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The antimicrobial nature of honey and its related apiological origins typically focus on basic chemical analysis without attempting to understand the diversity of the microbial component. The antibacterial activity, chemical characterization, and diversity of bacteria isolated from Apis mellifera honey stomachs and hive honey collected throughout the honey production season are presented. After screening >2,000 isolates, 50 isolates were selected and characterized by 16S rRNA gene homology, Gram stain, catalase and protease tests, as well as for antibacterial activity against select indicators. Antibacterial-producing isolates were predominantly from the Pseudomonas, Paenibacillus, Lonsdalea, Serratia, and Bacillus genera. Isolates collected from honey stomachs in April displayed the highest level of activity (27%). While April isolates did not demonstrate activity against the Gram-negative bacteria tested. Whereas 59% of July isolates, 33% of September isolates, and 100% of the honey isolates did. The predominant honey stomach isolates were Pseudomonas spp. (April), Paenibacillus polymyxa (July, Sept.), and Lonsdalea iberica (Sept.). Chemical characterizations of the antimicrobial compounds show most to be antibiotic in nature with the minority being potential bacteriocins. This study offers the first glimpse into the variability and diversity of the bacteria/host interactions found within the honey stomach of the domestic honey bee while revealing a novel source of potentially beneficial antimicrobial compounds.
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1. Introduction

In addition to being a food source for bees and humans alike, honey is a complex concentrated mixture of carbohydrates, enzymes, processed plant nectar, bacterial endospores, as well as a multitude of other materials, all unique to the particular type of honey being produced. The specific types of nectars gathered by the worker bees greatly influence the final product giving rise to a variety of flavors and physical/chemical/medicinal properties. The process is contingent on the function of a structure known as the honey stomach, a secondary stomach-like pouch used to enzymatically break down plant nectars, found within the domestic honey bee, Apis mellifera. These various nectars are processed in the honey stomach of the worker bees before being regurgitated into the honeycombs of the hive. The initial water content of most honey ranges from 60 to 75% and is reduced, primarily through evaporation, to levels below 20% during honey ripening (Crane, 1975).

Different aspects of the antimicrobial nature of honey have been previously studied to varying degrees. Its antimicrobial properties have been recognized for thousands of years (Stomfay-Stitz, 1960; Crane, 1975), and it has been used to treat a variety of ailments and infections (Stomfay-Stitz, 1960; Zumla and Lulat, 1989), including some that are unresponsive to conventional treatments (Efem, 1988; Cooper et al., 2002). However, honey contains inconsistent antimicrobial activity, varying between and even within the same floral sources or bee species (Molan, 1995; Mundo et al., 2004).

Most research has attributed honey's efficacy to its acidity, osmolarity, enzymatic generation of hydrogen peroxide from glucose oxidase, viscosity, aromatic acids, and other compounds of unknown origin (Molan, 1992; Weston et al., 1999). It was recently reported that methylglyoxal, a metabolic side product of glycolysis, was identified as being the primary chemical responsible for the antibacterial nature of Manuka honey, a type of honey that is produced from processing only the nectar of the Manuka tree (Leptospermum scoparium) (Mavric et al., 2008). While this and other studies attempt to identify the various chemical constituents of the honey itself, the antimicrobial activity associated with the microbiological composition of the honey formation process has been studied extensively. For example, lactic acid bacteria (LAB) have been isolated from the honey stomach of honey bees and different types of raw honey (Olofsson and Vásquez, 2008; Endo and Salminen, 2013; Iorizzo et al., 2022). Many of these LAB isolates, including Lactobacillus and Bifidobacterium, possess antimicrobial abilities and protect honey bees against pathogens (Meulen et al., 2006; Olofsson and Vásquez, 2008; Olofsson et al., 2016).

As a means to protect their food source, many documented systems of antimicrobial compounds have been found in the collected nectar used to make honey (Gilliam et al., 1983). While some of these protective chemicals are thought to be transferred to the honey during processing and ripening, the honey itself has still been identified as an additional source of microbiota due to the introduction of contaminating microbes originating from pollen foraging and feeding. Furthermore, as young honey bee larvae, pupae, and emerging worker honey bees are initially free of internal microbiota, the bacterial diversity seen in their alimentary tracts has been attributed to similar pollen contamination brought into the colony during foraging (Gilliam et al., 1983). More than 6,000 microbial strains have been associated with honey bees and their food, predominantly Gram-variable bacteria, Bacillus spp., yeasts, and molds (Gilliam and Prest, 1987). It is postulated that the honey stomachs themselves may serve as a source of antimicrobial activity directly associated with the microbiological component housed within (Jeyaprakash et al., 2003). The gastrointestinal tract of honey bees is dominated by bacteria in the phyla Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes (Kwong et al., 2014; Kwong and Moran, 2016; Iorizzo et al., 2022). Most likely, these bacteria compete for carbohydrates until the lack of available water induces sporulation. As a result, while honey contains few vegetative microbes, it may often contain high levels of bacterial spores (Snowdon and Cliver, 1996).

Secondary metabolites such as antibiotics and bacteriocins secreted from honey bee microbiota have been extensively investigated as a source of antibacterial activity (Pajor et al., 2018; Zendo et al., 2020; Xiong et al., 2022). Bacteriocins are antimicrobial proteinaceous substances secreted by select bacteria that are active against microorganisms closely related to the producer strain (Klaenhammer, 1988). Bacilli have been isolated from bee intestines, queen bee organs, brood comb, and hive floor sources (Jeyaprakash et al., 2003; Piccini et al., 2004). Among the isolates of prominent importance from these sources are Bacillus coagulans (Le Marrec et al., 2000), Bacillus cereus (Oscariz et al., 1999), and Bacillus subtilis (Teo and Tan, 2005), all known to be bacteriocin producers. Paenibacillus (formerly Bacillus) polymyxa (Svetoch et al., 2005) and Paenibacillus kobensis (Martin et al., 2003) were similarly identified, and both produce antibiotics that are active against a wide variety of bacteria (Pajor et al., 2020). Lactic acid bacteria isolated from honeycombs were able to produce bacteriocin-like substances and inhibit spoilage microorganisms and foodborne pathogens (Voidarou et al., 2020).

The purpose of this research was to further characterize the antimicrobial aspects of this system by focusing on the rich microbiota environment residing within the honey processing center of the worker bee, namely, the honey stomach. We began with the initial goal of isolating, characterizing, and identifying bacterial species collected from honey bee honey stomachs. While this offered a wealth of information into the ecological diversity of this rarely studied micro-environment, its primary result was to assay each isolate's antimicrobial activity against a number of indicator organisms in vitro. Isolates showing antibacterial activity were characterized based on their respective antibacterial spectra, and the diversity and distribution of isolates were correlated to the early, middle, and late periods of the honey production season.



2. Materials and methods


2.1. Sample collection of honey stomachs and isolation of bacterial biota

The honey stomachs were excised from domestic honey bees kept in Ithaca, NY. Forager bees were captured as they returned to the hive and subsequently chilled for 20 min at −10°C. A total of 10 intact honey stomachs (pooled weight of 0.10 g) were removed from the bees using sterile dissecting forceps and pooled in a sterile 1 ml vial containing 150 μl of 100% glycerol at −10°C. One milliliter of sterile deionized water was added to the stomachs that were then macerated by repeated pipetting using sterile plugged wide bore tips; 100 μl aliquots of the solution were then spread plated on each of ten tryptic soy agar (TSA) (3% tryptic soy broth [TSB] and 1.5% agar) plates and incubated at 37°C for 24 h. Individual bacterial isolates were selected based on colony morphology and transferred to fresh TSA plates, similarly incubated, and then preserved at 4°C for further study. Honey stomach samples were taken three times (April, July, and September 2005) to capture differences in microbiota at the early, middle, and late periods of the honey production season. In April, the primary nectar source was maple trees (Acer spp.); in July, it was white clover (Trifolium repens); and in September, it was goldenrod (Solidago spp.). Proper aseptic techniques were used in all experiments.



2.2. Indicator microorganisms and culture conditions

Eight indicator microorganisms were used for screening the honey stomach isolates for antibacterial activity: Staphylococcus aureus ATCC 9144, S. aureus ATCC 25923, Listeria monocytogenes F2-586-1053, Paenibacillus larvae ATCC 25747, P. larvae ATCC 9545, Bacillus subtilis ATCC 6633, B. cereus ATCC 11778, and B. cereus ATCC F4552 (Pajor et al., 2018). These bacterial indicators include both honey bee and human opportunistic pathogens that are either Gram-positive or Gram-negative. Bacterial cultures were previously purchased or isolated in the lab, and all cultures were kept frozen at −80°C at Cornell University (Ithaca, NY). Bacterial cultures were grown aerobically in TSB (3%) while shaking at 250 rpm, except for P. larvae, which was grown in brain-heart infusion (BHI) broth (3.7%) supplemented with thiamin hydrochloride (1 μg/ml) (Lee et al., 2009b). B. cereus and B. subtilis were grown at 30°C; all others were grown at 37°C. Additional assays were performed to determine the antibacterial activity of select isolates against the Gram-negative bacteria (also grown at 37°C in TSB) Escherichia coli ATCC 25922, E. coli O157:H7 ATCC 933, and Salmonella enterica serovar Rubislaw (Mazzotta, 2001; Lee et al., 2009b).



2.3. Antimicrobial spectrum of bacterial isolates from honey stomachs

Deferred inhibition assays were used to determine the antimicrobial spectrum of each honey stomach isolate (Ahn and Stiles, 1990). Briefly, individual isolated colonies gathered from the contents of the pooled honey stomachs were spotted in groups of 10 on TSA plates and grown for 18–24 h at 37°C. Each of these spotted isolate plates was then overlaid with 7 ml molten soft TSA or BHI soft agar (45°C, 0.75% agar) inoculated with 50 μl of an overnight liquid incubation of one of the nine indicator test strains. Each spotted isolate plate was assayed against each of the indicator strains. The plates were then incubated at 30°C or 37°C for 18–24 h, after which the absence or presence of inhibition zones was noted, and the relative sizes of the zones were recorded. In the same fashion, isolates were additionally tested for antibacterial activity against the Gram-negative bacteria E. coli and Salmonella. Isolates demonstrating visible antibacterial activities (now known as producer strains) as determined by the presence of an inhibition zone around the isolate were selected for identification. Producer strains were characterized by Gram staining and catalase production following standard protocol and identified using 16S rRNA gene sequencing (Edwards et al., 1989; Kelley and Post, 1989).



2.4. Catalase and protease sensitivity testing

A volume of 5 μl of catalase (10 mg/ml), α-chymotrypsin (25 mg/ml), proteinase K (20 mg/ml), and pronase E (10 mg/ml) (Sigma-Aldrich; St. Louis, MO) was spotted adjacent to an isolated colony and allowed to dry. Plates were overlaid as described in the previous section and incubated overnight. The absence or presence of inhibition zones and/or half-moon halos indicating sensitivity was recorded (Ahn and Stiles, 1990; Lee et al., 2008; Chiang et al., 2012; Xiong et al., 2022).



2.5. Sensitivity to honey

Honey itself employs a variety of bacterial inhibition strategies. High levels of sugar, hydrogen peroxide formation, and proteinaceous compounds all contribute to the honey's antibacterial functions. Bacterial isolates from the honey stomach and hive honey should possess some level of resistance against honey. To characterize this honey resistance property, bacterial isolates and indicator species were tested for sensitivity to honey in a well-diffusion assay, using a 50% manuka honey solution (Holder and Boyce, 1994; Magaldi et al., 2004). Briefly, a core plug of agar was removed from the TSA plates, filled with 100 μl of a 50% manuka honey solution, and allowed to diffuse into the agar. The plate was then overlaid with 7 ml of soft (0.75%) TSA containing 50 μl liquid culture of either an isolate or indicator strain and subsequently incubated overnight at 37°C. Raw manuka honey (honey derived mainly from the plant nectar of the manuka tree, Leptospermum scoparium) was used for this assay due to its broad range of antimicrobial properties (Molan, 1995). Diluted honey solutions (i.e., 50%) have been shown to produce hydrogen peroxide as an antimicrobial strategy (White et al., 1963). Isolates demonstrating sensitivity to 50% manuka honey were similarly tested for sensitivity to a 50% synthetic honey solution (3.85 g fructose, 3.10 g glucose, 1.34 g sucrose, and 11.71 g water) in order to assess the sugar's role in observed sensitivity.



2.6. 16S rRNA gene sequencing

Chromosomal extraction was performed for each bacterial isolate followed by an in vitro amplification via the polymerase chain reaction (PCR) in which a pair of primers (5′-AGAGTTTGATCCTGGCTCAG-3′; 5′-AAGGAGGTGAGCCAGCCGCA-3′) was designed to amplify the 16S rRNA gene sequences (Stratagene Robocycler Gradient 40; La Jolla, CA, USA) (Edwards et al., 1989; Sha et al., 2017, 2018). The PCR products were purified from agarose using an Eppendorf Perfectprep® Gel Cleanup Kit (Eppendorf; Westbury, NY, USA) and sequenced using an ABI Prism 373 DNA sequencer (Applied Biosystems; Foster City, CA, USA). The resulting sequences were analyzed by homology comparison using the National Center for Biotechnology Information (NCBI) nucleotide Basic Local Alignment Search Tool (BLAST) database (http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi). Sequence data collected in this study were deposited under the NCBI GenBank submission SUB11959034.



2.7. Isolation and characterization of bacterial isolates directly from honey

Honey from the same colony in which the forager bees were collected was sampled in August for its microbial content. The honey was diluted to a 50% final concentration with sterile water, and 100 μl of the solution was then spread plated on each of the 10 TSA plates and incubated at 37°C for 24 h. The honey was not heated prior to plating in order to assay for vegetative and spore-forming bacteria contained in the honey. Honey isolates were similarly identified and characterized by the tests described previously. The honey itself also underwent testing to determine antibacterial activity and sensitivity to catalase and proteases using a well-diffusion assay (Mundo et al., 2004).



2.8. Statistics

Chi-square analyses were performed for all comparisons involving two data sets (Fleiss, 1981). The correlations between antibacterial activity and the seasonal origin of the isolates were tested using a generalized linear model with a quasi-binomial likelihood and logit link. All statistical analyses were performed using Minitab software (Minitab version 10.51Xtra; State College, PA).




3. Results


3.1. Antimicrobial activities of isolates

A total of 2,154 isolates were recovered from the bee honey stomachs: 654 in April (A), and 750 each in July (J) and September (S). In addition, 15 isolates were recovered from the honey itself (TH) collected in August. Table 1 indicates the percentage of isolates from each batch showing antibacterial activity against the various indicator organisms. Global chi-square analysis for each indicator strain shows strong statistically significant differences in the activity of the isolates between seasons (p < 0.001 for all comparisons). Chi-square comparisons between groups further illustrate these seasonal variations. For all indicator strains except P. larvae 25747, bacterial isolates collected in April exhibited the highest percentage of antibacterial activity when compared against those taken in July or September (B. subtilis 6633, p < 0.05; all others, p < 0.001). S. aureus 9144, S. aureus 25923, B. subtilis 6633, and B. cereus 11778 showed further statistically significant differences when comparing July and September isolates (S. aureus 9144, p < 0.05; all others, p < 0.001).


TABLE 1 Differential antibacterial activity of bee honey stomach and honey isolates against given indicator organisms arranged by sampling month.

[image: Table 1]

For all indicator strains except P. larvae 25747, the seasonal variations of the antibacterial activity against the selected indicators show a statistically similar correlation between season and activity. From April through July and in September, the antibacterial activity against these indicator strains decreased. The trend was reversed for P. larvae 25747 (p < 0.001).



3.2. Select isolate characterization

A total of 50 isolates showing the highest antibacterial activity and broadest spectrum of activity were selected for identification (Table 2) and further characterization of the effectiveness of their antibacterial activity against the indicator strains (Table 3).


TABLE 2 Characteristics of select honey stomach isolates collected in April (A), June (J), and September (S), and directly from August hive honey (TH).

[image: Table 2]


TABLE 3 The spectrum of antibacterial activity of isolates from April (A), June (J), and September (S) honey stomachs and August hive honey (TH).

[image: Table 3]

All but one of the studied isolates produced catalase (Table 2) as shown by the evolution of bubbles when hydrogen peroxide was added to the cultures. The catalase-negative isolate S527 was later identified as Enterococcus faecalis. The vast majority of honey stomach isolates did not demonstrate sensitivity to catalase or any of the proteases tested (Table 2). Only J557 exhibited sensitivity to proteinase K and pronase E. Approximately one-third of the honey stomach isolates and all of the honey isolates did not grow in the presence of a 50% manuka honey solution (Table 2). Most of these isolates were not inhibited by a 50% artificial honey solution but some had exhibited reduced sensitivity to the artificial solution relative to the honey indicating that sugar may have contributed to but did not account fully for the inhibition. Catalase spotting confirmed that the antibacterial activity from the manuka honey was not due to hydrogen peroxide generation.

NCBI nucleotide BLAST search results of the 16S rRNA gene sequences of the honey stomach and honey isolates revealed homologies to a variety of bacteria (Table 2). Isolates were identified as belonging to the following genera: Pseudomonas, Paenibacillus, Bacillus, Lonsdalea, Serratia, and Enterococcus.

The antibacterial activities of the selected isolates against the indicator strains are given in Table 3. As expected, the targets of antibacterial activity varied between producer organisms, but differences were also evident within a genus or even within a species.



3.3. Seasonal variation of selected bacterial isolates

Three factors illustrating the diversity of bacterial isolates procured from honey stomachs in the three time periods under consideration are summarized in Figure 1. We chose the following factors to best illustrate select seasonal differences in collected isolates: (1) % of Gram-positive bacteria, (2) % antagonistic against E. coli or S. enterica (and hence most likely an antibiotic producer), and (3) % of Pseudomonad spp. All three factors varied greatly throughout the honey-producing season.


[image: Figure 1]
FIGURE 1
 Seasonal variation of selected isolates procured from honey stomachs. Open bar = percentage of bacterial isolates being Gram-positive; dotted bar = percentage of bacterial isolates being antagonistic against E. coli or S. enterica; striped bar = percentage of bacterial isolates being Pseudomonad sp. ***p < 0.001 when compared to April (A). *p < 0.05 when compared to April (A).


July showed a statistically significant higher amount of Gram-positive isolates when compared to April (p < 0.001). All other differences were not significant. April showed a statistically significant lower amount of isolates exhibiting antagonistic activity against E. coli and S. enterica indicators when compared to either July or September (p < 0.05). All other differences were not significant. April showed a statistically significant higher percentage of Pseudomonad isolates when compared to either July or September (p < 0.001). The differences between July and September were not found to be significant.




4. Discussion

Many of the seasonal variations observed in this study can be linked back to the source, variety, and content of the material the worker bees collected during the time periods analyzed. The honey stomachs excised from the bees in April contained water and nectar from maple trees, pussy willows, and various ornamental flowers. However, they contained very little nectar since the foraging season had only just begun. In contrast, the honey stomachs excised in July were full of nectar from a wide variety of wildflowers, especially white clover. By September, most flowers were no longer in bloom; therefore, less nectar was available for the bees to collect. As a result of these differences, the gross number of isolates recovered from the honey stomachs was lowest in April. This allowed for every isolate collected during this time period to be tested for antimicrobial production and bacterial identification. For subsequent sampling sessions, the number of isolates dramatically increased, and isolate sampling was capped at 750 colonies.

The seasonal availability of nectar and its sources may have an influence on the variations in bacterial genera seen from honey stomach isolates (Figure 1). Pseudomonads can survive in cold temperatures and, as such, were the most abundant bacteria demonstrating antibacterial activity from the April sampling session. In July, the dynamics of nectar foraging changed dramatically. The bees are out of the hive for longer periods. They not only have a larger supply of nectar from individual plants but also have a larger variety of nectar sources. Subsequently, in July, they are exposed to a more diverse range of microorganisms found in the plant/nectar environment. It is therefore unsurprising that the colony morphology of bacteria isolated from the July honey stomachs was the most diverse when bees had so numerous different sources of nectar. By September, flowers were scarce and plants were decaying. The bees must then shift their foraging efforts to what little nutrient and nectar sources are available. Therefore, at this point in the sampling season, Lonsdalea spp. (previously identified as Erwinia spp.), a bacterium typically associated with fruit and/or plant rot, began to make a showing in our collections (Brady et al., 2012; Li et al., 2017).

Most of the active isolates were Gram-negative in April, but Gram-positive in July and equally distributed in September. Additionally, while no April isolate exhibited antagonistic activity against Salmonella or E. coli, half of the July isolates and one-third of the September isolates did (Figure 1). This shows direct evidence that the shift in forager honey bee microbiota over time is clearly affected by the bees' environment. Furthermore, our findings support previous research indicating that while Gram-negative rods may continually be present at low levels, the more typically Gram-positive bacilli are the predominant microbiota of honey stomachs (El-Leithy and El-Sibaei, 1973). Indeed, Bacillus spp. and Paenibacillus spp. were highly represented among samples isolated from the honey stomachs for all three sampling periods. Owing to the antibacterial nature of the collected bacilli, these ever-present indigenous honey bee microbiota may provide yet another novel source of antibacterial activity.

The honey itself contained few microorganisms in comparison to other honey, but more than half of these isolates exhibited a high degree of antibacterial activity against most of the indicator organisms (Lee et al., 2008). The honey isolates were in all likelihood spore-forming bacteria since the honey environment is too harsh to allow for the survival of vegetative bacterial cells. All but one of the Paenibacillus isolates collected from the honey (and honey stomachs) produced antibacterial compounds effective against Gram-negative bacteria and were insensitive to three common proteases. Most likely these antibacterial compounds from the honey isolates are antibiotics rather than bacteriocins as they demonstrate a broad spectrum of activity and are active against Gram-negative bacteria. Bacteriocins typically exhibit a narrow spectrum of antibacterial activity against closely related species and are not active against Gram-negative E. coli or Salmonella. A bacterial isolate from honey was reported as producing a unique bacteriocin as well as a novel class of antifungal compound (Lee et al., 2009a; Sit et al., 2011; Manns et al., 2012). The genetic and chemical characteristics of the antibacterial peptide were unique in that the bacteriocin structural gene was present as tandem repeats in a single transcript, allowing for higher expression levels of the antimicrobial peptide. In addition, the tertiary structure of the antibacterial peptide revealed a hairpin structure with alpha helix twists with sulfur cross-linkages evenly spaced across the folded peptide.

While bacteriocins are ribosomally synthesized peptides and proteins that may be further modified posttranslationally, antibiotics are constructed non-ribosomally, instead relying on the very specific enzymatic assembly line organized solely for their production. The chemical and functional diversity of antibiotics, most of which have established medical applications, runs the gamut from β-lactam-built cephalosporins and penicillins to protease-resistant polypeptide-based polymyxins. Polymyxin B, for example, is used in topical antibacterial ointments to prevent infection. P. polymyxa produces the antibiotic Polymyxin B; P. kobensis produces Polymyxin M (Martin et al., 2003). Indeed, from our collection, isolate J7 was shown to be a P. polymyxa that produces antibacterial compounds that are insensitive to proteases. Additional studies of the antibacterial compound produced by this isolate found that the characteristics of the compound were consistent with previously published identifiers for polymyxins (results not shown).

From the information presented in this study, we can not only offer definitive evidence that the honey stomach microbial content imparted to the product honey can be quite beneficial from an antimicrobial standpoint but also show that during a single foraging period, the bacterial population dynamically changes throughout the honey producing season (Table 2), thereby imparting a differential antimicrobial activity spectrum (Table 3). Many of the bacteria associated with honey bees were shown to produce antagonistic compounds effective against a number of indicator species in a seasonally mediated manner. The number and genera of isolates found as well as their antibacterial activity against indicator species varied considerably during the honey production season. Interestingly, while April showed the lowest number of possible isolates and the least variable of identified bacterial species, isolates from this time point showed the highest antibacterial activity against the indicator species tested. However, all time points, including samples taken from the hive honey in August, showed considerable antibacterial activity as well. It is important to note that selected bacterial isolates from our study cannot represent the honey stomach or honey microbiota, since our selection criteria were based on colony morphology and our culturing methods were limited. Many probiotic microorganisms, like lactic acid bacteria, were not isolated by our plating methods (Ghatani et al., 2022). Next-generation sequencing (NGS) technologies should be used in future studies to obtain a comprehensive overview of the honey stomach and honey microbiota.

In conclusion, our study demonstrated the seasonal variation of antimicrobial activities of honey stomach isolates. Taxonomy classification, biochemical testing, and antimicrobial characterization were performed for select bacterial isolates. Due to the sensitivity or lack of sensitivity to various proteases, the majority of the antibacterial compounds employed by the isolates tested are hypothesized to be antibiotics with a minority possibly being bacteriocin in nature. With a novel source such as this, the ensuing step is to consider the chemical diversity and biological importance of the individual compounds produced by these isolates. With the rise in antibiotic-resistant microorganisms, we must continually turn to both nature and our own ingenuity for new sources of antimicrobial compounds. In attempting to stay one step ahead of microbiological impairments, nature has always provided both the problem and solution to our concerns. From this study, we see yet again how an unexploited and overlooked microcosm can provide new insights that showcase the diversity of nature as well as offer potentially new raw materials for both therapeutics and food protectants.
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Source S. aureus S. aureus 25923 /L3 B. cereus F4552 B. cereus 11778 B. subtilis 6633 P. larvae 9545 P. larvae 25747
9144 monocytogenes
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Numbers show the percentage of isolates showing growth inhibition of the eight bacterial indicator organisms. (A) = isolates taken from honey stomachs procured in April, n = 654; (J) = isolates taken from honey stomachs procured in July, n = 750; (S) = isolates taken
from honey stomachs procured in September, n = 750, TH = isolates taken directly from the hive honey, n = 15. ***p < 0.001 when compared to (A). *p < 0.05 when compared to (A). + + +p < 0.001 when compared to (J). +p < 0.05 when compared to (J).
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Al Pseudomonas sp. Rod - + No nr.
All Pseudomonas sp. Rod - + No nr.
AL2 Cupriavidus gilardii Rod - + No nr.
A3 Pseudomonas sp. Rod - + No nr.
A49 Pseudomonas fluorescens Rod - + Yes No
A50 Pseudomonas fluorescens Rod - + No nr.
AS51 Pseudomonas sp. Rod - + Yes No
AS57 Pseudomonas fluorescens Rod - + No nr.
A67 Pseudomonas sp. Rod - + Yes No
A70 Pseudomonas fluorescens Rod - + Yes No
AT76 Pseudomonas sp. Rod - + Yes No
A77 Cupriavidus gilardii Rod - + No nr.
A 105 Pseudomonas sp. Rod - & Yes No
A119 Pseudomonas fluorescens Rod - + Yes No
A 181 Pseudomonas reactans Rod - + Yes No
A 207 Pseudomonas sp. Rod - + nr. nr.
A293 Pseudomonas reactans Rod - + Yes No
A393 Pseudomonas veronii Rod - + Yes No
Ad443 Pseudomonas sp. Rod - + Yes No
A 486 Pseudomonas sp. Rod - + Yes No
J7 Paenibacillus polymyxa Rod + + No No
J21 Serratia nematodiphila Rod - + No No
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225 Paenibacillus polymyxa Rod + + Yes No
231 Paenibacillus polymyxa Rod + + No No
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J637 Serratia nematodiphila Rod - g No No
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63 Paenibacillus polymyxa Rod + + Yes No
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n.r., not reported; prK, protease K; prE, pronase E.
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