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Development of a metabolic preparation with high antimicrobial potential
ProBIotIcs‘ for use in the prophylaxis against Paenibacillus larvae causing American foulbrood in bee colonies

and hods — CLSI guidelines and

and methods — EUCAST guidelines and methodology

American foulbrood (AF8) is a bacterial, infectious, highly contagious disease of honey bee larvae (Apis
mellfera) caused by the Gram-positive, rod-shaped bacterium called Paenibacillus larvae. The earlier
taxonomic name of the species of this obligate pathogen was Bacillus larvae (Genersch et al., 2006). This s a
highly specialised pathogen with only one established host, brood with an acute and malignant course, which
affects and kills larvae in the straightened form, less often in the pre-pupa or pupa stage. The disease most
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1. Subject of research
Probiotic product, which is also @ metabolic preparation and synbiotic with the working name ApiBiotic, and
produced by ProBiotics Polska — Probiotics Manufacture in Bratuszyn, 62-720 Brudzew, Poland,
www probiotics.pl

1.1 Product composition
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hours are susceptible to infection. Older larvae are generaly not susceptibe to infection. The disease usually
appears in strong and healthy colonies with large brood numbers when environmental conditions and the
microclimate in the hive are disturbed. The susceptibiity and course of the infection depends on the
infectiy viruence and the pathogen, the larve,
the hive and st h a5 cold, mal \ of 2 varied diet, overheating and the
presence of concomitant dmasn (Nowotnik et al., 2024). The brood becomes infected after ingestion of
contaminated food given by worker honey bees (so-called hive bees). Within the colony, the disease spreads
Vi feeder bees, which inoculate the mouth organs and legs with bacterial enspores and, through them, the
honey (Dickel et al 2022). Other ways of spreading the germs include, for example, hive pests, which can
become fected it theendosporss whle oragingand the excrts the ors i thelr foces, o comts
red with endospores of P laruge that previously housed ciseased and cead brood. Spoes are
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in the environment - in dead brood, water, pollen, nectar, honey or royal jelly and bees can also become
infected with them through trophallaxis. The source of infection is contaminated food and the route of
infecton is the gastrointestinal tract Fries et. a, 2006; Lindstrom et a, 2008; Sekulja et. al, 2013; Grady et
al, 2016). This disease leads to emaciation of the colony, a reduction in the number of flying bees, and
productiviy declines (Evans 2004). Clinical signs depend on the partcular genotype, ric |, Eric 1, Erc I Eic
IV or Eic V, and may be either dieback of the larvae and thelr remaining stretched out and rigd form, or the
mucous, gelatinous head of the bees, , scabs stuck 1o the hexa F the cell or
the dried uvula of the future undeveloped bee (mouth organ). This is a pathognomonic trait for malignant
foulbrood. The first symptom of brood die-off s 2 change in the colour of the cuticle rom pearly white, shiny
10 greyish-white, dull and then, under the influence of the prolferating microfloa, to yellow. There is
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internal numbering and coding. The strains were deposited at the Institute of Microbiological Technology
in Turek, Pland. Tre est sirans had confimed problotc potentia, meeting he O deiton and the
essential characteristics of a probiotic.

2. Indicator pathogens

The biological material consisted of the bacterial, pathogenic, indicator strains belonging to Paenibacillus

larvae ATCC 9545, and Paeniacils larae CCUG 5084 (abiol, Poland). Formerl this i Poenbacilus arvoe
The the Insttute Technology in Turek, Poland.
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subjected to mechanical filtration as part of mechanical sterilisation using 0.22 um syringe flters with a
dameter of 33 mm (Argents, Pouna, Poland). Tns allowed s o tst the S imicrabiay sty of sl
and plants metaboll Dilutions of the fltered fluid
were prepared so that the metabolite concentrations could be directed to analyses using microdilutions:
100%, 75%, 50%, 25%, 12,5%, 10% 5%, and 1%. The dilutions were performed using sterile saline. A
100% was. iquid from the bioreactor
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(MBC) by the microdilution method (CLSI MOZ, CLSI MO7-AS, CLSI M100-522, CLSI M11, CLSI M23, CLSI MS6,
orgensen and Ferraro 2009, CLSIVET06)

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the ApiBiotic
samples was tested using a serial microdilution method with certain modifications resulting from the specific
nature of the microorganisms used. The obtained and sterile metabolites in the liquid after filtation using
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countries where antibiotics are permitted, unfortunately, relapses occur after their use and completion of
treatment. There is no pharmacotherapy for the disease, and ex officio control is used in many countries
(Mosca et al,, 2023). Seeing such a significant imperfection in all these methods, as well as the growing
resistance of individual P larvae genotypes to antimicrobial substances and the increased secretion of various
metabolites and proteins secreted by P. larvae, it was decided to respond to this growing problem with a

produces, it was decided to respond to the with the s: on, using a
ey e hlo&«hnolollu\ ‘approach. In this study it was used a synbiotic ompinationof metsblies
and iced by beneficial and probiotic strains in combination with plant extracts. This stucy

et o et an compar the antimicrobil cty of mesabltes of fermented etrocs of selected plank
raw materials and kille probiotic strains against Paenibacillus lorvae Eric , Eric Il (the most popular strains in
the EU) as biological agents (as an Integral preparation called ApiBiotic produced by ProBiotics Polska
Company) for the biocontrol of American foulbrood in bee colonies. Preventive methods are still acking and
are in the early stages of development. It has therefore become an object of scientific interest for many

the possibilty of asa
is the best method of treatment.

Results — CLSI guidelines

d in the following percentage concentrations [% v/vl: 100; 75; 50; 25; 12,5; 10;5; 1. In
allanayses, th study was conducted using BHIlquid medium (Argents, Poznat, Poland). The concentrations
were then converted from percentage units [v/v] to units in miligrams per militre [mg/mL]. The density of
water was assumed to be 1.000 g/mL for the calculations, ustified by the fact that the bioreactors contained
an aqueous solution of molasses.

3.2 Preparation of bacterial inoculum of Paenibacilus farvae
From a 24-hour culture (BHI agar and Columbia agar medium, Argenta, Poznar, Poland) of a specific bacterial
strain belonging to the Paenibacillus larvae species (Paenibacillus larvae ATCC 9545, and Paenibacillus larvae
CCUG 50846), a smear was made or biological materia in the form of colonies was transferred using
standard loop to 2 fla-bottomed tube containing physiological saline. Using a densitometer, an inoculum with
an optical density of 0.5 McFarland (units densitometer DEN-18, Biosan, Poland) was prepared, which
corresponded to approximately 1.0 x 10° CFU/mL. If necessary, the biological material was diluted with saline
solution. The prepared p 96-well plte.

3.3 Preparation of the micros
The 96-well plate was gradually filed with 200 ul of the appropriate concentration of metabolites of Apifiotic
together with BHI brain and spinal fluid (100 I of the proper concentration of metabolites and 100 ul of the
BHI medium, Argenta, Poznal, Poland). The plates were filed In order from the highest to the lowest
concentration of the antimicrobia agent, sartin from the top rows (ines). This was done in a laminar flow
chamber.The lst two vertical rows o cels were designated as postive and negative controls, consistng i the
firt case of BHI medium, saline, and . larvae inoculum without the aditon of matabolites from ApiBiotic,
and in the second case of BHI medium, 5% hydrogen peroxide, and P. lorvae inoculum. After pouring the
appropriate concentrations of metabolites together with BHI broth, 10 ! of £ farvoe inoculum was added to
each well using a multichannel pipette. The prepared plate was incubated at 37°C for 18-24 hours in a
v Campygen o, Poland) v atmospt
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generators.
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The next step was o calect 100l of culture from each wel, from the highest o the owest concentration of
Figure 1. the time of s sffect on| the Apiiotic, and to crop it in two replicates anto a sngl plate with Columbia agar (slood agar) and the
z ) bacterial cells
ried, the piates were placed in an incubator 3t 37°C in 3 microaerophilc stmosphere created by CampyGen
= 1000 mglom® Compact laboratory atmosphere generator. Thereading was taken after 24-48 hours, and the grown bacterial
oo o colonies were counted. I the plate has grown 3 logarithic rows fewer bacterial colonies than n the negative
T ° 5 = 750 mglem” cantrol, .. les than 50 clls his represents a 59.9% reduction i the cels ofthe iniil inoculum. The MBC
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o & Smglem® mecium with the additon of blood at intervals of 0, 2,4, 6, 12 an
02468101214161B2022 & 1mgen’ inoculum mixed with the appropriate concentraton of metabolite and B liquid medium. Metabolftes in
el Bl volume of 500 4l and the prepared inoculum in 3 volume of 100 i were transferred to Eppendorf tubes
containing 1 mL of BHI iquid medium. The procedure was repeated for the control sample, transferring the
inoculum to  tube containing 1 mi.of BHI broth or, in the case of a positive control sample, to a tube.
i iBiot its affecton | contining 1 mL of BHI broth and 900 I of 5% hydrogen peroide. The concentration of metaboltes
v 50846 (£ corresponded tothe MIC value obtained. The samples prepared in this way were incubated at 37C for 0, 2,4,
on 6,12, 3nd 24 hours. After the incubation intervals were completed, 0.1 mL was taken from each Eppendorf
= 1000 mgfem® tube with a specie MIC concentration and transfered to tubes with saline solution (9.9 m) in order to
=0 i perform serial dilutions, transfertng 1 . from the previous tube each time. Next, surface cultures were
< = 750 mglem performed on al diutions containing inoculum presumably decreasing by one logarithmic order by pipetting
S ] -+ 500 mglem® 20 4l of biological material onto a Pet cish with Columbia agar (blood agar) and the second comparative
2 s Mueller-Hinton medium with the adition of blood using an automatic pipette. The same procedure was used
5 s | glem for control samples without metaboltes. The inocuiated plates were incubated for 24 hours at 37°C under
3 125 mglom® microserophilc conditons using  CampyGen
N S 23 consisted of counting the grown bacterial colonies and then collecting all the numerical data, whi
? - 1omgen® o create graphs showing the kiling curves of the test bacteia srains aftr a spectfied time. The time-kil
S T ane for each
H 246 101216182024 & 1mgon® bacteral cels. Bacteicdal acivity was defined a5 3 99.9% reduction (sbove 23 log10 CFU/mi) of the total
i Time ) e amount of the arginal inoculum,

3.7 Data analysis (Ferro etal, 2014)

Al data sed to create the time-Kil curves were analysed using GraphPad Prism 10.5.0 (Graph Pad Inc., San
Diego, CA, USA) software. The results are presented on a semi-logarithmic scale. The time-kill curves were
plotted on an o-y (Iog10 CFU/mL) and o-x (time expressed in hours) coordinate system. The logarithmically
correspondingconcertration cusing  decrese nthe numbr of microarganis was comverted o 3 near
regression The

CFU/mL value as a function of time (0, 2, 4, 6, 12, 24 hours) for different metabolite concentrations. The use of
near regresion to anlyse bacterl g curves s 3 widely scceted and recogised spprosch in

bioreactor.

4.1 Agar Diffusion Assay (EUCAST)
The second stage focused exclusively on screening and the determination of antimicrobial activity against P
larvoe. For the determination of antimicrobial activity, the welldifusion method was used according to
EUCAST standards with mocifications due to the speciicit of the bacteria used. For this purpose, the £ lorvae
Eric 1, and Eric I strins were revived by tansplanting colonies onto blood agar medium (Argenta, Pozna
Poland) and then onto agar lants, respectively,incubated at 37°C for 24-48 h (incubator BE400, Memmert,
ZALMED, Poland) in a €02 atmosphere created by CamyGen Compact laboratory atmosphere generators
(Argenta, Pozna, Poland). So-called microbial wash was then performed with an optical density of OD = 0.5
McFarland (approximately 1.0 x 10¢ CFU/mL, densitometer DEN-18, Biosan, Poland). Adtionally, samples
were combined respectively with the media used in beckeeping to feed the bee colonies (serile water and
sterile sucrose solutions of 50% and 60%, Merck), and mixtures of 1:1 were obtained. The culture lud was
Giluted 1o a concentration of 100%. Control groups were used, consistng of sterle water and sterie sucrose
solutions at 50% and 60% concentrations (Merck]. Subsequentl, surface cultures (1 ml) of P larvoe were
inoculated using a microbial spatula on plates with blood agar and cut wells in the medium. 20 i of the
appropriate metabolites of the produt with the carrer was transfrred to the wells, and media without
ApiBiotic were transferred to the control plates. Al etri dishes were incubated for 48-72 hours at 37°C n a
02 atmosphere. Afte the time had elapsed, readings were taken, and halo’ zones were measured.

4.2 statistical analysis
Statistical analysis of the results obtained was performed using one-way ANOVA (Tukey's parametric post-hoc
test) at a significance level of p-value < 0.05. This analysis allows the means of any number of groups to be
compared with each other, showing statisticall significant similarities or statisicall significant differences.
The univariate scheme (one-way analysis of variance) tested whether one independent variable (factor)
influenced the results of one dependent variable. The statistical analysis included results from the evaluation
of antimicrobial potential (v/v concentrations of the inoculant) in four groups versus the carriers: water,
sucrose 50% and sucrose 60% in thee groups. In the st ferture, resis re aso anazed using
Pearson's Chi-square test, or Fisher's exact test.
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Results — EUCAST guidelines

Table 3Data with values ofhalo’ efect measured by the welldffusion method with the heat map effect
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 The bactericidal actvity and effectiveness of ApiBiotc have been confirmed by two independent, global
protocols: EUCAST and C1SI

% In addition to ts confirmed antimicrobial properties in itro, the product also maintains tsin vivo feld
activiy,conducted o bee colonies from 160 apiaries in Poland and other counties, subject to scientific

& An attempt to inibit the growth of Paenibacilus arvae bacteia in serotypes Eric | and Il — a factor
threatening the health o honeybee larvae —using metabolites contained in ApiBiotic i vitro and in vivo
was successfully carred out;

 Composition n ApiBotic can reduce the pressure of American foulbrood in bee colonies by supporting
the physiological development of the microbiome of bee colonies, competing with P. larvae and

+ Apibiotic can be used 35 3 biocontrol tool of American foulbrood 35 an ateratie to antbiotcs in
Counties where they are legal

& The analysis v diferences between the used;

% There s a statistically significant relationship and correlation between ApiBiotic concentrations used and
the subsequent antimicrobial activity of the metabolites;

% Studies have shown that the P larvae CCUG 50846 strain is more resistant to the antimicrobial substances.
contained in the preparation, but when using higher concentrations of the preparation, it becomes
susceptible;

+ [

* to

prevent bee colonies from acquiing and developing infection;
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The honeybee is accompanied by a microflora whose biodiversity is modified by a number of environmental and stress
factors. One such threat is the bacterium Paenibacillus larvae, which causes the brood disease American foulbrood,
which is subject to physical eradication by order of the Veterinary Inspectorate. Infected colonies weaken very quickly,
the number of brood and bees being reared decreases dramatically, with the consequence that the economics of the farm
is reduced or the apiary is completely closed and pollination is impaired. Seeing the untapped potential of biotechnology
and microbiology in prevention of livestock diseases, an effort was made to develop and test, both in vitro and in vivo,
a targeted and contact metabolic biopreparation with high antimicrobial potential against P. larvae, which, when used
as a preventive measure, would reduce losses in apiary management and increase the preservation of the safety of the
honeybee in the food production chain. The research problem was to reduce American foulbrood pressure in bee colonies
by promoting the development of a physiological microbiome of competing brood and blocking the excessive proliferation
and production of P. larvae endospores. The aim of this study was to provide beekeepers with a microbial product that:
used in specific doses and forms of application, will reduce the pressure of the pathogen on the bee microbiome; will
eliminate the increasing number of infested areas and disease outbreaks; will strengthen the microbiome of honeybee
larvae and adults and break the chain of infection. The effect generated in this innovative product was achieved by
multiple antagonistic and antimicrobial mechanisms conferred by the synergistic formulation consisting of a consortium
of probiotic bacteria and 14 plants. Classical and molecular microbiology methods were used: antimicrobial activity
(MIC, MBC, time-kill, halo effect) was determined according to EUCAST standards and qPCR. The safety of the product
against bees was confirmed. The antimicrobial activity of the product was confirmed under laboratory conditions and a
statistically significant reduction of several log orders of P. larvae in field apiaries. In an antibiotic-free, environmentally
safe and food-safe manner, a probiotic administered prophylactically will be able to control P. larvae population.



