phenylalanine, whereas honey displayed an association with the compound 3-methylsalicylic acid (V2). Notably, no associations between flowers and compounds from this chemical class were found.



As shown in Figure 10, various compounds (listed from M3-R3) linked to the carboxylic acid and derivative chemical class were associated with different honey samples, regardless of their botanical and geographical origins. Notably, asparagine (O3) was associated with the Jabin botanical origin, while proline (N3), 4-hydroxybenzoic acid (K3), and n-methyl-tryptophan (P3) were associated with Dzidzilche.



Furthermore, a lineal correlation was found between total polyphenols and antioxidant capacity in Dzidzilche and Jabin flowers (p < 0.05).






4. Discussion


The highest concentration of polyphenols (1431.24 ± 15.38 mg GAE/100 g DM) was observed in Dzidzilche flowers originating from Acanceh, which also exhibited the highest antioxidant capacity (93.63 ± 0.22% inhibition). By contrast, Jabin honey (botanical origin) had the lowest TPC concentration (5.38 ± 0.14 mg GAE/100 g DM) in Acanceh and the lowest AC (13.68 ± 0.75% inhibition) in Tahdziu. While there were differences in TPC between flowers and honey, their antioxidant capacity displayed a similar trend. This variation in TPC is mainly attributed to the higher percentage of flavonoids present in the flowers (50.7%) compared with that in honey (14.7%), consequently influencing the antioxidant capacity. According to Ghasemzadeh, et al. [48], these bioactive compounds demonstrate a significant positive correlation with the antioxidant capacity of plant matrix extracts, including flower extracts [49].



The antioxidant properties of flavonoids are derived from their ability to donate a hydrogen proton to an oxidizing molecule, thereby promoting molecular stability and inhibiting oxidative processes [50]. On the other hand, the higher percentage of phenolic compounds in flowers than in honey arises because these are secondary metabolites exclusively synthesized by plants [51], regardless of their botanical and geographical origins. By contrast, the concentration of phenolic compounds in honey is influenced by external factors, such as the availability of biological material for bees, the honey production process, and the amalgamation of flower or plant secretions with the bee’s bodily fluids during the transport and storage of nectar [52].



Another crucial factor to consider when characterizing flowers and BH involves the edaphological conditions of the flower’s geographical origin. In this study, Acanceh, a municipality situated in the central area of Yucatan, was selected, which is characterized by Mollic Leptosol soil (as per the World Reference Base for Soil Resources) or Box lu’um (according to the Mayan classification as described by Bautista et al.) [53]. These soils manifest distinctive features, including a black color, an intermediate percentage of gravel and stones (20–60%), a substantial organic matter content (greater than 10%), good drainage capacity, and a high concentration of exchangeable cations like calcium, phosphorus, sulfur, and sodium. On the other hand, the red soils (WRB) or Hay lu’um (Mayan classification) found in Tahdziu present a lower content of exchangeable cations than Mollic Leptosol soils, red color, clayey texture, reduced moisture retention, lower organic matter content (<15%), and occasional rocky outcrops [53,54].



The soil characteristics influence the polyphenol content of products such as plants, fruits, and their by-products. Numerous studies have evaluated the impact of black, brown, and red soils on the TPC and AC of habanero chili products from the Yucatan Peninsula. In one study, it was observed that plants cultivated in black soils presented a notably higher TPC (217.13 ± 28.04 mg GAE/100 g dry pepper) and AC (86.51 ± 0.82% inhibition) compared with those grown in other soil types, including red soil (135.17 ± 14.24 mg GAE/100 g dry pepper, with inhibition below 86%) and brown soil, which displayed intermediate behavior [54]. This study suggests that these differences were primarily attributed to variations in electrical conductivity, organic matter content, and increased nitrogen presence [55,56]. Overall, such factors are thought to impact nutrient availability and uptake in plants, ultimately modulating the polyphenol content and thereby the AC of the products.



Botanical origin emerged as a pivotal factor in assessing the TPC, AC, and metabolite chemical classes of honey. The Dzidzilche tree (Gymnopodium floribundum) has adapted to the climatic and soil conditions of the Yucatan Peninsula’s tropical forest in Mexico and is notably abundant in the region [19]. This tree plays a crucial role in providing biological materials, such as flowers, nectar, and pollen to honeybees (Apis mellifera) [5]. It has also been identified as a producer of various secondary metabolites, mainly phenolic compounds, including flavonoids and tannins [19,57,58]. In this context, Ortíz-Ocampo et al. [19] conducted a study collecting biological materials (stems, leaves, and flowers) from Dzidzilche trees in the “Cuxtal” natural reserve from December 2017 to December 2018. They aimed to analyze changes in the concentration of phenolic compounds across the seasons (spring, summer, autumn, and winter). Their findings indicated significantly higher concentrations of phenolic compounds (p < 0.05) during the months of January, February, and March, coinciding with the same sampling period as the present study (March). During this period, Dzidzilche flowers presented a greater concentration of TPC than Jabin (another botanical origin). However, it is worth noting that this difference may also be attributed to the fact that Dzidzilche trees belong to the Polygonaceae family, which has demonstrated higher concentrations of phenolic compounds (1310 ± 100 mg GAE/100 g DM) than the Fabaceae family (713.3 ± 37.1 mg GAE/100 g DM), the family to which Jabin (Piscidia piscipula) belongs. This trend aligns with the current study’s findings, in which Dzidzilche exhibited a significantly higher concentration of phenolic compounds than Jabin [57,59,60]. Furthermore, the concentrations of phenolic compounds exhibited a correlation with the AC in both Dzidzilche and Jabin flowers. For instance, Hallman [59] reported a significant linear correlation between the phenolic compound content in extracts of the Fabaceae family and their AC. Similarly, Feduraev et al. [57] reported a significant linear correlation between phenolic-rich extracts from plants of the Polygonaceae family and their AC. This same trend was observed in the present study when linearly correlating the phenolic compounds of Dzidzilche (Polygonaceae family) and Jabin (Fabaceae family) flower extracts with their respective antioxidant capacities, reaffirming the relevance of polyphenols in the antioxidant bioactivity of these plants.



Notably, the TCP and AC are not only affected by botanical origin but also by the presence of specific secondary metabolites. For example, within the Fabaceae family, plants are characterized by their repertoire of a set of compounds belonging to the chemical class of isoflavonoids. This type of compound is a subclass of the flavonoid family featuring a benzene ring B at the carbon 3 position of the pyran ring [61] and is synthesized de novo through the Shikimic acid pathway. At a certain stage, the activation of chalcone isomerase and isoflavone synthase is promoted, working as a defense mechanism in response to stressors, predominantly of microbiological origin [62]. Additionally, these compounds are regarded as pathogen resistance biomarkers [63]. On the other hand, plants belonging to the Polygonaceae family are renowned for their substantial content of flavonoids, particularly quercetin and epicatechin [51]. These metabolites are found in numerous genera within this family and are linked to pleiotropic effects, including a robust antioxidant capacity [64] along with antidiabetic, neuroprotective, cardioprotective, and anticancer effects [65,66].



In this study, the presence of 12 chemical classes of the samples analyzed was observed. However, it is worth noting that Jabin flowers contained two secondary metabolites classified as isoflavones, specifically 11-hydroxytephrosin and 6-hydroxysumatrol, which were absent in the Dzidzilche samples. Conversely, a notable association was observed between the flavanol catechin (or one of its stereoisomers) and the botanical origin of Dzidzilche. It is important to highlight that these phenolic compounds were also identified in honey. Although these metabolites are solely synthesized by plants, they can make their way into honey through the collection of nectar, propolis, and/or resins by honeybees, which are subsequently processed in the beehive [66].



Some authors, including Gašić et al. [67], Cheung et al. [68], and Kasiotis et al. [69], have proposed phenolic compounds as potential biomarkers for identifying the botanical and even geographical origin of honey, mainly monofloral honey, to ensure their authenticity in global markets. According to Lawag et al. [70], characteristic phenolic compounds found in honey sourced from plants of the Polygonaceae family across various geographical regions (China, Finland, Italy, Lithuania, Poland, Turkey, USA, etc.) encompass apigenin, luteolin, chrysin, vitexin, quercetin, kaempferol, rutin, phenylacetic acid, salicylic acid, p-coumaric acid, and chlorogenic acid, among others. On the other hand, representative phenolic compounds of the Fabaceae family identified from different geographical regions (China, Argentina, Italy, Turkey, Germany, Spain, Austria, USA, Poland, etc.) include vanillin, apigenin, luteolin, quercetin, quercitrin, rutin, myricetin, vanillic acid, p-coumaric acid, gallic acid, and protocatechuic acid. These reported results aligned with the findings of the present study. For example, vitexin (apigenin glycoside) was identified (Figure S6) in honey originating from Dzidzilche (Polygonaceae) but not in honey from Jabin (Fabaceae), while a characteristic metabolite of the Fabaceae family, vanillin, was only identified in honey with the botanical origin of Jabin (Figure S7).



Moreover, we detected numerous phenolic compounds of interest in both honeys (Dzidzilche and Jabin), including quercetin, kaempferol, naringenin, and quercitrin, with the latter being notably characteristic of the Fabaceae family. Although these honeys are considered monofloral, as they predominantly originate from a single plant species, it is important to acknowledge that metabolites from other plant species may be also present [71]. Additionally, during the honey production process, phenolic compounds can undergo hydrolysis or form glycosylated derivatives due to the activities of enzymes and microorganisms within the honeybee’s digestive system [69,72]. Given the variability of phenolic compounds influenced by abiotic and biotic factors, there has been an exploration of alternative markers, such as nitrogenous compounds (e.g., essential amino acids), in honey [69,73,74,75]. However, no discernible differences in amino acids have been identified regarding botanical origin. For instance, Hermosín et al. [74] examined 31 Spanish honeys from various botanical (rosemary, eucalyptus, lavender, thyme, and orange blossom) and geographic (Alcarria, Cabañeros, Cáceres, Valencia, and Cantabria) origins and found that it was not feasible to definitively distinguish the botanical origin solely on the basis of the presence and concentration of amino acids. In this study, an association was found through PCA between tyrosine and honey sourced from Jabin collected from both geographic origins (Acanceh and Tahdziu). Moreover, samples from Dzidzilche and Tahdziu presented an association with phenylalanine. However, no such association with any amino acid was observed in honey originating from Dzidzilche or Acanceh. As highlighted by Kowalski et al. [76], the detection of amino acids from different botanical origins within the same geographic area may be possible due to environmental conditions and the proximity of flowering periods.




5. Conclusions


With the assistance of mass spectrometry and comprehensive chemoinformatics, a detailed analysis was conducted on the metabolome found in flowers and their associated honeys from Yucatan, Mexico. The aim was to uncover how the chemistry of these samples is influenced by their botanical and geographical origins. The flowers of the Gymnopodium floribundum and Piscidia piscipula (L.) genera presented a notable abundance of phenolic compounds, mainly flavonoids, and a remarkable AC, above 90% inhibition (DPPH). These characteristics were distinctly mirrored in the resulting honey; flavonoids and carboxylic acids and their derivatives were the main chemical classes detected, and they showed an AC range between 18 and 21% inhibition (DPPH). The intricate interplay of geographical and botanical origin factors emerged as a crucial determinant in shaping the presence of secondary metabolites (e.g., flavonoids and carboxylic acids and their derivatives), along with fostering a robust AC in both the flowers and the honey. Secondary metabolites previously suggested as biomarkers were identified by liquid chromatography–tandem mass spectrometry (LC–MS2) in honey from Gymnopodium floribundum (vitexin) and Piscidia piscipula (L.) (vanillin). This substantiates and reinforces the ability to determine the botanical origin of Yucatan, México, honey through the presence of phenolic compounds, offering a valuable complement to melissopalynology. Such an approach not only serves as a potent tool for quality control but also substantiates the bioactive properties of honey sourced from this Mexican region, thereby enhancing its market value and streamlining export opportunities to global destinations.
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Figure 1. (a) Floral structures of Piscidia piscipula (Jabin). (b) Floral structures of Gymnopodium floribundum (Dzidzilche). Figure (a) numeration: 1 = developing fruit; 2 = rachis; 3 = open flowers with pedicel; 4 = closed flowers with pedicel. Figure (b) numeration: 1 = open flower with pedicel; 2 = rachis; 3 = closed flower with pedicel. 
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Figure 2. Map of the state of Yucatan with the locations of the sampled apiaries. 
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Figure 3. Pareto chart: (a) total polyphenol content, (b) antioxidant capacity. 
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Figure 4. Distribution of chemical classes in (a) flower samples, BSD = benzene and substituted derivatives; BPs = benzopyrans; FA = fatty Acyls; CA = cinnamic acids and derivatives; GL = glycerolipids; IND = indoles and derivatives; OXP = oxepanes; NPF = naphthofurans; and (b) honey samples, BSD = benzene and substituted derivatives; DANs = diazanaphthalenes; IFs = isoflavonoids; PYs = pyrans; STBs = stilbenes. 
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Figure 5. Comparative global analysis of the distribution of metabolites from various chemical classes among flower and honey samples. 
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Figure 6. Comparative analysis of the distribution of metabolites from various chemical classes in flower and honey samples according to geography. (a) Dzidzilche flowers in Acanceh and Tahdziu. (b) Jabin flowers in Acanceh and Tahdziu. (c) Honey from Dzidzilche in Acanceh and Tahdziu. (d) Honey from Jabin in Acanceh and Tahdziu. BSD = benzene and substituted derivatives; BPs = benzopyrans; FA= fatty acyls; CA = cinnamic acids and derivatives; GL = glycerolipids; IND= indoles and derivatives; OXP = oxepanes; NPF = naphthofurans; DANs = diazanaphthalenes; IFs = isoflavonoids; PYs = pyrans; STBs = stilbenes; AF = aurone flavonoids; GPL = glycerophospholipids; CAD = carboxylic acids and derivatives; PL= prenol lipids; ONC = organonitrogen compounds; Flavs = flavonoids; DZNs = diazanaphthalenes; PHs = phenols; PTDs = pteridines and derivatives; LDPs = linear 1,3-diarylpropanoids. ACA = Acanceh (geographical origin); TAH = Tahdziu (geographical origin); DZI = Dzidzilche (botanical origin); JA = Jabin (botanical origin). 
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Figure 7. Comparative analysis of the distribution of metabolites from various chemical classes among flower and honey samples from the same botany and geography. (a) Dzidzilche flowers in Acanceh and Tahdziu. (b) Jabin flowers in Acanceh and Tahdziu. (c) Honey from Dzidzilche in Acanceh and Tahdziu. (d) Honey from Jabin in Acanceh and Tahdziu. Abbreviations: BPs = benzopyrans; FA = fatty Acyls; CA = cinnamic acids and derivatives; GL = glycerolipids; IND = indoles and derivatives; OXP = oxepanes; NPF = naphthofurans; DANs = diazanaphthalenes; IFs = isoflavonoids; PYs = pyrans; STBs = stilbenes; AF = aurone flavonoids; GPL = glycerophospholipids; CAD = carboxylic acids and derivatives; PL = prenol lipids; ONC = organonitrogen compounds; Flavs = flavonoids; DZNs = diazanaphthalenes; PHs = phenols; PTDs = pteridines and derivatives; LDPs = linear 1,3-diarylpropanoids. ACA = Acanceh (geographical origin); TAH = Tahdziu (geographical origin); DZI = Dzidzilche (botanical origin); JA = Jabin (botanical origin). 
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Figure 8. Principal component analysis (PCA) biplot of Dzidzilche and Jabin flower and honey samples based on the identified flavonoid metabolites. Abbreviations: A = naringin; B = vitexin; C = quercitrin; D = quercetin-3-O-rhamnoside; E = kaempferol-3-rhamninoside; F = kaempferol; G = aromadendrin; H = cianidanol; I = quercetin; J = taxifolin; K = isorhamnetin; L = 3,6,3′,4′-tetramethoxyflavone; M = retusin; N = tangeretin; O = afzelin; P = 3,5-dihydroxy-2-(4-hydroxyphenyl)-7-[(3,4,5-trihydroxy-6-methyltetrahydro-2H-pyran-2-yl) oxy]-4H-1-benzopyran-4-one; Q = reynoutrin; R = (-)-epicatechin gallate; S = luteolin-4′-O-glucoside; T = sinensetin; U = 3-[5-(1,2-dihydroxyethyl)-3,4-dihydroxyoxolan-2-yl] oxy-2-(3,4-dihydroxyphenyl)-5,7-dihydroxychromen-4-one; V = taxifolin-3-glucoside; A2 = isorhamnetin 3-galactoside; B2 = 2S,3S)-3,5,7-trihydroxy-2-[4-hydroxy-3-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxyphenyl]-2,3-dihydrochromen-4-one; C2 = luteolin 7-(6″ ″-malonylglucoside); D2 = procyanidin B2; E2 = 6″-O-(3-hydroxy-3-methylglutaroyl)astragalin; F2 = 3″-O-L-rhamnopyranosylastragalin; G2 = rutin; H2 = hesperidin; I2 = 2′-O-galloylhyperin; J2 = 3-[3,4-dihydroxy-6-(hydroxymethyl)-5-[3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxyoxan-2-yl]oxy-2-(3,4-dihydroxyphenyl)-5,7-dihydroxychromen-4-one; K2 = rhamnetin 3-sophoroside; L2 = procyanidin B5, 3′-O-gallate; M2 = 2-(3,4-dihydroxyphenyl)-6,8-bis [2-(3,4-dihydroxyphenyl)-3,7,8-trihydroxy-3,4-dihydro-2H-chromen-5-yl]-3,4-dihydro-2H-chromene-3,5,7-triol; N2 = (2S,3S)-3,5,7-trihydroxy-2-[4-hydroxy-3-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl) oxan-2-yl]oxyphenyl]-2,3-dihydrochromen-4-one; O2 = 11-hydroxytephrosin; P2 = amorphigenin; Q2 = puerarin; R2 = 6-Hydroxysumatrol; FLOWER J = Acanceh–Dzidzilche; FLOWER K = Acanceh–Jabin; FLOWER L = Tahdziu–Dzidzilche; FLOWER M = Tahdziu–Jabin; FLOWER N = Tahdziu–Jabin oven-dried; HONEY V = Acanceh–Dzidzilche; HONEY X = Acanceh–Jabin; HONEY Y = Tahdziu–Dzidzilche; HONEY Z = Tahdziu–Jabin. 
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Figure 9. Principal Component Analysis (PCA) biplot of Dzidzilche and Jabin flowers and honey samples based on the identified benzenes and substituted derivate metabolites. Abbreviations: S2 = benzylideneacetone; T2 = 3-methoxybenzoic acid; U2 = veratric acid; V2 = 3-methylsalicylic acid; W2 = tyramine; X2 = n-(phenylacetyl)phenylalanine; FLOWER J = Acanceh–Dzidzilche; FLOWER K = Acanceh–Jabin; FLOWER L = Tahdziu–Dzidzilche; FLOWER M = Tahdziu–Jabin; FLOWER N = Tahdziu–Jabin, oven-dried; HONEY V = Acanceh–Dzidzilche; HONEY X = Acanceh–Jabin; HONEY Y = Tahdziu–Dzidzilche; HONEY Z = Tahdziu–Jabin. 
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Figure 10. Principal component analysis (PCA) biplot of Dzidzilche and Jabin flower and honey samples based on the identified carboxylic acids and derivatives and phenols metabolites. Abbreviations: Y2 = phenylalanine; Z2 = tyrosine A3 = n-(phenylacetyl)phenylalanine; B3 = n-Fructosyl-isoleucine; C3 = n-fructosyl-phenylalanine; D3 = [6]-gingerol; E3 = vanillin; F3 = moupinamide; G3 = (2Z)-4,6-dihydroxy-2-[(4-hydroxy-3,5-dimethoxyphenyl) methylidene]-1-benzofuran-3-one; H3 = methyl (1S,3S,4S,4aS,9aR)-7-[(5R,6R,8R,8aS,10aS)-1,5,8,8a-tetrahydroxy-10a-methoxycarbonyl-6-methyl-9-oxo-5,6,7,8-tetrahydroxanthen-2-yl]-1,4,8,9a-tetrahydroxy-3-methyl-9oxo1,2,3,tetrahydroxanthene-4a-carboxylate; I3 = 3,4-dihydroxy cinnamic acid; J3 = resveratrol; K3 = 4-hydroxybenzoic acid; L3 = n-jasmonoyl-leucine; M3 = n-(1-deoxy-1-fructosyl) phenylalanine; N3 = proline; O3 = asparagine (0.93722378); P3 = n-methyl-tryptophan; Q3 = n-Acetyl-phenylalanine; R3 = chicoric acid. FLOWER J = Acanceh–Dzidzilche; FLOWER K = Acanceh–Jabin; FLOWER L = Tahdziu–Dzidzilche; FLOWER M = Tahdziu–Jabin; FLOWER N = Tahdziu–Jabin, oven-dried; HONEY V = Acanceh–Dzidzilche; HONEY X = Acanceh–Jabin; HONEY Y = Tahdziu–Dzidzilche; HONEY Z = Tahdziu–Jabin. 
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Table 1. Experimental 23 design employed for the response variables total polyphenol content and antioxidant capacity.






Table 1. Experimental 23 design employed for the response variables total polyphenol content and antioxidant capacity.





	
Exp

	
Coded Values

	
Real Values

	
Variable Response




	
X1

	
X2

	
X3

	
BO

	
GO

	
RM

	
TPC

(mg GAE/100 g DM)

	
AC

(% Inhibition)






	
1

	
−1

	
−1

	
−1

	
Jabin

	
Tahdziu

	
Flower

	
Y1

	
Y2




	
2

	
1

	
−1

	
−1

	
Dzidzilche

	
Tahdziu

	
Flower

	
Y1

	
Y2




	
3

	
−1

	
1

	
−1

	
Jabin

	
Acanceh

	
Flower

	
Y1

	
Y2




	
4

	
1

	
1

	
−1

	
Dzidzilche

	
Acanceh

	
Flower

	
Y1

	
Y2




	
5

	
−1

	
−1

	
1

	
Jabin

	
Tahdziu

	
Honey

	
Y1

	
Y2




	
6

	
1

	
−1

	
1

	
Dzidzilche

	
Tahdziu

	
Honey

	
Y1

	
Y2




	
7

	
−1

	
1

	
1

	
Jabin

	
Acanceh

	
Honey

	
Y1

	
Y2




	
8

	
1

	
1

	
1

	
Dzidzilche

	
Acanceh

	
Honey

	
Y1

	
Y2








Note: Exp = experiment; BO = botanical origin; GO = geographical origin; RM = raw material; TCP = total polyphenol content; AC = antioxidant capacity.













 





Table 2. Moisture percentages in Jabin and Dzidzilche flowers from Tahdziu and Acanceh apiaries.
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Moisture (%)




	
Sample

	
Initial

	
Final






	
ACA-DZI

	
56.95 ± 1.30 a

	
2.91 ± 0.34 bc




	
TAH-DZI

	
56.53 ± 1.09 a

	
2.58 ± 0.18 ab




	
ACA-JA

	
72.26 ± 0.62 b

	
2.45 ± 0.27 a




	
TAH-JA

	
80.25 ± 0.19 c

	
3.33 ± 0.11 c








Note: ACA = Acanceh (geographical origin); TAH = Tahdziu (geographical origin); DZI = Dzidzilche (botanical origin); JA = Jabin (botanical origin). The values are the result of the average ± the standard deviation (n = 3). Different letters in each column show statistically significant differences (LSD, p > 0.05).













 





Table 3. Results of total polyphenol content and antioxidant capacity for the experimental design (23).
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Exp

	
Coded

Values

	
Real

Values

	
Variables

Response




	
X1

	
X2

	
X3

	
BO

	
GO

	
RM

	
TPC

(mg GAE/100 g DM)

	
AC

(% Inhibition)






	
1

	
−1

	
−1

	
−1

	
Jabin

	
Tahdziu

	
Flower

	
347.57 ± 1.33 e

	
83.64 ± 0.46 a




	
2

	
1

	
−1

	
−1

	
Dzidzilche

	
Tahdziu

	
Flower

	
294 ± 0.11.09 d

	
85.3 1± 0.87 b




	
3

	
−1

	
1

	
−1

	
Jabin

	
Acanceh

	
Flower

	
661.64 ± 1.98 c

	
92.39 ± 0.22 c




	
4

	
1

	
1

	
−1

	
Dzidzilche

	
Acanceh

	
Flower

	
1431.24 ± 15.38 b

	
93.63 ± 0.22 d




	
5

	
−1

	
−1

	
1

	
Jabin

	
Tahdziu

	
Honey

	
8.70 ± 0.51 a

	
13.68 ± 0.75 e




	
6

	
1

	
−1

	
1

	
Dzidzilche

	
Tahdziu

	
Honey

	
9.92 ± 0.56 a

	
18.52 ± 0.25 f




	
7

	
−1

	
1

	
1

	
Jabin

	
Acanceh

	
Honey

	
5.38 ± 0.14 a

	
21.60 ± 0.36 g




	
8

	
1

	
1

	
1

	
Dzidzilche

	
Acanceh

	
Honey

	
5.28 ± 0.47 a

	
20.32 ± 0.50 h








Note: The values are the result of the average ± the standard deviation (n = 3). Exp = experiment. BO = botanical origin. GO = geographical origin. RM = raw material. TCP = total polyphenol content AC = antioxidant capacity. Different letters in each column show statistically significant differences (LSD, p > 0.05).
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