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			PHYSICOCHEMICAL, BIOACTIVE AND SAFETY PROPERTIES OF HONEY PRODUCED BY STINGLESS BEES IN THE COLOMBIAN AMAZON PIEDMONT

			PROPIEDADES FISICOQUÍMICAS, BIOACTIVAS Y DE INOCUIDAD DE MIELES PRODUCIDAS POR ABEJAS SIN AGUIJÓN EN EL PIEDEMONTE AMAZÓNICO COLOMBIANO

			Marta Cecilia Quicazánb* [image: ], Jonh Jairo Mueses-Cisnerosa [image: ], José Vicente Rueda-Almonacidc, Catalina Gutiérrez-Chacóna [image: ], Carlos Alberto Fuenmayorb [image: ], Carlos Mario Zuluaga-Domínguezd [image: ], Nicolás Ariza-Cruzb, Golber Carvajal-Lavib

			Abstract

			Background: In the Colombian Amazonian Piedmont, a highly biodiverse ecosystem, local communities practice meliponiculture using various species of stingless bees. The honeys produced are traditionally used as food and medicine, and in many cases, they can be empirically differentiated according to origin, sensory properties, and therapeutic application. However, the comprehensive characterization of these honeys remains too limited. Objective: The physicochemical and bioactive properties of honey produced by stingless bee species from the Colombian Amazonian Piedmont were investigated, as well as its chemical and microbiological safety and its behavior when subjected to heat treatments. Methods: Twenty-eight honey samples were taken from seven species of stingless bees. The following were determined: moisture, pH, total acidity, electrical conductivity, diastase activity, hydroxymethylfurfural, ash, minerals (Mg, Mn, K, Na, Zn), insoluble solids, reducing sugars, and color. In addition, antioxidant activity, total phenols, and organic acid profile were evaluated. Safety was assessed for heavy metals (Cu, Cr, Cd, Pb, As, and Hg) and microbiologically. Selected groups of samples were heat-treated to evaluate the effect on chemical and microbiological properties. Results: The honeys showed high variability within and between bee species. Regarding Apis mellifera honey, the pot honeys presented higher moisture content (26.6 ± 3.01%), higher acidity (49.59 ± 15.68 meq/kg; pH 3.68 ± 0.27), higher insoluble solids content, and a similar total sugar content (62.85% ± 4.32%), but a lower reducing sugar content (50.77% ± 4.21%). The organic acid profile revealed a notable ascorbic acid content in all honeys (47.1–233.7 mg/100g), related 
to the observed antioxidant activity. Lactic acid was also found, consistent with the presence of lactic acid bacteria and their potential probiotic properties. No contamination with lead, arsenic, cadmium, or mercury was detected, and the absence of pathogenic microorganisms was confirmed. Heat treatments differentially affected lactic acid bacteria and ascorbic acid, thereby affecting functional potential. Conclusion: This first comprehensive evaluation of the quality of stingless bee honey from the Colombian Amazonian Piedmont highlights its unique bioactive profile and safety, thus contributing to the sustainable development of the region.
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			Resumen

			Antecedentes: En el Piedemonte amazónico colombiano, un ecosistema con gran biodiversidad, las comunidades locales practican la meliponicultura, cuidando varias especies de abejas sin aguijón. Producen mieles que son utilizadas tradicionalmente como alimento y medicina; con frecuencia ellos mismos son capaces de diferenciarlas empíricamente por origen, propiedades sensoriales y aplicación terapéutica. Sin embargo, la caracterización integral de estas mieles aún es demasiado limitada. Objetivo: Se investigaron las propiedades fisicoquímicas y bioactivas de miel de especies de abejas sin aguijón, así como su inocuidad química y microbiológica, y el comportamiento al someterse a tratamientos térmicos. Métodos: Se tomaron 28 muestras de miel de siete especies de abejas sin aguijón. Se determinaron humedad, pH, acidez total, conductividad eléctrica, actividad de la diastasa, hidroximetilfurfural, cenizas, minerales (Mg, Mn, K, Na, Zn), sólidos insolubles, azúcares reductores y color. Además, se evaluó actividad antioxidante, fenoles totales y perfil de ácidos orgánicos. La inocuidad se evaluó en cuanto a metales pesados (Cu, Cr, Cd, Pb, As y Hg) y microbiológicamente. Grupos seleccionados de muestras fueron tratados térmicamente para evaluar el efecto sobre propiedades químicas y microbiológicas. Resultados: Las mieles mostraron alta variabilidad dentro y entre especies de abejas. Respecto a la miel de Apis mellifera, presentaron mayor contenido de humedad (26,6 ± 3,01%), mayor acidez (49,59 ± 15,68 meq/kg; pH 3,68 ± 0,27), mayor contenido de sólidos insolubles y similar contenido de azúcares totales (62,85% ± 4,32%), pero menor contenido de azúcares reductores (50,77% ± 4,21%). El perfil de ácidos orgánicos reveló destacable contenido de ácido ascórbico en todas las mieles (47,1–233,7 mg/100g), relacionado con la actividad antioxidante observada. También se encontró ácido láctico, consistente con la presencia de bacterias acido lácticas y sus posibles propiedades probióticas. No se detectó contaminación con plomo, arsénico, cadmio ni mercurio, y se confirmó la ausencia de microorganismos patógenos. Los tratamientos térmicos afectaron diferencialmente las bacterias lácticas y el ácido ascórbico y por tanto el potencial funcional. Conclusión: Esta primera evaluación integral de la calidad de la miel de abejas sin aguijón del Piedemonte amazónico colombiano destaca su perfil bioactivo único y su inocuidad, contribuyendo al desarrollo sostenible de la región.

			Palabras clave: Bacterias acido lácticas, Meliponicultura, Ácidos orgánicos, Composición de miel de pote, Desarrollo Sostenible

			1. Introduction

			Meliponiculture, the practice of cultivating stingless bees (Meliponini tribe) for pot honey and other products, has deep ancestral roots in the Americas, where these bees play a vital ecological role as pollinators of wild and cultivated plants [1–3]. Historically, indigenous communities valued stingless bee products for their medicinal and nutritional properties long before the introduction of Apis mellifera through European colonization, a tradition that persists today, especially in regions like the Amazon [2]. Despite their resilience to climate change, many stingless bee species have suffered drastic population declines, with some now endangered [4]. The resurgence of meliponiculture as a sustainable practice has led to advancements in hive design, transitioning from rustic structures made of tree trunks and bamboo to modern prototypes that improve management, hygiene, and productivity [2,5]. However, to ensure that meliponiculture contributes effectively to community well-being and local economies, a deeper understanding of the physicochemical and microbiological properties of pot honey is essential, not only to properly value them but also to establish guidelines for their safe use and commercialization.

			Globally, over 600 species of stingless bees have been identified, with more than 130 species recognized in Colombia, inhabiting environments ranging from sea level to 3,400 meters in altitude, of which approximately one-third are used in meliponiculture [6,7]. In many countries, meliponiculture is promoted as a sustainable livelihood to enhance rural living conditions [3]. In the Colombian Amazon piedmont, organizations are fostering meliponiculture to promote forest conservation while providing economic and social development opportunities for indigenous, Afro-descendant, and rural communities. The Andean-Amazon piedmont has preserved traditional meliponiculture practices, with pot honey valued for both food and medicinal purposes [8]. Current regulations permit the subsistence harvesting of native bees within the experimental phase of the meliponiculture, establishing criteria for sustainable community management, while efforts are underway to obtain an environmental license for the commercial phase to ensure the long-term sustainable use of stingless bees in Colombia [8].

			The traditional medicinal use of stingless bee honey suggests the presence of bioactive compounds with potential health benefits, yet this remains an underexplored research area. The primary stingless bee species cultivated in the region belong to the genera Melipona, Tetragonisca, Lestrimelitta, Plebeia, Scaptotrigona, and Tetragona [9]. Physicochemical analyses are essential for identifying honey varieties according to bee species, botanical and geographical origin, and for providing regulatory agencies with objective tools to prevent honey adulteration in trade. While some quality parameters such as pH, acidity, hydroxymethylfurfural content, and diastase activity, are not directly related to nutritional or bioactive value, they are crucial for ensuring authenticity and safety, leading regulatory bodies like the Codex Alimentarius [10], the International Honey Commission [11], and the European Honey Commission [12] to establish standards for these properties. Studies on pot honey from Melipona, Tetragonisca, Trigona, and other genera have shown that its composition is highly species-specific and influenced by botanical and geographical origins [13–19]. Compared to Apis mellifera honey, stingless bee honey exhibits distinct physicochemical and bioactive properties, including higher concentrations of ascorbic acid, organic acids, and polyphenols, which have been linked to antioxidant, antimicrobial, and potential probiotic benefits [9]. However, no prior studies have characterized the composition of pot honey from the Andean-Amazon piedmont, particularly for species such as Melipona nebulosa, Melipona grandis, and Lestrimelitta sp., leaving a knowledge gap regarding their chemical composition and functional properties. 

			A key difference between pot honey and Apis mellifera honey is its higher moisture content, which makes it more susceptible to microbial growth and fermentation [20]. While conservation strategies such as microbial load reduction have been proposed to prevent fermentation [20,21], their impact on quality, freshness, and bioactive properties, such as antioxidant activity and organic acid stability, remains unclear. Moreover, the advisability of reducing microbial loads is debated, as some microorganisms may possess probiotic properties, which, when combined with the prebiotic potential of certain carbohydrates and polyphenols, could confer symbiotic benefits to pot honey [22,23].

			Given these considerations, this study evaluated the physicochemical, bioactive and microbiological quality of pot honey produced by seven stingless bee species (Lestrimelitta sp., Melipona eburnea, Melipona grandis, Melipona nebulosa, Scaptotrigona sp., Tetragona sp., and Tetragonisca angustula) and established relationships between them. Additionally, it was examined the effects of thermal treatments on microbial loads and bioactive compounds in honey samples from selected species. This study expands the understanding of meliponiculture beyond the Colombian Amazon piedmont by providing novel insights into the physicochemical, bioactive, and microbiological properties of pot honey from multiple stingless bee species. While meliponiculture is gaining global recognition as a sustainable beekeeping practice, much of the existing research has focused on regions such as Southeast Asia, Australia, and Brazil, leaving significant knowledge gaps regarding the unique properties of stingless bee honey from Andean-Amazonian ecosystems. Furthermore, the findings on microbial composition and heat treatment effects, which have been poorly studied to date, provide valuable information for improving honey preservation methods while maintaining its bioactive potential. These findings have implications for food safety and functional food development worldwide, supporting the sustainable development of meliponiculture and providing a scientific foundation for integrating stingless bee products into international markets, emphasizing their ecological, economic, and nutraceutical significance.

			2. Materials and Methods

			2.1 Sample collection and preparation

			In 2023, a total of 28 pot honey samples were collected exclusively from sealed honey pots in both rustic hives (large, undivided wooden boxes) and technified hives (modular wooden boxes with separate compartments for the brood, as well as honey and pollen storage). Table 1 provides details on the origin of the samples, while Figure 1 illustrates their geographic locations. The sampling was carried out in areas located between 250 and 500 m above sea level, with an average altitude of 310 meters, an average temperature of 
25 °C, and a relative humidity of 88 %.

			Table 1. Identification of studied samples

			
				
					
					
					
					
					
				
				
					
							
							Sample

						
							
							Origin

						
							
							Bee species

						
							
							Type of hive

						
							
							Geographic coordinates

						
					

				
				
					
							
							1

						
							
							Florencia, Caquetá

						
							
							Lestrimelitta sp

						
							
							Technified

						
							
							1° 36’ 57” N

							75° 36’ 52” W

						
					

					
							
							2

						
							
							Piamonte, Cauca

						
							
							Melipona eburnea

							Friese, 1900

						
							
							Technified

						
							
							1° 7’ 7” N

							76° 19’ 36” W

						
					

					
							
							3

						
							
							Vereda San Antonio,

							Mocoa, Putumayo

						
							
							Technified

						
							
							1° 10’ 51” N

							70° 40’ 32” W

						
					

					
							
							4

						
							
							Vereda Los Corrales,  Puerto Guzmán, Putumayo

						
							
							Rustic

						
							
							0° 43’ 50” N

							75° 54’ 22” W

						
					

					
							
							5

						
							
							Vereda Los Corrales,  Puerto Guzmán, Putumayo

						
							
							Rustic

						
							
							0° 43’ 50” N

							75° 54’ 22” W

						
					

					
							
							6

						
							
							Vereda Los Corrales, Puerto Guzmán, Putumayo

						
							
							Rustic

						
							
							0° 43’ 50” N

							75° 54’ 22” W

						
					

					
							
							7

						
							
							Barrio La Esmeralda, Mocoa, Putumayo

						
							
							Rustic

						
							
							1° 8’ 58” N

							76° 38’ 48” W

						
					

					
							
							8

						
							
							Barrio Los Prados, Puerto Asís, Putumayo 

						
							
							Technified

						
							
							0° 27’ 42” N

							76° 20’ 32” W

						
					

					
							
							9

						
							
							Campesino, venta callejera en Mocoa, Putumayo 

						
							
							Information not available

						
							
							1° 8’ 48” N

							76° 38’ 58” W

						
					

					
							
							10

						
							
							Vereda La Siberia, Orito, Putumayo 

						
							
							Technified

						
							
							0° 40’ 36” N

							76° 52’ 38” W

						
					

					
							
							11

						
							
							Vereda La Florida, La Hormiga, Putumayo 

						
							
							Technified

						
							
							0° 27’ 9” N

							76° 55’ 9” W

						
					

					
							
							12

						
							
							Barrio Los Prados, Puerto Asís, Putumayo

						
							
							Technified

						
							
							0° 27’ 42” N

							76° 20’ 32” W

						
					

					
							
							13

						
							
							Vereda Los Andes Mocoa, Putumayo

						
							
							Technified

						
							
							1°, 7’, 71”  N

							   ٧٦°, ٣٩’, ٣١” W

						
					

					
							
							14

						
							
							Piamonte, Cauca

						
							
							Melipona grandis

							Guérin-Méneville, 1844

						
							
							Technified

						
							
							1° 7’ 7” N

							76° 19’ 36” W

						
					

					
							
							15

						
							
							Vereda Los Andes, Mocoa, Putumayo

						
							
							Technified

						
							
							1°, 07’, 71”  N

							   76°, 39’, 31” W

						
					

					
							
							16

						
							
							Vereda Los Corrales, Puerto Guzmán, Putumayo

						
							
							Rustic

						
							
							0° 43’ 50” N

							75° 54’ 22” W

						
					

					
							
							17

						
							
							Barrio La Esmeralda, Mocoa, Putumayo

						
							
							Rustic

						
							
							1° 8’ 58” N

							76° 38’ 48” W

						
					

					
							
							18

						
							
							Vereda La Siberia, Orito, Putumayo

						
							
							Technified

						
							
							0° 40’ 36” N

							76° 52’ 38” W

						
					

					
							
							19

						
							
							Vereda La Florida, La Hormiga, Putumayo

						
							
							Technified

						
							
							0° 27’ 9” N

							76° 55’ 9” W

						
					

					
							
							20

						
							
							Vereda Corrales, Puerto Guzmán, Putumayo

						
							
							Technified

						
							
							0° 43’ 50” N

							75° 54’ 22” W

						
					

					
							
							21

						
							
							Vereda Los Andes, Mocoa Putumayo

						
							
							Melipona nebulosa

							Camargo, 1988

						
							
							Technified

						
							
							1°, 07’, 71”  N

							76°, 39’, 31” W

						
					

					
							
							22

						
							
							Vereda La Siberia

							Orito, Putumayo

						
							
							Technified

						
							
							0° 40’ 36” N

							76° 52’ 38” W

						
					

					
							
							23

						
							
							Vereda Los Andes, 

							Mocoa , Putumayo

						
							
							Technified

						
							
							1°, 07’, 71”  N

							   ٧٦°, ٣٩’, ٣١” W

						
					

					
							
							24

						
							
							Vereda La Florida,

							La Hormiga, Putumayo

						
							
							Scaptotrigona sp

						
							
							Rustic

						
							
							0° 27’ 9” N

							76° 55’ 9” W

						
					

					
							
							25

						
							
							Resguardo  Santa Rosa, La Hormiga, Putumayo

						
							
							Tetragona sp

						
							
							Technified

						
							
							0° 27’ 9” N

							76° 55’ 9” W

						
					

					
							
							26

						
							
							Vereda Campucana, 

							Mocoa , Putumayo

						
							
							Tetragonisca angustula

							Latreille, 1811

						
							
							Rustic

						
							
							1°12’ 73” N

							76° 42’ 55” W

						
					

					
							
							27

						
							
							Vereda Los Andes, Mocoa, Putumayo

						
							
							Technified

						
							
							1°, 07’, 71” N

							   ٧٦°, ٣٩’, ٣١” W

						
					

					
							
							28

						
							
							Vereda Campucana,

							Mocoa , Putumayo

						
							
							Rustic

						
							
							1°12’ 73” N

							76° 42’ 55” W

						
					

				
			

			[image: ]

			Figure 1. Sampling area (in yellow) in the Colombian Amazon piedmont, Colombia, South America

			All samples were collected within the same week, with each sample corresponding to hives from the same meliponary. Honey combs with fully sealed cells were removed from the hives and taken to a facility suitable for food processing. Glass containers with lids and stainless steel utensils used in the extraction process (bowls, spatulas, forks, spoons, tongs, and strainers) were sanitized beforehand. Good food handling practices were followed during honey extraction. The comb frame was held, and each cell was hygienically pierced at the top using forks. The frame was then tilted to allow the honey to drain through a stainless steel strainer placed over a stainless steel container. This procedure was repeated with as many combs as needed, and the honey was subsequently transferred into the glass containers. The samples were stored under refrigeration at 4°C for later analysis. 

			2.2	Physicochemical quality indexes

			Table 2 presents the list of physicochemical analyses performed on the pot honey samples [24–27]. Moisture content was measured by refractometry (AOAC 969.38B). pH was determined potentiometrically using a calibrated pH meter, and total acidity was measured by titration with 0.05 M NaOH and expressed as meq/kg (AOAC 962.19). Electrical conductivity was measured at 20 °C using a conductivity meter (IHC, 2009). Diastase activity was determined spectrophotometrically according to AOAC method 958.09 and expressed as Schade units. Hydroxymethylfurfural (HMF) content was quantified by UV–Vis spectrophotometry following AOAC method 980.23. Insoluble solids were determined gravimetrically according to IHC procedures. Total and reducing sugars were quantified using the Lane–Eynon volumetric method (AOAC 920.183 and 920.184). Reducing sugars were determined before hydrolysis, while total sugars were measured after acid inversion. Non-reducing sugars were calculated by difference. Results were expressed as g/100 g of honey.

			Table 2. Applied methodologies for physicochemical and microbiological analysis

			
				
					
					
					
					
				
				
					
							
							Analysis

						
							
							Units

						
							
							Method

						
							
							Analytical technique

						
					

				
				
					
							
							pH

						
							
							Adimensional

						
							
							IHC [11]

						
							
							Potentiometry

						
					

					
							
							Total acidity

						
							
							meq/kg

						
							
							AOAC 962.19 [24]

						
							
							Volumetry

						
					

					
							
							Electrical conductivity

						
							
							µS/cm

						
							
							IHC [11]

						
							
							Conductimetry

						
					

					
							
							Diastase activity

						
							
							Schade Units

						
							
							AOAC 958.09 [24]

						
							
							Spectrophotometry

							UV-VIS

						
					

					
							
							Hydroxymethylfurfural

						
							
							mg/kg

						
							
							AOAC 980.23 [24]

						
							
							Spectrophotometry

							UV-VIS

						
					

					
							
							Ash and Minerals (Mg, Mn, K, Na, Zn)

						
							
							g/100 g

						
							
							AOAC 928.181 [24]

						
							
							Gravimetry. Atomic absorption spectrometry

						
					

					
							
							Insoluble solids

						
							
							g/100 g

						
							
							IHC [11]

						
							
							Gravimetry

						
					

					
							
							Moisture

						
							
							g/100g

						
							
							AOAC 969.38B [24]

						
							
							Refractometric

						
					

					
							
							Total and reducing sugars

						
							
							g/100 g

						
							
							AOAC 920.183; 920.184 [24]

						
							
							Gravimetric - Volumetric

						
					

					
							
							Color

						
							
							mm Pfund

						
							
							Pfund colorimeter [25]

						
							
							Pfund colorimetry

						
					

					
							
							Antioxidant activity

						
							
							mmol Trolox/kg

						
							
							TEAC (Trolox equivalent

							antioxidant activity) [26]

						
							
							Spectrophotometry

						
					

					
							
							Total phenolics

						
							
							mg caffeic acid/100 g

						
							
							Folin Ciocalteu [26] 

						
							
							Spectrophotometry

						
					

					
							
							Organic acids profile

						
							
							mg/100g

						
							
							AOAC 986.13 [24]

						
							
							HPLC

						
					

					
							
							Copper (Cu), Chrome (Cr), Cadmium (Cd), Lead (Pb)

						
							
							mg/kg

						
							
							AOAC 999.11[24] 

						
							
							Atomic absorption

						
					

					
							
							Arsenic (As)

						
							
							mg/kg

						
							
							AOAC 986.15[24] 

						
							
							Atomic absorption spectrometry. Hydride generator.

						
					

					
							
							Mercury (Hg)

						
							
							mg/kg

						
							
							AOAC 977.15 [24]

						
							
							Atomic absorption spectrometry. Graphite furnace.

						
					

					
							
							Aerobic mesophiles

						
							
							log(CFU/g)

						
							
							ISO 4833-1-2013

						
							
							Plate count

						
					

					
							
							Lactic acid bacteria

						
							
							log(CFU/g)

						
							
							ISO 15124:1998

						
							
							Plate count

						
					

					
							
							Yeast and molds

						
							
							log(CFU/g)

						
							
							ISO 21527-1,2:2008

						
							
							Plate count

						
					

					
							
							Total and fecal coliforms

						
							
							MPN/g

						
							
							ISO 4831:2006

						
							
							Most probable number

						
					

					
							
							Clostridium sulfite reducing spores

						
							
							log(CFU/g)

						
							
							ISO 7937:2004

						
							
							Plate count

						
					

					
							
							Salmonella sp.

						
							
							Presence / Absence in 25g

						
							
							ISO 6579-1:2017

						
							
							Culture detection

						
					

				
			

			Organic acids were quantified by high-performance liquid chromatography (HPLC) following AOAC method 986.13. Honey samples were filtered prior to analysis, and organic acids were identified and quantified using external standards. Results were expressed as mg/100 g of honey. Total phenolic content was determined using the Folin–Ciocalteu method and expressed as mg caffeic acid equivalents per 100 g of honey. Antioxidant activity was evaluated using the Trolox Equivalent Antioxidant Capacity (TEAC) assay, and results were expressed as mmol Trolox/kg of honey. Color was measured using a Pfund colorimeter and expressed in mm Pfund.

			Ash content was determined gravimetrically. Mineral content (Mg, Mn, K, Na, Zn) and heavy metals (Cu, Cr, Cd, Pb) were analyzed by atomic absorption spectrometry following AOAC methods 928.181, 979.23, and 999.11. Arsenic and mercury were determined using hydride generation and graphite furnace atomic absorption techniques, respectively. Results were expressed as mg/kg.

			2.3	Microbiological quality

			Microbiological analyses of the pot honey samples were performed 2according to ISO standards (Table 2). Aerobic mesophilic microorganisms, lactic acid bacteria, molds and yeasts were quantified by plate count methods and expressed as log (CFU/g). Total and fecal coliforms were determined using the most probable number (MPN) method. The presence of Salmonella spp. was evaluated in 25 g samples using culture-based detection.

			2.4	Heat treatments

			To evaluate the effect of pasteurization on the microbiological load, selected pot honey samples were subjected to heat treatment at 80°C for 5 minutes, followed by rapid cooling in an ice bath until reaching 4°C. The samples were then stored at this temperature until they underwent the same microbiological analyses outlined in Table 2.  

			A second group of samples was analyzed for microbiological safety indicators and lactic acid bacteria content. These samples were subjected to heat treatment at 65°C for 3 minutes. The effect of this treatment on microbiological indicators, antioxidant activity, phenolic compound content, ascorbic acid content, and color was assessed using the corresponding methodologies presented in Table 2. 

			2.5	Statistical analyses

			Mean and standard deviation were calculated when the number of samples was sufficient for statistical evaluation. Ranges (minimum – maximum) are presented on each variable to provide a clearer description of the results.

			3. Results 

			3.1	Physicochemical characterization

			The physicochemical properties of the analyzed pot honey samples are summarized in Tables 3 and 4. Moisture content ranged from 20.8% to 40.5%, with an average of 26.6%, a characteristic commonly observed in stingless bee honey. Acidity levels were notably high, with an average of 49.59 meq/kg and pH values ranged from 3.22 to 4.63.

			Table 3. Physicochemical analysis results of pot honey from stingless bee species of Colombian Amazon piedmont

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Bee species

						
							
							Melipona eburnea

						
							
							Melipona grandis

						
							
							Melipona nebulosa

						
							
							Tetragonisca angustula

						
							
							Lestrimelitta sp.

						
							
							Scaptotrigona sp.

						
							
							Tetragona sp.

						
					

					
							
							Moisture content (g/100 g)

						
							
							26.8 ± 2.4
[20.8 - 30.6]
(12)

						
							
							27.7 ± 2.5
[21.1 – 27.8]
(7)

						
							
							28.3± 2.0
[25.3 – 30.3]
(3)

						
							
							23.3 ± 0.5
[22.9 – 24.1]
(3)

						
							
							40.5 (1)

						
							
							23.9 (1)

						
							
							30.3 (1)

						
					

					
							
							Acidity (meq NaOH/kg)

						
							
							55.39 ± 12.86
[28.20 - 78.21]
(12)

						
							
							36.62 ± 15.84
[20.40 -65.11]
(7)

						
							
							45.10 ± 11.80
[27.40 - 60.10]
(3)

						
							
							64.60 ± 18.07
[47.79 - 91.70]
(3)

						
							
							78.21 (1)

						
							
							18.80 (1)

						
							
							20.30 (1)

						
					

					
							
							pH

						
							
							3.61 ± 0.26 
[3.26 - 4.10]
(12)

						
							
							3.58 ± 0.50
[3.22 - 4.63]
(7)

						
							
							3.81 ± 0.20
[3.65 - 4.12]
(3)

						
							
							3.90 ± 0.14
[3.80 - 4.11]
(3)

						
							
							3.32 (1)

						
							
							3.40 (1)

						
							
							3.42 (1)

						
					

					
							
							Diastase number (DN)

						
							
							2.17 ± 0.91
[0.44 - 4.46]
(12)

						
							
							1.93 ± 1.11
[0.28 - 3.24]
(7)

						
							
							2.18 ± 0.62
[1.25- 2.87]
(3)

						
							
							19.45 ± 5.96
[12.57- 28.40]
(3)

						
							
							1.81 (1)

						
							
							2.92 (1)

						
							
							8.01 (1)

						
					

					
							
							HMF (mg/kg)

						
							
							18.68 ± 16.16
[3.58 – 46.00]
(12)

						
							
							24.80 ± 16.27
[5.00 - 52.0]
(7)

						
							
							27.43 ± 17.43
[1.28 - 46.00]
(3)

						
							
							27.79 ± 2.14
[21.74 - 27.00]
(3)

						
							
							102.44 (1)

						
							
							4.00 (1)

						
							
							24.00 (1)

						
					

					
							
							Insoluble solids  (g/100 g)

						
							
							0.19 ± 0.15
[0.01 -0.63]
(12)

						
							
							0.25 ± 0.19
[0.06 – 0.49]
(7)

						
							
							0.19 ± 0.19
[0.01 – 0.47]
(3)

						
							
							0.21 ± 0.03
[0.17 – 0.24]
(3)

						
							
							0.64 (1)

						
							
							0.63 (1)

						
							
							0.34 (1)

						
					

					
							
							Reducing sugars (g/100 g)

						
							
							51.32 ± 2.90
[45.64 – 59.95]
(8)

						
							
							55.62 ± 2.43
[51.32 – 58.89]
(4)

						
							
							45.12
(1)

						
							
							42.42 ± 1.01
[41.41 – 43.43]
(2)

						
							
							49.32 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Total sugars (g/100 g)

						
							
							63.04 ± 3.21
[58.59 - 68.52]
(8)

						
							
							63.53 ± 7.80
[55.89- 71.35]
(4)

						
							
							66.36
(1)

						
							
							57.86 ± 9.12
[48.74 – 66.98]
(2)

						
							
							65.07 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Sucrose* (g/100 g)

						
							
							11.72 ± 2.61
[7.39 – 16.66]
(8)

						
							
							7.91 ± 5.92
[1.59 - 13.38]
(4)

						
							
							21.24
(1)

						
							
							15.45 ± 10.13
[5.32 - 25.58]
(2)

						
							
							15.75 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Conductivity (µS/cm)

						
							
							1279 ± 828
[212-2948]
(12)

						
							
							856 ± 689
[200 - 2020]
(7)

						
							
							1230 ± 746
[450 - 2349]
(3)

						
							
							4029 ± 2590
[144 - 6946]
(3)

						
							
							8832 (1)

						
							
							164 (1)

						
							
							130 (1)

						
					

					
							
							Ashes (g/100 g)

						
							
							0.13 ± 0.09
[0.03 - 0.50]
(12)

						
							
							0.06 ± 0.05
[0.01 - 0.15]
(7)

						
							
							0.09 ± 0.04
[0.03 - 0.14]
(3)

						
							
							0.15 ± 0.16
[0.03 - 0.39]
(3)

						
							
							0.03 (1)

						
							
							0.39 (1)

						
							
							0.56 (1)

						
					

					
							
							Mg (mg/kg)

						
							
							0.86 ± 0.82
[<LOQ – 1.90]
(8)

						
							
							0.65 ± 0.32
[0.20 - 0.90]
(4)

						
							
							1.10
(1)

						
							
							4.70 ± 3.10
[1.06 – 7.80]
(3)

						
							
							11.90 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Mn (mg/kg)

						
							
							2.43 ± 3.92
[<LOQ – 10.88]
(8)

						
							
							4.73 ± 4.00
[0.65 – 8.15]
(4)

						
							
							3.05
(1)

						
							
							3.06 ± 0.80
[2.25 – 3.86]
(2)

						
							
							7.83 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							K (mg/kg)

						
							
							65.53 ± 53.32
[6.31 - 216.28]
(8)

						
							
							32.44 ± 32.83
[11.53 – 68.99]
(4)

						
							
							68.18
(1)

						
							
							154.96 ± 37.68
[117.3 - 192.6]
(2)

						
							
							165.21 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Na (mg/kg)

						
							
							5.65 ± 2.16
[1.17 - 8.28]
(8)

						
							
							5.30 ± 5.90
[1.52 - 12.3]
(4)

						
							
							5.70
(1)

						
							
							17.48 ± 1.74
[15.74 - 19.22]
(2)

						
							
							7.16 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Zn (mg/kg)

						
							
							0.06 ± 0.02
[<LOQ - 0.10]
(8)

						
							
							0.06 ± 0.02
[<LOQ - 0.08]
(4)

						
							
							0.12
(1)

						
							
							0.14 ± 0.05
[0.09 - 0.18]
(2)

						
							
							0.2 (1)

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Total phenolic compounds (mg caffeic acid/100 g)

						
							
							16.7 ± 6.6 

							[6.8 – 20.6] 

							(4)

						
							
							9.5 ± 7.8 

							[3.7 – 18.3] 

							(3)

						
							
							[8.4 – 9.5] 

							(2)

						
							
							29.6 (1)

						
							
							N.Q.

						
							
							7.0 (1)

						
							
							56.6 (1)

						
					

					
							
							TEAC (mmol Trolox/kg)

						
							
							0.63 ± 0.49 [0.50 - 1.20] 
(12)

						
							
							0.47 ± 0.31 [0.20 - 1.15]
(7)

						
							
							0.68 ± 0.25 [0.40 - 0.85] 
(3)

						
							
							1.65 ± 0.45 
[1.20 - 2.10] 
(3)

						
							
							0.95 (1)

						
							
							0.30 (1)

						
							
							3.10 (1)

						
					

				
			

			For species with n ≥ 2. values of are presented as mean ± standard deviation [range] (n). where n is the number of samples. HMF: hydroxymethylfurfural; TEAC: Trolox equivalent antioxidant capacity; LOQ: limit of quantification; LOQ for each metal = 0.04 mg/kg; NQ: Not Quantified. 

			*Apparent sucrose quantified as non-reducing sugars.

			Table 4. Organic acids profile of pot honeys from stingless bee species of Colombian Amazon piedmont

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							Bee species

						
							
							Citric acid
(mg/100 g)

						
							
							Gluconic acid
(mg/100 g)

						
							
							Tartaric acid
(mg/100 g)

						
							
							Ascorbic acid
(mg/100 g)

						
							
							Succinic acid
(mg/100 g)

						
							
							Lactic acid
(mg/100 g)

						
							
							Acetic acid
(mg/100 g)

						
					

					
							
							Melipona eburnea

						
							
							<LOQ (12)

						
							
							260.3 ± 136.8
[146.3 - 459.2]
(4)

						
							
							37.0 ± 36.3
[<LOQ - 78.5]
(12)

						
							
							146.9 ± 52.5
[96.7 – 223.8]
(12)

						
							
							336.4 ± 651.0
[<LOQ - 2230.6]
(12)

						
							
							238.5 ± 250.6
[<LOQ - 702.5]
(12)

						
							
							83.4 ± 83.8
[<LOQ - 306.4]
(12)

						
					

					
							
							Melipona grandis

						
							
							<LOQ (7)

						
							
							221.1 ± 111.0
[94.7 – 302.3]
(3)

						
							
							3.2 ± 5.2
[<LOQ – 14.1]
(7)

						
							
							171.6 ± 54.9
[118.8 – 233.7]
(7)

						
							
							282.8 ± 276.3
[<LOQ - 777.1]
(7)

						
							
							173.6 ± 89.4
[<LOQ – 241.1]
(7)

						
							
							25.3 ± 35.8
[<LOQ - 93.6]
(7)

						
					

					
							
							Melipona nebulosa

						
							
							<LOQ (3)

						
							
							304.0 ± 199.8
[162.7 - 445.3]
(2)

						
							
							<LOQ (3)

						
							
							183.0 ± 50.4
[124.9 – 214.5]
(3)

						
							
							18.0 ± 30.3
[<LOQ - 53.0]
(3)

						
							
							346.2 ± 227.1
[92.4 – 530.3]
(3)

						
							
							86.6 ± 27.7
[55.4 – 108.16]
(3)

						
					

					
							
							Tetragonisca angustula

						
							
							192.5 ±203.0
[<LOQ – 404.9]
(3)

						
							
							1314,5 (1)

						
							
							<LOQ (3)

						
							
							123.2 ± 47.7
[92.0 - 178.1]
(3)

						
							
							415.0 ± 359.5
[<LOQ - 641.1]
(3

						
							
							265.9 ± 359.5
[<LOQ – 675.0]
(3)

						
							
							192.6 ± 114.2
[80.1 - 308.4]
(3)

						
					

					
							
							Scaptotrigona sp.

						
							
							<LOQ (1)

						
							
							301.0 (1)

						
							
							<LOQ (1)

						
							
							213.9 (1)

						
							
							<LOQ (1)

						
							
							216.5 (1)

						
							
							71.9 (1)

						
					

					
							
							Tetragona sp.

						
							
							<LOQ (1)

						
							
							695.1 (1)

						
							
							<LOQ (1)

						
							
							91.4 (1)

						
							
							<LOQ (1)

						
							
							2836.5 (1)

						
							
							828.4 (1)

						
					

					
							
							Lestrimelitta sp.

						
							
							<LOQ (1)

						
							
							NQ (1)

						
							
							410.0 (1)

						
							
							47.1 (1)

						
							
							11920.0 (1)

						
							
							3119.9 (1)

						
							
							1754.5 (1)

						
					

				
			

			(n): number of samples. For species with n>2, values are presented as mean ± standard deviation [range]. LOQ: Limit of quantification. LOQ for each acid: 0.5mg/100g. NQ: Not Quantified

			Diastase enzyme activity varied significantly among samples, with values ranging from 0.28 to 28.40 Schade units, much lower than the minimum limit established for conventional honey (8 Diastase Units). As this enzyme is produced by bees to hydrolyze starch residues, its activity depends on both the flora and the bee species. For this reason, diastase activity is often used as an indicator of honey authenticity. In contrast, HMF levels were generally low, averaging 24.56 mg/kg, indicating freshness. Insoluble solids showed considerable variability, with approximately half of the honey samples exceeding 0.1%.

			The total sugar content averaged 62.85 g/100g meanwhile reducing sugars ranged from 42 to 55 g/100 g. Non-reducing sugar levels varied notably among species. In half of the samples, the reducing sugar content was below the minimum value established for Apis mellifera honey (65%), which correlates with the higher moisture content observed. 

			The organic acid profile revealed the presence of citric, gluconic, tartaric, succinic, ascorbic, lactic and acetic acids. These acids are related to their floral and entomological origin, giving the honeys an identity with the Amazonian Piedmont, in addition to being related to the functional and therapeutic properties traditionally recognized in these honeys. The presence of lactic acid suggests potential probiotic benefits, while ascorbic acid may contribute antioxidant properties. The types of organic acids identified are related to the diversity of floral sources in the region and may also indicate the enzymatic activity of the bees, which convert sugars into organic acids characteristic of both the nectar and bee species. 

			Ash content was below 0.6% which, compared to previous studies [9,13], is under the limit established for Apis mellifera honey. Among the minerals, potassium was the most abundant. However, the low mineral content could be attributed to careful sampling practices that minimized soil contamination, a common factor contributing to higher electrical conductivity. Despite this, conductivity values were higher than those typically found in Apis mellifera honey, likely due to the presence of organic acids and possibly amino acids. Finally, the total phenolic content ranged from 3.7 to 56.6 mg/100g, with higher concentrations observed in pot honey from Tetragonisca angustula and Tetragona sp.

			3.2	Heavy metals

			Table 5 shows the results for heavy metals measured in the honey samples. All analyzed samples met food safety standards, with no detectable levels of cadmium, lead, arsenic, or mercury (Pb: 0.3 mg/kg; Cd: 0.05 mg/kg; As: 0.1 mg/kg; Hg: 0.01 mg/kg). However, trace amounts of copper and chromium were detected, suggesting minimal environmental exposure.

			Table 5. Ranges of variation of heavy metals in pot honeys from stingless bee species of Colombian Amazon piedmont

			
				
					
					
					
					
					
					
					
				
				
					
							
							Bee species

						
							
							Cu (mg/kg)

						
							
							Cr (mg/kg)

						
							
							Cd (mg/kg)

						
							
							Pb (mg/kg)

						
							
							As (mg/kg)

						
							
							Hg (mg/kg)

						
					

					
							
							Melipona eburnea

						
							
							<0.25 - 0.658 (12)

						
							
							<0.5 (12)

						
							
							<0.023 - 0.077 (8)

						
							
							<0.025 (8)

						
							
							<0.05 (8)

						
							
							<0.25 (8)

						
					

					
							
							Melipona grandis

						
							
							<0.25 - 0.752 (7)

						
							
							<0.5 (7)

						
							
							<0.023 - 0.068 (4)

						
							
							<0.025 (4)

						
							
							<0.05 (4)

						
							
							<0.25 (4)

						
					

					
							
							Melipona nebulosa

						
							
							<0.25 (3)

						
							
							<0.5 (3)

						
							
							0.033 (1)

						
							
							<0.025 (1)

						
							
							<0.05 (1)

						
							
							<0.25 (1)

						
					

					
							
							Tetragonisca angustula

						
							
							<0.058 - 1.0 (3)

						
							
							<0.25 (3)

						
							
							<0.023 (2)

						
							
							<0.025 (2)

						
							
							<0.05 (2)

						
							
							<0.25 (2)

						
					

					
							
							Scaptotrigona sp.

						
							
							<0.25 (1)

						
							
							<0.5 (1)

						
							
							N.Q.

						
							
							N.Q.

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Tetragona sp.

						
							
							<0.25 (1)

						
							
							<0.5 (1)

						
							
							N.Q.

						
							
							N.Q.

						
							
							N.Q.

						
							
							N.Q.

						
					

					
							
							Lestrimelitta sp.

						
							
							0.575 (1)

						
							
							<0.25 (1)

						
							
							<0.023 (1)

						
							
							<0.025 (1)

						
							
							<0.05 (1)

						
							
							<0.25 (1)

						
					

				
			

			Concentration of heavy metals is presented as variation range (n). where n is the number of samples. N.Q. not quantified due to insufficient sample.

			3.3	Microbiological quality and effect of heat treatments on microbial loads and bioactive compounds

			Table 6 presents the results of the microbiological evaluation of stingless bee honey samples after extraction, filtration, and packaging in glass jars, both before and after thermal treatment at 80°C for 5 minutes. In raw pot honey, no pathogenic microorganisms, such as heat-resistant (fecal) coliforms, Clostridium perfringens, or Salmonella, were detected. Additionally, it is shown microbiological data for samples subjected to a milder heat treatment (65°C for 3 minutes), both before and after processing. All samples complied with safety standards for fecal coliforms, sulfite-reducing Clostridium and Salmonella. Some of the samples initially contained molds or yeasts above acceptable food safety limits. However, some honeys exhibited high aerobic mesophilic bacteria before treatment, which correlated with the presence of lactic acid bacteria. Finally, Table 7 presents data on antioxidant capacity, total phenolic content, ascorbic acid, and color in honeys before and after heat treatment at 65°C for 3 minutes. These results suggest that milder heat treatment better preserved the bioactive properties of the honey while still ensuring microbiological safety.

			Table 6. Microbiological content of selected pot honey samples before and after thermal treatment at 65°C, 3 min and 80°C, 5 min

			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
					
							
							Bee species

						
							
							Type of hive*

						
							
							Aerobic mesophiles

						
							
							Molds and Yeasts

						
							
							Total coliforms

						
							
							Fecal coliforms

						
							
							Clostridium sulfite reducer

						
							
							Salmonella

						
							
							Lactic Acid

						
					

					
							
							 log(CFU/g)

						
							
							log(CFU/g)

						
							
							MPN/g

						
							
							MPN/g

						
							
							log(CFU/g)

						
							
							Presence or Absence in 25g

						
							
							Bacteria

						
					

					
							
							
							
							
							
							
							
							log(CFU/g)

						
					

					
							
							Thermal treatment 65°C, 3 min

						
					

					
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
					

					
							
							Melipona grandis

						
							
							T

						
							
							< 1,0

						
							
							< 1.0

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							< 1.0

						
							
							< 1.0

						
					

					
							
							Melipona grandis

						
							
							T

						
							
							3.1

						
							
							3.3

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							6.4

						
							
							3.9

						
					

					
							
							Melipona grandis

						
							
							T

						
							
							3.5

						
							
							< 1.0

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							5

						
							
							< 1.0

						
					

					
							
							Melipona eburnea

						
							
							T

						
							
							< 1.0

						
							
							< 1.0

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							< 1.0

						
							
							< 1.0

						
					

					
							
							Melipona eburnea

						
							
							T

						
							
							4.7*

						
							
							3.3

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							5.8

						
							
							3.3

						
					

					
							
							Melipona eburnea

						
							
							T

						
							
							4.1*

						
							
							< 1.0

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							5.4

						
							
							< 1.0

						
					

					
							
							Melipona eburnea

						
							
							T

						
							
							4.2*

						
							
							1.7

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							4.9

						
							
							< 1.0

						
					

					
							
							Tetragonisca angustula

						
							
							R

						
							
							2

						
							
							2.1

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							< 1.0

						
							
							< 1.0

						
					

					
							
							Melipona nebulosa

						
							
							T

						
							
							2.9

						
							
							2.1

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							4

						
							
							< 1.0

						
					

					
							
							Melipona nebulosa

						
							
							T

						
							
							2.3

						
							
							2.2

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							< 1.0

						
							
							< 1.0

						
					

					
							
							Tetragona sp

						
							
							T

						
							
							2.3

						
							
							2.8

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							< 1.0

						
							
							< 1.0

						
					

					
							
							Scaptotrigona sp

						
							
							R

						
							
							3.3

						
							
							3.8

						
							
							< 1.0

						
							
							< 1.0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1.0

						
							
							< 1.0

						
							
							Absence

						
							
							Absence

						
							
							6.4

						
							
							< 1.0

						
					

					
							
							
							Thermal treatment 80°C, 5 min

						
					

					
							
							
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							Before

						
							
							After

						
							
							
					

					
							
							Melipona grandis

						
							
							
							2,7

						
							
							< 1,0

						
							
							2,6*

						
							
							< 2,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona grandis

						
							
							
							3,0

						
							
							< 1,0

						
							
							< 2,0

						
							
							< 2,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona  grandis

						
							
							
							3,1

						
							
							< 1,0

						
							
							2,4*

						
							
							< 2,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona grandis

						
							
							
							< 1,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona eburnea

						
							
							
							2,7

						
							
							2,4

						
							
							< 2,0

						
							
							< 2,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona  eburnea

						
							
							
							2,9

						
							
							< 1,0

						
							
							2,7*

						
							
							< 2,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona  eburnea

						
							
							
							3,8

						
							
							< 1,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona eburnea

						
							
							
							4,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona eburnea

						
							
							
							3,9

						
							
							< 1,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona eburnea

						
							
							
							3,6

						
							
							3,8

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona eburnea

						
							
							
							1,8

						
							
							1,8

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							<1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona eburnea

						
							
							
							< 1,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Tetragonisca  angustula

						
							
							
							3,1

						
							
							2,0

						
							
							2,9*

						
							
							< 2,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Tetragonisca  angustula

						
							
							
							3,5

						
							
							2,3

						
							
							4,1*

						
							
							< 2,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Melipona nebulosa

						
							
							
							4,0

						
							
							1,7

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

					
							
							Lestrimelitta sp

						
							
							
							2,5

						
							
							2,3

						
							
							< 1,0

						
							
							< 1,0

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							<3

						
							
							< 1,0

						
							
							< 1,0

						
							
							Absence

						
							
							Absence

						
							
							
					

				
			

			*It does not meet the maximum CFU recommended for honey by NMX-036-NORMEX-2006 NORMEX (Mexican Society for Standardization and Certification S.C) [78].

			Table 7. Antioxidant capacity, total phenolic compounds and ascorbic acid content in honeys after applying heat treatment at 65°C, 3 minutes

			
				
					
					
					
					
					
					
					
					
					
				
				
					
							
							Bee species

						
							
							TEAC
(mmol trolox/kg)

						
							
							Total Phenolic Compounds
(mg caffeic acid/100 g)

						
							
							Ascorbic acid
(mg/100g)

						
							
							Color
(Pfund scale)

						
					

					
							
							Before 

						
							
							After

						
							
							Before 

						
							
							After

						
							
							Before 

						
							
							After

						
							
							Before 

						
							
							After

						
					

					
							
							Melipona grandis

						
							
							0.3

						
							
							0.4

						
							
							6.4

						
							
							8.1

						
							
							241.7

						
							
							233.7

						
							
							38

						
							
							45

						
					

					
							
							Melipona grandis

						
							
							0.4

						
							
							0.4

						
							
							3.7

						
							
							20.2

						
							
							221.8

						
							
							225.7

						
							
							19

						
							
							22

						
					

					
							
							Melipona grandis

						
							
							0.4

						
							
							0.3

						
							
							18.3

						
							
							18.7

						
							
							210.3

						
							
							230.5

						
							
							24

						
							
							24

						
					

					
							
							Melipona eburnea

						
							
							0.5

						
							
							0.4

						
							
							6.8

						
							
							25.5

						
							
							210.1

						
							
							216.5

						
							
							42

						
							
							39

						
					

					
							
							Melipona eburnea

						
							
							0.5

						
							
							0.4

						
							
							20.6

						
							
							18.9

						
							
							213

						
							
							208.1

						
							
							11

						
							
							10

						
					

					
							
							Melipona eburnea

						
							
							1.2

						
							
							0.6

						
							
							19.4

						
							
							16.4

						
							
							233.9

						
							
							219.9

						
							
							74

						
							
							54

						
					

					
							
							Melipona eburnea

						
							
							0.8

						
							
							0.8

						
							
							20.1

						
							
							13.6

						
							
							215.9

						
							
							223.8

						
							
							41

						
							
							42

						
					

					
							
							Tetragonisca angustula

						
							
							1.2

						
							
							1.3

						
							
							29.6

						
							
							32.2

						
							
							171.9

						
							
							178.1

						
							
							82

						
							
							65

						
					

					
							
							Melipona nebulosa

						
							
							0.4

						
							
							0.4

						
							
							9.5

						
							
							9.3

						
							
							64.9

						
							
							209.7

						
							
							42

						
							
							42

						
					

					
							
							Melipona nebulosa

						
							
							0.8

						
							
							0.6

						
							
							8.4

						
							
							35.1

						
							
							217.1

						
							
							214.5

						
							
							40

						
							
							42

						
					

					
							
							Tetragona sp

						
							
							3.1

						
							
							1.7

						
							
							56.6

						
							
							67.8

						
							
							107.

						
							
							91.4

						
							
							136

						
							
							128

						
					

					
							
							Scaptotrigona sp

						
							
							0.3

						
							
							0.1

						
							
							7.0

						
							
							6.2

						
							
							203.9

						
							
							213.9

						
							
							39

						
							
							13

						
					

				
			

			4. Discussion

			4.1	Physicochemical characterization

			4.1.1	Moisture

			The high moisture levels observed in the analyzed honey samples align with previous studies on Colombian honey from other regions [9,13] and honey from other countries such as Australia [28], Malaysia, Cuba, Nigeria, Brazil, Peru and Portugal [29,30]. These values differ markedly from those of honey produced by Apis mellifera and are characteristic of pot honey. This can be primarily explained by the smaller surface area to volume ratio available for water evaporation inside stingless bee hives. Honey pots in stingless bee hives present a surface area of 2.5 cm2/cm3, whereas Apis mellifera cells have 12 cm2/cm3 [31]. Additionally, the tropical rainforest climatic of the Colombian Amazon Piedmont, with relative humidity ranging from 80 to 98%, and temperatures above 25°C, creates a very low moisture transfer gradient, limiting water removal from nectar [3,8]. High moisture affects various characteristics of honey, especially its tendency to crystallize and its stability. Management throughout the entire production process must prevent deterioration; therefore, the transition from traditional to modern hives should be promoted, along with the implementation of good handling practices to avoid cross-contamination during honey extraction and packaging. Refrigeration is recommended for storage. 

			The current Codex Alimentarius [10] establishes 20% as the maximum limit for the moisture content of honey, a requirement that is not possible to meet for stingless bee honeys, therefore it is necessary to establish specific requirements. Only one of the samples presented an unusual humidity level, exceeding 40%, but this is consistent with reports for some Peruvian honeys that have shown values ranging between 40 and 45% [30]. Some researchers have proposed and evaluated the application of dehumidification processes in these cases [15].

			4.1.2	Acidity and pH

			The results obtained in this study show high levels of acidity and low pH values for all samples analyzed. This is consistent with previous studies on honeys from various stingless bee species in other regions of Colombia [9,13,32] and Mexico [31], but the concentrations are approximately 50% higher, which affects the noticeably acidic taste perceived. Honeys from Melipona eburnea and Tetragonisca angustula exhibit the highest average acidity values, with 55.39 ± 12.86 meq NaOH/kg and 64.60 ± 18.07 meq NaOH/kg, respectively. This fact indicates a different chemical and biological contribution from the bee’s digestive tract depending on the species, triggering different reactions in the floral nectar. According to studies conducted by some researchers [18], although palynological analysis shows the same floral origin for honey from Apis mellifera and stingless bees, the acidity and pH differ considerably between them. This provides a differentiating factor that suggests the acidic components are not only contributed by the nectar, but that the stingless bee also contributes acidity during the transport of nectar in its honey stomach to the hive, either through direct addition or through fermentative processes. The high acidity may also explain the antimicrobial activity commonly reported for stingless bee honeys [33], which is linked to the empirical and traditional therapeutic uses of these honeys. The flora of the Colombian Amazon Piedmont, influenced by both the Andes and the Amazon Basin, may contribute to a unique nectar composition, which could be explored as a sustainable marker of geographic identity in the future.

			4.1.3	Diastase index

			Despite the low values observed in this study, the presence of diastase is significant, as it serves as a measurable parameter for assessing honey authenticity. Most species displayed DN values below the Apis mellifera standard of 8, except for Tetragonisca angustula, which showed a mean DN value of 19.45, suggesting high intrinsic amylase production, which may indicate a capacity of these species to provide certain levels of this enzyme (alpha amylase) or probably the variability of the starch contents in the nectars collected by this species, considering that this enzyme is only provided by the bee, not by the nectar [32,34,35]. This is consistent with literature indicating that stingless bee honey naturally possesses low diastase activity, likely due to biological and ecological differences [13]. This suggests that any starches present in the nectar are being degraded, a process that can be further analyzed by measuring dextrin residues in honey samples. Bolivian pot honey from species Tetragonisca angustula, Scaptotrigona polysticta, and Scaptotrigona depilis showed DN values above 3 [36], while Melipona eburnea pot honey collected in Colombia by Zapata-Vahos et al. [37] had no detectable activity, contrasting with our findings.

			4.1.4	Hydroxymethylfurfural (HMF)

			The Codex Alimentarius establishes a maximum value of 40 mg/kg for Apis mellifera honey, but allows 80 mg/ for honeys produced in the tropics [10], recognizing that latitude, temperature, and ambient humidity affect this parameter, which indicates sugar degradation. Based on this, most samples assessed in this study had low HMF levels, indicating that the honey was fresh, not stored for extended periods, and not exposed to high temperatures. The differences between species and within the same species are due to the nature of the nectar collected in terms of the type and concentration of sugars present. These results are consistent with previous studies on Colombian pot honey [9,13,32], in the Peruvian Amazon [38], in Mexico [29,39], in Tanzania [40], and in Nigeria [41].  However, one sample exhibited high HMF content, which may indicate greater susceptibility to elevated ambient temperatures. Studies conducted in Brazil for Melipona subnitida and Melipona scutellaris and in Mexico for Melipona beecheii did not detected HMF for any sampled pot honey [31,42]. The high value obtained for Lestrimelitta sp. is very particular and it should be further revised to determine whether it is a species-specific characteristic, especially since Lico et al. [43]  reported a mean HMF value of just 0.7 mg/kg for Brazilian pot honey samples from Lestrimelitta limao. However, the scarcity of reported data of this species in literature limited the availability of additional information for comparison.   

			4.1.5	Insoluble Solids

			The average values found for insoluble solids in the honeys studied according to the species are quite high, with great variability within the same species, from values very similar to those reported by other researchers and those established for Apis mellifera, on the order of 0.01% [35], to values higher than 0.5%. For reference, Aroucha et al. [44] reported 0.62% insoluble solids in dehydrated Melipona subnitida pot honey from Brazil. Few studies have studied the insoluble solids content of stingless bees’ honey; in order to make comparisons it is necessary to take into account the production method used, including the type of hive (rustic or technological) and the extraction technique applied (draining, syringe, compression). While it is normal for honey to contain traces of propolis and wax, elevated insoluble solids content can result from rustic hive practices and inadequate extraction, filtration, and packaging. To address this issue, it is essential to enhance training for producers to ensure honey quality in this regard. To avoid high levels of insoluble solids, it is also necessary to use technologically advanced hives if honey is intended for commercialization.

			4.1.6	Sugar content

			Pot honey is predominantly composed of reducing sugars; however, it exhibits high variability in non-reducing sugar content, mainly disaccharides, which exceeded the minimum levels established for Apis mellifera honey. This variability can be attributed to the diversity of floral sources, geographical origin, and the bee species included in this study. Fuenmayor et al. [9] described the monosaccharide and disaccharide content of pot honey from over 15 Colombian stingless bee species, with fructose levels between 17.1 and 40 g/100g, glucose between 9.3 and 38.5 g/100 g, and the combined content of sucrose and maltose between 0.9 and 12.1 g/ 100 g. Similarly, Vit et al. [45] found reducing sugar levels in Ecuadorian pot honey ranging from 16.24 to 63.38 g/100 g for the species Trigona fuscipennis, Melipona mimetic and Scaptotrigona ederi. 

			As this is an initial approach to assess the sugar content of pot-honey from the Colombian Amazon Piedmont, the Lane-Eynon method was used. This volumetric test employs Fehling’s reagent to quantify reducing and total sugars, relying on the reducing capacity of monosaccharides before and after acid hydrolysis. Non-reducing sugars are then calculated by difference, assuming that primarily correspond to sucrose [11]. However, in this case, when total sugars are added to the moisture content, the sum does not approach 100%, as typically observed in Apis mellifera honey. 

			This discrepancy may be explained by the presence of oligosaccharides, higher molecular weight carbohydrates, within both the reducing and non-reducing fractions. Such compounds have already been reported in honey [46]. Some oligosaccharides are more resistant to acid and enzymatic hydrolysis and have been associated 
with the prebiotic potential of honey [47]. Additionally, the antioxidant properties of honey may interfere with the redox reaction on which the method is based. One of the limitations of the Lane-Eynon method is that the redox reaction (sugar–Fehling reagent) is not stoichiometric, which would require the development of specific calibration curves to improve accuracy [48]. Some authors opt for more specific methods such as high-performance liquid chromatography (HPLC) with prior solid-phase extraction, to characterize the sugar composition in honey [49,50]. Oligosaccharides found in honey have been linked to anti-diabetic properties [51,52] and demonstrated prebiotic effects [53,54]. Native bees in the Amazonian ecosystem forage from both floral and non-floral sources that remain largely unexplored regarding their carbohydrate profiles.  Nonetheless, the presence of such carbohydrates is suspected by the wide range of viscosities and consistencies observed in these types of honey, despite similar moisture contents.

			Future studies should apply advanced analytical methods, such as chromatography, to establish a detailed profile of monosaccharides, disaccharides, and oligosaccharides present. Chromatographic analysis could also detect the presence of enzymes and dextrins in this type of honey and investigate the relationship with perceived sweetness intensity.

			4.1.7	Organic Acid Profile

			No previous reports exist on the organic acid profile of stingless bee honey in Colombia, and reports from other countries are generally scarce. Organic acids are important in honey because they contribute to its identity, allowing differentiation based on botanical origin or bee species [18,55]. Although Colombia lacks reports on stingless bee honey organic acid profiles, in Australia over 30 non-aromatic organic acids have been identified in honey [55], contributing to its diverse flavors and aromas, and may suggest a strong connection to the botanical origin of the nectar. This aspect warrants further exploration through palynological studies and empirical information from producers regarding the floral routes followed by foraging bees.  Similarly, acetic, gluconic, and lactic acids were found in Brazilian pot honey from the species Melipona bicolor, Scaptotrigona bipunctata, Melipona quadrifasciata, and Melipona marginata [56].

			In the present study, citric acid was found in Tetragonisca angustula honey, with high variability, reaching levels of 409.9 mg/100g. This indicates that citric acid may serve as a marker of honey origin, potentially linked to bee species in the Colombian Amazon Piedmont. Additionally, this compound is associated with both the flavor and antimicrobial activity of honey. 

			Gluconic acid, the primary contributor to honey acidity, was found in all the honeys analyzed. Gluconic acid is produced by the action of glucose oxidase, an enzyme produced by bees. The results showed relatively high concentrations with significant variability, ranging from 94.7 mg/100g to 1324.6 mg/100g, with an average of 385.3 mg/100g ± 228.8 mg/100g. Similar analyzes conducted on various stingless bees species in Australia also reported high variability in values, ranging from 159 to 4060 mg/100g. Specifically, Austroplebeia australis honey had an average gluconic acid content of 2500 mg/100g ± 870 mg/100g, Tetragonula hockingsi 1290 mg/100g± 520 mg/100g, and Tetragonula carbonaria 1650 mg/100g ± 600 mg/100g [55].

			Tartaric acid was not found in the honey samples of all the species studied and was only prominent in honeys from two species: Melipona eburnea (37.0 ± 36.3 mg/100g) and Melipona grandis (3.2 ± 5.2 mg/100g). Therefore, this acid may be a differentiating parameter linked to the bee species and the environment, giving these honeys from the Colombian Amazonian Piedmont their unique identity. On the other hand, another acid found as a marker in the honeys of five of the studied species is succinic acid, with significant variability among honeys of the same species, reaching concentrations exceeding 5000 mg/100g in some cases. Sensory aspects of these honeys are similar in their astringent taste, a consequence of the presence of succinic acid. This coincides with a study carried out in Malaysia in which this acid, along with gluconic acid, was identified as markers or components that give identity to honeys by their origin [18]. 

			A particularly noteworthy finding in all the studied pot honey samples is the significant presence of ascorbic acid (vitamin C), with concentrations ranging from 47.1 to 233.7 mg/100g. This acid was found in all the analyzed samples and constitutes the first reports for honeys from different species of stingless bees in the Colombian Amazonian Piedmont. This finding allows us to relate it to antioxidant activity and explain the therapeutic properties traditionally attributed to these honeys. Additionally, it may reveal a characteristic related to geographic origin, regardless of the bee species, considering that this acid comes from the collected nectar. Reports of ascorbic acid content in stingless bee honeys from Latin America are scarce. A study conducted in Venezuela reports vitamin C contents of 12.74 and 40.13 mg/100g [57]. In other continents such as Africa, in western Tanzania, the composition of honeys from 6 species (Dactylurina schmidti, Hypotrigona gribodoi, Meliponula beccarii, Meliponula ferruginea, Meliponula togoensis and Plebeia armata) was evaluated and ascorbic acid contents were reported to vary between 7.42 and 60.50 mg/100 g [41], while in Nigeria average values of 161.69 ± 6.70 mg/kg were found [41]. Studies conducted in Asia stand out; for example, Indonesian honeys from Tetragonula laeviceps contain 6.49–13.58 mg/100g of ascorbic acid [58], which has been linked to anti-inflammatory effects in malnourished rats. These values are consistent with another study from the same country, using the same bee species, but in different regions, which revealed contents between 5.67 and 7.88 mg/100g [59]. Furthermore, honey from the West Coast of Malaysia has ascorbic acid contents ranging from 1.13 to 6.69 mg/kg [60]. This information demonstrates that the ascorbic acid content of honeys from the Colombian Amazon Piedmont is considerably higher than those previously reported for stingless bee honeys. Our finding, not previously reported in other studies, could help explain some of the therapeutic properties attributed to certain honeys by local farmers, such as anti-flu, anti-inflammatory, and anti-tumor effects. Additionally, it is worth noting that these levels are significantly higher than those found in tropical fruits known for their high vitamin C content, such as the Amazonian açai fruit (Euterpe Oleracea Mart), with values around 58.7 mg/100g [2,42], and other tropical fruits recognized as high sources of vitamin C and for their functional properties, which generally range between 40 and 70 mg/100g [61]. In contrast, most of the honeys evaluated in this study have values exceeding 100 mg/100g. Other studies, such as some conducted in Brazil, have not examined ascorbic acid and have not been able to fully explain the antioxidant properties of stingless bee honeys based on other physicochemical properties [62].   

			In this study, the organic acid profile revealed, for the first time, the presence of lactic acid in Colombian stingless bee honeys, at levels ranging from undetectable to 3119.9 mg/100g. The following average values stand out: Melipona eburnea 238.5 ± 250.6 mg/100g; Melipona grandis 173.6 ± 89.4 mg/100g; Melipona nebulosa 346.2 ± 227.1 mg/100g; and Tetragonisca angustula 265.9 ± 359.5 mg/100g. These values are approximately one-third of the lactic acid level found in yogurt, indicating high activity of lactic acid bacteria, as was indeed confirmed by evaluating the presence of these microorganisms in the honeys. This finding is consistent with similar studies conducted in Brazil for Melipona bees, in which, in addition to lactic acid, acetic and citric acids were also found [56]. These results are the first reported for honeys from stingless bees in the Colombian Amazonian Piedmont. The importance of this finding lies in the broad field of research it opens regarding the possibility that the bacteria present in the honeys are probiotic. Currently, there is only empirical knowledge linking the consumption of certain honeys from the region to benefits for the digestive system, including combating gastritis.

			Although many studies have been conducted on the search for lactic acid bacteria in different substrates, few efforts have been made to evaluate lactic acid bacteria in stingless bee products. Lactobacillus plantarum and L. pentosus have been isolated, their probiotic properties have been developed, and they have been used for encapsulation in the development of functional foods [63]. 

			Acetic acid was not present in all samples, but there was at least one positive sample per studied species, and values ranged between 25.3 mg/100g (in Melipona grandis) and 1754.5 mg/100g (in Lestrimelitta sp). Similar variability has been reported in studies on stingless bee honey of genus Geotrigona, Melipona and Scaptotrigona from Ecuador, with values ranging from 121 mg/100g to 1960 mg/100g [44]. In Malaysia, honeys from Heterotrigona itama and Tetrigona binghami averaged 270 mg/100g ± 190 mg/kg and 680 mg/100g ± 340 mg/100g, respectively [64]. The origin of acetic acid can vary: it may come directly from the nectar or it results from honey deterioration caused by acetic bacteria. In the latter case, acetic acid is often associated with the presence of bubbles or foam in honey. This occurs when honey is contaminated with certain yeasts that initially produce ethanol, which is subsequently metabolized by acetic bacteria into acetic acid and carbon dioxide. As a result, foam may become visible inside the container, and over time, pressure can build up, potentially causing the container to burst. 

			Although organic acids typically constitute less than 1% of honey, they are believed to contribute significantly to its flavor and aroma, often more pronounced than in Apis mellifera honey.

			4.1.8	Ash, Minerals, and Conductivity 

			In all honey types analyzed, potassium was the most abundant mineral, ranging from 6.13 to 192.6 mg/kg magnesium (0.2–11.9 mg/kg). Other minerals were found in very low concentrations: magnesium (0.2–11.9), manganese (0.65–10.88 mg/kg), sodium (<17.18 mg/100g) and zinc (<0.18 mg/kg). This mineral profile differs appreciably with findings in Apis mellifera honey [65]. As expected, honeys with higher ash content also exhibited elevated concentrations of mineral elements. The considerable variability observed suggests that ash content could serve as a useful criterion for differentiation, as it has been widely employed for Apis mellifera honey and other bee products.

			Although low electrical conductivity values might be expected, the measured values for all honey samples were relatively high compared to the limit established for common honey (i.e. 0.8 mS/cm). This elevated conductivity is likely related to the high content of organic acids. Although not directly measured in this study, the presence of certain amino acids could also contribute to the higher conductivity levels. 

			Electrical conductivity has not been widely evaluated in stingless bee honey. In Tetragonisca angustula, the recorded values were high (4029 ± 2590 µS/cm), and were similar to those reported for pot honey from Paraná, Brazil [66]. In contrast, the only Tetragona sp . sample in this study showed a particularly low conductivity of 130 µS/cm, which is notably low for stingless bee honey. For comparison, the lowest previously reported conductivity for Scaptotrigona xanthotricha honey in Brazil was 0.62 µS/cm [66]. Interestingly, Scaptotrigona sp. and Tetragona sp. have low conductivity despite having high ash content, which may be an indicator of differences in ionic composition or matrix effects. On the other hand, Lestrimelitta sp. showed a distinct mineral and conductivity profile, therefore, further research is required to establish whether this is a species-specific fact. 

			4.19	Total phenolics and antioxidant activity

			The total phenolic content in the analyzed honeys varied significantly among species. The highest concentrations were found in honeys from Tetragonisca angustula and Tetragona sp., which also exhibited stronger antioxidant activity. These high values are consistent with high ascorbic acid content. Studies conducted in Australia on honeys from Tetragonula carbonaria and Tetragonula hockings also showed great variability in total phenolic content, a fact that was related to the great variability of the floral sources [28].  Similarly, Brazilian pot honey from 10 different stingless bee species reported to contain relatively high levels of phenolic compounds, ranging from 10.3 to 98.0 mg GAE/ 100 g [67]. Furhermore, research in Indonesia has shown that fresh honey from Tetragonula laeviceps acts as an immunomodulator, stimulating lymphocyte proliferation and reducing the production of pro-inflammatory markers in both normal and malnourished rats [58]. These findings suggest that stingless bee honey may have functional therapeutic applications particularly in addressing childhood malnutrition due to its bioactive and immunomodulatory properties.

			Future research should explore the relationship between bioactive properties and mineral composition of stingless bee honey. As demonstrated in studies of Apis mellifera honey, the characterization of phenolic profiles and mineral content has proven valuable for botanical classification and geographical traceability [68–70]. Applying similar methodologies to stingless bee honey could provide deeper insights into its functional and medicinal potential while supporting quality control and standardization for efforts for commercial purposes.

			In this study, the Trolox Equivalent Antioxidant Capacity (TEAC) method was used to evaluate the antioxidant potential of stingless bee honey from different species, revealing notable variability among samples. Such variation is expected, given that botanical origin, bee species, and environmental conditions significantly influence the accumulation of bioactive compounds in honey. The results indicated that Tetragona sp. exhibited the highest TEAC values, suggesting a greater concentration of phenolic compounds and other antioxidants. Likewise, Tetragonisca angustula honey demonstrated relatively high TEAC values, reinforcing the idea that bee species and nectar sources play crucial roles in determining antioxidant potential.

			Conversely, pot honey from Melipona grandis and Scaptotrigona sp. displayed lower antioxidant activity, suggesting a reduced content of phenolic and flavonoid compounds in these samples. However, it is important to note that antioxidant capacity is not solely dependent by phenolic content, as other compounds such as ascorbic acid, organic acids, and specific enzymes can also contribute. In this study, high levels of ascorbic acid were detected in several samples, which may have contributed to the relatively high antioxidant activity observed, even when phenolic content was lower.

			The impact of heat treatment (65°C for 3 minutes) on antioxidant capacity was also evaluated. For a strong treatment, at 80°C for 5 min, its antioxidant activity is considerably affected, consistent with an appreciable loss of ascorbic acid. But TEAC values remained largely unchanged when the thermal treatment is milder, 65°C for 3 minutes, indicating that the bioactive compounds responsible for antioxidant activity in stingless bee honey are relatively heat-stable under mild processing conditions. From a nutritional and functional perspective, these findings support the potential health benefits of stingless bee honey, particularly in terms of antioxidant defense. 

			4.2	Heavy metals

			Most of the samples analyzed showed no heavy metal contamination, but some of the honeys collected by Melipona grandis and Melipona eburnea showed relatively high levels of copper, which could be explained by the prevalence of copper sulfate use as a fungicide in agriculture in the region. This aspect requires further investigation. Although studies evaluating heavy metals in native bee honeys are scarce, in Brazil, researchers have chosen to assess not only the specific concentration of each metal in the honey but also to calculate the risk associated with daily consumption of these honeys through trace element analysis, without finding any carcinogenic effects [71]. However, in the same country, the levels of Co, Cr, Mo, Ni, and Pb have been determined in relation to the limits recommended by the World Health Organization (WHO), and it has been found that Cr exceeds these limits. It has been concluded that the analysis of heavy metals in stingless bee honeys allows for the evaluation of a region’s environmental health [66]. A review of honeys from urban and industrial areas in Malaysia has shown that honeys from hives located near roads or industrial plants have higher levels of Pb, Cd, and As [72]. The results obtained in this work are of great importance because they reflect the environmental health of the Colombian Amazon Piedmont, which is located near urban areas, rural areas and forests, but not industrial areas; monitoring the heavy metals in the honeys produced there can be a means of monitoring the degree of environmental contamination of the region, in order to take preventive actions. 

			Stingless bee honey can serve as a bioindicator of environmental contamination, as these bees forage nectar from diverse plants that may accumulate heavy metals from soil, water, and air. During nectar collection and honey production, these metals can be transferred to the final product. The presence and concentration of heavy metals in honey reflect the level of environmental pollution in the areas where the bees forage. Previous studies have demonstrated that stingless bee honey contains variable levels of metals depending on geographic location and environmental conditions, making it a valuable tool for monitoring contamination across ecosystems [73].

			Although the study area is predominantly forested, the region abundance of mineral resources -including oil, gold, copper, zinc, and molybdenum- has driven mining activities at various scales (legal, illegal, and alluvial), often leading to vegetation loss. These activities may contribute to environmental pollution, affecting air, soil, and water, with evident consequences on local flora [74]. Given these concerns, continued monitoring of heavy metals in stingless bee honey could provide important insights into the extent of environmental contamination in this ecologically sensitive region.

			4.3	Microbiological quality and effect of heat treatments on microbial loads and bioactive compounds

			In our study, from a safety microbiological perspective, all fresh samples collected were found to be free of pathogenic microorganisms, such as heat-resistant (fecal) coliforms, Clostridium perfringens, and Salmonella, unlike the results of previous studies conducted in Colombia in other geographic regions, which detected significant populations of sulfite-reducing Clostridium [21]. Although other studies on microbiological safety of stingless bee honeys are scarce, it has been reported that honeys from native Mexican bees produced at different times of the year by Tetragonisca fiebrigi have been affected by contamination with Escherichia coli, with a higher incidence in spring than in autumn [75]. Similarly, Mexican honeys from Tetragonisca angustula have been found to be 42.85% contaminated with sulfite-reducing Clostridium [76]. Food safety issues have also been found in a high percentage of honeys from the arid region of Brazil, where honeys from Melipona subnitida showed contamination with pathogenic microorganisms, especially Clostridium perfringens, C. botulinum, and Salmonella [77]. However, honeys from Meliponula beccarii in Ethiopia showed very low levels of contamination compared to those found in honeys from Apis mellifera [78].

			The results of our study are of great importance because they demonstrate that neither in the field, from the sources used by the bees, nor through the handling by the beekeeper during extraction and packaging, has there been any cross-contamination of fecal origin. This can be explained by the fact that the group of producers who provided the samples have received specific training and use utensils and procedures that ensure the safety of the honeys at all stages. Considering that these honeys are empirically used for therapeutic purposes, these results support their suitability for consumption, noting that this is not a characteristic inherent to the bee, but rather a result of the application of good practices throughout the production process.

			Regarding the aerobic mesophilic bacteria count, no regulations recommend or establish maximum permissible limits. There is only one non-mandatory standard in Mexico that recognizes that honey can have acceptable quality with a bacterial count of up to 10,000 CFU/g of aerobic mesophilic bacteria, provided it is free of fecal contamination (NMX-036-NORMEX-2006) [78]. This recommendation is consistent with the results obtained in our study. Furthermore, another non-mandatory standard in Mexico establishes that the presence of no more than 1,000 CFU/g of non-pathogenic bacteria and up to 100 CFU/g of yeasts and molds should be acceptable [78]. Based on this suggestion, the honeys evaluated in our study can be considered microbiologically safe. This is related to their high total acidity and low pH, which limit the survival of pathogenic microorganisms. Furthermore, the samples were collected directly from the hive using hygienic procedures, free from cross-contamination.

			Considering the appreciable levels of aerobic mesophilic microorganisms found in some of the honeys evaluated, and the significant presence of lactic acid, the lactic acid bacteria population in the fresh honeys was found to be consistent with the other findings. Therefore, these bacteria cannot be considered contaminants but rather inherent to the type of honey, given that they are produced by the bee’s digestive system. When the honeys were subjected to a strong heat treatment (80°C for 5 min), the aerobic mesophilic microorganisms, corresponding to lactic acid bacteria, were found to be completely degraded. Therefore, a milder heat treatment (65°C for 3 min) was examined. As observed in Table 6, this also had a negative effect on the lactic acid bacteria population, although to a lesser extent. This suggests that an even milder heat treatment is necessary to preserve these honeys, although, as shown in Table 7, it did not have a significant effect on color, antioxidant activity, total phenol content, or ascorbic acid. These results suggest that milder heat treatment better preserved the bioactive properties of the honey while still ensuring microbiological safety. 

			In honeys of certain bee species (Melipona eburnea and Tetragonisca angustula), the heat treatment did not significantly affect counts of aerobic mesophilic microorganisms and lactic acid bacteria. This could be explained by the thermotolerance of specific lactic acid bacteria, as well as to the protective effects of sugars and other solutes present in the honey, which can exert microbial resistance to heat based on their chemical nature. Although few studies have been conducted on honey, related work has modeled the inactivation behavior of lactic acid bacteria in other substrates under heat treatment and varying solute conditions [79].

			Nevertheless, heat treatment significantly reduced lactic acid bacteria populations, which may be undesirable given their potential health benefits. Lactic acid bacteria in honey have been linked to probiotic effects, positively influencing digestive and immune health [80,81]. Furthermore, microbiota studies have identified these bacteria in honey, pollen, and propolis, where they play crucial roles in colony health, with potential implications for both human and animal well-being [80,82]. 

			Lactic acid bacteria comprise multiple species with varying resistance to acidic conditions. In general, they can survive, grow, and function well at a pH between 5.5 and 6.0. However, as acid concentration increases, acidification can exert genotoxic effects on the cytosol and denature cellular proteins, with severity depending on the species involved [83,84]. In the honeys studied, both botanical and entomological origins result in considerable variation in microbial acid resistance. For instance, honeys from Tetragona species, despite having a lactic acid content nearly ten times higher than other species, showed very low counts of lactic acid bacteria, suggesting that excessive acid production may have led to microbial inactivation, potentially facilitated by solutes that enhanced this degradation.

			Regarding the origin of lactic acid bacteria in honey, it is likely that bees themselves are the primary source. These bacteria are present in the digestive tracts of bees, where they metabolize nectar, pollen, and propolis, contributing to both hive nutrition and health [81]. In Mexican stingless bee honey, several species of lactic acid bacteria have been isolated [85]. Recent studies have identified new strains in fresh stingless bee honey from species such as Melipona beecheii, Scaptotrigona pectoralis, Plebeia llorentei, and Plebeia jatiformis. These bacteria preferentially metabolize fructose over glucose and may be responsible for some of the digestive health benefits attributed to honey [86]. Moreover, similar bacteria are also found in other sugar-rich sources, including flowers, fruits, fermented products, insects, and spices [87].

			Although variations in antioxidant capacity were observed across samples of the same species, likely due to botanical origin, heat treatment did not significantly affect these properties. Similar findings have been reported in studies from Malaysia and Australia, where stingless bee honey treated at 45 °C, 55 °C and 65 °C for 60 minutes showed not significant alteration in phenolic content, flavonoid levels, or antioxidant activity, regardless of species or origin. However, antimicrobial activity was significantly reduced, suggesting that phenolic compounds and flavonoids are not the primary contributors to antimicrobial effects. Instead, organic acids or heat-sensitive enzymes may play a more crucial role [88]. 

			In some cases, higher temperatures and prolonged treatments have been associated with enhanced antioxidant activity and phenolic content, due to the formation of new phenolic compounds or Maillard reaction products, a phenomenon also observed in foods like tomatoes and chili peppers [89].

			The color of pot honey, measured on the Pfund scale before heat treatment, varied widely among samples. For example, Melipona eburnea and Melipona nebulosa exhibited extra light amber tones, Melipona grandis showed a white tone, and Tetragonisca angustula displayed a light amber color. Espinoza-Toledo et al. [90] studied Mexican pot honey from Melipona solani, Scaptotrigona mexicana, and Melipona beecheii, reporting color ranges from dark white to amber. Similarly, López-Garay et al. [91] found a mean Pfund value of 60 mm for Scaptotrigona mexicana honey, and Villacrés-Granda et al. [19] analyzed Ecuadorian pot honey from 12 stingless bee species and found average values ranging from 13 to 65 mm, further supporting the influence of bee species on honey color.

			After heat treatment, most honeys maintained their light amber tones, suggesting that melanoidin formation via the Maillard reaction was minimal. This suggests limited degradation of amino acids and reducing sugars [92], thereby preserving the nutritional quality of the honey. Moreover, ascorbic acid and phenolic compound content, key contributors to antioxidant capacity, remained largely unchanged after heat treatment, as shown in Table 7. These results are consistent with findings from Thailand, where Heterotrigona itamay honey was subjected to 37°C and 45°C for 24 and 48 hours showed no significant variations in phenolic, flavonoid or antioxidant levels [93]. 

			5. Conclusions 

			This study provides the first comprehensive characterization of pot honey from seven stingless bee species in the Colombian Amazon Piedmont, highlighting its distinct physicochemical, microbiological, and bioactive properties. The honey exhibited significantly higher moisture content (26.6 ± 3.01%), a value explained by the high relative humidity of the region and the sugar composition of the honey, factors that limit water transfer from nectar to the environment and distinguish these honeys, while requiring careful application of good hygienic practices throughout the production process. Acidity levels were notably high, averaging 49.59 meq/kg, with pH values ranging from 3.22 to 4.63, creating an environment hostile to many pathogenic or spoilage-causing microorganisms and explaining the microbiological safety observed despite the high moisture content. A significant presence of ascorbic acid (vitamin C), derived from floral sources, was detected in all samples, with concentrations ranging from 47.1 to 233.7 mg/100 g, explaining the antioxidant activity and supporting therapeutic properties attributed by local farmers, such as flu-fighting, anti-inflammatory, and antitumor effects. Lactic acid was found in honeys of all analyzed species at average levels exceeding 150 mg/100 g, consistent with populations of lactic acid bacteria contributed by the bees digestive tract, in some cases reaching up to 5 log(CFU/g). This finding opens important research possibilities regarding potential probiotic properties and helps explain local empirical knowledge linking honey consumption to digestive benefits, including combating gastritis. In addition, gluconic acid was present at relatively high and variable concentrations, ranging from 94.7 to 1324.6 mg/100 g.

			Additional aspects were identified concerning the relationship between specific organic acids and honey identity according to plant or entomological origin. Tartaric acid was not found in all species and was only prominent in Melipona eburnea (37.0 ± 36.3 mg/100 g) and Melipona grandis (3.2 ± 5.2 mg/100 g), suggesting its potential as a differentiating parameter linked to bee species and environment, contributing to the unique identity of honeys from the Colombian Amazonian Piedmont. Citric acid was detected exclusively in Tetragonisca angustula honeys, reaching 409.9 mg/100 g, indicating its possible role as a marker of honey origin associated with certain bee species. Succinic acid, associated with astringent flavors, was present in some honeys with high intra-species variability, in some cases exceeding 5000 mg/100 g. Further research on these acid–identity relationships could contribute to establishing a honey fingerprint. Although potassium was the most abundant mineral, overall mineral content was low, with sodium (<17.18 mg/100 g) and zinc (<0.18 mg/kg) being the most prominent among trace elements. Nevertheless, electrical conductivity was relatively high compared to common honeys, likely due to the abundant presence of organic acids and possibly certain amino acids, although these were not directly measured in this study.

			Total phenolic content varied significantly among species, with the highest concentrations observed in Tetragonisca angustula and Tetragona sp. honeys, which also exhibited greater antioxidant activity. However, antioxidant capacity was not solely dependent on phenolic content, as other compounds such as ascorbic acid, organic acids, and specific enzymes likely contributed; indeed, high levels of ascorbic acid in several samples may explain the relatively high antioxidant activity even when phenolic content was lower. These findings suggest that stingless bee honey may have functional therapeutic applications, particularly in addressing childhood malnutrition due to its bioactive and immunomodulatory properties. All evaluated samples met food safety standards, with no detectable cadmium, lead, arsenic, or mercury, although traces of copper were detected in some samples, suggesting minimal environmental exposure possibly related to pesticide use and highlighting the need to monitor agricultural practices in the region. From a microbiological perspective, all fresh samples were free of pathogenic microorganisms, including heat-resistant coliforms (fecal), Clostridium perfringens, and Salmonella, demonstrating absence of cross-contamination during production, extraction, and packaging, while underscoring the importance of continued hygienic practices, training, and monitoring. Mold and yeast counts were acceptable, and although high counts of aerobic mesophilic microorganisms were observed, these corresponded to lactic acid bacteria, consistent with lactic acid concentrations and traditional digestive uses. Strong heat treatment (80°C for 5 min) completely degraded these lactic acid bacteria, and a milder treatment (65°C for 3 min) also negatively affected their population without significantly altering color, antioxidant activity, total phenol content, or ascorbic acid. Further research is needed to develop even milder preservation treatments that maintain both functional properties and safety.
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