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Abstract

:

The spread of antimicrobial resistance is one of the most serious human and animal health problems of our time. Propolis is a natural substance with antibacterial, antifungal, and antiparasitic activity, the most active components of which are polyphenols and terpenoids. In the present study, the authors investigated the efficacy of propolis against Staphylococcus spp., Enterococcus spp., Escherichia coli and Salmonella enterica, Candida albicans fungi, and Trichomonas gallinae isolated from pigeons. For each pathogen, the minimum inhibitory concentration (MIC) and minimum eradication concentration (MEC) of eight isolates were determined for 96%, 90%, 80%, 70%, and 60% ethanolic extracts of propolis from the region of Észak-Alföld. Propolis was shown to be effective in inhibiting the growth of Gram-positive bacteria, Candida albicans, and Trichomonas gallinae strains. Propolis showed a much better efficacy against Gram-positive bacteria (1.56–400 µg/mL) than against Gram-negative bacteria (>13,000 µg/mL). For Staphylococcus spp., MIC values ranged within 1.56–400 µg/mL and MEC values within 12.5–3260 µg/mL, while for Enterococcus spp. MIC values ranged within 1.56–400 µg/mL and MEC values within 12.5–800 µg/mL. MIC values > 13,000 µg/mL were found for Escherichia coli and Salmonella enterica species. For Candida albicans, MIC values ranging from 1.56 to 400 µg/mL and MEC values ranging from 3.125 to 800 µg/mL were effective. MEC values between 2.5 and 5 mg/mL were observed for three Trichomonas gallinae strains. The effectiveness against Gram-positive bacteria has, in some cases, approached that of antibiotics, making propolis a potential alternative in the treatment of wound infections. Its outstanding efficacy against Trichomonas gallinae holds promise as a potential alternative for treating this widespread infection in pigeons.
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1. Introduction


Propolis is a resinous product consisting of various plant parts and substances produced by honeybees (Apis spp.) [1,2,3,4,5]. To the best of our knowledge, propolis has more than 300 known components, with a composition of approximately 50% resin, 30% wax, 10% essential oil, 5% pollen, and an additional 5% other organic components [1,5,6,7,8]. Propolis is a complex mixture, the exact composition of which depends greatly on the geographical area [9], its flora [1,5,10], the climatic area [11], the time of the year [1,5], the genetic make-up [1,6], and the quality of the bees [12]. All types of propolis have common antibacterial [1,2,3,5,13], antiviral, antioxidant, antiproliferative, antifungal [3,6,13], antiparasitic, anti-inflammatory [6,10], antiprotozoal [14], immunomodulatory [2,13], hepatoprotective [1], antitumor, cytotoxic, and wound healing [10] activity due to their numerous biologically active molecules [1]. However, in addition to the wide range of bioactivities, efforts should be made to standardize their composition, as their chemical constituents are closely related to their efficacy [9]. A recent comprehensive study has already identified more than 800 propolis constituents worldwide, which also supports the observed different biological effects in different origins, again supporting the need for standardization for practical use [15].



We examined the susceptibility of specific pathogenic bacteria found in pigeons, as well as the fungus C. albicans and the parasite T. gallinae. At present, approximately 180,000 meat pigeons are kept in Hungary, and thousands of post and ornamental pigeon breeders are increasing the number of pigeons in the country [16]. Homing pigeons play a key role in the spread of resistance, as they travel hundreds of kilometers in a single race, providing an opportunity for the spread of resistant bacteria [17,18].



In most cases, the antibacterial efficacy of propolis is more pronounced against Gram-positive bacteria than against Gram-negative bacteria [6,19,20,21,22]. Its antibacterial properties are explained via the inhibition of nucleic acid synthesis, reduction in motility [20], functional impairment of the cell membrane, inhibition of energy metabolism [5,23], inhibition of biofilm formation [8,13], damage to cell membrane proteins, alteration of membrane permeability [20,23], and reduction in bacterial resistance [5]. Flavonoids, as the most important phenolic constituents of propolis, typically inhibit nucleic acid synthesis in bacteria, mainly through binding to topoisomerase II. In addition, quercetin is able to inhibit the bacterial enzyme adenosine triphosphatase by binding to the B subunit of DNA gyrase [5]. Furthermore, propolis can form a water layer on its surface (exclusion zone), whose physical barrier is the basis of many of its antibacterial mechanisms of action, due to the hydrophilic groups (-OH, -COOH) present in its many components [7].



Its main mechanism of action against fungi is cell membrane damage via membrane depolarization and induction of apoptosis [20,24]. It also inhibits the expression of several genes involved in pathogenicity, cell adhesion, biofilm formation, and phenotype switching [20,24]. Phenotype switching, i.e., hyphal formation, is one of the most important virulence factors in fungi [24]. Phosphorylated adenosine also reduces nucleotide levels, thereby impairing nucleic acid synthesis and energy metabolism [20]. Formononetin, an important representative of the flavones, has been shown to be very effective against several fungal species [24]. In a study in 2020, the efficacy of different bee products was investigated, where the antifungal activity of propolis was described in response to pinocembrin, pinobanksin, quercetin, and kaempferol; however, the interaction of other compounds, such as caffeic acid, p-coumaric acid, and terpenoid active compounds, with phenolic components is also attributed to the source of antibacterial activity [25,26]. Candida albicans is the most commonly pathogenic yeast, the hyphal form of which is able to penetrate the epithelium and endothelium, causing tissue damage [27].



The antiparasitic action of propolis is also based on several mechanisms [28]. It interferes with phospholipid metabolism, leading to a decrease in the levels of phosphatidylglycerol and phosphatidylinositol, which are constituents of the cell membrane [29]. In addition, another group of flavonoids, chalcones, significantly inhibits parasite growth. The 2,6-dihydroxy, 4-methoxy-chalcone enhances the sterol content and the composition of cell and mitochondrial membranes. This results in altered membrane structure and fluidity [30]. Rosmarinic acid and apigenin cause cell lysis, cytoplasmic condensation, and aggregation of nuclear DNA [31]. Resveratrol acts through damage to the cell organelle of the hydrogenosome. This cellular organelle is responsible for energy production by protozoa and for maintaining redox balance. Apigenin and caffeic acid increase the formation of reactive oxygen species (ROS), consequently causing mitochondrial swelling and apoptosis [32]. Quercetin is an iron chelator and maslinic acid inhibits the protease activity of the parasite surface protein complex, which is essential for entry into the host cell [33,34]. Kaempferol affects the expression of actin and myosin II heavy chain, which inhibits parasite adhesion [35].



T. gallinae is a protozoan that causes yellowish-white, plaque-like deposits in house pigeons, typically in the upper respiratory tract and the pharyngeal cavity. Mortality is very high in chicks and young birds, while adults are often asymptomatic. It is typically transmitted through the drinking water and food of birds, but can also infect chicks through the breast and navel [36,37].



Several studies are investigating the use of antibiotic alternatives and several have demonstrated the potential efficacy of certain agents, such as Campylobacter jejuni strains [38] or E. coli infections [39]. Previously published articles on the effectiveness of propolis indicate its suitability for use as an antibiotic alternative [40].



The antibacterial efficacy of propolis has been described in several studies, but no similar study has been conducted in Hungary so far. The aim of this study was to investigate the antibacterial, antifungal, and antiprotozoal efficacy of propolis using ethanolic extracts of different concentrations and to examine any differences in efficacy between these extracts in vitro. Five different propolis stock extracts were used for the treatment (96%, 90%, 80%, 70%, 60%), because literature sources have noted that different concentrations of ethanol dissolve different flavonoids in high quantities. Gómez-caravaca et al. found that the 80% ethanol extraction contains mainly kaempferide, acacetin, and isorhamnetin, the 70% ethanol extraction contains pinocembrin and sacuranetin, and the 60% ethanol extraction contains isosakuranetin, quercetin, and kaempferol flavaonoids [11]. One of our hypothesis tests was that there is a difference in the efficacy of ethanol extracts of different concentrations. Our next hypothesis was that there is no difference between the antibacterial efficacy of propolis on Gram-positive bacteria and Gram-negative bacteria. Finally, we supposed that propolis effectively inhibits the growth of C. albicans and T. gallinae. Among the pathogens studied, Staphylococcus species have been implicated in purulent dermatitis in pigeons [41], while the role of Enterococcus species has recently been evaluated, particularly in zoonotic and nosocomial infections, specifically in relation to the spread of antimicrobial multi-resistance [42]. The investigation of Escherichia coli and Salmonella species is also of particular importance because of the public health role of pigeons [43] and because these species can cause septicemia in pigeons, and Candida albicans can cause pigeon pus [44,45]. Trichomonas gallinae is mainly responsible for upper respiratory tract, oral cavity, and pigeon pus [46].




2. Materials and Methods


2.1. The Origin and Extraction of Propolis


The raw propolis used for the study was from the region of Észak-Alföld. Five different propolis stock extracts were used for the treatment since, according to literature sources, different concentrations of ethanol dissolve different flavonoids in high quantities, i.e., 80% ethanol mainly contains kaempferide, acacetin, and isorhamnetin, 70% ethanol contains pinocembrin and sakuranetin, and 60% ethanol contains isosakuranetin, quercetin, and kaempferol [11]. For our bacterial and fungal assays, we added 30 mL of ethanol and 10 mL of glycerol to 10 g of propolis when preparing our 96% extract, and 40 mL of 60%, 70%, 80%, and 90% ethanol to 10 g of propolis in each of the other four cases. For propolis extraction, a conventional extraction procedure was used, in which the different ethanol percentage solvents and the powdered crude propolis were allowed to macerate for three weeks at room temperature in a closed vessel protected from light, and finally the undissolved parts were removed with filter paper [47]. The addition of glycerol during the extraction process provided higher active ingredient extraction through a more polar extraction, as described in the literature [48]. In all five cases, a propolis concentration of 250 mg/mL was used. The total flavonoid content of the tested sample was 18.2 mg/g, and the analysis was carried out by our analytical laboratory using the colorimetric method [49].




2.2. Antibacterial and Antifungal Studies


Bacteria and fungi were examined on a 96-well microtiter plate (VWR International, LLC., Debrecen, Hungary), with the effect of solvent being measured under each treated sample; 150 µL propolis extract/ethanol was added to 30 µL sterile broth.



The pathogenic bacterial strains were collected from bacteriological samples taken from sick or dead pigeons in and around Budapest. After several months of sample collection, the species shown in Table 1 were used for our studies. We performed 8 replicates per bacterium and per fungus.



As recommended by Clinical and Laboratory Standards Institute (CLSI), the bacterial and fungal suspension was adjusted to 105 volumes using McFarland standards [50]; breeding was also performed according to a standard [50,51]. The final inoculum volume was 104 colony forming unit (CFU)/mL. We utilized the minimum inhibitory concentration (MIC) determination in our study, which identifies the lowest dilution concentration that effectively inhibits the growth of microorganisms. Additionally, we introduced the concept of the minimum eradication concentration (MEC), which refers to the concentration that reduces the quantity of microorganisms by at least four orders of magnitude.



All wells except the first column of plates were filled with 90 µL tryptone soy broth (TSB) (Biolab Diagnostic Laboratory Ltd., Budapest, Hungary); 30 µL TSB was transferred into the wells of the first column, 150 µL of propolis stock extract was added, 90 µL suspension was transferred into the second column, resuspended, etc.; finally, after the 10th column, the 90 µL excess was discarded with the pipette tip.



Subsequently, 10 µL of the concentrated bacterial suspension was transferred into the columns of the 240 µL TSB-filled inoculum (auxiliary) plate, and 10 µL of bacterial suspension was transferred from the wells of column A–H of column 1 backwards from column 11 of plates containing the dilution series (positive control). The plates were then incubated at 37 °C for 18–24 h and the MIC was determined via the visual method based on the presence/extent of turbidity.



We prepared the same dilution series of ethanol as the solvent for each strain examined. This allowed us to visually determine the point at which ethanol had inhibitory effects and where only the propolis exhibited its activity. The effectiveness of propolis could only be judged from the dilution at which the pathogens were released from ethanol inhibition. As a self-control, 50 µL of each suspension was inoculated from the wells of the first three columns released from ethanol inhibition onto tryptone soy agar (TSA) (Biolab Diagnostic Laboratory Ltd., Budapest, Hungary) to determine the CFU, with a CFU result of zero for wells containing propolis and confluent pathogens in the Petri dish for wells containing ethanol.




2.3. Antiprotozoal Studies


The effect of ethanol on T. gallinae was also investigated in 24-well plates (VWR International, LLC., Debrecen, Hungary), each of which was diluted 2.5-fold with stock extract and solvent, of which 0.3 mL was measured into the wells of the first column.



Samples of T. gallinae were collected in spring 2021 from two flocks of pigeons in Budapest, Hungary, and positive samples were confirmed by polymerase chain reaction (PCR) using a kit from Qiagen (Hilden, Germany). The samples were collected in 8 mL of Trichomonas cysteine-peptone-liver-maltose (CPLM) modified medium (Biolab Diagnostic Laboratory Ltd., Budapest, Hungary) and transported at a controlled temperature. Subsequently, they were incubated at 37 °C using an incubator. For the study, three isolates of T. gallinae were used in parallel.



The first column of plate 24 was filled with 2.7 mL of tap water; 1.5 mL of tap water was added to the other wells, 0.3 mL of propolis tincture was added to wells A and C of the first column, and 0.3 mL of solvent was added to wells B and D below. A dilution series was prepared on a two-well basis, and finally the pipette tip containing 1.5 mL of suspension from the last well was discarded as excess. The plates were then placed in a thermostat at 37 °C for 18 to 24 h and, after incubation, the number of trophozoites was determined using a Bürker chamber [52]. Based on the general formula used for cell counting, the average cell count was determined in large squares: the number of trophozoites was counted in 25 large squares for the initial concentration and in 5 large squares for the treatments, averaged and multiplied by the dilution rate, and finally multiplied by the multiplier 2.5 × 105.




2.4. Statistical Analysis


The results were analyzed using R 4.0.5. The results for bacterial species and fungi were analyzed using a mixed linear model for each species separately due to the correlations. For T. gallinae strains, since there were no correlated data, ANOVA was used with the Tukey post-hoc test.



Our initial assumption, stated as the null hypothesis, was that there would be no variation in efficacy among the various ethanolic propolis extracts. In the protozoa assay, we examined the changes in cell counts of the samples over 24, 48, and 72 h. Using a two-tailed test, we determined whether the cell counts had either increased significantly, indicating successful proliferation, or decreased significantly, compared to the initial cell count.





3. Results


3.1. Efficacy of Propolis against Bacteria and Fungi


Ethanol had negligible or no effect, inhibiting bacterial and fungal growth at concentrations above 1%, whereas it had no effect against T. gallinae at all.



For Staphylococcus and Enterococcus species, 96% and 90% suspensions achieved much better activity in both MIC and MEC values. The potency of the other ethanol extracts was much lower. The MEC is the lowest concentration at which the bacterial count is reduced by at least 4 log values, for example, from 109 cells/mL to at least 105 cells/mL. In our studies, effective treatments resulted in complete eradication, i.e., a reduction to zero.



For E. coli strains, we found the same difference as that described in the literature, i.e., much lower efficacy for Gram-negative bacteria. The MIC was >13,000 µg/mL; concentrations higher than this were not judged due to the inhibitory effect of ethanol. Only for strain 5 did a concentration of 13,000 µg/mL inhibit bacterial growth. For the other strains, 50 µL samples of each of these last columns, already released from the ethanol inhibition and inoculated onto Petri dishes, showed confluent bacterial growth in all cases.



In the case of S. enterica strains, we also found that the assayable concentrations of propolis were not effective in any of their forms. Confluent growth was also observed when 50 µL samples of the first columns released from ethanol inhibition were inoculated onto Petri dishes. The MIC was >13,000 µg/mL; concentrations higher than this were not judged due to the inhibitory effect of ethanol.



In the case of C. albicans strains, only the 96% ethanolic propolis extract showed significant MIC and MEC values. The effectiveness of the other extracts was much lower.



The MIC range, MIC50 value, MIC90 value, MEC range, MEC50, and MEC90 values for each species are summarized in Table 2. The MIC50 value is the minimum concentration of the active substance to which at least 50% of the microbial population tested is sensitive, and this proportion if at least 90% for MIC90.




3.2. Viability of Protozoa and Activity of Propolis against T. gallinae


After sample collection, the number of protozoa in the samples was counted after 24 h, 48 h, and 72 h. The results clearly show that in our culture medium, protozoa survival was ensured for 48 h and even their reproduction was observed. However, after 48 h the number of protozoa decreased and they even died in the case of sample 11 (Figure 1). Based on this, the efficacy of propolis was observed after 24 and 48 h of treatment, but the effect lasting for 48 h after introduction could not be assessed for strain 11.



The cell counts of the lines used as controls alongside the treatments also reflect the proliferation of trophozoites, as diluted to 25× they would have been expected to produce approximately 2.8 × 105/mL protozoa. However, after 24 h this value was 8 × 106/mL, which was approximately the same as the initial count. In addition, a steady increase in cell counts was observed in the dilution line up to 1.2 × 107/mL. There are two possible explanations for this: either the increasing amount of nutrients (due to dilution) resulted in more successful multiplication, or the dilutions containing more concentrated ethanol, from which the trophozoites were gradually released, had some inhibitory effect on multiplication.



Three T. gallinae strains were used for the study: strains 6, 10, and 11. For all three strains, it can be stated that the ethanol control treatment had no effect on the viability of the protozoa in both the 24 h and 48 h treatments.



After 24 h of treatment with the 96% extract, complete eradication was observed up to 50× dilution for strain 1 and 100× dilution for strains 2 and 3, so our MEC was 2.5–5 mg/mL. The evolution of the cell count indicates that the minimum parasiticide concentration is equal to the MEC value. At 48 h of treatment, only strains 1 and 2 were detectable, with the former showing complete eradication even at 100× dilution, while the latter showed no change. Thus, the MEC was 2.5 mg/mL and the incubation time did not increase the efficacy of propolis. The results of treatment with the 90%, 80%, 70%, and 60% extracts were fully consistent with those of the 96% extract, so the MEC and the minimum parasiticide concentrations were from 1.1 to 2.5 mg/mL for the 24 h treatment and from 2.5 to 5 mg/mL for the two surviving strains after 48 h of treatment (Figure 2).




3.3. Statistical Analysis


Our first null hypothesis was that propolis is equally effective against Gram-positive and Gram-negative bacteria. There was a significant difference (p < 0.0001) between the MIC values (3.125–400 µg/mL) for Gram-positive bacteria and the MIC values (>13,000 µg/mL) for Gram-negative bacteria. Thus, the null hypothesis is rejected, i.e., our results showed a significant difference between the two groups.



Table 3 illustrates the statistical comparison of MIC and MEC values of each ethanolic extract per bacterial species. Our null hypothesis was that there is no difference between the efficacy of the different ethanolic extracts per bacterial species.



In the case of Staphylococcus species, there is no significant difference in MIC values of the 96% and 90% suspensions (p = 0.9610), and no significant difference in MIC values of the 80% and 70% (p = 0.9910), 80% and 70% (p = 1.0000), and 70% and 60% (p = 0.9910) suspensions. The same was observed for the MEC values. So, for Staphylococcus species, we retained the null hypothesis between the 96–90% and 80–70–60% extracts, but for all other extracts we observed a significant difference in efficacy and rejected the null hypothesis.



For Enterococcus species, no significant difference was observed in MIC values of the 80% and 70% (p = 0.9950), 80% and 60% (p = 0.7810), and 70% and 60% (p = 0.9410) suspensions. There was also no significant difference in MEC values of the same ethanolic extracts. Thus, for Enterococcus species, our null hypothesis is retained between the MIC values of the 80%, 70%, and 60% extracts, and for MEC values, we retained the null hypothesis between the 96% and 90% extracts, and the 80%, 70%, and 60% extracts, and rejected it for all other cases.



Concerning C. albicans, no significant difference was observed in MIC values of the 80% and 70% (p = 0.9984), the 80% and 70% (p = 1.0000), and the 70% and 60% (p = 0.9984) suspensions. However, for the MEC values, there was no significant difference in the efficiencies of the 90% and the 80% ethanolic extracts (p = 0.4530) and the three ethanolic extracts. Thus, regarding C. albicans, we retained our null hypothesis between the MIC values of the 80%, 70%, and 60% extracts, and for MEC values we also retained the null hypothesis between the 90% and 80% extracts, and the 80%, 70% and 60% extracts, but rejected it for all other cases.



In the case of T. gallinae, the success of culturing the parasite was first investigated. Our null hypothesis was that there was no difference in the number of protozoa at the different time points compared to the initial cell count. The initial protozoan count for strain 6 showed a significant increase after 24 h of incubation (p = 0.0028), which tended to stagnate after 48 h (p = 0.3452), and significantly decreased after 72 h (p = 0.0339). Regarding strain 10, the initial protozoan count showed a significant increase after 24 h (p = 0.0050) but, compared to this, the 48 h (p = 0.9993) and 72 h cell counts (p = 0.9961) showed no significant difference. However, a significant decrease was observed for the 48 h (p = 0.0035) and 72 h (p = 0.0025) values compared to the 24 h increase. Furthermore, the trophozoite counts at 48 h and 72 h were stagnant (p = 0.9997). For strain 11, a significant decrease was observed after 24 h, 48 h, and 72 h compared to the initial protozoan count (p < 0.00001) which, when compared to 72 h, also showed a significant decrease (p < 0.00001) at 24 h and 48 h. Only between 24 h and 48 h was the protozoan count similar (p = 0.9740). The results show a significant difference in the initial protozoan counts after 24 h for all strains; thus, our null hypothesis can be rejected for these strains.



Table 4 illustrates the statistical comparison of the MEC values of the different ethanolic extracts per strain. Our null hypothesis was that there is no difference in the efficacy of the different ethanolic extracts for the treatment of T. gallinae.



Significant differences in the MEC values of strain 1 were found between the 96% extract and all the other ethanolic extracts at 24 h and 48 h of treatment (p < 0.0010). In addition, significant differences were observed between the 96% and 60% (p = 0.0479), the 90% and 60% (p = 0.0226), and the 80% and 60% (p = 0.0142) treatments at 24 h. For these, the null hypothesis was rejected and replaced by the counter hypothesis. In the other cases, there was no significant difference, and the null hypothesis was retained.



For the MEC values of strain 2, a significant difference was found between the 96% extract and all the other ethanol extracts at 24 h and 48 h of treatment (p < 0.0010). In addition, the difference was significant between the 24 h 96% and 60% (p = 0.0480) and the 48 h 90% and 60% (p = 0.0479) treatments. For these, the null hypothesis was rejected and replaced by the counter hypothesis. In the other cases there was no significant difference, and the null hypothesis was retained.



In the case of strain 3, we were only able to test the 24 h treatment, as all trophozoites had died by the 48 h time point. A significant difference was found between the 96% extract and all the other ethanolic extracts (p < 0.0010). In addition, the difference was significant between the 96% and 60% treatments (p = 0.0478). For these, the null hypothesis was rejected and replaced by the counter hypothesis. In the other cases, there was no significant difference, and the null hypothesis was retained.





4. Discussion


A concentration of 10–20 µg/mL of Taiwanese green propolis was found to inhibit the growth of S. aureus, while for E. coli, the growth-inhibiting concentration was consistently >640 µg/mL. In the case of methicillin-resistant S. aureus (MRSA), concentrations below 2 µg/mL were also effective [53]. Wojtyczka et al. reported that propolis demonstrated efficacy against S. aureus and MRSA at concentrations of 0.39–0.78 mg/mL [54]. Suleman et al. observed the effectiveness of thirty-nine South African and three Brazilian propolis batches against S. aureus at a concentration of 6 µg/mL [55]. Additionally, Almeida et al. observed effective inhibition of bacterial growth against S. aureus at concentrations of 271.74–543.48 µg/mL of Brazilian red propolis [56].



In a study investigating the efficacy of ethanolic extracts of Brazilian brown, green, and red propolis, the MIC values for S. aureus were determined at concentrations of 400–800 µg/mL for brown propolis, 200–400 µg/mL for green propolis, and 200 µg/mL for red propolis. For E. coli, the MIC was determined at concentrations of 1600–1800 µg/mL for brown propolis, 400–1600 µg/mL for green propolis, and 400 µg/mL for red propolis [57]. In 2019, Grecka et al. investigated the efficacy of Polish propolis and found that concentrations of 128–512 µg/mL were effective against S. aureus [58].



For E. faecalis, low MIC values have been reported in Brazil, South Africa, and Morocco [59], of 49 µg/mL [55] and 70 µg/mL [60]. Propolis of Palestinian and Iranian origins showed moderate effectiveness, with MIC values ranging from 170 to 625 µg/mL [61] and from 250 to 300 µg/mL [62,63], respectively. Higher MIC values (1200–1400 µg/mL) have been described for propolis from Slovenia compared to the average values [64], while studies in Serbia described MIC values of 16,800 µg/mL [65].



In studies involving E. coli, MIC values of 31.2 µg/mL were found for Bolivian propolis extracted in absolute ethanol [66], 31.5 µg/mL for propolis similarly dissolved in Chile [67], 128 µg/mL for Brazilian propolis extracted in ethanol [68], and 169 µg/mL for Omani propolis [69]. The least effective concentrations were described for Serbian extract (10,000 µg/mL) [19] and Brazilian propolis extract (8000 µg/mL) [70].



In studies of S. enterica, concentrations of 62.5 µg/mL for Chilean propolis extract [67] and 125 µg/mL for Bolivian extract [66] were used. However, in most cases, ethanolic propolis tincture proved ineffective, with only 10,000 mg/mL concentration inhibiting growth in the case of Serbian propolis tincture [19]. In the study of propolis of Slovenian origin, the lowest MIC value was 580 µg/mL but, in most cases, values of 1200–1400 µg/mL were reported [57].



The difference in efficacy against Gram-positive and Gram-negative bacteria described in the literature [6,19,20,21] was confirmed by our studies, with MIC values of 3.125–400 µg/mL for the former and >13 mg/mL for the latter. Furthermore, the main reason for the different results compared to the literature is the geographically different chemical composition of propolis.



No significant difference was observed in efficacy between different concentrations of ethanolic extracts on Staphylococcus spp. in terms of MIC values between the 96% and 90% (p = 0.9610), 80% and 70% (p = 0.9910), 80% and 70% (p = 1.0000), and 70% and 60% (p = 0.9910) suspensions. MIC values ranging from 3.125 to 50 µg/mL were observed for the 96% extract, while Mavri et al. described MIC values between 150 and 290 µg/mL [64]. For the 90% extract, MIC values ranging from 1.56 to 400 µg/mL were obtained. No comparative literature is available in this case. Regarding the 80%, 70%, and 60% extracts, there was a visible increase in MIC values compared to the former extracts, with average concentrations of 50–400 µg/mL observed. Similar to our own results, MIC values of 150–250 µg/mL have been described for Iranian propolis using 80% ethanolic extract [62,63]. For 70% Greek propolis tincture, a concentration of 120 µg/mL was found to be effective [36]; however, El Menyiy et al. found it to be effective at a concentration of 2 µg/mL [60], whereas Hegazi et al. described MIC values of 2400 and 4600 µg/mL [63]. MIC values of 20 µg/mL were also described for the 60% extract [53].



For Enterococcus species, no significant difference in MIC values, i.e., efficacy, was observed between the 80% and 70% (p = 0.9950), 80% and 60% (p = 0.7810), and 70% and 60% (p = 0.9410) suspensions. MIC values for the 96% tincture ranged from 6.25 to 50 µg/mL. In contrast, Mavri et al. observed efficacy only at 1200 µg/mL [64]. The 90% extract was also effective at concentrations of 1.56–12.5 µg/mL. No comparative literature is available here. For the 80% tincture, concentrations of 100–400 µg/mL were effective in our experiment; similarly, MIC values of 250–300 µg/mL have been described for Iranian propolis [62,63]. In contrast, in the experiment of Campos et al., the MIC ranged from 880 to 1020 µg/mL [71]. For the 70% extract, concentrations of 100–200 µg/mL were found to be effective in our studies. Similarly, El Menyiy et al. described MIC values of 70 µg/mL [60], and MIC values between 170 and 625 µg/mL were observed for Palestinian propolis [61]. In contrast, only a concentration of 1400 µg/mL was effective for Slovenian propolis [64]. In our studies, concentrations between 50 and 200 µg/mL were effective for the 60% extract.



In studies with E. coli strains, no effective inhibitory concentration could be determined for any of the propolis extracts. MIC values were always higher than 13 mg/mL except in one case, where a concentration of 13 mg/mL inhibited bacterial growth. Similar values were found in the literature. In studies on Serbian propolis, MICs ranged from 2.5 to 10 mg/mL [19]. Hegazi et al. also found a high MIC value of 1.6 mg/mL [72], and for Egyptian and Saudi Arabian propolis, only concentrations of 2.5 and 1.5 mg/mL were effective [73]. In contrast, Nina et al. described an effective inhibitory effect at concentrations as low as 31.2 µg/mL [66,74], and an MIC of 31.5 µg/mL was observed for Chilean propolis [67].



In the case of S. enterica, similarly to E. coli, propolis did not show sufficient efficacy. In all cases, the MIC was greater than 13 mg/mL. In the case of Serbian propolis, a concentration of 10 mg/mL was effective [19], and in the case of Slovenian propolis, MIC values ranged from 580 µg/mL to 1.4 mg/mL [57]. In some cases, MIC values of 62.5 µg/mL [67] and 125 µg/mL [66] were found to be effective.



In an experiment by Ota et al., Candida albicans was the most sensitive to propolis among four Candida species (C. albicans, C. tropicalis, C. krusei, and C. guilliermondii) [75]. The induction of apoptosis has been described as one of the main antifungal mechanisms of action [20], and a pronounced effect against the fungal cell membrane [8] has also been observed. In the case of Brazilian propolis, anti-C. albicans activity was demonstrated (273.43 µg/mL) and was found to inhibit hyphal transformation. When Portuguese and French propolis were tested, efficacy against C. albicans and C. glabrata was observed (15.63–250 µg/mL). In the case of Irish and Czech propolis, the antifungal activity of propolis was pronounced (0.1–5 mg/mL) [73].



In a large-scale Polish study, propolis samples from fifty different geographical locations were described to be effective against C. albicans at a concentration of 630 µg/mL [76]. An ethanolic extract of green propolis was tested in dentistry and found to have fungicidal and anti-biofilm activity against C. albicans, C. parapsilosis, and C. tropicalis at concentrations of 2.5 µg/mL in oral candidiasis [74]. In a previous survey in Hungary, 19–45% of the flocks of geese and ducks examined had esophageal lesions caused by C. albicans, which cause significant economic losses when left untreated [77]. The use of propolis as an alternative in the treatment of these conditions can be considered, as the causative agent is susceptible to propolis.



For C. albicans, no significant difference in MIC values was observed between the 80% and 70% (p = 0.9984), 80% and 70% (p = 1.0000), and 70% and 60% (p = 0.9984) suspensions. The 96% extract was effective at MIC values of 1.56–50 µg/mL. In an experiment by Boisard et al., propolis was similarly effective at a concentration of 31.25 µg/mL [78]. However, only MIC values between 625 µg/mL and 5000 µg/mL were found to be effective for Serbian propolis [19]. The 90% extract was clearly the least effective compared to other ethanolic extracts, with a constant MIC of 400 µg/mL. The 80%, 70%, and 60% extracts showed similar efficacy, with MIC values ranging from 25 to 400 µg/mL, except for one or two outliers. However, in the case of the 80% extract, outstanding efficacy was also described, with MIC values ranging from 11 µg/mL to 14.5 µg/mL [79]. In studies with the 70% extract, a MIC of 31.25 µg/mL was found, similar to the 96% extracts [78]. However, only MIC values between 4048 and 5000 µg/mL were effective in the case of German propolis [49,50].



For Trichomonas vaginalis, ethanol-containing Brazilian brown propolis extract was effective at a concentration of 400 µg/mL [79]. In their study, Sena-Lopes et al. described 100% eradication of trophozoites at a concentration of 500 µg/mL of ethanolic extract [80]. The only test described in the literature for T. gallinae was conducted with an aqueous extract of propolis of Egyptian origin, for which the MIC was 75,000 µg/mL [37].



Significant differences were found between the 96% extract and all other ethanolic extracts for T. gallinae treatments (p < 0.0010). After 24 h of treatment, MEC values varied between 2.5 and 5 mg/mL, regardless of the ethanol concentration used. After 48 h of treatment, MEC values ranged from 2.5 to 5 mg/mL. Comparative literature is only available using an aqueous extract of propolis, where 100% eradication of parasites occurred only at a concentration of 75 mg/mL [37].




5. Conclusions


Due to variations in geographical origin and composition, propolis may exhibit different MIC values in different countries. MEC values are consistently equal to or higher than MIC values. However, the substantial variability observed in propolis may significantly reduce the likelihood of developing resistance compared to antibiotics. The highest efficacy was achieved with extracts containing the highest concentrations of ethanol (96% and 90%). The impact of ethanol was found to be negligible in our studies.



Trichomonas gallinae infection is highly prevalent in pigeons, and our findings indicate that propolis holds promise as an alternative to antibiotics for its treatment: it can potentially serve as a topical treatment option when directly applied to the oral cavity or mixed with drinking water, and it could also replace the use of ronidazole, the only effective nitroimidazole agent, which is prohibited for use in animals intended for food production. Pigeons are legally classified as food-producing animals.



Our research confirmed significantly higher efficacy against Gram-positive bacteria. These results suggest that propolis could serve as an effective alternative treatment for external infections caused by Gram-positive bacteria, such as skin infections. However, further in vivo studies are necessary to validate these findings. Propolis also exhibited remarkable efficacy against C. albicans, but it would be valuable to conduct studies on a broader range of fungal species. The efficacy of propolis against Trichomonas gallinae was less pronounced compared to that found in studies on human Trichomonas vaginalis, and no other comparative studies are currently available for these infections.



A limiting factor in its veterinary use may be the use of an ethanol extractant and its role in possible allergic reactions.
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Figure 1. Initial, 24 h, 48 h, and 72 h protozoan counts/mL for each Trichomonas gallinae (T. gallinae) strain. It can be clearly seen that the number of protozoa in strains 1 and 2 increased over 24 h and then gradually started to decrease. In the case of strain 3, the decrease in cell number was continuous, and death was noted after 72 h. Treatment was started at hour 24. Therefore, in terms of treatments, the 24 h (48 h) and 48 h (72 h) treatments could be evaluated for strains 1 and 2, and for strain 3 only the 24 h (48 h) treatment was suitable for evaluation. 
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Figure 2. Results of treatments of T. gallinae strains with different ethanolic propolis extracts. For strain 1, only the 96% extract showed a difference in time between the individual ethanolic propolis extracts. For strain 2, there was no significant difference in time between the different ethanolic propolis extracts. In the case of strain 3, only the 24 h treatment was assessable. For all but the 90% extract, the 24 h treatment clearly showed that the protozoan count increased steadily with decreasing propolis concentration, so that higher concentrations below the MEC value also inhibited parasite reproduction to a lesser extent. 
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Table 1. Number of strains within the species and the source of samples. Most of the strains were isolated from pigeons with clinical signs after pathology but, in some cases, we had to supplement the sample element count with purchased ATCC strains. In the case of C. albicans, all strains tested were complemented.
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	Bacterial Strain
	Number of Strains
	Source of Samples





	Staphylococcus aureus
	2 strains + 2 strains *
	nasal cavity and egg



	Staphylococcus delphini
	2 strains
	respiratory tract and liver



	Staphylococcus sciuri
	2 strains
	respiratory and intestinal tract



	Enterococcus gallinarum
	1 strain + 3 strains *
	conjunctiva



	Enterococcus columbae
	2 strains
	respiratory and intestinal tract



	Enterococcus hirae
	1 strain
	respiratory tract



	Enterococcus cecorum
	1 strain
	respiratory tract



	Escherichia coli
	7 strains + 1 ATCC strain *
	conjunctiva, intestinal tract, liver



	Salmonella enterica
	8 strains
	intestinal tract, liver, joint, testis



	Candida albicans
	8 strains *
	skin







* Clinical isolates, and including an American Type Culture Collection (ATCC) strain number 25922.













 





Table 2. Efficacy of different ethanolic propolis extracts against the tested strains. For each species tested, the susceptibility of eight strains was examined; in most cases, the minimum eradication concentration 50 values were higher than the minimum inhibitory concentration 50 values. Enterococcus spp. showed higher sensitivity.
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Strain

	
Ethanol Extract

	
96%

	
90%

	
80%

	
70%

	
60%




	
µg/mL






	
Staphylococcus spp.

(n = 8)

	
MIC-range

	
µg/mL

	
3.125–50

	
1.56–400

	
25–400

	
50–400

	
50–400




	
MIC50

	
12.5

	
6.25

	
100

	
100

	
100




	
MIC90

	
25

	
50

	
100

	
200

	
100




	
MEC-range

	
12.5–100

	
12.5–3260

	
200–3260

	
200–3260

	
200–3260




	
MEC50

	
25

	
50

	
200

	
200

	
400




	
MEC90

	
100

	
50

	
400

	
800

	
400




	
Enterococcus spp.

(n = 8)

	
MIC-range

	
6.25–50

	
1.56–12.5

	
100–400

	
100–200

	
50–200




	
MIC50

	
25

	
12.5

	
200

	
200

	
200




	
MIC90

	
50

	
12,5

	
400

	
200

	
200




	
MEC-range

	
12.5–100

	
12.5–50

	
200–800

	
100–400

	
200–400




	
MEC50

	
100

	
50

	
400

	
200

	
200




	
MEC90

	
100

	
50

	
800

	
400

	
400




	
Candida albicans

(n = 8)

	
MIC-range

	
1.56–50

	
400–400

	
25–400

	
100–400

	
50–200




	
MIC50

	
25

	
400

	
100

	
100

	
100




	
MIC90

	
50

	
400

	
200

	
200

	
200




	
MEC-range

	
3.125–50

	
400–400

	
100–800

	
100–800

	
100–400




	
MEC50

	
50

	
400

	
200

	
200

	
200




	
MEC90

	
50

	
400

	
400

	
200

	
200








MIC-range—minimum inhibitory concentration range; MIC50—minimum inhibitory concentration 50; MIC90—minimum inhibitory concentration 90; MEC-range—minimum eradication concentration range; MEC50—minimum eradication concentration 50; MEC90—minimum eradication concentration 90.













 





Table 3. Statistical analysis of MIC and MEC values for different ethanolic propolis extracts. For each species, p-values are below the diagonal for MIC values and above the diagonal for MEC values, obtained by comparing treatments with each ethanol extract. No significant difference was found for values marked with an asterisk.
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Ethanol

Concentration

	
96%

	
90%

	
80%

	
70%

	
60%




	
MIC

	
MEC

	
MIC

	
MEC

	
MIC

	
MEC

	
MIC

	
MEC

	
MIC

	
MEC






	
Staphylococcus spp.

	
96%

	
MIC

	

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
MEC

	
-

	
0.2200 *

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010




	
90%

	
MIC

	
0.9610 *

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-




	
MEC

	
-

	
-

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010




	
80%

	
MIC

	
<0.0001

	
-

	
<0.0001

	
-

	

	
-

	
-

	
-

	
-




	
MEC

	
-

	
-

	
-

	
-

	
-

	
0.9980 *

	
-

	
0.9980 *




	
70%

	
MIC

	
<0.0001

	
-

	
<0.0001

	
-

	
0.9910 *

	
-

	

	
-

	
-




	
MEC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1.0000 *




	
60%

	
MIC

	
<0.0001

	
-

	
<0.0001

	
-

	
1.0000 *

	
-

	
0.9910 *

	
-

	




	
MEC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Enterococcus spp.

	
96%

	
MIC

	

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
MEC

	
-

	
0.1950*

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010




	
90%

	
MIC

	
<0.0001

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-




	
MEC

	
-

	
-

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010




	
80%

	
MIC

	
<0.0001

	
-

	
<0.0001

	
-

	

	
-

	
-

	
-

	
-




	
MEC

	
-

	
-

	
-

	
-

	
-

	
0.0861 *

	
-

	
0.3734 *




	
70%

	
MIC

	
<0.0001

	
-

	
<0.0001

	
-

	
0.9950 *

	
-

	

	
-

	
-




	
MEC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.9520 *




	
60%

	
MIC

	
<0.0001

	
-

	
<0.0001

	
-

	
0.7810 *

	
-

	
0.9410 *

	
-

	




	
MEC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Candida albicans

	
96%

	
MIC

	

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
MEC

	

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010




	
90%

	
MIC

	
<0.0010

	
-

	

	
-

	
-

	
-

	
-

	
-

	
-




	
MEC

	
-

	
-

	
-

	
0.4530*

	
-

	
0.0583 *

	
-

	
<0.0010




	
80%

	
MIC

	
<0.0010

	
-

	
<0.0010

	
-

	

	
-

	
-

	
-

	
-




	
MEC

	
-

	
-

	
-

	
-

	
-

	
0.8547 *

	
-

	
0.8547 *




	
70%

	
MIC

	
<0.0010

	
-

	
0.0041

	
-

	
0.9984 *

	
-

	

	
-

	
-




	
MEC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1.0000 *




	
60%

	
MIC

	
<0.0010

	
-

	
0.0014

	
-

	
1.0000 *

	
-

	
0.9984 *

	
-

	




	
MEC

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








MIC—minimum inhibitory concentration; MEC—minimum eradication concentration.













 





Table 4. Statistical analysis of MEC values for different ethanolic propolis extracts. For each T. gallinae strain (1, 2, 3), p-values are below the diagonal for the 24 h treatment and above the diagonal for the MEC values corresponding to the 48 h treatment, obtained by comparing the treatments with the different ethanolic extracts. No significant difference was found for values marked with an asterisk.
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MEC

	
96%

	
90%

	
80%

	
70%

	
60%




	
24-h

	
48-h

	
24-h

	
48-h

	
24-h

	
48-h

	
24-h

	
48-h

	
24-h

	
48-h






	
1

	
96%

	

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010




	
2

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010

	
-

	
<0.0010




	
3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
1

	
90%

	
<0.0010

	
-

	

	
-

	
0.9999 *

	
-

	
0.3809 *

	
-

	
0.0226




	
2

	
<0.0010

	
-

	
-

	
0.1075 *

	
-

	
0.3097 *

	
-

	
0.0479




	
3

	
<0.0010

	
-

	
-

	

	
-

	
-

	
-

	
-




	
1

	
80%

	
<0.0010

	
-

	
<0.1074 *

	
-

	

	
-

	
0.2951 *

	
-

	
0.0142




	
2

	
<0.0010

	
-

	
0.1070 *

	
-

	
-

	
0.9842 *

	
-

	
0.9975 *




	
3

	
<0.0010

	
-

	
0.1074 *

	
-

	
-

	
-

	
-

	
-




	
1

	
70%

	
<0.0010

	
-

	
0.3098 *

	
-

	
0.9842 *

	
-

	

	
-

	
0.7193 *




	
2

	
<0.0010

	
-

	
0.3100 *

	
-

	
0.9840 *

	
-

	
-

	
0.9125 *




	
3

	
<0.0010

	
-

	
0.3097 *

	
-

	
0.9842 *

	
-

	
-

	
-




	
1

	
60%

	
<0.0010

	
-

	
0.0479

	
-

	
0.9975 *

	
-

	
0.9125 *

	
-

	




	
2

	
<0.0010

	
-

	
0.0480

	
-

	
0.9980 *

	
-

	
0.9120 *

	
-




	
3

	
<0.0010

	
-

	
0.0478

	
-

	
0.9975 *

	
-

	
0.9125 *

	
-








MEC—minimum eradication concentration.
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