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            Abstract
          
        

        
          Honey has been proven to possess antibacterial activity and is considered a potential treatment
                    against various bacterial diseases. It is generally known that honeys originating from certain
                    flower sources exhibit specific properties. By using the agar-well diffusion method, we discovered
                    that chestnut honey can inhibit the growth of
                    Paenibacillus larvae, a causative agent of American foulbrood disease in honey bees
                    (
                    Apis mellifera). We found that the purity of the chestnut honey, as indicated by
                    the percentage of chestnut pollen in the honey, was positively correlated with the honey’s
                    antibacterial activity. The pH of a honey sample was also correlated with its antibacterial
                    properties.
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      INTRODUCTION
      The healing properties of honey and its use as a traditional medicine have been known since ancient times
                (
                Molan, 1992a,
                b;
                Zumla and Lulat, 1989). Owing to the worldwide
                presence of highly resilient and drug-resistant microbes (
                Levy and Marshall, 2004) and the need for more
                alternative approaches in disease prevention, the use of honey as a traditional remedy is once again
                being taken into consideration (
                Basualdo
                    et al., 2007
                
                ). The antibacterial effect of honey results from the enzymatic production of hydrogen peroxide (
                Bang
                    et al., 2003
                
                ), with contributions from the property of osmosis, caused by honey’s high sugar and low moisture
                content, along with the activity of gluconic acid (
                Efem, 1988). Honey’s low pH and organic
                constituent compounds like methylglyoxal and bee defensin-1 (
                Khan
                    et al., 2007
                
                ;
                Kwakman
                    et al., 2010
                
                ), as well as other non-peroxide components (
                Snowdon and Cliver, 1996) also play a certain
                part in its activity. In addition, the water content and the color of honey have been both found to
                correlate positively with the content of antioxidants in honey (
                Frankel
                    et al., 1998
                
                ). Darker, more opaque, and unprocessed honeys have been proven to be more effective in inhibiting
                bacterial growth than the lighter colored honeys (
                Taormina
                    et al., 2001
                
                ). Alongside color, flavonoids and phenolic compounds, which originate from propolis, may also express
                certain antibiotic activity (
                Marcucci, 1995). According to previous
                research (
                Al-Mamary
                    et al., 2002
                
                ;
                Gheldof
                    et al., 2002
                
                ), different honeys may acquire different amounts of those compounds, which can ultimately influence
                their antioxidant properties.
            

      Although there is a great deal of interest in, and a great number of accumulated studies on the use of
                honey against wound infection (
                Cooper
                    et al., 2002
                
                ;
                Vallianou
                    et al., 2014
                
                ) and food spoilage bacteria (
                Taormina
                    et al., 2001
                
                ), there is still plenty of research to be done regarding its effect on bacteria in honey bees (
                Apis mellifera). Even by applying nutrigenomics to honey bees (
                Alaux
                    et al., 2011
                
                ), little information can be found on any link between floral food sources and the effects of those food
                sources on against certain honey bee pathogens.
            

      Honey bees are among the most productive livestock (
                Morse and Calderone, 2000) but are threatened
                by various pathogens that pose a threat to their health. American foulbrood (AFB) is a fatal brood
                infection caused by highly infectious spores of
                Paenibacillus larvae, and is considered one of the most harmful honey bee diseases (
                Genersch, 2010). The spores of
                P. larvae
                are resilient and long-living (
                Lauro
                    et al., 2003
                
                ) and they are strong against heat and dryness. They present a great danger for honey bee larvae (
                Neundorf
                    et al., 2004
                
                ). Since adult bees do not get infected, the disease can be transmitted between honey bee colonies (
                Matheson and Reid, 1992a,
                b,
                c), and also via swarming of strong colonies
                that have not yet developed visual symptoms (
                Fries and Camazine, 2001). Although approved
                against AFB, the use of certain antibiotics has led to the occurrence of antibiotic-resistant
                P. larvae
                in Canada, USA, and Argentina (
                Alippi, 2000;
                Evans, 2003) which has sparked interest in
                alternative methods of treating and controlling AFB.
            

      To the best of our knowledge, no reports regarding a pathogen so closely connected to a specific animal
                have been found within previous honey surveys. Continuing on from preliminary research previously
                performed in Croatia, where different honeys were tested for their antibacterial effects against various
                bacteria and chestnut was found to have high antibacterial activity (M. Stoi´c, University of
                Zagreb, unpublished data). As far as we know, there are few reports regarding antibacterial effects of
                chestnut honey. In addition, some Japanese beekeepers believe that keeping a chestnut orchard near the
                apiary is good for the health of honey bees. In the current study, we concentrated to study the
                inhibitory effects of samples of different raw, unprocessed chestnut honeys against
                P. larvae
                during its growth phase.
            

    

    

  
    
      MATERIALS AND METHODS
      
        Bacteria
        P. larvae
                    (strain P-56) in the form of isolated spores was provided by the Research Institute for Animal
                    Science in Biochemistry and Toxicology (RIAS, Sagamihara, Kanagawa, Japan).
                    B. subtilis
                    (strain 3134, source of isolation not stated),
                    E. coli
                    (strain 3972, isolated from human feces),
                    P. aeruginosa
                    (strain 13257, isolated from infection of the outer ear), and
                    S. aureus
                    (strain 13276, isolated from a human lesion) were provided by the National Institute of Technology
                    and Evaluation (NITE) Biological Research Center (NBRC, Kisarazu, Chiba, Japan). These bacteria are
                    widely used as control species for antibacterial studies.
                

      

      
        Honey samples
        Eight chestnut honey samples were used in this research. From the Japanese group, honey samples from
                    Mie and Nagano prefectures were purchased, whilst samples from Tochigi and Kumamoto were provided to
                    us as gifts. From the Croatian group, honey from Samobor was purchased, whilst honeys from Petrinja,
                    Kupa, and Glina were gift samples. All these chestnut honeys had typical chestnut honey smell and
                    dark brown color. Therefore, we assessed these honeys as “chestnut honeys” Alongside
                    the chestnut honeys, one purchased acacia honey from Ibaraki and one multifloral honey, obtained
                    from our apiary at the Institute of Livestock and Grassland Science (Tsukuba), were used in this
                    experiment as control. To the best of our knowledge, none of the honey had been pasteurized.
                

        Artificial honey, a solution with the same sugar content as in real honey, was used as a control to
                    examine whether sugar is related to honey’s antimicrobial activity. It was prepared by
                    dissolving 1.5g of sucrose, 7.5g of maltose, 40.5g of fructose, and 33.5g of glucose in 17mL of
                    sterile deionized water (
                    Cooper
                        et al., 2002
                    
                    ).
                

      

      
        Identifying chestnut pollen in honey samples
        The content of pollen in honey provides reliable information of its floral components. In many
                    studies pollen is used for identifying plant sources used by bees in their production of honey (
                    Louveaux
                        et al., 1978
                    
                    ;
                    Ebenezer and Olugbenga, 2010), and is a
                    valid indicator of honey’s origin and purity (
                    Yoshigaki
                        et al., 2013
                    
                    ). Taking into consideration that the purpose of the experiment was to study the antibacterial
                    effect of raw, unprocessed chestnut honey, we identified the percentage of chestnut pollen present
                    in each of the chosen samples. We determined which of the tested samples were the closest to pure
                    chestnut honey, assuming that the potential antibacterial activity of chestnut honey is solely
                    connected with the properties of chestnut honey. For counting the pollen grains, we followed the
                    method described by
                    Yoshigaki
                        et al., (2013)
                    
                    in which honey samples were diluted and filtered through plastic membrane filters (ADVANTEC; pore
                    size 8.0μm, Toyo Roshi Kaisha, Ltd.), dyed with gentian violet (Polysciences, Inc.) and
                    counted under a light microscope.
                

      

      
        pH of honey samples
        For measuring the pH we used a regular pH meter (HORIBA pH Meter F-21) and prepared a 50% (v/v)
                    solution of every honey sample with sterile deionized water.
                

      

      
        Agar-well diffusion method
        To measure the antibacterial activity of honeys we used agar-well diffusion method, which is a
                    modified version of the disc-diffusion method (
                    Matuschek
                        et al., 2014
                    
                    ), in which the clear zones around the well indicated that bacteria have been affected by
                    antimicrobial agents. For reviving and cultivating
                    B. subtilis,
                    S. aureus,
                    E. coli, and
                    P. aeruginosa, we followed specific steps prescribed by the NBRC, and for agar-well
                    tests with these bacteria, we used a medium made up of 10g of polypepton, 2g of yeast extract, 1g of
                    MgSO
                    4·7H
                    2O, and 15g of agar dissolved in 1L of distilled, deionized water. For
                    P. larvae
                    we prepared J-agar medium (5g of tryptone, 15g of yeast extract, 3g of K
                    2HPO
                    4, 100mL of 2% glucose solution, and 15g of agar with 900mL of distilled, deionized
                    water). Bacterial suspensions were adjusted to 10
                    8
                    cells/ml and then applied to the agar media. Next, wells in size of 7mm diameter were made in the
                    agar with reverse ends of sterile P1000 tips. The amount of raw and artificial honey used per well
                    was 0.2g. Colonies of
                    B. subtilis,
                    S. aureus,
                    E. coli
                    and
                    P. aeruginosa
                    grew at 35°C in 24h, whereas
                    P. larvae
                    required 48 h at 35°C under a 5% CO
                    2
                    atmosphere to form colonies. Three replicates of the experiment were performed and after the
                    incubation, inhibition zone (diameters) around the wells were measured with digital calipers (±0.002mm
                    accuracy).
                

      

      
        Statistical analysis
        To analyze our results, we used EZR (Easy R) statistical software, which is based on R and R
                    Commander (
                    Kanda, 2013). We adapted simple statistics
                    such as t-test, regression and analyses of variance.
                

        
          Table 1. 
				
          

          
            Presence of chestnut pollen (%) in all of the tested chestnut and non-chestnut honey
                            samples
                        
          
          

        

        
          
            
              	
              	Japanese chestnut honey
              	European chestnut honey
                                    (Croatia)
                                
              	Other honeys
            

            
              	
              	Tochigi
              	Mie
              	Nagano
              	Kumamoto
              	Samobor
              	Petrinja
              	Kupa
              	Glina
              	Acacia
              	Multifloral
            

          
          
            	Total amount of polFlen
                                    a
            	110
            	63
            	145
            	70
            	121
            	124
            	148
            	149
            	93
            	119
          

          
            	Chestnut pollen
            	75
            	28
            	50
            	41
            	96
            	74
            	114
            	120
            	0
            	0
          

          
            	Other pollen
            	35
            	35
            	95
            	29
            	25
            	50
            	34
            	29
            	93
            	119
          

          
            	Purity
                                    
(%chestnut pollen)
                                
            	68.1
            	44.44
            	34.48
            	58.57
            	79.34
            	59.68
            	77.03
            	80.54
            	0
            	0
          

        

        
          
            aTotal count in 20 fields of view
                            
          

        

        

      

    

    

  
    
      RESULT
      
        Percentage of chestnut pollen in honey
        After staining and observing pollen grains through a microscope (
                    Fig. 1), we differentiated chestnut pollen
                    by its shape and size (
                    Mert and Soylu, 2007) and determined the
                    percentage of chestnut pollen per sample. Pollen count and percentage of chestnut pollen varied with
                    each chestnut honey sample, and some samples contained larger amounts of chestnut pollen (Table 1). Also, group of chestnut honeys
                    from Croatia had a significantly higher percentage of chestnut pollen (
                    Fig. 2;
                    p<0.01) than the Japanese group. Samples that were defined as non-chestnut
                    honeys did not contain any chestnut pollen. Considering that beekeepers tend to label their honeys
                    based on their subjective decisions (smell and color of honey, observing the honey bees visiting
                    chestnut trees, etc.) they cannot tell how much percentage of chestnut pollen, and honey, is
                    actually present per sample. Due to those variables, we marked those “chestnut honeys”
                    in our experiment with quotations, although they do not represent the purest samples of their kind.
                    We decided to keep their nomenclature as chestnut honeys, since that is the name by which they are
                    commercially present on the market.
                

        
          
          

          Fig. 1. 
				
          

          
            View of pollen grains after filtration and staining with 0.01% gentian violet. (a)
                            Elongated oval shape of chestnut pollen grains. (b) Various shapes of other pollen grains
                            present in the sample along with unidentified particles.
                        
          
          

          

        

        
          
          

          Fig. 2. 
				
          

          
            Difference in percentage of chestnut pollen present in chestnut honey between Japan and
                            Croatia (
                            p<0.01). Bars represent the standard error of means of twelve
                            measurements.
                        
          
          

          

        

      

      
        Antibacterial potency of chestnut honey
        All chestnut honey showed high antibacterial potency against
                    P. larvae
                    (
                    Fig. 3). Chestnut honey also inhibited the
                    growth of other tested bacteria (
                    Fig. 4), but the antibacterial potency
                    against other bacteria’s was significantly weaker than one against
                    P. larvae. Acacia honey managed to inhibit the growth of
                    P. larvae, but the potency was not as high as chestnuts honey. Artificial honey did
                    not show any antibacterial potency against any tested bacteria species.
                

        
          
          

          Fig. 3. 
				
          

          
            (a) Inhibition zone of
                            P. larvae
                            after a 2-day incubation with chestnut honey. (b) Antibacterial activity of chestnut honey
                            samples from Japan (I-IV) and Croatia (V-VIII) against
                            P. larvae; A-artificial honey, C-chestnut honey.
                        
          
          

          

        

        
          
          

          Fig. 4. 
				
          

          
            Means of inhibition zone sizes (mm) after testing the antibacterial activity of honey
                            samples against
                            P. larvae
                            and four previously tested bacteria. Bars represent the standard error of mean of three
                            duplicates (Artificial honey did not show any inhibition against any bacteria species).
                        
          
          

          

        

      

      
        Differences in honey sample activity
        The effectiveness of chestnut honey was shown in
                    Fig. 5a. We discovered that the
                    antibacterial activity of chestnut honey was significantly stronger than the antibacterial activity
                    of non-chestnut honeys (
                    t-test;
                    p<0.01).
                

        Within the chestnut group, certain chestnut honey samples showed noticeably better activity than the
                    others. After comparing the Japanese and Croatian groups, we concluded that the Croatian group was
                    more effective than the Japanese group in inhibiting the growth of
                    P. larvae
                    (
                    Fig. 5b;
                    t-test;
                    p<0.05).
                

        
          
          

          Fig. 5. 
				
          

          
            (a) Antibacterial activity of chestnut and non-chestnut honeys against
                            P. larvae
                            (
                            p<0.01). Bars represent the standard error of means of twelve
                            measurements. (b) Antibacterial activity of two chestnut honey groups against
                            P. larvae
                            (
                            p<0.05). Bars represent the standard error of means of all measurements.
                        
          
          

          

        

      

      
        Antibacterial activity and pollen percentage
        Higher amounts of chestnut pollen per sample caused wider inhibition zones (
                    Fig. 6a). In our experiment, the purity of
                    chestnut honey was explained by the percentage of pollen counts, which defined the proportion of
                    chestnut honey present in the total amount of each tested sample. By using linear regression, we
                    investigated the connection between antibacterial activity and purity (
                    R
                        2
                    =80.36%,
                    p<0.05). Purity of samples significantly affected the potency, and was in
                    positively correlated with antibacterial activity.
                

        
          
          

          Fig. 6. 
				
          

          
            (a) Correlation between means of
                            P. larvae
                            inhibition zone size (mm) and percentage of chestnut pollen present in samples of chestnut
                            honey (
                            p<0.05). (b) Correlation between means of
                            P. larvae
                            inhibition zone size (mm) and pH of chestnut honey samples (
                            p<0.01).
                        
          
          

          

        

      

      
        Antibacterial activity and pH
        We found that the antibacterial activity was significantly positively correlated with the honey’s
                    pH (
                    Fig. 6b;
                    R
                        2
                    =63.55%,
                    p<0.01). On the other hand, pH did not show any correlation with the number of
                    chestnut pollen (
                    R
                        2
                    =26.65%)
                

      

    

    

  
    
      DISCUSSION
      This experiment showed that raw chestnut honey possessed antibacterial activity which distinguished it
                from other honeys, even though the sample size was limited. We also established that its purity was
                connected with its antibacterial activity. Artificial honey did not express any antibacterial activity;
                therefore, we concluded that the sugar content of honey does not influence the sizes of the inhibition
                zones. We observed positive correlation between the pH of the honey and the size of the inhibition
                zones, showing that pH also played a certain role; however, pollen percentage was not correlated with
                pH.
            

      Previous research has shown that dark-colored honeys possess high contents of pigments that could also be
                linked to their strong antibacterial effect (
                Taormina
                    et al., 2001
                
                ). Amber is the second darkest honey in the category of seven colors (
                http://eccentricbeekeeper.com), and since chestnut
                honey is also a dark-colored honey, some of its properties may be due to its levels of plant pigments.
                We could not check the antibacterial activity of other dark-colored honeys, however it is important to
                perform such survey in the future. Also, it would be interesting to investigate the antibacterial
                activity of various pigments in honey.
            

      Our results showed that antibacterial activity of chestnut honey positively correlated to the pH. Since
                honey’s antibacterial potency is generally connected to its overall content of hydrogen peroxide,
                a compound responsible for influencing the pH of the solutions, antibacterial activity of chestnut honey
                may just be related to the concentration of that particular compound. Furthermore, antibacterial
                component of mãnuka honey for example, appears to be methylglyoxal. Therefore, chestnut honey may
                contain some specific, yet un-surveyed antibacterial components.
            

      Japanese and Croatian chestnut honeys did not have the same antibacterial effect. Numbers of chestnut
                pollen grains between Japanese and Croatian honeys were significantly different (
                Fig. 2,
                Fig. 6a). Therefore, we could assume that purity
                of chestnut honey influenced the difference. Moreover, it is possible that this difference may be
                related to distinctiveness in floral species. In Europe, chestnut honey is mostly produced from Castanea
                sativa tree, and those were the honey samples we used from the Croatian group. In Japan, Castanea
                crenata is the source of chestnut honey. Thus, the botanical background of those honeys might have
                contributed to the variety of their activity. Lastly, different countries have also different ways of
                processing the honey after it is harvested, and that may also be the cause of occurred divergence.
            

      In this research, we examined the sensitivity of
                P. larvae
                to different types of chestnut honey during its growth phase of
                P. larvae. However, since it is known that the honey bees only contract AFB when bee
                larvae swallow
                P. larvae
                spores (
                Neundorf
                    et al., 2004
                
                ), it would be interesting to test the susceptibility of
                P. larvae
                spores to antibacterial substances with a similar experiment. If results obtained from that type of
                experiment were able to confirm the connection between chestnut honey and its inhibitory activity
                against
                P. larvae, a diet based on a chestnut floral source could be developed as a possible
                means of defense against AFB. For example, in migratory beekeeping, beekeepers may transfer their hives
                into chestnut orchard in the flowering season, for prevention purpose.
            

      AFB is a highly contagious disease of bees that can be transmitted within and between colonies (
                Fries and Camazine, 2001). Although some
                countries still resort to the use of antibiotics in the fight against AFB, the use of antibiotics for
                this purpose is prohibited in European countries. Therefore, finding and developing alternative
                strategies and methods of treatment has become crucial in beekeeping. Since the present chestnut honey
                experiment was, to the best of our knowledge, the first of its kind, the findings from this survey will
                be of benefit as a basis for more detailed research in the future, and will contribute to the general
                battle against AFB. In addition, to elucidate the reasons of antibacterial activity of chestnut honey
                should be proceeded.
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