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Summary of doctoral dissertation in Polish:  

Zjawisko lekooporności drobnoustrojów staje się jednym z największych wyzwań 

współczesnej medycyny. Jednocześnie maleje liczba nowych antybiotyków wprowadzanych 

do praktyki klinicznej. Stwarza to konieczność poszukiwania nowych, skutecznych, 
nieantybiotykowych metod zwalczania i profilaktyki chorób infekcyjnych. W ostatnich dwóch 

dekadach obserwuje się ponowne zainteresowanie potencjałem przeciwdrobnoustrojowym 

produktów naturalnych, w tym produktów pszczelich. Obiektem moich zainteresowań były dwa 

mniej znane produkty pszczele – pyłek i pierzga, a przede wszystkim aktywność 

przeciwdrobnoustrojowa tych produktów. Uzyskane przeze mnie wyniki są bardzo obiecujące. 

Wykazano dużą aktywność alkoholowych ekstraktów pyłku i pierzgi, jak i samych produktów, 

w zwalczaniu groźnych patogenów (np. gronkowca złocistego - Staphylococcus aureus) ludzi 
i zwierząt. Potwierdzono istotną rolę substancji białkowych (głównie peptydów i enzymów 

pochodzących z organizmu pszczoły) w aktywności przeciwdrobnoustrojowej tych produktów. 

Stwierdzono także, że znaczący odsetek szczepów bakteryjnych wyizolowanych z pyłku i pierzgi 

(głównie bakterii z rodzaju Bacillus spp.) wykazuje duży potencjał probiotyczny oraz zdolność do 

syntezy metabolitów skutecznie hamujących rozwój bakterii patogennych. Wyniki badań 

przedstawiono w postaci czterech publikacji naukowych.     
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INTRODUCTION 

1. ANTIMICROBIAL RESISTANCE 

Antibiotics play a crucial role in the treatment of diseases caused by pathogens (bacteria, 

yeasts, molds, and some parasites). Nevertheless, the use of antibiotics caused the rapid 

appearance of resistant strains [1]. Antimicrobial Resistance (AMR) is one of the leading public 

health threats these days. The analysis of the global burden of AMR in 2019 showed 

that 4.95 million deaths were associated with AMR, where 1.27 millions of deaths were directly 
caused by resistant bacteria. Furthermore, ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter spp.) have been classified as priority pathogens that are a global 

threat to human health. The bacteria belonging to the ESKAPE pathogens were responsible 

for more than 70% of AMR-related deaths in 2019 according to WHO report [2], [3].  

1.1. The discovery of antibiotics 

Before the discovery of antibiotics, infectious diseases were treated with plants and animal 

preparations such as Scabiosa L. (a plant used in middle ages that was recognized as universal 
remedium for many ailments), honey bee products, and even clay derived from special places, for 

example Lemnos island. Furthermore, mixtures and suspensions of minerals and metals - for 

example, gold and mercury - were used as alchemy products [4]. Nevertheless, the discovery 

of antibiotics in the twentieth century was a great milestone in the history of treating infectious 

diseases. In 1910 Paul Ehrlich, Koch’s co-worker and bacteriologist, synthesized the arsenic 

derivative number 606 – arsphenamine (known by its trade name salvarsan) that exhibited high 

activity against Treponema pallidum and was effective in the treatment of syphilis. Thus, humanity 
received the first chemotherapeutics to fight pathogens [4], [5]. Afterwards, in 1932, the work of 

Bayer chemists Josef Klarer, Fritz Mietzsch, and Gerhard Domagk led to the discovery of a 

sulfonamide derivative drug named sulfonamidochrysoidine (Prostosil). The discovery of penicillin 

was one of the most well-known cases in the history of drugs. Alexander Fleming discovered by 

accident that Penicillium molds inhibit the growth of S. aureus strain. Subsequently, Howard Florey 

and Ernst Chain invented the methodology of penicillin purification and obtained the substance 

soluble in water [4], [5]. The discovery of penicillin brings the new idea of using microbes to treat 

pathogens. Selman Waksman studied Actinomycetes microbes from soil and their ability to produce 
antimicrobials, which led to the 'Golden Era' of antibiotics (1940-1960s). The examples of 

discovered and clinically used antibiotics, that were produced using microorganisms, were, for 

instance: kanamycin A (Streptomyces kanamyceticus), tetracycline (Streptomyces aureofaciens), 

chloramphenicol (Streptomyces venezuelae), erythromycin (Saccharopolyspora erythrea), 

vancomycin (Amycolatopsis orientalis), clindamycin (semi-synthetic derivative of lincomycin from 

Streptomyces lincolnensis), bacitracin A (Bacillus subtillis), gramicidin A (Bacillus brevis), fusidic 

acid (Fusidium coccineum) or mupirocin (Pseudomonas fluorescens) [6].  
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1.2. Development of resistance to antibiotics 

Overuse of antibiotics, inappropriate prescribing of drugs, and extensive agricultural use 

lead to the development of antibiotic resistance [7]. There are two mechanisms of resistance used 
by bacteria – intrinsic and acquired resistance. Intrinsic resistance occurs in the genome of bacteria 

and causes resistance to antibiotics that is not related to horizontal gene transfer or antibiotic 

selective pressure. This type of resistance can occur due to no affinity of the drug with the molecular 

target, efflux of the drug by pumps, or deactivation of antibiotic by enzymes produced by 

the bacterial cell. Whilst, the acquired resistance happens when bacteria obtain resistance 

to particular antibiotics, that was previously active against this microorganism. It is caused by 

a gene mutation or horizontal gene transfer [8]. Resistance naturally occurs in some 

microorganisms, or the presence of resistance to drugs can appear through spontaneous gene 
mutation and gene transfer between microorganisms [9]. However, the spread of antimicrobial 

resistance is associated with many processes and involves additional mechanisms [9]–[11]. AMR 

bacteria can secure the target of antibiotic action by preventing the entry of antibiotics into the cell 

or removing the antibiotic by efflux pumps [11]. For example, the lack of specific D2 porin 

in imipenem-resistant P. aeruginosa prevents the antibiotic from entering the cell. Additionally, 

the gene tet(A) of Enterobacteriaceae encodes an efflux pump that is responsible for resistance to 

tetracycline by efficient transport of antibiotic molecules out of cells. Bacteria can resist antibiotics 

by also altering the site of action. The antibiotic can enter the cell and reach the target, but its 
inhibition is impossible due to structural changes in this molecule [11]. For instance, Penicillin-

Binding Proteins (PBPs) of Enterococci have low affinity to cephalosporins, therefore, they cannot 

be inhibited by these antibiotics. It is an example of inherent resistance of bacteria to antibiotics 

of a specific chemical group [11]. Furthermore, bacteria may produce an alternative target that 

is resistant to antibiotic inhibition [11], [12]. In Table 1., the mode of action of selected antibiotic 

groups and resistance mechanisms are presented. 

Table 1. Modes of resistance to selected groups of antibiotics with their mechanism of action. 
Adapted from [1].  

Group of 

antibiotics 
Antibiotic mode of action Mechanism of resistance 

b-lactams Cell wall synthesis inhibition 

Hydrolysis and efflux of the antibiotic 

molecule, production of altered molecular 

target of antibiotic 

Aminoglycosides Proteins synthesis inhibition 

Phosphorylation, acetylation, and efflux of 

the antibiotic molecule, production of an 

altered molecular target of antibiotic 
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Group of 

antibiotics 
Antibiotic mode of action Mechanism of resistance 

Glycopeptides Cell wall synthesis inhibition 
Reprogramming peptidoglycan 

biosynthesis 

Tetracyclines Proteins synthesis inhibition 

Monooxygenation and efflux of the 

antibiotic molecule, production of altered 

molecular target of antibiotic 

Macrolides Proteins synthesis inhibition 

Hydrolysis, glycosylation, phosphorylation, 

efflux of the antibiotic molecule, production 
of an altered molecular target of antibiotic 

Lincosamides Proteins synthesis inhibition 
Methylation of molecular target of antibiotic, 
efflux of the antibiotic molecule, production 

of altered molecular target of antibiotic 

Phenicols Proteins synthesis inhibition 

Acetylation and efflux of the antibiotic 

molecule, production of an altered 

molecular target of antibiotic 

Oxazolidinones Proteins synthesis inhibition 
Efflux of the antibiotic molecule, production 

of an altered molecular target of antibiotics 

Quinolones DNA synthesis inhibition 

Acetylation and efflux of the antibiotic 

molecule, production of an altered 

molecular target of antibiotic 

Pyrimidines Metabolic pathway inhibition 

Efflux of the antibiotic molecule, production 

of an an altered molecular target of 
antibiotics 

Sulfonamides Metabolic pathway inhibition 
Efflux of the antibiotic molecule, production 
of an altered molecular target of antibiotics 

Rifamycins RNA synthesis inhibition 

ADP-ribosylation of the antibiotic molecule, 

efflux of the antibiotic molecule, production 

of an altered molecular target of antibiotic 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 20 

1.3. Staphylococcus aureus 

In this dissertation, the antimicrobial activity was tested against broad spectrum of human 

pathogens, nevertheless, for preliminary studies S. aureus reference strains and clinical isolates 

were applied as model pathogenic bacteria.  

1.3.1. General information and clinical significance 

The Staphylococcus genera include nearly 50 species [13]. S. aureus is Gram-positive 

spherical approximately 1 µm bacterium [14]. The first suggestion of disease caused by 

staphylococci appeared in 1880, when Scottish surgeon Alexander Ogston connected abscesses 

and neonatal disease with these bacteria [15]. Afterwards, in 1884, the German physician Friedrich 

Julius Rosenbach isolated pure strains and differentiated them according to the color of the colonies 
– S. aureus from the Latin aurum (gold), and S. albus, which in Latin means white. However, 

the S. albus species was later renamed S. epidermidis due to its omnipresent existence on human 

skin [16]. S. aureus can grow in clusters, pairs, and occasionally in short chains [14]. The cells 

of S. aureus have a thick cell wall (20-80 nm) and consist mainly of peptidoglycan and teichoic 

acids [17]. Peptidoglycan (murein) is the main component of the cell wall and is made up of long 

polysaccharide chains, which is composed of repeating molecules of N-acetyl-D-glucosamine 

and N-acetyl-D-muramic acid connected by a β-1,4-glycosidic bond. Each polysaccharide chain 
is cross-linked by peptide bridges. S. aureus can grow under aerobic and anaerobic conditions 

(facultatively), at a temperature between 18 and 40 °C, where the optimal temperature for growth 

is 35-40 °C [13]. Furthermore, differentiation of S. aureus from other staphylococci is due to 

its ability to produce coagulase and its ability to produce the carotenoid pigment staphyloxanthin, 

that causes yellowish/goldish color of the colonies. This orange-red triterpenoid scavenges free 

radicals and protects cells from oxidation [18].  

S. aureus belongs to the human microbiota, and its presence on the skin and mucosa is 

ubiquitous. However, when it is transferred to the bloodstream or internal soft tissues, it can cause 

infections that threaten human life [19]. After the discovery of S. aureus in the 1880s, it has been 

considered a major human opportunistic pathogen that causes a multitude of diseases [20]. 

The discovery of antibiotics impeded the spread of infections caused by S. aureus, however, 
resistant strains emerged very quickly. It is estimated that about 20% of human population is 

the chronic carrier of S. aureus, and 60% - occasional [15]. Among all Staphylococcus species, 

S. aureus is the most pathogenic and it can cause many infections such as skin diseases 

(abscesses, boils), respiratory system (pharyngitis, bronchitis), urinary tract (nephritis, urethritis), 

gastrointestinal tract (food poisoning, enteritis), as well as sepsis, purulent arthritis, mastitis, 

osteomyelitis, meningitis, scalded skin syndrome, and toxic shock syndrome [17]. 

The pathogenesis of S. aureus is based on the production of various virulence factors, such as 

extracellular proteins or toxins [13], [21]. Methicillin-resistant strains of S. aureus (MRSA) cause 
most infections in hospitals, leading to significant morbidity, mortality, length of stay, and cost 
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burden. Resistance occurs due to the presence of the mecA gene sequence that produces PBP2a 

(also called PBP2') transpeptidase that exhibits a lower affinity for binding the b-lactam antibiotics 

– in the consequence these antibiotics are not effective against bacteria (they are unable to inhibit 

the process of synthesis of the cell wall process). However, MRSA infection can be distinguished 

into community-associated methicillin-resistant S. aureus (CA-MRSA) infections and hospital-

associated methicillin-resistant S. aureus infections (HA-MRSA) [22]. The difference between these 

two groups not only refers to their origin, but also to biological features – they differ genetically 

and phenotypically. CA-MRSA infections appears in non-hospitalized individuals and usually they 

are sensitive to numerous quantities of antibiotics and are non-multidrug-resistant. CA-MRSA 

strains frequently are able to produce virulence factor named Panton Valentine Leukocidin (PVL) – 
toxin that eliminates the white blood cells [21], [23]. In comparison, HA-MRSA are linked with risk 

factors such as surgeries, prolonged hospitalization and immune-suppression [23]. Moreover,      

HA-MRSA are often resistant to broad spectrum of non-b-lactam antibiotics [24].  Moreover, 

between CA and HA-MRSA differences in SCCmec types and bacterial growth rate were also found 

[24], [25]. 

1.3.2. Virulence factors of S. aureus 

Some microorganisms have the potential to infect the host and cause infections, which is 

called virulence, while molecules that help the microorganism settle in the host are named virulence 

factors [26]. S. aureus produces a wide range of virulence factors that are involved in adhesion, 

invasion, and host immune evasion, and include structural factors and secreted molecules [13], 

[27]. The most important virulence factors of S. aureus are presented in  

Figure 1. 
 

Figure 1. Virulence factors of S. aureus. Based on [27], [28]. Designed in BioRender by K. Pełka. 
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1.3.2.1. Adherence factors 

S. aureus can attach to the host cell surface and colonize it, using numerous adhesin 

proteins. Adhesins are anchored to the cell wall peptidoglycan by the sortase enzyme. These 

proteins are referred as Microbial Surface Components Recognising Adhesive Matrix Molecules 
(MSCRAMMs) [27], [28]. The MSCRAMMs presents high affinity to collagen, fibronectin, fibrinogen, 

elastin, laminin, von Willebrand factor, vitronectin, and thrombospondin [29]. The family 

of MSCRAMMs includes protein A, fibronectin-binding proteins A and B, serine-aspartate proteins, 

collagen-binding proteins, and clumping factor A and B proteins [13], [27], and serves several 

functions. For instance, protein A interacts with the fragment crystallizable region (Fc) 

of immunoglobulin G (IgG), thus it facilitates opsonization and phagocytosis; fibronectin-binding 

proteins assist in cell adhesion to the host [27], [30], [31], and clumping factor A (ClfA) enhances 

the bacterial adhesion to fibrinogen (Fg) - the blood plasma protein [32]. 

1.3.2.2. Polysaccharide capsule 

Capsular polysaccharides envelope the cell wall of S. aureus, protecting the bacterial cell 

from phagocytosis and bacteriophage infections. Among all polysaccharide capsules, types 5 and 8 

are associated with the majority of clinically significant S. aureus. [27], [30], [33].  

1.3.2.3. Extracellular toxins and enzymes 

S. aureus is able to produce and secrete various molecules for host immune system 

stimulation and to destroy the immune cells of the host. Pore-forming and enzymatic toxins 

molecules produced by S. aureus include hemolysins, leukocidins, phenol-soluble modulins 
and exfoliative toxins [27], [29]. Hemolysins are molecules that cause the lysis of blood cells by 

disrupting their cell membrane. They are also cytotoxic to tissue cells and leukocytes [30]. 

Leukocidins are able to form a hetero-octameric pores in the cytoplasmic membrane. They consist 

of two components (S and F) that act in synergistic action – they attach in a sequentially 

to the surface of the host cell [13]. Leukocidins cause lysis of the cells and destroy leukocytes. 

The group of leukocidins include g-hemolysin, leukocidin ED, leukocidin AB/GH, and Panton-

Valentine leukocidin [27], [30]. Phenol-Soluble Modulins (PSMs) are pore-forming toxins that are 

responsible for membrane disintegration, which induces several pathological processes, such as 

red and white blood cells lysis, inflammation and biofilm formation. Exfoliative Toxins (ETs) are 

highly specific serine proteases that catalyze the reaction of hydrolysis of bonds in keratinocytes 

and cause cell-to-cell adhesion to the epidermis of the hosts [27]. 

1.3.2.4. Superantigens 

The Superantigens (SAgs) of S. aureus include the staphylococcal enterotoxins (SEs), 
the staphylococcal enterotoxin-like (SEls) proteins and toxic shock syndrome toxin-1 (TSST-1) [34]. 

SAgs (except TSST-1) are highly resistant to heat and acid, and gastrointestinal enzymes as well. 
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The mode of action of SAgs is based on attachment to MHC class II molecules in antigen presenting 

cells leading to excessive production of T cells and cytokine release [35], [36]. SAgs are responsible 

for several diseases such as Food Posioning and Toxic Shock Syndrome. Food Poisoning cause 

abdominal cramps, nausea, vomiting and sometimes diarrhea. Intoxication with TSST-1 causes 
Toxic Shock Syndrome (TSS) that induces high fever, erythematous rash, skin desquamation, 

and hypotension [37]. The high number of cases caused by TSS is dated to the 1980s and is 

associated with the use of high absorbency tampons by young women, however, TSS is still a huge 

problem [34]. Nevertheless, SAgs are also involved in the spread of Kawasaki disease, chronic 

rhinosinusitis, atopic dermatitis, and guttate psoriasis [34]. 

1.3.3. Resistance to antibiotics 

Nosocomial infections, which are most typically caused by Gram-positive cocci, especially 

Methicillin-Resistant Staphylococcus aureus and Vancomycin-Resistant (VRSA) S. aureus, are one 
of the most difficult challenges in modern epidemiology. Such infections not only endanger 

individuals, but also place a significant financial burden on medical systems. To reduce its spread, 

it is critical to understand the causes of staphylococcal resistance, as well as design adequate 

infection prevention strategies, and implement an acceptable antibiotic strategy [38].  

Methicillin is an antibiotic that inhibits the action of penicillin-binding protein (PBP), which 

is involved in the final phase of bacterial cell wall peptidoglycan production. Methicillin resistance is 

an indicator of resistance to a wide range of antibiotics, including penicillin and cephalosporin          

(b-lactam drugs) as well as erythromycin, clindamycin, gentamicin, ciprofloxin, and fusidic acid [39]. 

Resistance typically refers to the acquisition of a non-native gene encoding a penicillin-binding 

protein (PBP2a) that has substantially reduced affinity for b-lactams. Hence, cell wall biosynthesis 

continues even in the presence of inhibitory quantities of antibiotics. PBP2a is encoded by the mecA 
gene, which is located on a separate genetic element (SCCmec – Staphylococcal Cassette 

Chromosome mec), and its expression is regulated by a proteolytic signal transduction pathway 

that includes a sensor (MecR1) and a repressor (MecI) protein [10], [40].  

Vancomycin is a glycopeptide antibiotic that is used to treat Gram-positive bacterial 

infections. It is used particularly against MRSA strains due to the growing resistance of S. aureus 

to methicillin. In 2002, a strain of S. aureus with significant glycopeptide resistance was discovered 

for the first time in Michigan, USA, while the resistance of the strain was acquired from 
Enterococcus spp. VRSA strains can be classified into two types: vanA operon positive and vanA-

negative. The presence of the vanH, vanA, and vanX genes indicates VanA-type vancomycin 

resistance. Non-resistant strains contain murein precursor with D-Ala-D-Ala which is the molecular 

target of vancomycin. However, the proteins VanA, VanH and VanX are involved in the synthesis 

of the peptidoglycan precursor with D-Ala-D-Lac residues, thereby making the antibiotic unable to 

attach to the precursor and inhibit the cell wall synthesis [41]. VRSA vanA-negative, which used to 

be named Vancomycin-Intermediate S. aureus (VISA) was identified in 1996 in Japan. The Mu50 
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strain exhibited in general 213 differences in DNA level compared to vancomycin-sensitive 

S. aureus, which were caused by spontaneous mutations. These mutations led to increased 

resistance to vancomycin that was associated with modification of membrane charge, cellular 

transport, and carbohydrates metabolism, as well as thickening of the cell wall, biofilm formation, 
and modulation of cellular processes such as immune evasion, reduced autolysis, and virulence 

attenuation [41]–[43]. Due to the continued development of resistant strains, it is crucial to make an 

attempt to find new antibiotics or non-antibiotic molecules to treat infections caused by this 

microorganism. 

2. HONEY BEES APIS MELLIFERA  

Due to pollination, insects such as honey bees (Apis mellifera) play a crucial role 

in the ecosystem. It is estimated that 87.5% of flowering plants are pollinated by animals [44], and 

approximately one third of the total human dietary supply is contributed to bee-pollinated crops [44]. 
Honey bees produce many precious products including honey, propolis, beeswax, venom, royal 

jelly, bee pollen and bee bread, all of which have been used for ages due to their nutritional value 

and activities such as antibacterial, anti-inflammatory, or antioxidant [45]. Furthermore, honey bees 

and their products can serve as bioindicators of environmental pollution [46]. Beeswax, venom 

and royal jelly are synthesized by the bees themselves, while other bee products are derived from 

plants and transformed by bees [47].  

 

Figure 2. Apis mellifera (honey bee) glands that are involved in development of bees’ family and production of 

bee products. Created in BioRender by K. Pełka. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 25 

Worker bees collect nectar by proboscis. Mandibles are for biting and chewing [48]. 

The nectar is stored in the special bee’s stomach, called the honey crop, without digestion [49]. 

On the bee’s body are developed branched hairs that facilitate pollen collection and pollination 

of plants. In the hind legs of bees are pollen baskets (corbiculae) that hold the pollen loads, 
and the pollen grains can be transported to the hive. Bees communicate by pheromones produced 

in the mandibles, tergites, rectum, and tarsi. The glands involved in the production of pheromones 

are: Dufour’s gland producing the egg marking pheromone, discriminating the eggs of the queen 

and worker bees, Koschevnikov’s gland producing the alarm pheromones, Nasonov’s and tarsal 

glands producing pheromones helping bees with the orientation, tergal glands that generate 

pheromone responsible for the attraction of drones to the queen on their mating flights, and 

the mandibular glands, producing foraging-marking pheromone, which helps with communication 

among colony members. The queen’s role in the hive is to regulate the colony and lay the eggs. 
Young worker bees usually take care of larvae and adult queen by secreting royal jelly, that acts as 

food for them, using enlarged hypopharyngeal, salivary, and mandibular glands. Bees also contain 

wax glands for wax production when they need to develop the comb. Furthermore, bees have a 

stinger at the tip of the abdomen, which is connected to the venom sac, where venom is produced 

by the venom glands [48], [50], [51]. The location of glands of honey bees are presented in the 

Figure 2. 

2.1. Honeybee products – general information 

Bee products are valued not only for their unique taste but also for their nutritional value 
and health-promoting properties, meaning they have a special place in the human diet. It is known 

that since ancient times, honey bee products (honey, bee pollen, bee bread, royal jelly, propolis, 

bee venom, and beeswax) have been used as traditional remedies in the treatment of many 

infections and ailments [52]–[54]. As in many other natural product cases, the investigation of their 

antibacterial/antifungal potential was impeded by the discovery of antibiotics. However, in the last 

two decades, there has been a significant renewed interest in the health-promoting properties of 

honey and other bee products. 

2.1.1. Honey 

Honey is one of the most known bee products. It is a supersaturated sugar solution with 

syrup consistency. Honey bee foragers collect the nectar or honeydew with a specialized organ 

named proboscis, and then store the nectar/honeydew in the honey crop stomach without digesting 

of its content [49]. When the bees return to the hive, they pass the content of honey stomach to 

other bees – the whole process is repeated several times and it is performed to evaporate the water 

from the nectar. During this procedure, salivary secretions from bees are added to nectar, 

for instance, enzymes such as invertase, which break the sucrose bonds into glucose and fructose. 
After the passage, the nectar is collected in honeycombs. The excess water is evaporated until the 

level of water reaches approximately 17%. Bees use their wings to ventilate the hive and accelerate 

the evaporation process. When the honey is ready, the bees cover the combs with a thin layer of 
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wax [55]. Honey composition, as other bee products, is deeply correlated with its botanical origin, 

geographical location and season, and climate as well [56]. However, honey contains 

approximately 80-85% carbohydrates (mainly fructose and glucose) and 0.3% proteins, including 

amino acids and enzymes [57].  

Honey exhibits many valuable properties including antimicrobial activity, which is attributed 

to physical and chemical factors such as low pH, high osmolarity, and presence of hydrogen 

peroxide produced by glucose oxidase, as well as other additional compounds, such as 

methylglyoxal, 3-phenyllactic acid, bee defensin, and bacteriocins [58], [59] 

2.1.2. Propolis 

Propolis, also known as bee glue, consists mainly of resins, which are collected by honey 

bees from the exudate found in tree buds and/or sap flows. Resins are mixed with bee saliva 

and beeswax inside the hive, and applied to seal cracks and narrow openings, to protect the hive 
from invaders or cold weather conditions. The most important use of propolis is protection of the 

brood and storage food – bees coat the nest walls and the comb cells with the propolis [58]. It has 

been shown that propolis has a number of properties, including antibacterial, antifungal, antiviral, 

anti-inflammatory, anaesthetic, antioxidant, antitumoral, antiprotozoal, anticancer, 

antihypertensive, anticancerogenic, and antihepatotoxic activity. In addition, propolis helps heal 

wounds and improves the healing of injuries, due to the presence of flavonoids, arginine, vitamin C, 

provitamin A and B complexes with some minerals [60]–[62]. 

2.1.3. Royal jelly  

Royal jelly is a product of the secretion of the cephalic glands of very young bees, called 

nurse bees. It plays an important role in caste differentiation due to the presence of protein called 

royalactin that induces the differentiation of larvae into queens [63] and, furthermore, it is essential 

for the diet of honey bee larvae for the first three days [64]. Royal jelly was studied in vitro models 

as well as in laboratory and farm animals, and was also tested in clinical trials. This product 

has many biological activities, including antioxidant, antitumoral, immunomodulatory, anti-

inflammatory, and wound healing effects, as well as hypertensive, neurotrophic, and insulin-like 
actions [65]. Furthermore, some components of royal jelly (trans-10-hydroxy-2-decenoic acid, 

royalisin, Major Royal Jelly Proteins and glucose oxidase) are responsible for the antimicrobial 

activity of this product [58]. 

2.1.4. Bee venom 

Bee venom, like other bee products, has long been used as a therapeutic substance and 

is one of the most well-known natural toxins. It consists of a very diverse set of chemicals, such as 

peptides (melittin, apamine, adolapin, MCD peptide), enzymes (phospholipase A2, hyaluronidase, 

acid phosphomonoesterase, lysophosphofolipase) and amines (histamine, dopamine, 
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norepinephrine) [66]. Bee venom is known for its antimicrobial, antifungal, and antiviral activity and 

is also used to reduce pain, suppress inflammation in musculoskeletal disorders, and has a 

therapeutic effect in the treatment of neurological disorders, e.g. chronic neuralgia or Parkinson’s 

disease [58], [66]. 

2.1.5. Beeswax 

Beeswax is a product secreted by special wax glands in the abdomen of younger worker 

bees and is initially liquid. It solidifies on scales when it contacts the air. Beeswax is very complex 

and consists of more than 300 compounds, e.g. hydrocarbons, free fatty acids, esters of fatty acids 

and fatty alcohol, diesters, and exogenous substances. It has antimicrobial activity and exhibits 

synergy with other natural bee products against pathogenic bacteria, fungi, and yeast [67]. 

2.1.6. Bee pollen and bee bread 

Bee pollen and bee bread (Figure 3.) are the least known bee products, however, they 
are gaining more attention due to their high nutritional values. Bee pollen (BP) is the product 

gathered by bees and is the mixture of flower pollen, nectar, and bee secretions and after 

fermentation in the hive, BP is transformed into bee bread (BB). Both products are rich in various 

substances, such as carbohydrates, proteins, lipids, fatty acids, amino acids, vitamins, micro and 

macroelements, and polyphenols. According to their composition, they exhibit many activities: 

antioxidant, antimicrobial, anticancerogenic, anti-inflammatory, anti-osteoporosis, and 

hepatoprotective, but the mechanism of action is still barely known.  

 

 

A)                        B) 

Figure 3. A) multifloral pollen grains, B) bee bread pellet. Courtesy of K. Pełka. 
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3. BEE POLLEN AND BEE BREAD AS AN ALTERNATIVE PHARMACEUTICS 

3.1. Production of BP and BB by honey bees 

Pollination plays a key role in the natural balance of ecosystems and crop production. 

It is process of transferring pollen from male anthers to female stigmata within the same flower 
or between plants. It can be executed by vectors such as animals and the wind [68]. Honey bees 

are involved in the pollination of approximately 75 % of human food crops, which constitute about 

35 % of the total crop production worldwide [69]. 

Bees harvest flower pollen and mix it with nectar and/or honey and salivary secretions, 

then merge them, forming pollen loads, which are then transferred to the hive in pollen baskets, 

located on the hind legs of bees [70]. Bee pollen is stored in the cells of the comb, where it is 

preserved with wax and honey, which cause an anaerobic environment. Because of the presence 

of anaerobic microorganisms, including lactic acid bacteria, bee pollen is transformed into bee 
bread during the solid-state fermentation process, which takes approximately seven days [71]. 

Fermentation, as well as predigestion of biopolymers present in pollen grains, caused by enzymes 

added by bees, promotes its nutritional value and preserves bee bread in the hive, where then bee 

bread serves as the main source of proteins for young bees and larvae [58]. The scheme 

representing the production of bee bread by honey bees is presented in Błąd! Nie można odnaleźć 
źródła odwołania.. 

 

 

Figure 4. Bee bread production by honey bees, based on [73]. Designed in BioRender by K. 

Pełka 
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3.2. Chemical composition and physicochemical properties of BP and BB 

The chemical composition of bee pollen and bee bread is similar and strongly correlated 

with their botanical and geographical origin, as well as with the climate, soil type, season, weather 

conditions during the collection of these products and of the bee race or beekeeping management 
[58]. More than 250 biologically active compounds were found in bee pollen and bee bread [72], 

[73]. Bee pollen compared to bee bread is less nutritious, which is the result of the presence of two 

layers, intine and exine, which affect the bioavailability of bee pollen nutrients. Exine is the outer 

layer of the pollen grain and is made of sporopollenin. Exine is harder and more resistant than 

intine. Its surface is not smooth – it has folds, grooves, or spikes, and the interstices are coated 

with tryphine. This hydrophobic lipid and proteinaceous layer helps in the adhesion of pollen to 

insects and other vectors and in the initial contact between pollen and the stigmatic surface [74]. 

Intine is made of cellulose microfibrils and pectin. It contains two or three cells – generative cell 
or two sperm cells inside the large vegetative cell – that accumulate storage materials, such as 

lipids and polysaccharides [75]. Microorganisms associated with bees and predigestion caused by 

enzymes from bee secretions are essential in the release of nutrients from pollen grains, which is 

important in the nutrition and development of the bee colony [58]. The comparison of chemical 

composition of bee pollen and bee bread is presented in Table 2. 

Table 2. Comparison of the chemical composition of bee pollen and bee bread. Based on [58], [72], 

[73]. 

 

 

Component Bee pollen Bee bread 

Water content 21-30 7.26-48.54 

Ash content 1.5-3.2 2.03-4.9 

pH 3.8-6.3 3.8-4.3 

Carbohydrates 24-60 24-72.83 

Proteins 7-40 14-37 

Lipids 1-13 g/100g 6-13 g/100g 

Phenolic compounds 0.69-213.53 mg GAE/g 2.5-23.3 mg GAE/g 
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3.2.1. Moisture and ash content 

The moisture content in bee pollen and bee bread is an important parameter due to 

the microbial stability and chemical composition of these products. A large amount of water affects 

the growth of different microorganisms, which could decrease the quality of bee pollen and bee 
bread. On the other hand, a limited level of water might have an impact on the discoloration 

of the BP and BB components and can prompt unwanted chemical reactions, such as the Maillard 

reaction or oxidation of lipids. The amount of water in fresh pollen loads ranges from 21 % to 30 %, 

but the moisture of dried pollen grains varies from 2 % to 9 % [72]. In the case of bee bread from 

different regions of the world, water content varies in the range 7.26-48.54 % [73]. 

In addition, the mean values of the ash content in bee pollen range from 1.5 % to 3.2 % 

and the ash content in bee bread varies from 2.03 % to 4.9 % [72], [73]. 

3.2.2. Carbohydrates 

The most abundant compounds contained in bee pollen and bee bread are carbohydrates. 

In bee pollen, the level of carbohydrates starts from 24 % to 60 %, which constitutes up to two thirds 

of its dry weight. Monosaccharides represent the majority of carbohydrates in bee pollen [72]. 

A great part of the monosaccharides in this product is composed of fructose followed by glucose. 

Other carbohydrates present in bee pollen are sucrose, arabinose, isomaltose, melibiose, 

melezitose, ribose, trehalose, and turanose [76].  

The amount of carbohydrates in bee bread is slightly similar to bee pollen and ranges from 

24 % to 72.83 % [72], [73]. In this product, mainly fructose, glucose, sucrose, maltose, and trehalose 
were found. However, the presence of mannitol, sorbitol, cellobiose, isomaltose, maltose, raffinose, 

and stachyose was also established [73]. The presence of polysaccharides in both products was 

also confirmed, including arabinoxylans, b-glucan, cellulose and starch that are structural 

components of pollen grains. 

3.2.3. Proteins 

Proteins are essential for the human body. They are components of cells and tissues 

and might be a source of energy [72]. Proteins are the second group of compounds present 

in the majority in both bee pollen and bee bread. The protein content in bee pollen was estimated 

between 7% and 40%, whereas in bee bread is in the range of 14-37%. Bee bread constitutes 

the main source of proteins for bees, and contains easily assimilated proteins, as well as all 

essential human amino acids [58]. 

A broad spectrum of amino acids was detected in bee pollen and bee bread. Amino acids 

play an important role in the nitrogen balance of humans and are necessary for the synthesis of, 
for example, proteins. The amino acids present in both products are glutamic acid, aspartic acid, 

proline, arginine, valine, histidine, leucine, isoleucine, lysine, methionine, tryptophan, 
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phenylalanine, threonine, cysteine, tyrosine, alanine, glycine and serine [58], [77]. It should be 

noted that the amino acid content is higher in bee pollen, but in bee bread there is a better 

bioavailability of them [78], [79]. 

Several enzymes were detected in both products. In bee bread enzymes such as amylase, 
invertase, phosphatase transferases and glucose oxidase were found, as well as enzymatic 

cofactors, such as biotine, glutathione and NAD [58]. In the case of bee pollen grains, invertase 

and diastase were detected [78]. 

3.2.4. Lipids 

Lipids are an essential group of diet compounds and are a source of energy and fat-soluble 

nutrients, such as vitamins [79]. The total lipid content in the case of bee pollen was estimated at 

1-13 g/100 g and for bee bread - 6-13 g/100 g [58]. Furthermore, lipids are also a source of fatty 

acids. Fatty acids (FAs) are essential due to their influence on cell and tissue metabolism, as well 
as the regulation of hormonal and other signals. In particular, PUFAs (Polyunsaturated Fatty Acids) 

are important dietary agents due to the function they serve, for example, constitution 

and modulation of membranes, enhancement of signal transmission and regulation of transcription 

factors [80].  

Approximately 20 fatty acids were found in the bee pollen, where the most abundant 

were w-3 fatty acids. Among saturated fatty acids, myristic, stearic and palmitic acids dominate, 

and, considering unsaturated fatty acids, in the majority are a-linolenic, linoleic and oleic acids [76]. 

The content of fatty acids in bee bread was reported as 311.09 mg/100 g [81]. Bee bread contains 

saturated, mono, and polyunsaturated fatty acids. Among saturated fatty acids, the most abundant 

is myristic, palmitic, margaric, and stearic acid [82]. Furthermore, unsaturated aliphatic acids 

represent more than half of all fatty acids contained in this product. The most abundant are                

a-linolenic, linoleic, oleic and 11,14,17-eicosatrienoic acid [83]. Nevertheless, the ratio 

of unsaturated to saturated fatty acids was estimated from 1.38 to 2.39 [87]. According to 

the significant amount of fatty acids, especially unsaturated, bee pollen and bee bread are indicated 

as good sources of these compounds. Examples of the fatty acids found in bee pollen and bee 

bread are presented in Figure 5. 
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Figure 5. Examples of fatty acids structures detected in bee pollen and bee bread. Created in MoleculeSketch 

by K. Pełka. 

3.2.5. Organic acids 

The presence of organic acids in bee pollen and bee bread was also reported. The source 

of organic acids in these products might be plants themselves, the secretions of bees added during 
bee pollen and bee bread formation, and the microorganisms contained in these products [72], [85], 

[86]. Organic acids revealed antioxidant and antibacterial activity, and they did not exhibit risks 

to human health. The most abundant organic acids in bee pollen are gluconic and lactic acid, 

followed by oxalic, tartaric, malic, citric, succinic, and acetic acid. In the case of bee bread, gluconic, 

oxalic, formic, butyric, propionic, lactic, acetic, and succinic acids were reported. However, the total 

content of organic acids determined for bee bread is higher in comparison to bee pollen. 
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Nevertheless, the variety of organic acids in both products is higher than in bee venom and royal 

jelly [86], [87].  

In addition, the pH of both products is established as 3.8-6.3 for bee pollen and 3.8-4.3 

for bee bread. During pollen fermentation, lactic acid bacteria (LAB), e.g. Lactobacillus spp. 
metabolize carbohydrates and produce lactic acid up to the concentration of 3.2% [58]. Moreover, 

the concentration of lactic acid in bee bread is six times higher than in the case of bee pollen [72]. 

3.2.6. Phenolic compounds 

Polyphenols are secondary metabolites of a plant and their role is to protect the plant from 

UV radiation as well as to protect it from plant diseases. Furthermore, they also exhibit many 

beneficial properties for the health of bees and humans that consume bee pollen and/or bee bread, 

including antioxidant, antimicrobial, and anti-inflammatory activity [88].  

The composition of phenolic compounds in bee pollen and bee read is strongly related to 
their plant origin. The total phenolic content determined for bee pollen ranged from 0.69 to 

213.53 mg GAE/g [76] and for bee bread from 2.5 to 21.3 mg GAE/g [73]. Among all phenolic 

compounds, flavonoids are the group that appears most in bee pollen and bee bread (  

 

Figure 6.). The flavonoid content in bee pollen is around 1.4% [72] and the most abundant 

flavonoids identified in this product were tricetin, luteolin, selagin, myricetin, rhamnetin, 

isorhamnetin, isoquercetin, catechin, narigenin, apigenin, quercetin and kaempferol. What is more, 

quercetin and kaempferol and their glycosidic forms are in the majority of determined flavonoids in 
BP [58], [89]. In the case of bee bread, the presence of naringenin, kaempferol, apigenin, 

isorhamnetin, quercetin, rutin, myricetin, herbacetin, and their glycoside derivatives were 

determined.  

Except flavonoids, phenolic acids are the most abundant group of non-flavonoid phenolic 

compounds, that were reported in natural products, including bee products. Mostly, benzoic acid 

and cinnamic acid derivatives occur in bee pollen and bee bread. In bee pollen, coumaric acids        

(o-coumaric and p-coumaric), sinapic, ferulic, cinnamic and hydroxycinnamic, chlorogenic, gallic, 
abscisic, and caffeic acids were found [58]. However, in the case of bee bread, gallic, 

protocatechuic, caffeic, and p-coumaric acids were detected [73].  
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Figure 6. Examples of structures of A) flavonoids and B) phenolic acids found in bee pollen and bee bread. 

Created in MoleculeSketch by K. Pełka. 

3.2.7. Vitamins 

Vitamins play an essential role as coenzymes or prohormones in many biological 

processes. Due to their biological and chemical activities, 13 different types of vitamins have been 

identified. A distinction can be made between fat-soluble vitamins (A, D, E and K) and water-soluble 

vitamins (other) [90]. The vitamin content in bee pollen is established between 0.02 and 0.7 % [72], 

where there are present water-soluble vitamins - B complex vitamins, vitamin C, rutin, biotin, 

inositol, panthotenic, nicotinic and folic acids, and fat-soluble vitamins as well, such as vitamin A 

(mostly   b-carotene), D and E [58], [72]. In the case of bee bread, the presence of B-complex 

vitamins, C, E, biotin, nicotinic acid, folic acid and vitamin K was reported [89]. It should be noted 

A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
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that vitamin K is the only one not present in fresh pollen. Additionally, in both products, the presence 

of coenzyme Q10 was also detected, which is known for its essential role in electron transport 

in mitochondria and antioxidant activity in cytoplasmic membranes and lipoproteins [58], [77]. 

3.2.8. Minerals 

The appropriate balance of minerals in the human body is required for normal functioning 

of the organism. Minerals exhibit plenty of beneficial functions – they are components of the bones, 

they influence the function of muscles and nerves, and regulate water balance in the body [91]. Bee 

pollen can be a source of different micro- and macro-elements, where the most predominant are 

iron, calcium, phosphorus, potassium, copper, zinc, selenium, manganese, and magnesium. 

In bee bread the highest level of potassium was reported followed by phosphorus, calcium, 

magnesium, iron, sodium, zinc and manganese [58], [73], [92]. 

3.3. Biological activities of bee pollen and bee bread 

According to the unique composition of bee pollen and bee bread, both products provide 

many health benefits, such as antimicrobial, antioxidant, anti-inflammatory, anticancerogenic, 

cardio and hepatoprotective properties [92] (Figure 7). 

3.3.1. Antioxidant and anti-inflammatory activity 

Antioxidative effect of bioactive compounds is essential due to the regulation of the redox 

state of the body. Antioxidants decrease the oxidative damage of cells caused by free radicals 

and reactive oxygen species (ROS). The antioxidant potential of bee pollen and bee bread is 

connected with the decreasing level of ROS in cells. The bioactive compounds that are mostly 
involved in antioxidant activity of mentioned bee products are polyphenols. The phenolic hydroxyl 

groups of flavonoids capture radicals, leading to the formation of stable products that inhibit further 

oxidation [93], [94]. Furthermore, flavonoids can bind to metal ions such as iron and copper, which 

are known to participate in reactions that generate free radicals. By chelating these metal ions, 

flavonoids can prevent their involvement in free radical production, thus reducing oxidative stress 

[95]. Flavonoids, phenolic acids and fatty acids can inhibit the arachidonic acid pathway that lowers 

the arachidonic acid level, which in the end leads to a decrease of prostaglandins. What is more, 
they can inhibit hyaluronidse and elastase (for example, kaempferol), which suppress 

the inflammatory response [96]. The anti-inflammatory effect of pollen ingredients is comparable 

to non-steroidal anti-inflammatory drugs (for example naproxen, analgin, indomethacin) [68], [93].  

3.3.2. Cardio- and hepatoprotective activity 

Bee pollen and bee bread extracts can reveal beneficial effects on the cardiovascular 

and hepatobiliary systems. The cardioprotective activity is associated with bioactive components 

of bee pollen and bee bread – PUFAs, vitamin E, phytosterols, phospholipids and flavonoids. 

The mechanism of action is based on inhibition of the enzyme that converts angiotensin I 
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to angiotensin II, which causes hypotensive effects [68], [97], [98]. Bee pollen and bee bread 

extracts may reveal anti-atherosclerotic potential, by reducing blood viscosity and decreasing 

the intensity of atherosclerotic plaque formation, which prevents heart diseases and stroke [72], 

[97].  

Bee pollen can improve the liver functions by detoxification of the liver and lowering 

pathological levels of enzymes, such as gamma-glutamyl transferase, lactate dehydrogenase, 

alanine and aspartate transaminase, and acid and alkaline phosphatase as well. Furthermore, 

bee pollen extracts can lower the bilirubin in the blood caused by poisoning with organic compounds 

[89], [93], [97]. MAFLD (metabolic dysfunction-associated fatty liver disease) is a new disease 

that is associated with hepatic lipid accumulation, oxidative stress and abnormal inflammatory 

response. Bee bread exhibits hepatoprotection against MAFLD in rats and can reduce obesity, 

hyperlipidemia, liver injury, hyperglycemia, insulin resistance, hepatic steatosis and fibrosis [99]. 

Figure 7. Scheme of biological activities of bee pollen and bee bread. Designed in BioRender by K. Pełka. 
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3.3.3. Antimicrobial activity 

For determination of antimicrobial activity, several solvents have been used for 

the extraction of active compounds from BP and BB.  So far, extracts prepared with ethanol 

or methanol have been best characterized.  In general, bee pollen and bee bread revealed 
antibacterial activity mostly against Gram-positive bacteria such as S. aureus, S. epidermidis, 

Listeria monocytogenes, and Bacillus cereus. The growth inhibition of Gram-negative bacteria 

including E. coli and P. aeruginosa is significantly worse compared to Gram-positive bacteria. It can 

be explained by differences between the structures of Gram-positive and Gram-negative bacteria 

cells – Gram-negative bacteria has an additional outer cell membrane – and the production 

of hydrolytic enzymes by Gram-negative bacteria, which can degrade the bioactive components 

of bee pollen and bee bread [100], [101]. In the case of antifungal activity, both bee pollen 

and bee bread presented activity against Candida strains (Candida albicans, Candida krusei, 
Candida glabrata) and Aspergillus strains (Aspergillus niger and Aspergillus fumigatus) [58]. The 

antiviral potential of bee pollen and especially bee bread is the less known topic among 

antimicrobial activities of bee products. The antiviral activity of bee pollen against Influenza virus 

was described by Lee et al. [102]. In this study, the polyphenols of Korean bee pollen were 

investigated against the virus. All of the tested samples showed notably anti-influenza activity, 

however, the most active was luteolin. In the case of bee bread, it presents antiviral activity against 

mammalian viruses – Enterovirus-D68 and Influenza A virus [103], [104].  

Antimicrobial activity depends on the composition of bee pollen and bee bread, 
which in turn depends on many factors such as weather, climate, geographic location of apiary 

and plant species that are available to bees. To date, there is no information that describes the 

exact mechanism of antimicrobial action of both products. One of the aims of this dissertation was 

to investigate antimicrobial potential and to examine a mechanism/mechanisms of action 

of bee pollen and bee bread derived from Polish apiaries against pathogenic bacteria. Phenolic 

compounds and fatty acids have been shown to be crucial for the antimicrobial potential of BP 

and BB. There are several mechanisms of action of flavonoids that inhibit microbial infections. 
For instance, flavonoids can disrupt the integrity of the bacterial cell membrane and cell wall, inhibit 

the synthesis of nucleic acids in bacterial cells, impede the biofilm formation by interference 

with the pathway in bacterial quorum sensing [105], [106]. Furthermore, flavonoids can interact 

with the envelope proteins of viruses, which can block virus entrance to the host cell. Flavonoids 

can inhibit virus replication, inhibit the secretion of the virus from the cell and bind to viral proteins 

and enzymes [107]. On the other hand, the antimicrobial potential of saturated and unsaturated 

fatty acids includes inhibition of enzymes of cytosol or membrane, which inhibits FAs synthesis, 

where the unsaturated FAs exhibited more effective antimicrobial activity than saturated FAs [108]. 
FAs are involved in the disruption of an electron transport chain, preventing the energy production 

by uncoupling oxidative phosphorylation and they can also insert themselves into the cell 

membrane, which can then cause cell lysis [109]. The mechanisms of action of flavonoids against 

microorganisms are presented in Figure 8.  
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3.3.4. Anti-cancer potential 

According to WHO reports, cancer is one of the leading causes of death worldwide [110], 

and the most common types are breast, lung, colon, rectum, and prostate cancers. Bee pollen 

and bee bread reveal an inhibitory effect on several cancer cell lines, for example chronic 

myelogenous leukemia cells K-562, prostatic cancer cells PC-3, [93], breast cancer cells MCF-7, 

lung cancer cells NCI-H460, cervix cancer cells HeLa, liver cancer cells HepG2 [111], malignant 

gliomas cells U87 MG [83] and colorectal cancer cells Caco-2 [112]. Treatment of cancer cells 
with BP and BB extracts inhibits cancer growth and increases apoptosis [89]. The mechanism 

of action of the extracts includes increasing the activity of the caspase-3 enzyme, lowering the level 

of anti-apoptotic proteins Bcl-2, and stimulation of tumor necrosis factor a (TNF-a) [68], [97]. 

3.3.5. Other bioactivities of bee pollen and bee bread 

Bee pollen and bee bread, as well as extracts produced from these products, exhibit many 
other health-promoting properties. For instance, bee bread may exhibit anxiolytic, neuroprotective 

and anticonvulsant activity [85]. In the case of bee pollen, the extracts revealed an anti-anemic 

potential by increasing hemoglobin level and decreasing platelet aggregation [93]. Furthermore, 

bee pollen extracts can prevent osteoporosis by inhibiting femur resorption, osteoclastic cell 

formation, and improving the level of alkaline phosphatase [97]. Bee pollen may also stimulate 

the immune system by increasing the level of specific IgM and IgG and can reveal an antiallergic 

potential according to inhibition of mast cell activation, thereby affecting the early and late phases 

Figure 8. Mode of action of flavonoids found in bee pollen and bee bread against bacteria, fungi and viruses. 

Created in BioRender by K. Pełka. 
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of the allergic reaction. The mechanism of antiallergic action of bee pollen is based on 

the interception of the connection of IgE with its receptor and the inhibition of histamine secretion 

[93]. Furthermore, both bee pollen and bee bread may have a positive impact on the obese state. 

Bee bread can reverse apoptosis caused by activation of the caspase pathway induced 
by suppression of Bcl-2 and increase the level of Bax [113]. Bee pollen can restore                                 

the Nrf-2Keap-1 pathway to decrease oxidative stress and can modulate the intestinal microbiota 

(reduction of Firmicutes/Bacterioides and increase in Lactobacillus and Lactococcus level) [114]. 

According to the presence of polyphenols, vitamins, and fatty acids in both bee pollen and bee 

bread, these products can be used in cosmetics to prevent aging [96], [115]. 

3.3.6. Preclinical and clinical studies 

Bee pollen has been tested in preclinical studies related to diabetes. Administration of bee 

pollen or date palm pollen for four weeks reduced body, testis and pancreas weight, as well as 
insulin resistance in streptozotocin-induced diabetic Wistar male rats. Additionally, bee pollen 

investigation was performed according to inhibition of angiotensin-converting enzyme. The extract 

of bee pollen decreased the high level of angiotensin-converting enzyme and angiotensin II-induced 

by high-fat diets in C57BL6 mice, causing enhancement of endothelial function [116]. 

Moreover, bee pollen was tested in clinical trials against prostatitis and prostate cancer, 

breast cancer, and skin diseases. Due to the anti-inflammatory and anti-androgen properties of bee 

pollen, its efficacy against prostate disorders was found. CerniltonÒ pollen extracts (Cernitin SA, 

Switzerland) inhibits prostate cancer cells PC-3 and decreases chronic prostatitis without negative 

reactions (clinical efficacy was estimated as 85%) [89], [117]. The anticancer activity of bee pollen 

was the foundation of clinical research against breast cancer. Non-estrogenic bee pollen PCC-100 

was used to alleviate expected menopausal symptoms due to antihormonal therapy in patients with 

breast cancer [117], [118].  

3.4. Microflora of bee products 

In insects, as in other animals, there is a large population of microorganisms that live mainly 

in their digestive system but also in other parts of their body. The microflora of insects, in particular 

their digestive system, provides benefits to the host, such as protection against parasites 

and pathogens, assistance in the digestion of food (including pollen grains) or protection against 

toxic compounds present in the environment of these animals. Due to the decreasing number 

of pollinating insects, including honeybees (Apis mellifera L.) and bumblebees (Bombus spp.), their 

microflora is increasingly being studied to find the cause of this phenomenon [119]. 

Microorganisms, such as bacteria, molds and yeasts are associated with honey bees and bee 
products [120] – they are involved, for instance, in the biotransformation of pollen loads into bee 

bread. In Figure 9., selected groups of microorganisms associated with bee pollen and bee bread 

are presented. 
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There are four phases of microbial development in fermenting pollen. The first phase takes 

about 12 hours, where mainly the growth heterogenous group of microorganisms (including yeasts) 

occur. The second phase is characterized by the development of anaerobic lactic acid bacteria 

(Streptococcus spp.). For their growth, they use growth factors such as simple sugars produced 
by yeasts and putrefactive bacteria. It is essential to lower the pH of pollen in the first phase of its 

processing. In the third phase, streptococci disappear and the growth of bacteria of the genus 

Lactobacillus is developed. During the fourth phase (after seven days), the disappearance of lactic 

acid bacteria and some yeasts occurs due to the high level of lactic acid production, which makes 

bee bread almost sterile - its pH is around 4 [121]. Spore-forming bacteria, e.g. of the Bacillus 

genus, and few other bacteria species, as well as yeasts and molds, can survive in the harsh habitat 

of bee bread. These microorganisms, derived mainly from the environment, but also from 
the digestive system of bees, cause that bee bread can be stored in the wells of honeycombs for 

a long time at a temperature of about 30 - 37°C without symptoms of microbial spoilage [122]. 

In this dissertation, the second aim was to investigate the microflora of bee pollen and bee 

bread derived from Polish apiaries. It should be noted that both bee pollen and bee bread were 

matured, therefore, every consumer has access to these products in stores. 

 

 
 

Figure 9. Selected genera of microorganisms that was detected in bee pollen and bee bread. Created in Canva 

by K. Pełka. 
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3.4.1. Bacteria 

3.4.1.1. Bacillaceae 

The rod-shaped Bacillaceae family includes anaerobic spore-forming bacilli 

of Clostridium spp. and aerobic or facultatively anaerobic endospore-forming bacteria 
of Bacillus spp. [123]. Bacteria belonging to the genus Bacillus are the most abundant 

microorganisms found in honey bee products [120], [124]. Due to the harsh environment of bee 

products (high osmolarity, antimicrobial proteins, phytochemicals, etc.), only highly resistant 

bacteria can survive under these conditions. Species of Bacillus spp. that were detected in honey, 

bee pollen, and bee bread include Bacillus megaterium, Bacillus subtillis, Bacillus licheniformis, 

Bacillus pumilus, Bacillus amyloliquefaciens, Bacillus clausii, Bacillus coagulans, Bacillus cereus, 

Bacillus altitudinis, Bacillus safensis, Bacillus xiamenensis, and Bacillus circulans [122], [124]–

[127].  

Bacteria belonging to the genus Bacillus also play a significant role for bees and humans. 

These microorganisms are known for their ability to produce many antimicrobials, such as peptide 

and lipopeptide antibiotics and bacteriocins (Figure 10.) [128]. Bacillus strains are involved 

in the production of enzymes crucial for bees’ health, the biotransformation of bee pollen to bee 

bread, and the increase of resistance to some diseases such as chalkbrood. Furthermore, 

Bacillus spp. provides many benefits to bees, for example, an increase in the number of bee larvae, 

a reduction in Varroa and Nosema levels in the hive and greater accumulation of honey compared 
to control hives [129]. It should be noted that most Bacillus strains are considered safe 

Figure 10. Bacteriocins produced by Bacillus strains. Based on [131]. Created in Canva by K. Pełka. 
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for mammals, except B. cereus and Bacillus anthracis [130]. Moreover, several studies showed that 

Bacillus species isolated from bee products exhibited probiotic potential [130]–[133]. According to 

the WHO, probiotics are live microorganisms that, when administered in adequate amounts, 

improve host health. As probiotics, Bacillus strains have GRAS status (Generally Recognized as 
Safe) and exhibit the ability to tolerate gastrointestinal conditions and can survive in the presence 

of gastric acid and bile salts. They possess the ability to adhere to epithelial cells and reveal 

antimicrobial activity and a lack of antibiotic-resistant genes [134]. 

 

3.4.1.2. Lactic Acid Bacteria (LAB) 

A healthy gut microbiota is essential for bee development, immune function, and protection 

against pathogens. One of the groups of bacteria that are present in the gastrointestinal tract of Apis 

mellifera are lactic acid bacteria. LAB are group of microorganisms producing lactic acid during 

homo- or heterofermentative metabolism. The distribution of LAB distribution is not only limited to 

the guts of bees, but also associated with the hive environment and bee products, such as bee 

bread, honey, wax and comb [135], [136]. LAB may provide many advantages to the bee colony, 

for example, they have an impact on decreasing mortality rate, stimulation of queen egg laying, 

significant increase in honey yield and production, induce immune system stimulation, 
and enhancement of bee health. They also help alleviate antibiotic-associated microbiota dysbiosis 

and participate in lignin digestion and promotion of the growth of the gut microbiota [135]. 

LAB may also produce antimicrobials, such as bacteriocins, hydrogen peroxide, 

siderophores, lysozymes, proteases, organic acids, and volatile fatty acids, which inhibit 

the development of many pathogens, causing harmful diseases for bees, including chalkbrood, 

American and European Foulbrood, Varroosis, and Nosemosis as well [135]. The LAB include 

families of Lactobacillus (for example, Lactobacillus kunkeei, Lactobacillus johnsonii, Lactobacillus 

plantarum, Lactobacillus salivarus, Lactobacillus acidophilus, Lactobacillus delbrueckii, 

Lactobacillus brevis, Lactobacillus rhamnosus, Lactobacillus casei), Fructobacillus (for example, 

Fructobacillus fructosus, Fructobacillus tropaeoli), and Bifidobacterium (for example, 

Bifidobacterium lactis, Bifidobacterium bifidum, Bifidobacterium longum, Bifidobacterium 

asteroides).  

Lactic Acid Bacteria can also serve as probiotics for humans due to their beneficial health 

properties. As probiotics, they exhibit good adhesion properties and survivability 

in the gastrointestinal tract. They are able to produce antioxidant substances, that can scavenge 
the free radicals from the gastrointestinal tract [137]. In addition, its ability to produce antimicrobials, 

which can inhibit the growth of pathogens in the gastrointestinal tract, such as Helicobacter pylori, 

Clostridium difficile, Salmonella enterica var. Typhimurium, P. aeruginosa, Enterococcus faecium, 

Escherichia coli and S. aureus [137]. During viral infections, for instance, rotavirus, LAB can reduce 

acute diarrhea. They can also affect the immune system by inducing pro-inflammatory and/or anti-

inflammatory cytokines, activation of macrophages, natural killer cells (NK), antigen-specific 
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cytotoxic T-lymphocytes, and can induce different cytokine responses [138]. Furthermore, LAB can 

provide the host with a preventive effect on malignant development by binding to mutagens 

and interacts with heterocyclic amines, production of antimutagenic substances (antioxidants), 

and scavenging ROS, increase the production of b-glucosidase that release flavonoids, inhibition 

of procarcinogenic enzymes (e.g. nitroreductase and b-glucuronidase), etc. [137]. 

3.4.1.3. Other bacterial families 

The family of Enterobacteriaceae and Pseudomonadaceae are Gram-negative, 
facultatively anaerobic, rod-shaped bacteria that are associated with the intestinal microbiota of 

honey bees [120]. In bee pollen and bee bread samples, bacteria belonging to these families was 

detected as well [139]–[143]. However, the role of Enterobacteriaceace and Pseudomonadaceae 

families in the hive is still unknown. Nevertheless, their presence in bee’s guts can indicate health 

problems of honey bees. The growth inhibition of these microorganisms in bees guts is associated 

with the presence of beneficial bacterial families (Lactobacillaceae, Orbaceae and Neisseriaceae) 

that stimulate the production of antimicrobial peptides [144]. 

3.4.2. Yeasts, molds, and fungi 

Yeasts participate in the biotransformation of bee pollen into bee bread with LAB. Their 

abundance of bee pollen and fresh bee bread decreases rapidly during storage in the comb. 

Furthermore, the distribution of yeast species is associated with the gathering and storage of pollen 

[145]. In the pollen loads collected on the legs of bees, mostly Metschnikowia strains were detected 

[121], [145]. However, in bee honey stomachs and in fresh bee bread (up to 7 days in the comb), 

Starmella strains dominated. Except Starmella strains, the fresh bee bread microbiota includes 

Metschnikowia spp., Zygosaccharomyces spp., and others. In mature bee bread, yeast strains, 

such as Starmella spp. and Zygosaccharomyces strains, were the most abundant [121], [145], 
[146]. 

The species of molds that are associated with the intestinal tracts of bees are mainly strains 

of Penicillium and Aspergillus [120]. What is more, in bee pollen grains, Alternaria spp., Mucor spp., 

Aspergillus spp., Fusarium spp., Penicillium spp., and Cladosporium spp. strains were detected as 

well [147], [148]. In bee bread, the species that belonged to the genera Cladosporium, Penicillium, 

Alternaria and Rhizospus are the most abundant [148]–[150]. However, strains of Mucor spp., 

Aspergillus spp., Fusarium spp. and Trichoderma spp. were also found in that product [148], [149].  
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AIM AND OBJECTIVES OF THE RESEARCH 

1. AIM 

Two main goals of my PhD project were: 1. the determination and the comparison 

of antimicrobial (mainly antistaphylococcal) activity of bee pollen and bee bread samples collected 

from Polish apiaries; 2. investigation of the microbiota associated with these two bee products, 

particularly in terms of pharmacological (ability to produce antimicrobial metabolites and probiotic 

potential) and industrial (ability to enzyme synthesis) potential of isolated strains of bacteria.  

2. OBJECTIVES 

To fulfill these aims of the research, the following objectives have been set: 

A. To investigate the antimicrobial activity of bee pollen and bee bread: 

• Preparation of the collection of honey, bee pollen, and bee bread samples from Polish 

apiaries, 

• Determination of the antibacterial activity of bee pollen and bee bread ethanolic 
and aqueous extracts against reference strains of important pathogenic bacteria: 

S. aureus (ATCC 25923, ATCC 29213, CCM 4223), S. epidermidis (ATCC 12228), 

E. coli (ATCC 25922, ZPM90), P. aeruginosa (ATCC 27853, CCM 1960), P. mirabilis 

(ZPM82) and E. fecalis ZPM118), 

• Determination of antistaphylococcal activity of BP and BB extracts against clinical 
isolates of S. aureus, including MSSA and MRSA strains, 

• Investigation of the possible mechanism of the antimicrobial action of bee pollen 

and bee bread extracts; 

B. To investigate the microbiota of bee pollen and bee bread and its pharmacological 

and industrial potential: 

• Isolation of a wide number of bacteria from selected bee pollen and bee bread samples, 

• Screening of the abilities of isolated strains to produce antimicrobials and enzymes, 

• Identification and classification of isolates with the most promising abilities using 

16S rRNA sequencing and Whole Genome Sequencing, 

• Examination of the probiotic potential of Bacillus strains isolated from bee pollen 

and bee bread samples.  
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BEE BREAD EXHIBITS HIGHER ANTIMICROBIAL POTENTIAL COMPARED 
TO BEE POLLEN 

Karolina Pełka1, Olga Otłowska1, Randy W. Worobo2 and Piotr Szweda1 

1 Department of Pharmaceutical Technology and Biochemistry, Faculty of Chemistry, Gdansk 

University of Technology, ul. G. Narutowicza 11/12, 80-233 Gdansk, Poland; 

2 Department of Food Science, Cornell University, Ithaca, NY 14853, USA 

 

The flower pollen collected by bees is called bee pollen (BP). It consists of many valuable 

ingredients, such as polyphenols, fatty acids, vitamins, and microelements. However, it is 

significantly susceptible to microbial spoilage. Therefore, to prevent the products before microbiota 
development, it is fermented under anaerobic conditions, mainly due to the presence of Lactic Acid 

Bacteria and salivary enzymes from bees. However, the particular mechanism of biotransformation 

is still unknown. The product after fermentation is named bee bread (BB) and is the main source 

of proteins and fat for larvae and young bees.  

The first publication (Article 1.), which was published in Antibiotics (MDPI), focused on 

examination and comparison of the antimicrobial potential of ethanolic extracts of bee pollen 

and bee bread derived from Polish apiaries. 

The research material consists of 30 samples of BP and 19 samples of BB that were 
obtained directly from the beekeepers or purchased at the grocery stores and harvested between 

the 1st of May and the 15th of September 2019. The antimicrobial activity of the collected samples 

was investigated against common Gram-positive and Gram-negative human pathogens – 

S. aureus, S. epidermidis, P. aeruginosa, and E. coli. Furthermore, to determine 

the antistaphylococcal activity of the tested samples, the extracts of BP and BB were tested against 

six methicillin-susceptible S. aureus strains (MSSA) and three MRSA strains that were obtained 

from patients from Medical University of Gdansk.  
To determine Total Phenolic Content (TPC) of the selected samples, the Folin-Ciocalteu 

spectrophotometric method was used. Furthermore, to assess the antibacterial activity of BP 

and BB ethanolic extracts, the minimal inhibitory concentration (MIC), minimum bactericidal 

concentration (MBC), and kill-time assays were performed. In the MIC and MBC assays, the final 

concentrations of the ethanolic extracts were in the range of 0.039% to 20% (v/v). For 

the identification of the MIC values, after incubation of 96-well plates, the resazurin test was 

conducted. To determine MBC values, the content of the wells after incubation was transferred to 

Baird-Parker agar plates using a 48-well microplate replicator. For the investigation of the kinetics 
of bactericidal effects, two samples (most active) of both products were selected. The kill-time assay 

was performed in two variants: in the first, the extracts of selected samples were added to the cell 

suspensions of S. aureus, and in the second, the cells were incubated in water suspensions 

of the products.  

The results of the MIC and MBC assays showed that the ethanolic extracts of BB exhibited 

higher antimicrobial activity compared to the extracts of BP - the MIC values ranged from 2.5 
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to 10% (v/v) and from 5 to >20% (v/v), respectively. Furthermore, the extracts were more effective 

against staphylococci compared to other Gram-negative bacteria, which confirms the results 

obtained in several other studies. It should be noted that the TPC estimated for the extracts was 

comparable among all BP and BB samples and was not correlated with the antimicrobial potential 
of BP and BB. Phenolic compounds do not directly cause the antimicrobial effect of tested products. 

Perhaps other ingredients of BP and BB, such as PUFAs, are involved in the inhibition of bacterial 

growth. The high antistaphylococcal potential of BB and BP was verified in MIC assay against 

clinical isolates of S. aureus, where the higher antimicrobial potential of BB compared to BP was 

confirmed (MIC values were in the range of 2.5 – 5.0% (v/v) and 5.0 – 10% (v/v), respectively). 

Furthermore, the extracts were significantly effective against MSSA and MRSA strains; thus, 

it supports the idea of the application of bee products in the treatment of bacterial infections, 

including those caused by resistant bacteria. 
 The kill-time assay provides results related to inhibition of staphylococcal growth. 

In the case of ethanolic extracts, the bactericidal effect was obtained when the concentration of 

the extracts was four times higher compared to the MIC values. Incubation of S. aureus in raw BP 

and BB suspensions also inhibited bacterial growth - the concentration of the samples ranged from 

2 to 10% (w/v). In three out of four selected samples, the bactericidal effect was clearly visible 

in the concentration of 10% (w/v) during 24 hours of incubation. 

This research indicated that bee pollen and bee bread extracts and aqueous suspensions 

of these products exhibited antibacterial, mainly antistaphylococcal activity. Therefore, bee pollen 
and bee bread deserved to be investigated as therapeutic agents, especially against Gram-positive 

bacteria. 
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Abstract: This study aimed at investigation of the antimicrobial potential of ethanolic extracts of bee
bread (BB) and bee pollen (BP) and suspensions of these products in MHB (Mueller Hinton Broth).
We covered 30 samples of BP and 19 samples of BB harvested in Polish apiaries. Slightly lower activity
was observed against Gram-negative bacteria compared to Gram-positive staphylococci. BB extracts
exhibited higher inhibitory potential with minimum inhibitory concentration (MIC) values in the
range from 2.5 to 10% (v/v) against Staphylococcus aureus ATCC 25923 and ATCC 29213. Most active
BB extracts, namely, BB6, BB11 and BB19, effectively inhibited growth of clinical isolates of S. aureus
(n = 9), including MRSA (methicillin resistant Staphylococcus aureus) strains (n = 3) at concentrations
ranging from 2.5 to 5.0% (v/v). Minimal bactericidal concentration (MBC) values were in the same
range of concentrations; however, a shift from 2.5 to 5.0% (v/v) was observed for some products.
The most active BP extracts inhibited the growth of reference strains of S. aureus at a concentration
of 5% (v/v). Up to the concentration of 20% (v/v) three and seven BP extracts were not able to
inhibit the growth of S. aureus ATCC 29213 and S. aureus ATCC 25923 respectively. The growth of
staphylococci was also importantly inhibited in suspensions of the products in MHB. No correlation
between phenolic content and antimicrobial activity was observed.

Keywords: bee pollen; bee bread; Staphylococcus aureus; antimicrobial activity

1. Introduction
A healthy microbiota is absolutely crucial for a developing bee colony. The whole

surface of the hive, including the combs, is covered with propolis—a highly agglutinative,
resinous substance of complex chemical composition that is collected by bees from flower
and leaf buds. Some of its ingredients, mainly polyphenols and flavonoids, exhibit high
antimicrobial activity and protect the bee colony against dangerous pathogens from the hive
environment [1–4]. A high concentration of sugars (high osmotic pressure), bee defensins,
enzymatic production of hydrogen peroxide and phytochemicals protect the honey against
microbial spoilage and development of pathogenic microorganisms for bees [5–10]. Bees
also collect pollen, which is a primary source of protein and fat for larvae and young
bees [11]. Pollen is the male reproductive cell of the flower. Beekeepers collect pollen
granules and sell it on the market. Recently, this product has gained popularity among
consumers. Bee pollen (BP) is considered as a healthy/functional food; it contains all the
essential amino acids needed by bees, but also human bodies. It is a rich source of fatty
acids, vitamins and microelements [12,13]. Moreover, it exhibits a wide range of therapeutic
properties, such us antimicrobial, antioxidant, anti-radiation, anti-inflammatory, anti-tumor,
hepatoprotective and chemopreventive/chemoprotective benefits [12–16]. High contents
of polyphenols and other ingredients that exhibit antibacterial and antifungal activity only
partly inhibit the growth of microorganisms and protect pollen grains against microbial
spoilage. The drying process is required to ensure the microbiological safety of BP that

Antibiotics 2021, 10, 125. https://doi.org/10.3390/antibiotics10020125 https://www.mdpi.com/journal/antibiotics
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is proposed for consumers. It is important to perform this process in mild conditions, at
ambient temperature to protect the health beneficial ingredients of this product.

As mentioned above, the BP collected by bees is susceptible to microbiological de-
terioration. In fact, for bees the pollen is only the raw material for production of bee
bread (BB). In hives, some of the BB is stored in the wells of the honeycomb through the
winter and in the spring it is used as food for new populations of bee larvae. Bee workers
collect pollen from plant anthers, mix it with a small dose of the secretion from salivary
glands and/or nectar and place it in specific baskets (corbiculae) which are situated on
the tibia of their hind legs. These pollen loads are transported to the hive. Subsequently,
pollen loads are packed in the honeycomb cells, and covered with a thin layer of honey
and a waxy lid. In these anaerobic conditions, bee pollen undergoes fermentation and
biochemical changes that also constitute a method of preservation for the final product of
the process—bee bread [16–19]. The exact mechanism of the biotransformation processes of
BP to BB remains not fully understood. However, it is known that different enzymes from
bees’ glands (e.g., amylases that are responsible for starch hydrolysis) and bacteria that are
present in bees’ saliva and on the surfaces of pollen loads (mostly lactic acid bacteria—LAB
but also bacteria of the Pseudomonas genus and yeast of the Saccharomyces genus) are crucial
for this process [16,18,20,21]. The development of the population of LAB, hydrolysis of tri-
acylglycerols and production of lactic acid and probably other metabolites of antimicrobial
activity (e.g., bacteriocins) is certainly of primary importance for preservation of BB [20,21].
Additions of honey and polyphenols that are present in the raw material (BP) enhance the
antimicrobial potential of BB and allow for long term storage of this product in the hive.

A healthy microbiota is crucial for bee larvae and young bees that are fed with BB.
Another important and interesting aspect is the ability of using the antimicrobial potential
of BB and BP for prophylaxis and treatment of bacterial and fungal infections of humans
and animals. The primary goals of this study were the assessment and comparison of
the antimicrobial abilities of ethanolic extracts of ingredients of BP and BB produced in
Polish apiaries.

2. Results
The outcomes of this study revealed differences in the antimicrobial activity of

ethanolic extracts from BB and BP. Moreover, slight differences in the susceptibility of
Gram-positive and Gram-negative bacteria were also observed (Table 1). Gram-negative
P. aeruginosa, and particularly Escherichia coli, exhibited higher levels of resistance compared
to Gram-positive staphylococci. In the case of both Staphylococcus aureus reference strains,
minimum inhibitory concentration (MIC) values of BB extracts were in the range of concen-
trations from 2.5 to 10% (v/v), and from 5 to 10% (v/v) for Staphylococcus epidermidis ATCC
12228. The highest activity (MIC = 2.5% (v/v)) was observed for three extracts (against
S. aureus ATCC 25923) and for 12 products (against S. aureus ATCC 29213). At least 10%
and 20% (v/v) concentrations were required for growth inhibition of P. aeruginosa ATCC
27853 and E. coli ATCC 25922, respectively. The highest susceptibility to the activity of
extracts produced from BP was observed with S. epidermidis ATCC 12228; three out of thirty
tested extracts (assigned with numbers 11, 15 and 17) inhibited the growth of this strain
at a concentration of 5% (v/v); MIC values for other extracts were 10 or 20% (v/v). Two
products, with numbers 15 and 20, effectively inhibited the growth of S. aureus ATCC 29213
at concentrations equal to 5% (v/v). However, six BP extracts did not exhibit any activity
against this strain up to the concentration of 20% (v/v). At least 10% (v/v) concentration of
BP extracts was necessary for growth inhibition of S. aureus ATCC 25923, and one of these
extracts was not active even at the highest investigated concentration of 20% (v/v). The
effectiveness of BP extracts against P. aeruginosa ATCC 27853 was comparable to the activity
of extracts produced from BB, except one (not active up to the concentration of 20% (v/v));
these products inhibited the growth of this strain at concentrations equal to 10 or 20% (v/v).
E. coli ATCC 25922 exhibited lower susceptibility to BP extracts; 14 products did not exhibit
activity up to the concentration of 20% (v/v); and the MIC for other products (n = 16)
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was 20% (v/v). As is shown in Table 1, for many of the extracts, particularly produced
from BP, a shift of minimal bactericidal concentration (MBC) values compared to MIC was
observed—higher concentrations were necessary to achieve a bactericidal effect compared
to growth inhibition. Clear differences were observed for S. aureus ATCC 25923; MBC
values of 23 products were higher compared to MIC. Twenty BP extracts did not exhibit bac-
tericidal activity against S. epidermidis ATCC 12228 up to the concentration of 20% (v/v) and
the same values of MBC and MIC parameters were found for only three extracts. Only four
BP extracts effectively killed E. coli ATCC 25922 at the highest investigated concentration
of 20% (v/v). Considering two other reference strains of bacteria, the shift of MBC values
compared to MIC was observed for 9 and 12 BP extracts for P. aeruginosa ATCC 27853 and
S. aureus ATCC 29213, respectively. The differences in MBC and MIC values for BB extracts
were also observed. However, the differences were not so evident. The MBC values for all
staphylococci and P. aeruginosa ATCC 27853 were 20% (v/v) and only six BB extracts were
not capable of killing E. coli ATCC 25922 cells at the highest investigated concentration
of 20% (v/v). Similarly, in the case of BP extracts, the most important differences in MIC
and MBC values were found for S. epidermidis ATCC 12228—15 out of 19 of the extracts
tested. On the other hand, only four extracts exhibited differences in effective inhibitory
and bactericidal activity against P. aeruginosa ATCC 27853. Considering S. aureus reference
strains differences between MBC and MIC values were noted for 10 and 8 BB extracts for
S. aureus ATCC 29213 and S. aureus ATCC 25923, respectively.

The high anti-staphylococcal potential of extracts produced from BB and BP collected
in Polish apiaries was confirmed for clinical isolates, including six methicillin-susceptible
strains (MSSA) and three isolates that were methicillin-resistant (MRSA) (Table 2). The
investigation was performed for three BB extracts with numbers: 4, 11 and 14 and three
extracts produced from pollen, with numbers 9, 15 and 20. These extracts were found
to be highly active against reference strains of staphylococci. The results of the assay
confirmed the high anti-staphylococcal potential of the extract produced from both types
of raw materials, namely, BP and BB. However, similarly to the case of reference strains
of staphylococci, BB extracts exhibited higher inhibitory potential with MIC values in the
range from 2.5 to 5.0% (v/v) against all strains tested, including MRSA isolates. In addition,
the MBC values were in the same range of concentrations. However, in some cases, a
two times higher concentration of BB extract was necessary to achieve a bactericidal effect
in comparison to MIC value (shift from 2.5 to 5% (v/v)). The MIC values of BP extracts
against clinical isolates of S. aureus were in the range from 5 to 10% (v/v); the products
with numbers 15 and 20 generally exhibited higher activity compared to BP9. The MBC
values were in the range from 5 to 20% (v/v). However, in most cases the values of MIC
and MBC were exactly the same. For BP9, BP15 and BP20 extracts, the shift of MBC value
compared to MIC was observed for only two, one and two strains, respectively.

Using a slightly modified Folin–Ciocalteu method [22], we determined total phenolic
content in the produced extracts (Table 1). The content of polyphenols, expressed as
milligrams of gallic acid equivalent (GAE) per gram of the product, ranged from 13.94 to
21.054 mg GAE/g for BP extracts and from 16.877 to 20.179 mg GAE/g for BB extracts.
Most importantly, no correlation between the antibacterial efficacy and concentrations of
polyphenols was observed. In the study of Markiewicz-Żukowska [23], who investigated
three samples of BB collected by Polish beekeepers, the total phenolic content (TPC) values
ranged from 32.78 to 37.15 mg GAE/g. These differences in concentration for polyphenols
can be explained by some differences in extractions procedures that were applied in
both studies.
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Table 1. Antimicrobial activity and total phenolic content (TPC) of extracts produced from bee pollen (BP) and bee bread
(BB) samples harvested in Polish apiaries.

Product

S. aureus
ATCC 253923

S. aureus
ATCC 29213

S. epidermidis
ATCC 12228

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

TPC
[mg GAE/g]

Sample
LocationMIC

(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

BP1 10 >20 10 20 10 >20 >20 >20 20 20 21.05 ± 0.09 Szczytno a

BP2 20 >20 20 >20 20 >20 >20 >20 10 20 20.61 ± 0.16 Mielec a

BP3 10 20 >20 >20 10 >20 >20 >20 10 20 20.92 ± 0.18 Mielec a

BP4 20 >20 >20 >20 20 >20 20 >20 20 20 20.96 ± 0.23 Mielec a

BP5 10 >20 10 10 10 >20 20 20 20 20 20.74 ± 0.06 Gdańsk a

BP6 10 20 20 20 20 >20 20 >20 20 20 20.37 ± 0.17 Kozaki

BP7 10 20 10 20 10 20 20 20 20 20 20.81 ± 0.09 Koryciny

BP8 20 >20 >20 >20 20 >20 20 >20 >20 >20 20.76 ± 0.28 Stróże

BP9 10 20 10 10 10 10 20 >20 20 20 20.49 ± 0.43 Czarne

BP10 10 20 20 20 10 >20 20 >20 20 20 20.99 ± 0.16 Brusy

BP11 10 20 10 20 5 20 20 >20 10 20 20.40 ± 0.06 Bielsko-Biała a

BP12 20 >20 >20 >20 20 >20 >20 >20 10 20 19.95 ± 0.22 Gdańsk a

BP13 10 20 10 20 10 20 >20 >20 10 10 20.93 ± 0.19 Cychry

BP14 10 >20 20 >20 20 20 >20 >20 10 20 19.91 ± 0.18 Malbork a

BP15 10 10 5 5 5 10 20 20 10 10 19.32 ± 0.12 Niżna Łąka

BP16 20 20 10 20 10 10 >20 >20 20 20 20.39 ± 0.35 Siedlce a

BP17 20 20 20 20 5 20 20 >20 10 20 16.38 ± 0.35 Miłogoszcz

BP18 20 >20 >20 >20 10 20 20 >20 10 20 13.95 ± 0.50 Miłogoszcz

BP19 20 >20 10 20 20 >20 >20 >20 10 20 19.81 ± 0.35 Miłogoszcz

BP20 10 10 5 5 10 20 >20 >20 10 10 19.60 ± 0.41 Modzele

BP21 20 >20 >20 >20 20 >20 >20 >20 20 20 16.17 ± 0.81 Miłogoszcz

BP22 20 20 20 >20 10 >20 20 >20 10 10 20.56 ± 0.34 Wałcz a

BP23 20 20 10 10 10 >20 20 >20 20 20 14.79 ± 0.20 Miłogoszcz

BP24 10 20 10 20 10 >20 20 20 10 10 20.24 ± 0.18 Czaplinek

BP25 10 20 10 20 20 >20 20 >20 10 10 20.95 ± 0.32 Stanisławowo

BP26 10 >20 10 10 20 >20 20 >20 20 20 19.08 ± 0.14 Mielec a

BP27 >20 >20 20 >20 20 >20 >20 >20 20 20 20.40 ± 0.08 Miłogoszcz

BP28 20 >20 20 >20 20 >20 >20 >20 20 20 18.34 ± 0.25 Mielec a

BP29 10 20 10 10 10 >20 >20 >20 10 20 16.64 ± 0.21 Miłogoszcz

BP30 10 20 10 10 20 >20 >20 >20 10 10 18.94 ± 0.21 Pelplin a

BB1 10 10 2.5 5 5 10 20 >20 10 20 20.18 ± 1.22 Legnica a

BB2 5 5 2.5 5 5 20 20 20 10 10 19.47 ± 0.38 Malbork a

BB3 10 20 5 5 5 10 20 20 10 10 16.88 ± 0.52 Bielsko-Biała a

BB4 5 5 2.5 5 5 10 20 >20 10 10 19.42 ± 0.31 Cychry

BB5 5 5 2.5 5 5 10 20 20 10 10 17.65 ± 0.29 Stanisławowo

BB6 2.5 5 2.5 5 5 10 20 >20 10 10 17.03 ± 0.41 Czaplinek

BB7 5 10 2.5 2.5 5 10 20 20 10 20 18.89 ± 0.43 Mielec a
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Table 1. Cont.

Product

S. aureus
ATCC 253923

S. aureus
ATCC 29213

S. epidermidis
ATCC 12228

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

TPC
[mg GAE/g]

Sample
LocationMIC

(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

MIC
(v/w)
[%]

MBC
(v/w)
[%]

BB8 5 5 5 5 5 10 20 >20 10 20 19.07 ± 0.04 Mielec a

BB9 5 5 2.5 5 5 10 20 >20 10 10 17.15 ± 0.25 nd

BB10 5 10 2.5 5 10 10 20 20 10 10 19.50 ± 0.33 Brusy

BB11 2.5 2.5 2.5 2.5 5 10 20 20 10 10 18.98 ± 0.18 Częstochowa a

BB12 5 5 2.5 5 10 10 20 >20 10 10 18.64 ± 0.13 Miłogoszcz

BB13 5 5 2.5 2.5 10 10 20 20 10 10 19.66 ± 0.13 Malbork a

BB14 5 5 2.5 2.5 10 10 20 20 10 10 18.54 ± 0.11 Suchorzew

BB15 5 10 5 5 5 10 20 20 10 10 18.20 ± 0.30 Miłogoszcz

BB16 2.5 5 5 5 5 10 20 20 10 10 18.49 ± 0.29 Miłogoszcz

BB17 10 10 5 10 5 10 20 20 10 10 19.04 ± 0.26 Majdan
Starowiejski

BB18 5 5 5 5 5 10 20 20 10 10 18.60 ± 0.46 Warka

BB19 10 20 5 10 10 20 20 20 20 20 17.70 ± 0.38 Modzele

The underlined samples were bought from shops; other samples were provided by beekeepers. “a” indicates that the apiary was located in
an area near the presented city (not exactly in the city/urban area).

Table 2. Antibacterial activity of selected ethanolic extracts of BP and BB against clinical isolates of Staphylococcus aureus.
Isolates 1–6 are methicillin-sensitive and strains 7–9 exhibit the methicillin-resistant phenotype.

Product BP9 BP15 BP20 BB6 BB11 BB14

Strain
No.

MIC
[v/w]
[%]

MBC
[v/w]
[%]

MIC
[v/w]
[%]

MBC
[v/w]
[%]

MIC
[v/w]
[%]

MBC
[v/w]
[%]

MIC
[v/w]
[%]

MBC
[v/w]
[%]

MIC
[v/w]
[%]

MBC
[v/w]
[%]

MIC
[v/w]
[%]

MBC
[v/w]
[%]

1 10 20 10 10 10 10 5 5 2.5 5 5 5

2 10 10 5 5 5 5 5 5 2.5 2.5 2.5 5

3 10 10 10 10 10 10 5 5 5 5 2.5 2.5

4 10 20 10 10 10 20 2.5 5 2.5 5 5 5

5 10 20 5 10 5 10 2.5 2.5 2.5 5 5 5

6 10 10 5 5 5 5 2.5 2.5 2.5 2.5 2.5 5

7 10 10 5 5 5 5 2.5 5 2.5 5 2.5 2.5

8 10 10 5 5 5 5 2.5 2.5 2.5 2.5 2.5 2.5

9 10 10 5 5 5 5 2.5 2.5 2.5 2.5 5 5

Kinetics of the bactericidal action of BP and BB extracts.
Four selected extracts, two produced from BP (assigned as 15 and 20) and two pro-

duced from BB (assigned with numbers 6 and 11), were used for the determination of
the bactericidal effects of ingredients extracted from the raw materials with ethanol (70%
v/v) against S. aureus ATCC 25923. As expected, at MICs, all products resulted in only a
growth inhibition effect. Slightly higher—though still classified as inhibitory—activity was
observed for three products, namely, BB6, BB11 and BP15, when used at concentrations
equal to 2 ⇥ MIC; extract from bee pollen number 15 exhibited lower antibacterial activity.
At concertation 4 ⇥ MIC, the extracts from both bee bread samples, and surprisingly BP15,
resulted in completely bactericidal effects after 8 h of incubation. Activity of the extractD
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BP20 was considerably lower. However, complete elimination of living cells of bacteria
was achieved after 24 h of incubation (Figure 1).
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Figure 1. Kill-time assay for selected ethanolic extracts of bee pollen and bee bread tested against S. aureus ATCC 29213 at 
or above the MIC. The growth control contained no extracts; (a) BP15, (b) BP20, (c) BB6, (d) BB11. The results are presented 
as means ± SDs (n = 3). Data without error bars indicate that the SDs are too small to be observed on the graph. 

A promising antimicrobial effect was also observed during incubation of S. aureus 
ATCC 29213 cells in suspensions of selected products in MHB medium (Figure 2). At a 
concentration of 2.0% (w/v), after 24 h of incubation, all products inhibited the growth of 
the bacterial cells by about 90%, compared to the control sample. In all cases, only a 
slightly higher growth inhibition effect was observed for suspensions containing 5.0% of 
the products. Much better effectiveness was achieved in suspensions containing 10% (w/v) 
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A promising antimicrobial effect was also observed during incubation of S. aureus
ATCC 29213 cells in suspensions of selected products in MHB medium (Figure 2). At a
concentration of 2.0% (w/v), after 24 h of incubation, all products inhibited the growth
of the bacterial cells by about 90%, compared to the control sample. In all cases, only a
slightly higher growth inhibition effect was observed for suspensions containing 5.0% of the
products. Much better effectiveness was achieved in suspensions containing 10% (w/v) of
the products. After 24 h of incubation, the decreased level of growth inhibition of more than
four log cycles was observed for both bee bread samples, from LogCFU/mL 10.1—control
sample to 5.7 and 5.2 for BB11 and BB6, respectively. An important growth inhibition level,
from LogCFU/mL 10.1—control sample to 6.1—exhibited 10% (w/v) suspension of BP20.
The efficiency of BP15 was slightly lower. However, even in the case of this product, about
99.9% (about three log cycles, from 10.1 to 7.2.) growth inhibition was observed after 24 h
of incubation.
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3. Discussion
Antimicrobial potential of bee honey and propolis has been known since ancient times.

These two products belonged to the most important and most common antimicrobial
agents of folk medicine that were used for treating of infections, particularly for treatment
of difficult to heal infected wounds [1,7,24]. The antimicrobial potential of bee pollen
and bee bread is definitely less known and less investigated [16]. We still do know if
there are important differences in antibacterial potential of BB and BP, spectrum of activity
also remains not clear, some authors suggest that Gram-positive bacteria exhibit higher
susceptibility and, which is most important, ingredients that are crucial for antimicrobial
activity of these product are not identified. To date, most research has focused on the high
nutritional value of these products. Due to high content of health beneficial ingredients,
including vitamins [25–27], micro and macro-elements [12,28] fatty acids [23,29–31], amino
acids [32,33] and also different groups of phytochemicals—mostly important as antioxi-
dants [16,23,34], BP and BB are considered functional foods. However, the outcomes of
recent research showed promising antimicrobial potential of BB and BP produced in api-
aries located in different regions of the world. In this study, we have investigated relatively
large numbers of samples of both products, namely, 30 samples of BP and 19 samples of BB.
To our best knowledge presented to date, reports were based on analysis of lower numbers
of samples, in some cases singular products. Analyses of properties of a large group of
products led us to conclusion that BB extracts (MIC against staphylococci in the range ofD
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concentrations from 2.5 to 10% v/v) exhibit higher antimicrobial potential compared to the
activity of BP extracts (MIC values against staphylococci in the range of concentrations
from 5 to >20% v/v). We assume that it is a consequence of the process of fermentation
that is the base for transformation of raw material—BP to the final product—BB. During
the fermentation process the enzymes that were added to the raw material by bees and
also produced by bacteria that were present on the surface of pollen and in the bees’ saliva
result in partial digestion of biopolymers (mostly polysaccharides) that cover pollen grains.
As a consequence, the ingredients of pollen located inside the grains are more accessible to
the solvents and easier to extract. This hypothesis seems to be not supported by the results
of investigation of TPC—the extracts produced from both products exhibit comparable
values of this parameter. However, Markiewicz-Żukowska and coworkers [23] revealed
that BB extracts contain many other components that exhibit antimicrobial activity except
for polyphenols. The most important of them seem to be aliphatic acids. Aliphatic acids
were found to be the predominant components of the extracts investigated by the group
of Markiewicz-Żukowska (62.32 ± 7.0%) and unsaturated, ↵-linolenic, linoleic, oleic and
11,14,17-eicosatrienoic acids formed more than a half of them (40.63 ± 4.5%). Moreover,
Vasquez and Olofsson [21] and Iorizzo [35,36] revealed the presence in BB and BP the
presence of Lactic Acid Bacteria (LAB) e.g., Lactobacillus kunkeei [35], L. plantarum [36]
that are able to produce metabolites (e.g., bacteriocins), which exhibit high antimicrobial
potential. These bacteria readily grow within the first step of biotransformation of BP to
BB—for approximately two weeks [21]. Within this time, they produce and transport to the
maturing BB antimicrobial metabolites that include lactic acid and bacteriocins, but also
participate in lipid hydrolysis and production of aliphatic acids. All these aspects together
are likely the reason for higher antimicrobial activity of BB compared to BP. BB is absolutely
necessary for feeding young bee larvae in early spring. Thus high antimicrobial potential
(higher than bee pollen) is important benefit of this product, which in fact allows it to be
stored in hive during the winter.

In agreement with results presented herein, most of the results presented by other au-
thors confirm higher susceptibility of Gram-positive bacteria to the components of BP or BB
extracts. Important higher susceptibility of S. aureus compared to P. aeruginosa and/or E.coli
against BP extracts presented for example: Velasquez and coworkers [35] who investigated
extract produced from sixteen samples of Chilean pollen samples [37], Pascola and cowork-
ers who investigated eight products from Portugal and Spain [38], Karadal et al. (5 BP
samples from Turkey) [39], Abouda et al., (four pollens collected in Morocco) [40], Khider
(three Egyptian BP samples) [41] and Graikou who analyzed biological properties of one
Greek BP [42]. The same differences in activity against staphylococci and Gram-negative
bacteria have been shown for extracts produced form Romanian [43], Malaysian [44], and
some of Moroccan samples of BB [40]. However, it should be clearly noticed that currently
it is too early to propose a general rule concerning BP or BB extracts against Gram-positive
or Gram-negative bacteria. As it is presented above, the number of currently available
data is very limited. Moreover, some authors observed contradictory results, e.g., the
group of Ivanisova who investigated antibacterial potential of Ukrainian BB [45]. The
outcomes of some investigations suggest that method of extraction, such as solvent, can
importantly affect different aspects of biological properties of produced extracts, including
antimicrobial activity [46–48].

An important advantage of extracts produced from samples of Polish BB and also BP
is high efficacy against clinical isolates of S. aureus, including MRSA strains. This part of
the study additionally confirmed a bit higher inhibitory and also bactericidal activity of
BB extracts (MIC and MBC values ranged from 2.5 to 5.0% (v/v)) compared to extracts
produced from BP (MIC and MBC values ranged from 5.0 to 10.0% (v/v)). In our previous
study we revealed high activity of honey and propolis produced in Polish apiaries against
S. aureus isolates that exhibit MRSA phenotype [3,8]. All these results support the idea
of application of bee products as alternative antibacterial agents, including treatment of
infections caused by resistant strains. Of course, we realize that in clinical scenario potential
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application of bee products, similarly as in the case of many other natural products such as
essential oils or plant extracts, is limited to topical infections (e.g., treatment of infected
wounds or skin infections).

Some important conclusions come also from the analysis of the bactericidal potential of
the extracts that was performed with the time-kill kinetic assays. Firstly, it has been shown
that achievement of bactericidal effect requires using four times higher concentration
compared to the MIC. In microdilution assay the MBC values for most products were two
times higher compared to MIC. In our opinion, some differences in the conditions of these
two assays should explain the observed differences—shaking (intense aeration) in time-kill
kinetic assays is likely the main reason for higher resistance of the staphylococci to the
activity of ingredients of the extracts. However, the observed results generally confirm high
anti-staphylococcal potential of BP and particularly BB extracts and additionally support
the need for more advanced studies focusing on the application of these products for
treatment of bacterial infections. Moreover, Olczyk and coworkers revealed that bee pollen
ointment may affect the wound healing process of burn wounds, preventing infection of
the newly formed tissue [49].

As it was mentioned above we did not observe any correlation between the TPC
and antimicrobial activity of produced extracts. However, the values of TPC were quite
similar to the results presented by other authors who investigated BP or BB from other
different geographical locations e.g., Poland [23], Portugal [50,51], Greece [42], Romania
and India [52], or Chile [53].

The last, but not least aspect of our study was to check if growth of staphylococci is
affected in water suspension of selected samples of BP and BB (the samples of the products
that were used for production of most active extracts were used in this part of the study).
In all cases the suspensions containing only 2.5% w/v of the product efficiently inhibited
the growth S. aureus ATCC 29213 cells compared to the control. Except for BP20, increase
of product concentration resulted in higher growth inhibition activity in concentration
dependent manner. At concentration of 10% (w/v) all products inhibited the growth of
bacteria in at least 3 log cycles compared the control. Again, a bit higher activity was
observed for BB samples. This part of research clearly indicates that both bee bread and
bee pollen contain some antimicrobial components, including polyphenols, fatty acids and
bacterial metabolites (produced by endogenous microflora of these raw materials), which
are crucial for bee health and also for abilities of storage of some amounts of the BB in the
hives during the winter period. It would be very interesting to use this potential to obtain
products (extracts) that could be used as antibacterial therapeutic agents.

4. Materials and Methods
4.1. Bee Pollen (BP) and Bee Bread (BB) Samples

The study covered 30 samples of BP and 19 samples of BB. The products were har-
vested between 1 May and 15 September of 2019 in apiaries located in different regions of
Poland (Table 1). The pollen loads were collected in special pollen traps that were installed
in front of the hive entrance. All samples of BP, even the products that were delivered
directly by beekeepers were dried (it protected the product against microbial spoil). The
BB was recovered directly from honeycombs in late summer or autumn 2019; thus, only
mature bee bread was used for the study. All products were not older than eight months
counting form the date of harvesting to the date of preparing the extracts or using them for
other assays presented herein. In the case of some products that were bought in shops, we
were not able to establish geographic origins—they were not declared by the sellers. All
products were stored in the dark, BP was kept at ambient temperature and BB was stored
at 4 �C.

4.2. Chemicals and Reagents
All chemicals and reagents were purchased from commercial sources. The Folin–

Ciocalteu reagent PBS, methanol, gallic acid and sodium carbonate were purchased fromD
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Merck (Darmstadt, Germany) and ethanol was bought from (POCH, Gliwice, Poland).
TheMilli-Q Advantage A10 system (Millipore, Billerica, MA, USA) was used for produc-
tion of ultrapure H2O (18.0 MW) and Genesys 20 spectrophotometer (Thermo Scientific,
Waltham, MA, USA) was used for measurement of absorbance in Folin–Ciocalteu assay.

4.3. Bacterial Strains and Media
Five reference strains of bacteria, S. aureus ATCC 25923, S. aureus ATCC 29213,

S. epidermidis ATCC 12228, P. aeruginosa ATCC 27853 and E. coli ATCC 25922, were ap-
plied for preliminary assessments of the antimicrobial potential of all produced BP and BB
ethanolic extracts Subsequently anti-staphylococcal activity of selected extracts was evalu-
ated against 6 MSSA (methicillin-susceptible Staphylococcus aureus) and 3 MRSA (methicillin-
resistant Staphylococcus aureus) isolates from patients of the hospital of Medical University
of Gdańsk, that suffered with different infections (Table 3). Bacteria were routinely grown
on Luria-Bertani Agar (LA, Sigma Aldrich, Schnelldorf, Germany). The determination
of the values of Minimum Inhibitory Concentration (MIC) was performed in Mueller-
Hinton Broth (MHB, Sigma Aldrich) and for determination of Minimum Bactericidal
Concentrations (MBC) the cells were cultivated on the selective Baird Parker Agar plates
(Biomaxima, Lublin, Poland). The reference strain S. aureus ATCC 29213 was used for
antimicrobial potential evaluation of both extracts and suspensions of selected products in
kinetic time-kill assay.

Table 3. MSSA and MRSA strains used in this work.

No. Number/Phenotype Ward/Material Antibiogram 1

1 4471313/MSSA Intensive care/Nasal swab Resistant—Pen.
Sensitive—Met., Clin., Ery.

2 4475564/MSSA Internal/Nasal swab Resistant—Pen. Clin. Ery.
Sensitive—Met.

3 4466686/MSSA Surgical/Sputum Resistant—Pen. Clin. Ery.
Sensitive—Met.

4 4467080/MSSA Internal/Nasal swab Resistant—Pen.
Sensitive—Met. Clin., Ery.

5 4467076/MSSA Laryngology/A swab from the ear Resistant—Pen.
Sensitive—Met. Clin., Ery.S

6 4468505/MSSA Interna/Nasal swabl Resistant—Pen. Clin. Ery.
Sensitive—Met.

7 45300223/MRSA Pediatrics/Blood Resistant—Pen. Clin. Ery. Met.

8 9935169/MRSA Dispensary/Wound Resistant—Pen. Clin. Ery. Met.

9 9944662/MRSA Dermatology/Nasal swab Resistant—Pen. Clin. Ery. Met.
1—Identification of bacterial isolates and determination of antibiotic susceptibility analysis performed by Laboratory of Clinical Micro-
biology, University Centre for Laboratory Diagnostics, Medical University of Gdańsk Clinical Centre with Vitek2 Biomerieux system;
Pen—penicillin, Met—methicillin, Clin—clindamycin, Ery—erythromycin, R—resistance, S—sensitive.

4.4. Preparation of BP and BB Ethanolic Extracts
The rotary platform shaker was used for efficient extraction of active components

from raw materials (BP or BB). The suspensions of BP/BB in 70% ethanol at v/w ratio
7:1 were shaken (100 rpm) for 2 h at ambient temperature. Next, the suspensions were
centrifuged (2290⇥ g, 20 min) and the obtained supernatants were filtered through the
sterile, 0.22 µm pore-sized filters (obtained from Millipore, Burlington, MA, USA). Finally,
clear (not cloudy) and sterile extracts were obtained and used in subsequent studies.
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4.5. Investigation of Antimicrobial Potential of Alcoholic Extracts of BP and BB—Determination of
Values of MIC (Minimum Inhibitory Concentration) and MBC (Minimum Bactericidal Concentration)

The minimum inhibitory concentrations (MICs) were determined by the two-fold
broth microdilution method according to the CLSI standard methodology [54]. All bacterial
strains used for the assay (both reference strains and clinical isolates) were cultivated
overnight at 37 �C on Luria-Bertani Agar plates. The bacterial suspension of two to three
colonies (taken from the L-B Agar plates) in PBS buffer (pH = 7.4) was adjusted to the
optical density of OD600 = 0.1 and diluted in MHB medium at a ratio of 1:100 v/v to the
final cell concentration of approximately 1.0 ⇥ 106 CFU/mL.

Serial two-fold dilutions of the tested extracts of BP or BB (in the range of concen-
trations from 0.078–40% (v/v)) were prepared in 96-well microtitration plates in the final
volume of 100 µL of MHB medium (CMHB2). In the next step of the assay, the solutions
of the BP and BB extracts in the wells were inoculated with an equal volume (100 µL) of
suspension of bacterial cells (prepared as presented above). The final concentrations of
inoculated extracts ranged from 0.039% to 20.0% (v/v). Ten different concentrations of the
extracts were tested: 20.0, 10.0, 5.0, 2.5, 1.25, 0.625, 0.315, 0.156, 0.078 and 0.039% (v/v) in
the columns 1 to 10 of the microtitration plates. Column 11 contained 200 µL of inoculum
(growth control in the medium free of antibacterial agents), and column 12 contained
200 µL of the MHB broth only (as control of sterility of the medium). The plates were
incubated 24 h under static conditions at 37 �C. As color and solubility of BP and BB extracts
interfered with growth measurement it was necessary to perform the resazurin test. After
incubation, resazurin solution (0.015% in PBS buffer) was added to all wells (30 µL), and
plates were incubated at 37 �C in the dark for the next two hours. The lowest concentration
of the extract with no color change (blue resazurin color remained unchanged) was taken
as a MIC value. The same method was applied for determination of activity of the solvent
(70% ethanol) that was used for preparing of the extracts and no inhibitory activity was
observed even in the wells of column 1, where the concentration of the EtOH was 14%. A
sterile 48-well microtiter plate replicator was used for transferring a small volume of each
dilution used for MIC assay on Baird-Parker agar plates. Subsequently the plates were
incubated for 24 h at 37 �C and growth of characteristic black colonies of S. aureus was
analyzed. The lowest concentrations of the extracts, where no growth of the colonies was
observed, were assigned as MBC.

4.6. Time-Kill Assay—Determination of Kinetic of Bactericidal Effects of BP and BB Extracts and
Suspensions of Raw Materials against Staphylococci

The kinetic time-kill assay was performed for two most active extracts of BP and
BB and also for suspensions of raw materials (two samples of each BP and BB) used
for preparing of these extracts. The selected extracts were added to the suspensions of
S. aureus ATCC 29213 (approx. cell density 1.5 ⇥ 106 CFU/mL) in MHB broth to the
final concentration equal to MIC, 2 ⇥ MIC and 4 ⇥ MIC. In the case of determination
of activity of raw materials, the suspension of S. aureus ATCC 29213 was supplemented
with bee pollen or bee bread to the final concertation of 2.0, 5.0 or 10.0% w/v. The treated
suspensions of S. aureus ATCC 29213 were incubated at 37 �C with shaking. The number
of the cells of bacteria that survived treatment for 0, 2, 4, 8 and 24 h was determined by
plating 10-fold dilutions of the suspensions on Baird-Parker agar plates and incubating
the plates at 37 �C for 24 h. The number of the cells in the control suspension, without
extract/product addition, was also determined as a control of growth kinetic of S. aureus
ATCC 29213.

4.7. Total Phenolics Determination
The slightly modified Folin–Ciocalteu method [22] was used for determination of

total content of phenolic compounds in produced ethanolic extracts of BP and BB. Briefly,
50 µL of Folin–Ciocalteu reagent diluted 1:10 with de-ionized ultrapure water was mixed
with 10 µL of the extract. After 5 min of incubation, 40 µL of Na2CO3 solution (7.5%) was
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added to the mixture. Following shaking 100 µL of ultrapure water was added (to the final
volume of 200 µL) and the mixture was incubated for 30 min at ambient temperature. The
color intensity—absorbance at 725 nm—was measured using microplate reader (Synergy™
HT BioTek Instruments, Winooski, VT, USA). The calibration curve was prepared with
fresh gallic acid standard solutions in the range of concentrations from 1.56 to 50.00 µg
GAE/mL. The content of phenolic compounds in BP and BB extracts was expressed as
milligrams of gallic acid equivalent (GAE) per gram of the product. All measurements
were performed in triplicate.

5. Conclusions
The outcomes of the study revealed high antimicrobial potential for ethanolic (70%

v/v) extracts of BP and BB produced in Polish apiaries. Moreover, we observed high
growth inhibitory activity of suspensions of BB and BP against S. aureus. In both cases
(extracts and raw products—suspensions), BB exhibited importantly higher activity and
Gram-positive bacteria exhibited higher susceptibility. The extracts exhibited high activity
against clinical isolates of S. aureus, including MRSA strains, which supports the need for
further investigation of possibilities of the applications of BP and BB and products based
on these raw materials (extracts, ointments, etc.) as antimicrobial agents.
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23. Markiewicz-Żukowska, R.; Naliwajko, S.; Bartosiuk, E.; Moskwa, J.; Isidorov, V.; Soroczyńska, J.; Borawska, M. Chemical
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Honey bee products, including bee pollen and bee bread, have attracted great attention due to 

their health-promoting properties. Considering the antimicrobial potential of these products to date, 

mostly methanolic or ethanolic extracts of BP and BB were examined. Whilst mechanism of their 

activity and active compounds remains unknown. Our previous research revealed a lack 
of  orrelation between polyphenols concentration and antimicrobial potential of investigated 

extracts. BB is mainly considered as a source of proteins for young bees and bees’ larvae, 

However, only few studies characterized the proteins/peptides from BP and in the case of BB.  

The second article (Article 2.) published in European Food Research International (Springer) 

focused on investigation of antibacterial activity of BP and BB aqueous extracts against selected 

bacterial pathogens and examination of the mode of action of these products, including 

the identification of key compound(s) that caused the antimicrobial effect. And at least, but not 

the last, identification and elucidation of the function of bee proteins, such as major royal jelly 
protein 1 (MRJP1), glucose oxidase (GOx) and defensin-1 in BP and BB in the pathogen’s 

inhibition. 

For the research, eight BB and five BP samples, collected from different geographical locations 

of Poland and Slovakia, were used. The antimicrobial activity of collected samples were 

investigated against Gram-positive and Gram-negative bacteria, such as S. aureus, P. aeruginosa, 

E. coli, P. mirabilis and E. faecalis. For the determination of Total Phenolic and Total Protein 

Content, a Folin-Ciocalteu Phenolic Content Quantification Assay Kit (BioQuoChem, Spain) 
and Quick Start Bradford protein assay (Bio-Rad, USA) were used, respectively. Detection of 

MRJP1, GOx and Def-1 was performed by immunoblotting assay. For the determination of GOx 

enzymatic activity and hydrogen peroxide (H2O2) concentration, a Megazyme GOX Assay Kit 

(Megazyme International Ireland Ltd) was applied. The glucose concentration in tested samples 

was examined by High-Performance Liquid Chromatography (HPLC) analysis. The antibacterial 

potential of the tested extracts was investigated with minimum inhibitory concentration (MIC) assay. 
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The assay was conducted using Mueller-Hinton Broth (MHB) medium or MHB medium 

supplemented with 20 mM glucose. For the investigation of the mode of action of the tested BP 

and BB extracts, the treatment of the extracts with catalase and proteinase K were performed. 

Subsequently, the enzyme-treated extracts were used in antibacterial assay against S. aureus 
and P. aeruginosa. 

The phenolic compounds level varied from 214 to 1506 µg GAE/ml and the Total Protein 

Content ranged from 434 to 2214 µg/ml. The higher average protein concentration exhibited BB 

extracts compared to BP extracts. Furthermore, the presence of MRJP1, GOx and defensin-1 

in the tested samples was immunodetected. In BB samples the higher amount of MRJP1 was 

determined compared to BP. GOx was mostly detected in BB extracts, and Def-1 was present 

in two BB extracts – there was no immunoreaction in any BP samples. To confirm the GOx 

presence in the tested samples, the enzymatic activity of this enzyme was investigated. 

The correlation analysis revealed a statistically significant relationship between the protein level 

in the tested samples and GOx activity (r=0.571, P=0.041). Furthermore, the H2O2 concentration 

was in the range of 0.05 to 6.83 mM after 24 hours of incubation and supplementation with 20 mM 
glucose. The glucose content in BP and BB samples varied from 5.7 to 9.0 g/100g. These results 

revealed that there is no correlation between glucose level in tested samples and the enzymatic 

activity of GOx or the amount of produced H2O2. The antibacterial activity assay showed that 

the tested samples were mostly active against S. aureus, and E. faecalis was the most resistant 

strain. Furthermore, a significant increase in antibacterial activity was observed after supplementing 

the medium with glucose. The treatment of selected samples with proteinase K did not have 

an impact on antibacterial activity; however, samples incubated with catalase showed a decrease 

in bacterial growth (only in samples where glucose supplementation cause an increase 
in antibacterial effect).  

Taking into consideration obtained results, MRJP1, GOx, and defensin-1 were found primarily 

in the BB samples. These proteinaceous compounds are probably essential for the antimicrobial 

activity of BP and BB, where GOx is the key factor. Additionally, this research confirms observation 

from our previous publication that there is no correlation between the antibacterial activity of BP/BB 

and the level of phenolic compounds. 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 64 

Article 2. 

Glucose oxidase as an important yet overlooked factor determining the antibacterial 
activity of bee pollen and bee bread 
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Abstract
Bee pollen (BP) and bee bread (BB) have attracted great attention due to their biological activities including antibacterial 
activity. However, the mechanism of antibacterial activity is largely unknown. Therefore, we aimed to characterise the anti-
bacterial effect of BP and BB aqueous extracts against bacterial pathogens (Staphylococcus aureus, Pseudomonas aeruginosa, 
Escherichia coli, Proteus mirabilis and Enterococcus faecalis) and identify the key compound(s) responsible for this effect. 
Here, we demonstrate that BP and particularly BB extracts display antibacterial activity which is significantly increased 
in the presence of glucose. Immunoblot analysis of extracts revealed the presence of MRJP1 in all analysed BP and BB 
samples and the enzyme glucose oxidase (GOX) in the majority of BB samples. Treatment of extracts with catalase resulted 
in the restoration of bacterial growth but only in those samples where glucose supplementation caused the enhancement of 
antibacterial activity. Our findings provide a deeper understanding of antibacterial activity of BP/BB which is mediated by 
the enzymatic activity of bee-derived GOX.

Keywords Bee proteins · MRJP · Antibacterial activity · Enzymatic activity · Bacterial pathogen

Introduction

Honeybee products have attracted great attention and their 
health-promoting properties have spurred their pre-clinical 
and clinical testing. Apart from honey and propolis, the most 
studied and clinically tested bee products, bee pollen (BP) 
and bee bread (BB) represent a good source of bioactive 
compounds which can mediate diverse biological effects [1].

Bee pollen, in the form of granules, is formed with flower 
pollen grains agglutinated by nectar and honeybee secre-
tions. These pollen loads are the major source of proteinous 

nutrients for bee larvae. The chemical composition of BP 
is highly variable depending on botanical and geographical 
origin. A high degree of variability is documented in the 
content of protein (10–40%) and lipid (1–13%) as well as in 
the major components–carbohydrates, comprising 13–55% 
of dry weight [2]. BP is rich in polyphenols including mainly 
flavonoids and their content is in the range of 0.2–2.5% [3]. 
Indeed, most of the described biological and pharmacologi-
cal effects of BP such as antioxidant, antibacterial, immu-
nomodulatory and anti-inflammatory activity are attributed 
to polyphenols (reviewed in [1, 3–6]).

In hives, BP undergoes the process of fermentation in the 
honeycomb cells to form the product known as bee bread 
(BB). Stored pollen loads in honeycomb cells are covered 
with a thin layer of honey and bee wax. Although BP and 
BB possess a similar composition, there are notable differ-
ences due to biochemical changes of BP. Due to the genera-
tion of lactic acid, the pH value of BP changes from 7.2 to 
4.2 for BB [7]. Furthermore, it has been suggested that BB 
has a lower protein content compared to BP due to bee-
derived digestive enzymes and it is rich in free amino acids 
and easily assimilated sugars [1, 3, 8]. Nowadays, BB has 
become preferred over BP as a dietary supplement due to its 
higher nutritional value, better bioavailability and reduced 

 * Juraj Majtan 
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allergenicity [9]. Moreover, BB is characterised by better 
digestibility and a higher degree of absorption by humans 
since the multi-layered wall surrounding the pollen grain 
is destroyed by natural fermentation, which gives special 
features to BB [5].

Detailed characterisation of the biological activity of 
BP and BP and the mechanisms of this activity is essential 
to provide clear evidence about efficacy and support their 
further therapeutic use. One of the most important bio-
logical activities of BP and BB is antibacterial activity. In 
recent years, several studies have been conducted to evalu-
ate the antibacterial potential of BP and BB [10–16]. The 
vast majority of studies have characterised the antibacte-
rial activity of methanolic or ethanolic extracts of BP/BB 
but have failed to identify the key active compounds or the 
mechanism of action. Furthermore, considerable variability 
in the antibacterial activity of BP and BB samples of dif-
ferent botanical and/or geographical origin was observed. 
Therefore, it is currently difficult to draw a firm conclusion 
regarding the antibacterial efficacy of BP or BB.

The protein content of BP and BB is an important and 
key component for bee larvae development. Part of the pro-
tein content may represent the bee-secreted proteins and 
peptides which are mainly products of the hypopharyngeal 
glands. Interestingly, only a very few studies have attempted 
to identify bee proteins/peptides in BP [17, 18]. In addition, 
detailed proteomic data of BB are completely lacking.

In this study, we aimed to (i) characterise the antibacte-
rial effects of BP and BB aqueous extracts against selected 
bacterial pathogens, (ii) identify the key compound(s) 
responsible for observed antibacterial activity and finally 
(iii) identify and elucidate the role of bee-derived com-
pounds (major royal jelly protein 1, glucose oxidase 

(GOX) and defensin-1) in BP and BB aqueous extracts in 
inhibiting bacterial growth.

Materials and methods

BB and BP samples

BB (n = 8) and BP (n = 5) samples were collected from dif-
ferent regions of Poland and Slovakia (Table 1). Collected 
samples were multi-floral except for BP2 and BP3 which 
represent buckwheat and heather BP. Upon receipt, the 
samples were stored in a dark place at − 20 °C (BB sam-
ples) or at room temperature (BP samples) until use. Two 
BB and BP samples of this collection were purchased from 
local bee shops and their origin was not exactly specified.

BB and BP aqueous and methanolic extracts

BB/BP samples (0.5 g) were ground to a powder in liquid 
nitrogen using a mortar and pestle and subsequently mixed 
with 5 ml of extraction buffer (0.1 M sodium acetate, 
0.1 M NaCl, pH = 5). The suspension was shaken at ambi-
ent temperature on a rocker-shaker. After 2 h of extraction, 
the suspension was centrifuged (14 000 rpm, 5 min) and 
the obtained supernatant was used for further analysis. BB 
and BP extracts were stored at − 20 °C until further use.

In the case of the methanolic extracts, 0.5 g of BB/BP 
sample was mixed with 5 ml of 80% methanol and further 
processed as described above.

Table 1  Selected measured parameters of bee bread (BB) and bee pollen (BP) aqueous extracts expressed as mean value with standard deviation

TPC total protein content, TPPC total polyphenol content, ND non-detectable, PL Poland, SK Slovakia, EU European union
*Samples were purchased from local bee shops and the exact origin was not specified

Sample origin Sample no Glucose (g/100 g) TPC (µg/ml) TPPC (µg GAE/ml) GOX (mU/ml)

Bee bread Bielsko-Biała (PL) BB1 5.9 ± 0.1 1194 ± 20 941 ± 64 3.9 ± 0.8
Czaplinek (PL) BB2 5.7 ± 0.0 1607 ± 192 1072 ± 79 12.3 ± 0.3
Miłogoszcz (PL) BB3 8.1 ± 0.1 2214 ± 320 1130 ± 139 23.1 ± 0.4
Lublin (PL) BB4 7.2 ± 0.0 1306 ± 15 1029 ± 161 ND
Warka (PL) BB5 7.5 ± 0.1 1719 ± 90 898 ± 246 21.8 ± 0.6
Modzele (PL) BB6 7.5 ± 0.0 1848 ± 20 817 ± 282 22.6 ± 0.5
unspecified (EU)* BB7 6.8 ± 0.2 1065 ± 180 411 ± 278 6.7 ± 1.2
unspecified (SK)* BB8 8.9 ± 0.5 434 ± 49 1135 ± 111 ND

Bee pollen Czarne (PL) BP1 7.1 ± 0.1 538 ± 146 1362 ± 203 ND
Lublin (PL) BP2 7.7 ± 0.1 486 ± 98 1226 ± 153 ND
Miłogoszcz (PL) BP3 8.6 ± 0.7 615 ± 170 542 ± 57 17.3 ± 0.2
unspecified (SK)* BP4 9.0 ± 0.2 1758 ± 33 863 ± 104 0.1 ± 0.8
unspecified (SK)* BP5 7.9 ± 0.2 1392 ± 34 711 ± 25 1.0 ± 0.9
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Microorganisms

The antibacterial activity of BB and BP extracts was 
assessed against the isolates Staphylococcus aureus 
CCM4223, Pseudomonas aeruginosa CCM1960, Escheri-
chia coli ZPM90, Proteus mirabilis ZMP82 and Entero-
coccus faecalis ZPM118 obtained from the Department of 
Medical Microbiology, Slovak Medical University (Brati-
slava, Slovakia).

Determination of GOX enzymatic activity

The bee-derived GOX activity was determined with a 
Megazyme GOX assay kit (Megazyme International Ire-
land Ltd, Bray, Ireland), which is based on the oxidative 
catalysis of β-D-glucose to D-glucono-δ-lactone, with the 
concurrent release of  H2O2. The resultant  H2O2 reacts with 
p-hydroxybenzoic acid and 4-aminoantipyrine in the pres-
ence of peroxidase to form a quinoneimine dye complex, 
which has a strong absorbance at 510 nm. The enzyme 
activity was determined in 2.5 times diluted BB and BP 
extracts in a 96-well microplate according to the manu-
facturer’s instructions. In the case of kinetic enzymatic 
reactions, the absorbance was read every 1 min for a total 
of 20 min.

Determination of  H2O2 concentration

The  H2O2 concentration in the honey samples was deter-
mined with a Megazyme GOX assay kit (Megazyme Inter-
national Ireland Ltd), which is based on  H2O2 release. For a 
standard,  H2O2 diluted to 9.8–312.5 μM was used. Briefly, 
ten-times diluted BB and BP extracts were incubated at 
37 °C for 24 h. Each extract and standard were tested in 
duplicate in a 96-well microplate and the absorbance was 
measured at 510 nm using Synergy HT microplate reader 
(BioTek Instruments, VT, USA).

Total protein and phenolic content

The total protein content (TPC) of BB and BP extracts was 
measured using a Quick Start Bradford protein assay (Bio-
Rad, USA) as described in the instruction manual.

Total phenolic content (TPPC) was determined with a 
Folin–Ciocalteu Phenolic Content Quantification Assay Kit 
(BioQuoChem, Spain) in diluted BB and BP extracts in a 
96-well microplate according to the manufacturer’s instruc-
tions. Gallic acid was used as the reference standard and 
results were expressed as gallic acid equivalents (GAE, mg/
ml). Absorbance was measured at 700 nm at 37 °C.

Detection of MRJP1, GOX and defensin-1 
by immunoblotting

Aliquots (15 μl) of BB and BP extract were resolved by 
sodium dodecyl sulphate–polyacrylamide gel electropho-
resis (SDS-PAGE) and 16.5% Tricine-SDS-PAGE using a 
Mini-Protean II electrophoresis cell (Bio-Rad). The proteins 
were transferred onto a 0.22 μm nitrocellulose Advantec 
membrane (Sigma-Aldrich) in 48 mM Tris, 39 mM glycine 
and 20% methanol using the wet blotting procedure. The 
membrane was blocked for 1 h in a Tris-buffered saline-
Tween (TBST) buffer (50 mM Tris–HCl, pH 7.5, 200 mM 
NaCl and 0.05% Tween 20) containing 5% non-fat dried milk 
and incubated overnight with a rabbit polyclonal antibody 
against honeybee MRJP1, GOX or defensin-1 (1:2000 in 
TBST) [19, 20]. After washing with TBST, the membranes 
were incubated for 2 h in blocking buffer containing goat 
anti-rabbit horseradish peroxidase-linked antibodies (1:2500 
in TBST; Promega). Immunoreactive bands were detected in 
solution containing dissolved SigmaFast 3,3-diaminobenzi-
dine tablets (Sigma-Aldrich).

Determination of glucose content by HPLC

One gram of BB/BP sample was mixed with 5 ml of deion-
ised ultrapure water and extracted at ambient temperature. 
After 2 h of incubation, the suspensions were centrifuged 
(10,000 rpm, 10 min) and supernatants were transferred 
into new tubes. Cold 96% ethanol was added into 4 ml of 
supernatants at a ratio of 1:4 (v/v) and incubated overnight 
at 4 °C to precipitate proteins from the sample. Afterwards, 
the solution was centrifuged (10,000 rpm, 20 min, 4 °C) and 
the supernatant was concentrated (by evaporation) to a final 
volume of 4 ml. Before HPLC determination, the solution 
was filtered using 0.22 μm filters (Millipore, USA). Glucose 
content was determined with a Shimadzu HPLC coupled to 
a refractive index detector. For the separation, a ReproSil 
Carbohydrate-Plus 5 μm HPLC column 250 × 4.6 mm (Dr. 
Maisch) was used with acetonitrile/water (70/30) as a mobile 
phase at a flow rate of 1.4 ml/min.

Determination of antibacterial activity of BB and BP 
extracts

The antibacterial efficacy of BB and BP samples was 
evaluated with a minimum inhibitory concentration (MIC) 
assay as described by Bugarova et al. [21] with modifica-
tions. Briefly, overnight bacterial culture was suspended in 
phosphate-buffered saline (PBS), pH 7.2, and the turbidity 
of the suspension was adjusted to  108 colony-forming units 
(CFU)/ml and diluted with Mueller– Hinton broth (MHB) 
medium (pH 7.3 ± 0.1) or with 20 mM glucose-enriched 
MHB medium to a final concentration of  106 CFU/ml. Then, 
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10 μl aliquots of suspension were inoculated into each well 
of sterile 96-well polystyrene plates (Sarstedt, Germany). 
The final volume in each well was 100 μl, consisting of 90 μl 
of sterile medium or diluted BB/BP extracts and 10 μl of 
bacterial suspension. After 18 h of incubation at 37 °C, bac-
terial growth inhibition was determined visually. The MIC 
was defined as the lowest concentration of BB/BP extract 
inhibiting bacterial growth. All tests were performed in trip-
licate and repeated three times.

Enzymatic treatment of BB and BP extracts 
with catalase and proteinase K

BB and BP extracts were treated with catalase 
(2000–5000 U/mg protein; Sigma-Aldrich, UK) at a final 
concentration of 1000 − 2500 U/ml at room temperature for 
2 h or proteinase K (30 U/mg; Promega, WI, USA) at a final 
concentration of 50 μg/ml at 37 °C for 30 min. Catalase- and 
proteinase K-treated BB and BP extracts were then used in 
the antibacterial assay to determine MIC values against S. 
aureus and P. aeruginosa.

Statistical analysis

The Shapiro–Wilk test of normality was used to determine 
the data distribution. The Mann–Whitney test and t test were 
used depending on the calculated normality. The Pearson 
correlation test was used for correlation analysis between 
individual parameters. The data are expressed as mean val-
ues with the standard deviation. Data with P-values smaller 
than 0.05 were considered statistically significant. All sta-
tistical analyses were performed using GraphPad Prism 
(GraphPad Software Inc., La Jolla, CA, USA).

Results

TPC and TPPC in BB and BP extracts

Water-based extraction of disrupted BB and BP samples in 
liquid nitrogen allowed the acquisition of extracts with a high 
protein yield. The TPC of each BB and BP extract is shown 

in Table 1. The highest protein content was determined in 
extract BB3 with an average value of 2214 ± 320 µg/ml and 
the lowest in extract of BB8 (434 ± 49 µg/ml). Although 
the mean protein concentrations in BB extracts were higher 
(1489 ± 488 µg/ml) than those in BP extracts (1134 ± 571 µg/
ml), no statistically significant difference (P = 0.145, t test) 
in TPC between the two types of samples was observed.

The protein profile of each extract of BB and BP samples 
is shown in Fig. 1. The protein profile of BB extracts, except 
for sample BB8, differed greatly from that of BP extracts. 
The main difference was associated with the presence of the 
most dominant protein bands with a MW in the range from 
40 to 95 kDa in BB extracts.

Apart from proteinous compounds, polyphenols includ-
ing flavonoids may contribute to the overall antibacterial 
effect of BB and BP extracts. The TPPC determined in 
each BB and BP extract is shown in Table 1. Polyphenol 
content varied among the samples and was in a range from 
214 to 1506 µg GAE/ml. However, no significant difference 
in TPPC was found when comparing the mean values of 
TPPC between groups of BB and BP extracts (P = 0.928, 
Mann − Whitney test).

Content of MRJP1, GOX and defensin-1 in BB and BP 
extracts

The presence of bee-derived proteinous compounds such 
as MRJP1, GOX and defensin-1, which may act directly 
or indirectly as antimicrobials, was analysed in aque-
ous extracts of BB and BP samples. Indeed, MRJP1 was 
detected in all analysed BB and BP samples and represents 
the most abundant bee protein in the samples analysed. As 
indicated in Fig. 2A, BB samples contained a higher amount 
of MRJP1 compared to BP samples. Due to the low con-
centration of GOX and low sensitivity limit of colorimetric 
detection, we were unable to immunodetect GOX in two 
BB samples (BB4 and BB8) and in four BP samples. A very 
faint immunoreactive band corresponding with GOX was 
found in BP3. Defensin-1 was immunodetected only in two 
BB samples (BB3 and BB6) (Fig. 2C) and no immunoreac-
tion was visible in any BP extracts.

Fig. 1  Protein profile of bee 
bread (BB, n = 8) and bee pollen 
(BP, n = 5) aqueous extracts. 
Aliquots (15 μl) of each extract 
were resolved by 12% SDS-
PAGE and protein content 
assessed after gel staining with 
Coomassie Brilliant Blue R-250
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Enzymatic activity of GOX and  H2O2 production 
in BB and BP extracts

The enzyme GOX was immunodetected in most of the BB 
extracts and in only one BP extract. In order to prove the 
presence of GOX, its enzymatic activity was determined in 
all BB and BP extracts (Table 1). Activity was not detectable 
in two BB extracts (BB4 and BB8) in which immunodetec-
tion of GOX failed. Similarly, no or negligible activity of 
GOX was documented in those BP extracts where GOX was 
not immunodetected. The highest GOX activity was found 
in BB3, BB5, BB6 and BP3 with mean values of 23.1, 21.8, 
22.6 and 17.3 mU/ml, respectively. A statistically significant 
relationship between GOX enzymatic activity and the TPC 
of all tested samples was revealed by correlation analysis 
(r = 0.571, P = 0.041).

The kinetics of the GOX enzymatic reaction and changes 
in absorbance for each BB and BP extract are shown in Fig-
ure S1. The profile of enzymatic curves varied among the 
analysed samples. GOX enzymatic curves of most of the BP 
samples remained flat during 20 min and only one sample, 
BP3, exhibited changes in the absorbance values. Interest-
ingly, the profile of enzymatic curves was not uniform and 
three BB extracts (BB3, BB5 and BB6) showed a linear 
increase (Figure S1).

H2O2, as a product of the GOX enzymatic reaction, 
was determined after 24 h of incubation at 37 °C in all BB 
and BP extracts with average values of 0.98 ± 0.91 and 
1.59 ± 2.55 mM for BB and BP group extracts, respectively. 
The difference in  H2O2 production between the groups 
of extracts was not statistically significant (P = 0.622; 
Mann − Whitney test).

Although the natural content of glucose, ranging from 
5.9 to 9.0 g/100 g, was comparable among the samples, 
additional glucose supplementation (20 mM) caused an 
augmentation in  H2O2 generation in BB extracts, excepting 
BB8 sample (Table 2). On the other hand, no changes in the 
mean values of  H2O2 were found between BP and glucose-
supplemented BP extracts. Statistical analysis revealed a 
significant correlation between the enzymatic activity of 
GOX and the level of  H2O2 accumulated in all glucose-
supplemented extracts analysed (r = 0.577, P = 0.039) but 
no correlation was calculated in the case of unsupplemented 
samples (r = 0.465, P = 0.110).

Antibacterial activity of BB and BP extracts

The antibacterial activity of BB and BP aqueous extracts 
was expressed as an MIC value and calculated per units of 
protein content in extracts (Fig. 3). The experiments were 

Fig. 2  Immunodetection of bee-
derived proteinous compounds 
in BB and BP extracts. Aliquots 
(15 μl) of each extract were 
resolved by 12% SDS-PAGE 
and 16.5% Tricine-SDS-PAGE. 
After the wet blotting proce-
dure, the blocked membrane 
was incubated overnight with 
a rabbit polyclonal antibody 
against honeybee (A) MRJP1, 
(B) GOX or (C) defensin-1. 
Immunoreactive bands were 
detected in solution containing 
dissolved SigmaFast 3,3-diam-
inobenzidine tablets. Red, 
blue and green arrows indicate 
MRJP1-immunoreactive, GOX-
immunoreactive and defensin-
1-immunoreacitve band, 
respectively
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carried out in glucose-enriched MHB cultivation medium. 
The overall antibacterial efficacy of BB and BP extracts is 
shown in Fig. 3. The antibacterial activity of the tested BB 
extracts was comparable and the highest efficacy was docu-
mented against S. aureus where MIC values ranged from 
24.1 to 147.0 µg proteins/ml. On the other hand, E. faecalis 
was shown to be the most resistant to BB and BP extracts 
among the tested bacterial strains. Sample BB4 exhibited 
the weakest antibacterial activity against all bacteria. On 
the other hand, BB8 was the most effective, in particular 
against Gram-negative bacteria, where MIC values were 
around 50 µg proteins/ml.

Regarding BP extracts, the antibacterial efficacy was not 
uniform and two samples, namely BP4 and BP5, were about 
four and three-times less effective against S. aureus when 
compared with the average MIC values of the other three 

BP samples. Moreover, low efficacy of both BP samples was 
documented against all bacteria tested (Fig. 3).

H2O2 was found at a higher concentration in three BB 
extracts and one BP extract (Table 2). However, no correla-
tion was found between the values of MIC and  H2O2 con-
centrations among all BB and BP samples, regardless of 
bacterial strain.

Effect of glucose, catalase and proteinase K 
on antibacterial activity of BB and BP extracts

As mentioned in the previous section, all MIC-determining 
experiments were carried out in the presence of glucose arti-
ficially added to cultivation medium at a final concentration 
of 20 mM. Artificially added glucose caused a significant 
increase in the antibacterial activity of BB extracts against 

Table 2  Generation of 
 H2O2 in BB and BP extracts 
with/without glucose 
supplementation at two time 
points (0 and 24 h). Data are 
expressed as mean values with 
standard deviation

H2O2
(mM)
Supplementation – –  + 20 mM glucose
Sample t = 0 h t = 24 h t = 24 h

Bee bread BB1 0.18 ± 0.04 0.86 ± 0.09 1.59 ± 0.02
BB2 0.76 ± 0.09 1.68 ± 0.11 2.21 ± 0.02
BB3 0.36 ± 0.05 0.49 ± 0.05 0.71 ± 0.09
BB4 0.18 ± 0.0 0.56 ± 0.20 0.63 ± 0.04
BB5 0.39 ± 0.0 2.96 ± 0.84 6.60 ± 0.57
BB6 0.37 ± 0.06 0.52 ± 0.0 0.87 ± 0.08
BB7 0.29 ± 0.01 0.52 ± 0.10 0.63 ± 0.06
BB8 0.22 ± 0.03 0.28 ± 0.11 0.07 ± 0.03

Bee pollen BP1 0.45 ± 0.0 0.75 ± 0.21 0.74 ± 0.09
BP2 0.37 ± 0.0 0.37 ± 0.04 0.27 ± 0.10
BP3 0.21 ± 0.0 6.15 ± 0.35 6.83 ± 0.25
BP4 0.31 ± 0.08 0.30 ± 0.18 0.05 ± 0.04
BP5 0.30 ± 0.11 0.40 ± 0.10 0.45 ± 0.07

Fig. 3  Antibacterial activity of 
bee bread (BB) and bee pollen 
(BP) aqueous extracts against 
different bacterial pathogens. 
Antibacterial activity was 
determined with a minimum 
inhibitory concentration (MIC) 
assay. Antibacterial activity 
of BB and BP extracts was 
expressed as an MIC value and 
calculated per unit of protein 
content in extracts. Data are 
expressed as mean values with 
standard deviation

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 71 

European Food Research and Technology 

1 3

S. aureus (P = 0.008, Wilcoxon matched-pairs test) and P. 
aeruginosa (P = 0.016, Wilcoxon matched-pairs test). On 
the other hand, glucose supplementation did not result in 
enhancement of the antibacterial activity of BP extracts 
against either S. aureus or P. aeruginosa.

Taking into account all the results obtained, two dif-
ferent BB (BB5 and BB8) and two different BP (BP1 and 
BP3) samples were selected for further mechanistic analy-
sis. The role of glucose supplementation in the overall 
antibacterial efficacy of the selected samples was investi-
gated against S. aureus and P. aeruginosa (Figs. 4 and 5). 
Four glucose-supplemented extracts were further enzy-
matically treated with catalase and proteinase K to clarify 
the role of  H2O2 and proteinous components, respectively 
(Fig. 5).

Supplementation of glucose in MHB medium augmented 
the antibacterial activity of BB5, BB8 and BP3 extracts that 
was documented by 16-, 2- and 4-times lower MIC values 
against S. aureus, respectively. Treatment of BB/BP extracts 
with Proteinase K did not change the antibacterial efficacy 
of any extract, whereas incubation of extracts with catalase 
resulted in a decrease of antibacterial activity in BB5 and 
BP3 against S. aureus and P. aeruginosa.

In the case of extracts BB8 and BP1, adding glucose as 
well as catalase and proteinase K treatment had no effect on 
their antibacterial activity and it remained stable. This sug-
gests that the antibacterial activity of BB8 and BP1 is not 
mediated through the  H2O2 generated nor proteinous com-
pounds. In addition, the methanolic extract of selected BB 
and BP samples was more active against S. aureus compared 
to P. aeruginosa. The antibacterial activity of methanolic 
extracts may largely depend on the botanical and geographi-
cal origin of particular BP samples.

Discussion

A multifactorial antibacterial effect is one of the important 
advantages of honeybee products, in particular honey, and is 
being suggested as valuable honey quality parameter [22]. It 
is, therefore, not surprising to characterise the antibacterial 
potential of BP and BB, highly attractive nutritional supple-
ments with ideal compositions, allowing their consideration 
as superfoods.

In the present study, we determined the antibacterial 
activity of aqueous extracts of BP and BB samples against 

Fig. 4  Effect of glucose supple-
mentation on antibacterial activ-
ity of bee bread (BB) and bee 
pollen (BP) aqueous extracts 
against Staphylococcus aureus 
and Pseudomonas aeruginosa. 
A Antibacterial activity of indi-
vidual BB and BP samples was 
determined with a minimum 
inhibitory concentration (MIC) 
assay in MHB medium with 
or without 20 mM glucose. 
B Comparison of overall 
antibacterial activity of BB and 
BP extracts in MHB medium 
with or without 20 mM glucose 
(GLU). Antibacterial activity 
was expressed as an MIC value 
and calculated per unit of pro-
tein content in extracts. Data are 
expressed as mean values with 
standard deviation. *P < 0.05; 
**P < 0.01
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various bacterial pathogens and identified the compound 
which could be responsible for the observed antibacterial 
effect. Similar to honey, BP and particularly BB contains 
identical compounds from secretions of hypopharyngeal 
glands and, therefore, honey and BP/BB share the same bee-
derived antibacterial compounds.

The vast majority of studies have reported that the anti-
bacterial activity of BP and/or BB is attributed mainly to 
their polyphenolic and free fatty acid content (reviewed in 
[23]). In fact, polyphenols including flavonoids undoubt-
edly take part in inhibiting or killing bacteria; however, their 
direct antibacterial effect is rather controversial and their 
effective concentrations in extracts are low. The antibacterial 
activity of BP and BB extracts depends on the solvents used 
for extraction. Most studies used methanol and ethanol as 
solvents followed by water [23]. When comparing the anti-
bacterial efficacy of BP/BB samples, the following factors 

should be taken into account: type of sample (fresh/dried; 
monofloral/multi-floral), type of solvent used for extraction, 
methodology (diffusion/dilution) and type of bacteria. Due 
to these circumstances, it is difficult to compare the MIC 
values of BP/BB extracts from particular studies.

The protein/peptide content of honeybee products has 
biological and pharmacological properties beyond its nutri-
tional value. This is in particular valid for BP and BB. The 
protein profile of BB extracts was quite different to that of 
BP extracts, suggesting that partial proteolysis of pollen pro-
teins can occur during the BP fermentation process and, most 
importantly, a higher content of hypopharyngeal gland secre-
tions is present in BB. Indeed, the MRJP1 content was sub-
stantially higher in BB extracts. Immunodetection of MRJP1 
revealed that it is a dominant protein in BB extracts and rep-
resents regular but quantitatively variable component of BP 
and BB extracts. A rabbit polyclonal antibody against MRJP1 
also immunoreacted with other protein bands suggesting that 
different post-translational modifications of MRJP1 may con-
tribute to MRJP1 mass heterogeneity [24] and/or contaminant 
proteases in BB and BP samples can partially cleave MRJP1 
into immunoreactive fragments. Thus, MRJP1 could be used 
as a biomarker of BP and BB authentication, similarly to 
honey [25] and royal jelly [26, 27].

On the other hand, under the conditions used, we were 
able neither able to immunodetect GOX nor to determine its 
enzymatic activity in some samples analysed, in particular 
BP samples. Likewise, defensin-1 was found only in two 
BB samples. GOX and defensin-1 are rather variable com-
ponents and their concentrations in honey, royal jelly and 
BP/BB depends on multifactorial aspects, such as honeybee 
genetic/epigenetic factors [28].

The final  H2O2 content in BP and BB extracts depends 
on the ratio between GOX (producing  H2O2) and catalase 
(degrading  H2O2) and also on the presence of phytochemi-
cals (e.g. polyphenols) which may enhance the enzymatic 
activity of GOX or, alternatively, may exhibit pro-oxidative 
activity [20]. We found that the level of  H2O2 did not cor-
relate with the antibacterial activity of any of the samples 
analysed regardless of bacterial species. It appears that  H2O2 
is itself not antibacterial and antibacterial activity depends 
on the generation of hydroxyl radical from  H2O2 via a Fen-
ton reaction [29]. An increase the number of hydroxyl radi-
cals is determined by the ferrous ion  (Fe2+) and  H2O2, the 
concentration of which should be maintained at a relatively 
high level [30]. We demonstrated that glucose supplemen-
tation of BB extracts increased the concentration of  H2O2 
accumulated within 24 h. Analysis of trace elements in BP 
and BB showed that iron is one of the most abundant trace 
elements [10, 31]. However, the Fenton reaction depends on 
pH value and the system needs to be acidic. Due to low pH 
(~ 4.0), BB aqueous extracts seem to present a favourable 
environment for the Fenton reaction.

Fig. 5  Analysis of mechanistic antibacterial effect of selected BB 
and BP aqueous extracts against (A) Staphylococcus aureus and 
(B) Pseudomonas aeruginosa. BB and BP extracts were treated 
with catalase (2000 − 5000 U/mg protein) at a final concentration of 
1000 − 2500 U/ml at room temperature for 2 h or proteinase K (30 U/
mg) at a final concentration of 50 μg/ml at 37 °C for 30 min. Anti-
bacterial activity was determined with a minimum inhibitory con-
centration (MIC) assay. Antibacterial activity of BB and BP aqueous 
extracts was expressed as an MIC value and calculated per unit of 
protein content in extracts. AE aqueous extract, Glu glucose, Prot-K 
proteinase K. *P < 0.05, ns non-significant
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To investigate the role of  H2O2 in the antibacterial activ-
ity of BB and BP, selected samples were treated with cata-
lase. Catalase was able to restore bacterial growth but only 
in those samples where glucose supplementation resulted 
in the enhancement of antibacterial activity. In the samples 
where catalase and proteinase K treatment did not change 
the antibacterial activity (BB8 and BP1), no enzymatic 
GOX activity was observed. It is obvious that the relatively 
strong antibacterial activity of these samples is not mediated 
through the action of  H2O2 but through an unknown differ-
ent mechanism. Recently, bacteria isolated from BB and BP 
samples were shown to be a suitable and promising source of 
antimicrobials [32]. Bacteriocins, thermo-resistant antimi-
crobial peptides of bacterial origin, exhibit potent antibac-
terial activity against a broad spectrum of pathogens [33]. 
To date, one antimicrobial peptide, a bacteriocin produced 
by Enterococcus avium, has been found in BB [34]. This 
peptide inhibits growth of Listeria monocytogenes but is 
ineffective against Gram-negative bacteria. Its antibacterial 
activity is completely abolished by proteolytic treatment but 
unaffected by the action of catalase. Therefore, it is unlikely 
that bacteriocins are responsible for the antibacterial effect 
of samples BB8 and BP1, because their assumed antibacte-
rial activity was not changed after proteinase K treatment. 
Proteinase K is a very effective and stable serine protease 
and whole honey protein content including GOX, MRJP1 
and defensin-1 was completely digested [20].On the other 
hand, the results presented in this study, together with our 
previously published results [20, 35], indicate that although 
GOX is digested by proteinase K, it is able to generate sub-
stantial amount of  H2O2 due to its fast mechanism of action. 
This initial level of  H2O2 and ability to form hydroxyl radi-
cals seem to be effective enough to inhibit bacterial growth. 
However, this hypothesis needs to be verified by further 
research.

It needs to be emphasised here that fresh BP and BB 
undergo a drying process due to higher humidity which rep-
resents a favourable environment for microbial contamina-
tion [36]. However, thermal treatment of BP/BB can have a 
negative effect on biological properties, in particular those 
which are mediated by thermolabile compounds. Indeed, 
controlled-heat drying (50 °C, 8 h) of fresh BP induces detri-
mental changes in the content of volatile and free fatty acids, 
proteins and lipids and negatively affects the overall nutri-
tional value [37]. The authors of another study concluded 
that the most appropriate temperature for drying fresh BP 
to ensure the reduction of microorganisms is 60 °C [38]. 
However, there is only scarce information about the effect 
of thermal processing on BP/BB antibacterial activity and 
enzyme activity in these products. It has been found that 
freshly collected BP has higher antibacterial activity com-
pared to processed (dried) BP [39]. Since we used dried BP 
and BB with unknown processing conditions, it is likely that 

the antibacterial activity and GOX activity of fresh BP/BB 
samples are at a higher level. In fact, two BP samples (BP4 
and BP5), representing the commercially available samples 
with unspecified exact origin exhibited the lowest antibac-
terial activity against all tested bacteria. We assumed that 
the harsh conditions of technological processing (e.g. ther-
mal treatment) of commercially available BP samples could 
negatively affect biological activity including antibacterial 
and enzymatic activities.

Conclusion

In summary, BP and particularly BB aqueous extracts exhib-
ited antibacterial activity which was significantly increased 
in the presence of 20 mM glucose. The highest activity of 
extracts was documented against S. aureus and the lowest 
efficacy against E. faecalis. Immunoblot analysis of extracts 
revealed the presence of MRJP1 in all BP and BB aque-
ous extracts analysed, GOX enzyme in the majority of BB 
samples and defensin-1 in two out of eight BB samples. 
A statistically significant relationship between the enzy-
matic activity of GOX and the TPC of all tested samples 
was revealed by correlation analysis. Similarly, a signifi-
cant correlation was found between the enzymatic activity 
of GOX and the level of  H2O2 accumulated in all glucose-
supplemented extracts analysed. Incubation of extracts with 
proteinase K did not affect the overall antibacterial activ-
ity. On the other hand, treatment of extracts with catalase 
resulted in the restoration of bacterial growth but only in 
those samples where glucose supplementation caused the 
enhancement of antibacterial activity. However, the level of 
 H2O2 did not correlate with the antibacterial activity of any 
of the samples analysed regardless of bacterial species. Our 
findings provide a deeper understanding of the antibacterial 
activity of BP/BB which is mediated, for the most part, by 
the enzymatic activity of bee-derived GOX. It is obvious 
that honey, royal jelly and BP/BB share the same mechanism 
of antibacterial effect based on proteinous content secreted 
from bee hypopharyngeal glands.
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The discovery of antibiotics slowed the investigation of the antimicrobial potential of natural 

products, including bee products such as honey, propolis, BP, and BB as well. BP and BB are highly 

nutritious products with many health-promoting properties. In the process of transformation of BP 
into BB, the key role is played by enzymes and the microbiota of the bee glands, including LAB. 

Nevertheless, still there is a lack of information concerning role of bee-connected microorganisms. 

They are involved in the biotransformation BP into BB and preservation of these products 

from spoilage, however, the mechanism of action is still unknown. The microbiota associated 

with bees are able to produce secondary metabolites such as antimicrobial peptides, bacteriocins, 

surfactants, and several types of enzymes.  

 The third article (Article 3.) published in Antibiotics (MDPI) focused on the investigation 

of bacteria isolated from bee pollen and bee bread, particularly their ability to produce antimicrobials 
against different human pathogens, and also their ability to produce enzymes with possible 

industrial use.  

 The research material consists of four bee pollen samples and five bee bread samples 

that were obtained from Polish apiaries. The products suspensions were cultivated on Luria-Bertani 

(LB) Agar plates, and afterwards, the grown isolates were collected on new LB agar plates. 

All isolates were investigated in the growth inhibitory assay against reference strains of S. aureus, 

S. epidermidis, E. coli and P. aeruginosa. For determination of the ability to produce enzymes such 

as proteases, cellulases, amylases, esterases, lipases, laccases and b-galactosidases, 

the following media were used: LB agar with skimmed milk, LB agar with carboxymethylcellulose, 

LB agar with starch, Tributyrin agar, Spirit Blue Agar, LB agar with guaiacol and LB agar with            

X-gal, respectively. The most promising strains were identified using sequencing of the 16S rRNA 

gene. 

 From four bee pollen samples and five bee bread samples, 81 strains were obtained. 
The presence of microorganisms in the selected products was in the range of 1.0x102 to 2.1x103. 

Investigation of antagonistic interactions with five human pathogens revealed that 33.3%, 35.8% 

and 27.2% of the strains exhibited activity against S. aureus ATCC 25923, S. aureus ATCC 29213 

and S. epidermidis ATCC 12228 strains, respectively. In the case of Gram-negative bacteria, 39.5% 

of the tested isolates demonstrated an antagonistic interaction with P. aeruginosa ATCC 27853 

and only 18.5% of the tested strains – against E. coli ATCC 25922. According to these results, of 

the 81 strains, 34 isolates exhibited activity against at least one indicator strain were selected 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 77 

for further analysis. The results of bioinformatic analysis of the 16S rRNA genes of these isolates 

provide the information that they all belonged to the genus Bacillus.  Furthermore, five strains were 

preliminary classified as B. pumilus, B. altitudinis, B. licheniformis, B. subtilis, and B. safensis. 

Evaluation of the enzymatic activity of selected isolates revealed that the tested strains are able to 
produce lipolytic (85.1% of strains), cellulolytic (67%), proteolytic (48%), esterolytic (36%) 

and amylolytic (3.7%) enzymes. However, none of the isolates exhibited laccase activity.  

 This study revealed that both products, bee pollen and bee bread, contain a relatively low 

number of microorganisms. Additionally, isolates that presented antagonistic interactions 

with human pathogens were identified as Bacillus strains. Bee pollen and bee bread products may 

be considered as a source of microorganisms, particularly bacteria with the ability to produce 

antimicrobials against human/animal pathogens and enzymes of industrial importance.  
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Abstract: The principal objective of the study was the isolation and identification of bacteria that
are present in mature bee bread (BB) and dried (ready for selling and consumption) bee pollen (BP).
Obtained isolates were screened for their potential to inhibit select human pathogenic bacteria and
their ability to produce enzymes of particular industrial importance. Four and five samples of BP
and BB, respectively, were used for the study. In total, 81 strains of bacteria were isolated, and 34
(42%) of them exhibited antagonistic interactions with at least one reference strain of pathogenic
bacteria, namely Staphylococcus aureus ATCC 25923, Staphylococcus aureus ATCC 29213, Staphylococcus
epidermidis 12228, Pseudomonas aeruginosa ATCC 27857, and Escherichia coli ATCC 25922. The sequenc-
ing of the 16S rRNA gene revealed that all strains producing antimicrobials belong to the genus
Bacillus spp., and among them, five species were identified: B. pumilus (n = 17), B. altitudinis (n = 9),
B. licheniformis (n = 4), B. subtilis (n = 2), and B. safensis (n = 1). Furthermore, 69, 54, 39, and 29 of
the strains exhibited lipolytic, proteolytic, cellulolytic, and esterolytic activity, respectively. Alpha
amylase and beta galactosidase activity were rarely observed, and none of the strains produced
laccase. The outcomes of the study revealed that BP and BB can be considered potential sources of
bacteria producing antimicrobial agents and/or enzymes of particular industrial importance. Of
course, additional research is required to verify this hypothesis, but the results of preliminary studies
are promising.

Keywords: bee bread; bee pollen; Bacillus spp.; enzymes

1. Introduction
Since ancient times, honey bee products, particularly honey and propolis, have been

used as traditional remedies. Both these product exhibit high antimicrobial activity and
have mostly been applied for treatment of infected and difficult to heal wounds. As in the
case of many other natural products, the investigation of their antibacterial/antifungal
potential was impeded by the discovery of antibiotics. However, renewed interest in the
investigation and use of the pharmacological (not only antimicrobial) potential of bee prod-
ucts has been observed within the last couple of decades. Recent studies performed with
modern analytical techniques and using in vitro and in vivo models have proved that the
chemical components of bee products exhibit a broad range of health-beneficial properties
including antimicrobial, antioxidant, anti-inflammatory, anti-cancer, and immunomodula-
tory activity [1–5]. It has been found that the enzymatic production (by glucose oxidase
(GOx)) of hydrogen peroxide is a dominant mechanism by which honey collected by bees
from most plant sources exert bacteriostatic and bactericidal activity. The physiochemical
properties of these products, namely high osmotic pressure and low pH, as well as some of
their components, e.g., polyphenols and bee defensin�1, only support the antimicrobial
effect of H2O2 [1,6,7]. Thus, these honeys are called peroxide honeys. However, inter-
esting results presented by Brudzynski and coworkers [7–10], Bucekova et al. [11] and

Antibiotics 2021, 10, 713. https://doi.org/10.3390/antibiotics10060713 https://www.mdpi.com/journal/antibiotics
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Grecka and colleagues [12] suggested an important role of plant-derived phytochemicals
(mostly polyphenols) for the level of production of hydrogen peroxide in some honey
types and probably also the transformation of H2O2 for most active radical products, e.g.,
OH˙ [7–12]. A unique mechanism of antimicrobial activity has been identified for New
Zealand’s manuka honey and several Australian and Malaysian honeys. High efficiency
in the inhibition of bacterial growth by these product is attributed to a non-peroxide
component—methylglyoxal [13–15].

Propolis is a highly agglutinative, resinous substance of complex chemical composi-
tion that is collected by bees from flower and leaf buds. Propolis-containing extracts exhibit
a broad spectrum of biological activities, among which antimicrobial potential has been
the most intensively investigated [3,4,16]. The research carried out in our research group
revealed the high antibacterial—particularly anti-staphylococcal [17] and antifungal [18]—
activity of propolis collected in Polish apiaries, and flavonoids (flavonols, flavones, and
flavanones) have been identified as components crucial for the antimicrobial activity of
these products. Many trials have confirmed usefulness of propolis-containing products
(e.g., extracts, ointments, wound materials, and dental materials such as toothpaste, glass-
ionomer cement (GIC), and dental varnish) for treatment and prophylaxis against bacterial
and fungal infections [4,19]. Interesting health-associated properties including antimicro-
bial potential have also been identified and described for lesser known and less popular
bee products, namely royal jelly [20,21], bee wax [22], and bee venom [23].

The bee products that have recently gained particular popularity are bee pollen (BP)
and bee bread (BB) [5]. Because of their high nutrition values, both of them are classified
as functional foods [24] and both exhibit a wide range of therapeutic properties, such as
antimicrobial, antioxidant, anti-radiation, anti-inflammatory, anti-tumor, hepatoprotective,
and chemopreventive/chemoprotective benefits [5,24–27]. The term “bee bread” refers to
the collected pollen that is processed by bees and fermented [5]. The exact mechanism of the
biotransformation of BP to BB is still not fully elucidated. However, it known that enzymes
from bees’ glands (e.g., amylases that are responsible for starch hydrolysis), as well as
bacteria (mostly lactic acid bacteria—LAB) and some yeasts sourced from bees’ saliva and
surfaces of pollen loads, play crucial roles in BP fermentation and BB production [5,28–30].
Some of the BB is stored in the wells of the honeycomb through the winter, and in the spring
it is used as a main source of proteins for the new populations of bee larvae. It has been
also found that ethanolic or methanolic extracts of components of both BB and BP exhibit
antimicrobial potential. The outcomes of our recent study revealed a considerably higher
antimicrobial potential of extracts produced from BB compared to BP extracts [31]. We also
found the efficient inhibition of growth of Staphylococcus aureus in water suspensions of
both products [31].

Important gaps in our knowledge remain regarding the microbial ecosystem of bee
products, including both bacteria and fungi. Still very little is known about species compo-
sition and the role of these microorganisms in maturing bee products (e.g., the biotransfor-
mation of BP to BB) and in the protection of honey and bee bread against microbial spoilage,
which is crucial for the health of bees (both mature and larvae) and humans who consume
these products. There is mounting evidence implicating microbial ecosystem of the bee raw
materials (nectar and pollen)–bee products (honey and bee bread)–honey bee axis involved
in the production of a range of antimicrobial agents. These agents are used as weaponry
in competitive interspecies interactions to effectively kill competing microorganisms in
the fight for nutrients and space in each of these niches (nectar, pollen, honey, bee bread,
and honey bee). Among the secondary metabolites produced by microorganisms that
constitute the microflora of bee products are antimicrobial peptides, bacteriocins, surfac-
tants, siderophores, proteolytic enzymes, and cell wall-degrading enzymes [32]. The main
goal of this study was to investigate the ability of bacteria that constitute the microbiome
of BP and BB for the growth inhibition of selected pathogenic microorganisms. Most of
isolated strains of bacteria were identified as Bacillus spp., and some of them exhibited high
antagonistic activity against important clinical human pathogens including staphylococci,
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E. coli, and P. aeruginosa. Our future studies will be focused on the identification of the
molecular mechanism or metabolites that are responsible for these antagonistic interactions.
We believe this could lead to the identification of producers of new antimicrobial agents.
Moreover, most of isolates derived from both raw materials revealed high proteolytic,
lipolytic, esterolytic, and cellulolytic activity. The outcomes of the study revealed that
bacteria isolated from BP and BB can be considered a possible source of novel antimicrobial
compounds and enzymes of particular industrial importance.

2. Results
As is shown in Table 1, the investigated samples of BP and BB presented different,

though generally low, levels of microbial contamination—only aerobic and facultative
aerobic were considered in this study. Four products (44%), two samples of each BB and
BP, exhibited a level of contamination of above 103 CFU (colony forming units) per gram of
the raw material. The other five samples contained less bacteria, from 100 to 600 CFU per
gram of the raw material. No evident differences in the level of microbial contamination
between BP and BB were observed in this study.

Table 1. Level of microbial contamination of investigated BP and BB samples and the antagonistic activity of isolates against
reference strains of pathogenic bacteria.

Sample No. of
Colonies

CFU/g of
Product

Activity against
S. aureus

ATCC 25923

Activity against
S. aureus

ATCC 29213

Activity against
S. epidermidis
ATCC 12228

Activity against
E. coli

ATCC 25922

Activity against
P. aeruginosa
ATCC 27853

No. of
Colonies % No. of

Colonies % No. of
Colonies % No. of

Colonies % No. of
Colonies %

BP3 14 1400 6 42.86 6 42.86 5 35.71 5 35.71 7 50.00
BP15 5 500 2 40.00 2 40.00 2 40.00 2 40.00 3 60.00
BP12 1 100 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
BP20 15 1500 6 40.00 7 46.67 3 20.00 1 6.67 7 46.67
BB3 2 200 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
BB6 13 1300 1 7.69 2 15.38 1 7.69 1 7.69 2 15.38

BB10 6 600 3 50.00 3 50.00 3 50.00 1 16.67 3 50.00
BB15 4 400 1 25.00 1 25.00 0 0.00 0 0.00 1 25.00
BB19 21 2100 8 38.10 8 38.10 8 38.10 5 23.81 9 42.86

TOTAL 81 27 33.33 29 35.80 22 27.20 15 18.52 32 39.51

In total, 81 strains of bacteria were recovered from nine tested products (Tables 1 and 2).
In each case, the bacteria were cultivated from a 0.1 mL suspension of the raw material in
sterile water (1:10 w/v). All these isolates were screened for antagonistic interactions with
pathogenic bacteria and the production of select essential hydrolytic enzymes. The antago-
nistic relationship was investigated through the observation of growth inhibition zones
(GIZs) of indicator strains of bacteria around the growing colonies of tested strains—isolates
from BB or BP (Figure 1).

Considering Gram-positive staphylococci, the antagonistic activity was observed for
27 (33.3%), 29 (35.8%), and 22 (27.2%) strains against S. aureus ATCC 25923, S. aureus ATCC
29213, and S. epidermidis ATCC 12228, respectively. A considerable number of strains, n = 32
(39.5%), inhibited the growth of Pseudomonas aeruginosa ATCC 27853, while activity against
E. coli ATCC 25922 was not so common and was confirmed for 15 isolates (18.5%). The
largest number of active isolates was recovered from bee bread assigned as BB19. Eight
strains inhibited the growth of staphylococci, and an antagonistic relationship with E.
coli ATCC 25922 and P. aeruginosa ATCC 27853 was confirmed for five (23.8%) and nine
(42.9%) strains, respectively. Forty percent or more of isolates derived from products BP3,
BP15, BP20, and BB10 exhibited antagonistic potential against both strains of S. aureus
and P. aeruginosa ATCC 27853. On the other hand, the only strain recovered from the raw
material was assigned as BP12, and both isolates from BB3 did not exhibit any antimicrobial
properties. Relatively low percentage levels of active strains were also found in the cases of
BB6 and BB15.
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Table 2. Species classification based on the BLAST analysis of 16S rRNA gene sequences and antagonistic activity against
reference strains of pathogenic bacteria.

Sample Species Classification *
Exhibited Activity

S. aureus
ATCC 25923

S. aureus
ATCC 29213

S. epidermidis
ATCC 12228

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

BP3.2 Bacillus spp. (pumilus,
zhangzhouensis) ++ +++ +++ +++ +++

BP3.3 Bacillus spp. (pumilus,
zhangzhouensis) + ++ ++ ++ ++

BP3.7 Bacillus spp. (pumilus,
zhangzhouensis) + + + ++ ++

BP3.10 Bacillus spp. (pumilus,
zhangzhouensis) +++ +++ +++ +++ +++

BP3.11 Bacillus spp. (altitudinis,
stratosphericus) + + � � +++

BP3.12 Bacillus spp.
(licheniformis, aerius) � � � � ++

BP3.13 Bacillus spp. (pumilus,
zhangzhouensis) +++ +++ +++ +++ +++

BP15.1 Bacillus spp. (lichemiformis) � � � � +++

BP15.3 Bacillus spp. (pumilus,
zhangzhouensis) ++ ++ +++ +++ +++

BP15.4 Bacillus spp. (altitudinis,
stratosphericus) +++ +++ +++ +++ ++

BP20.1 Bacillus spp. (safensis, pumilus) + + � � ++

BP20.3 Bacillus spp. (altitudinis,
stratosphericus) + + � � ++

BP20.4 Bacillus spp. (altitudinis,
stratosphericus) + + � � +

BP20.6 Bacillus spp. (altitudinis,
stratosphericus) � + � � +++

BP20.7 Bacillus spp. (altitudinis,
stratosphericus) + + +++ � ++

BP20.9 Bacillus spp. (altitudinis,
stratosphericus) +++ ++ ++ ++ ++

BP20.15 Bacillus spp. (subtilis) +++ ++ + � +++

BB6.2 Bacillus spp. (pumilus,
zhangzhouensis) +++ ++ +++ ++ ++

BB6.5 Bacillus spp. (altitudinis,
stratosphericus) � ++ � � +

BB10.1 Bacillus spp. (subtilis) +++ +++ +++ � +++

BB10.3 Bacillus spp. (pumilus,
zhangzhouensis) + + + � ++

BB10.6 Bacillus spp. (pumilus,
zhangzhouensis) +++ +++ +++ +++ +++

BB15.3 Bacillus spp. (altitudinis,
stratosphericus) + ++ � � +++

BB19.2 Bacillus spp. (pumilus,
zhangzhouensis) � � ++ � �

BB19.7 Bacillus spp. (pumilus,
zhangzhouensis) +++ ++ +++ +++ +++

BB19.9 Bacillus spp.
(licheniformis, aerius) � � � � ++

BB19.10 Bacillus spp. (altitudinis, aerius) + + � � +

BB19.11 Bacillus spp. (licheniformis,
paralicheniformis) � � � � +++
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Table 2. Cont.

Sample Species Classification *
Exhibited Activity

S. aureus
ATCC 25923

S. aureus
ATCC 29213

S. epidermidis
ATCC 12228

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

BB19.12 Bacillus spp. (pumilus,
zhangzhouensis) ++ ++ +++ + +++

BB19.13 Bacillus spp. (pumilus,
zhangzhouensis) +++ ++ +++ � ++

BB19.15 Bacillus spp. (pumilus,
zhangzhouensis) ++ +++ +++ +++ +++

BB19.17 Bacillus spp. (pumilus,
zhangzhouensis) +++ +++ ++ � +++

BB19.19 Bacillus spp. (pumilus,
zhangzhouensis) +++ +++ ++ ++ �

BB19.21 Bacillus spp. (pumilus,
zhangzhouensis) +++ +++ +++ +++ +++

*—sequences of gene coding for 16S rRNA of different species of the genus Bacillus exhibit high level of similarity. Thus, in most cases, two
most possible species are proposed. The classification of antagonistic interaction as S—strong (+++); M—moderate (++); W—weak (+); or
L—lack (�) was based on the measurement of the size of the growth inhibition zone (SGIZ) of indicatory strain counted from the edge of
the colony of the investigated isolate. The following scale was used for the classification of antagonistic interactions: strong—SGIZ > 3 mm;
moderate—SGIZ in the range from 1 to 3 mm; and weak—SGIZ  1 mm. The mean value of this parameter from three independent
experiments was used for final classification of each strain tested.
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Figure 1. An example of antagonistic interaction between isolated strains (strains 1–21 were iso-
lated from the product BB19, and strains 1 and 2 were derived from the product BB3) and indica-
tory/reference strains of pathogenic bacteria: (a) S. aureus ATCC 25923, (b) S. aureus ATCC 29213,
(c) S. epidermidis ATCC 12228, and (d) E. coli ATCC 25922. Interactions with P. aeruginosa ATCC 27853
were a separately analyzed (results not presented).

The 34 out of 81 isolated strains that exhibited antagonistic activity against at least one
indicator strain were selected for species identification and amplification and sequencing
of the gene coding for 16S rRNA (Table 2). The bioinformatics analysis of 16S rRNA gene
sequences (carried out with the BLAST software) revealed that all tested strains belong to
the genus Bacillus. In general, five species were distinguished among the isolates. MostD
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of the strains (eighteen) were classified as B. pumilus. Nine isolates were identified as a
second most common species—B. altitudinis. Four, two, and one strains were recognized
as B. licheniformis, subtilis, and safensis, respectively. However, it is necessary to remember
that sequences of the 16S rRNA gene of different species of Bacillus spp. are characterized
by a high level of similarity or even identity. Thus, further analysis, e.g., whole genome
sequencing or mass spectrometry, would be required for final species identification. The
phylogenetic analysis based on results of comparative analysis of the sequences of 16S
rRNA genes revealed some diversity between the tested strains (Figure 2) and generally
confirmed results of the classification of the species (Figure 2).
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Five clusters of the strains could be distinguished, which was in agreement with
species identification.

Some interesting observations were also made regarding the assessment of the en-
zymatic activity of isolated strains of bacteria (Table 3 and Figure 3). None of the strains
were able to produce laccase. No discoloration of the bacterial colonies was observed on
the agar medium supplemented with guaiacol. Furthermore, a small number of strains
(n = 3; 3.7%) exhibited amylolytic activity. Flooding the active strains with Lugol’s solution
resulted in the appearance of clear halos around the colonies (Figure 3b). Eleven strains
(13.58%) formed lightly blue colonies on the LA agar medium supplemented with X�gal,
which probably confirmed ��galactosidase production, though with a low efficiency (data
not shown). Almost half of the isolates presented esterolytic (n = 29; 36%) and proteolytic
(n = 39; 48%) activity. In the case of strains isolated from BP and BB that are able to produce
proteases and esterases, clear halos around the grown bacterial colonies were observed
on the media supplemented with skimmed milk and tributyrin, respectively (Figure 3a,d).D
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Moreover, a significant number of strains (n = 54; 67%) displayed cellulolytic activity, and 18
of them were classified as strong producers. In this case, the halos zones appeared around
the colonies grown on LA agar medium supplemented with carboxymethylcellulose and
flooded with Congo red solution (Figure 3e). Interestingly, the largest number of isolates
(n = 69; 85.1%) exhibited lipolytic activity. The isolates contributed to the formation of
bright halos around the colonies on Spirit Blue Agar (Figure 3c).

Table 3. Enzymatic activity of isolates.

Isolates Proteolytic
Activity

Amylolytic
Activity

Lipolytic
Activity

Esterolytic
Activity

Cellulolytic
Activity

Presence of
Beta�Galactosidase

Presence
of Laccase

1 BP3.1 � � � � � � �
2 BP3.2 +++ � + � ++ � �
3 BP3.3 ++ � ++ � ++ � �
4 BP3.4 � � � � � � �
5 BP3.5 +++ � ++ ++ +++ � �
6 BP3.6 + � + � + � �
7 BP3.7 + � ++ ++ � � �
8 BP3.8 � � � � � � �
9 BP3.9 � +++ ++ ++ +++ + �
10 BP3.10 +++ � ++ � ++ � �
11 BP3.11 + � + � + � �
12 BP3.12 � � +++ + +++ + �
13 BP3.13 ++ � + � ++ � �
14 BP3.14 + � + � + � �
15 BP12.1 ++ � +++ � ++ + �
16 BP15.1 � � +++ � ++ � �
17 BP15.2 ++ � + + ++ � �
18 BP15.3 +++ � ++ � ++ � �
19 BP15.4 + � ++ � +++ � �
20 BP15.5 � � ++ � � � �
21 BP20.1 ++ � ++ � � � �
22 BP20.2 ++ � +++ � + + �
23 BP20.3 ++ � ++ + +++ � �
24 BP20.4 ++ � ++ + ++ � �
25 BP20.5 � � +++ � + � �
26 BP20.6 +++ � ++ + ++ � �
27 BP20.7 ++ � ++ + ++ � �
28 BP20.8 ++ � +++ � � + �
29 BP20.9 ++ � ++ + +++ � �
30 BP20.10 ++ � � � � � �
31 BP20.11 � � + � + + �
32 BP20.12 � � + ++ � � �
33 BP20.13 � � � � � � �
34 BP20.14 � � � � � � �
35 BP20.15 +++ +++ +++ + +++ � �
36 BB3.1 � � ++ � +++ � �
37 BB3.2 � � � � � � �
38 BB6.1 � � ++ � � + �
39 BB6.2 +++ � ++ + ++ � �
40 BB6.3 � � ++ � � + �
41 BB6.4 � � � � � � �
42 BB6.5 � � +++ +++ ++ � �
43 BB6.6 � � � � � � �
44 BB6.7 � � + � � � �
45 BB6.8 ++ � ++ � + + �
46 BB6.9 � � +++ � � � �
47 BB6.10 � � � � � � �
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Table 3. Cont.

Isolates Proteolytic
Activity

Amylolytic
Activity

Lipolytic
Activity

Esterolytic
Activity

Cellulolytic
Activity

Presence of
Beta�Galactosidase

Presence
of Laccase

48 BB6.11 � � + ++ +++ � �
49 BB6.12 � � +++ � +++ � �
50 BB6.13 � � ++ + ++ � �
51 BB10.1 + +++ + ++ +++ � �
52 BB10.2 � � +++ � ++ � �
53 BB10.3 + � ++ ++ + � �
54 BB10.4 � � +++ � ++ � �
55 BB10.5 � � +++ � +++ + �
56 BB10.6 ++ � + ++ ++ � �
57 BB15.1 � � + + + � �
58 BB15.2 � � + � + � �
59 BB15.3 + � + + ++ � �
60 BB15.4 � � +++ � +++ � �
61 BB19.1 � � +++ � ++ � �
62 BB19.2 +++ � ++ + + � �
63 BB19.3 � � ++ � � � �
64 BB19.4 � � ++ � � � �
65 BB19.5 � � ++ + � � �
66 BB19.6 + � ++ � ++ � �
67 BB19.7 + � +++ + ++ � �
68 BB19.8 � � ++ � � � �
69 BB19.9 � � � + + � �
70 BB19.10 ++ � ++ � +++ � �
71 BB19.11 � � + � + + �
72 BB19.12 +++ � ++ + +++ � �
73 BB19.13 ++ � ++ + ++ � �
74 BB19.14 � � + � � � �
75 BB19.15 + � ++ � +++ � �
76 BB19.16 � � � � � � �
77 BB19.17 ++ � +++ � +++ � �
78 BB19.18 � � ++ � � � �
79 BB19.19 ++ � +++ + � � �
80 BB19.20 � � ++ � ++ � �
81 BB19.21 +++ � +++ + +++ � �

TOTAL

S 10 (12%) 3 (4%) 19 (23%) 1 (1%) 18 (22%) 0 (0%) 0
M 18 (22%) 0 33 (41%) 8 (10%) 23 (28%) 0 (0%) 0
W 11 (14%) 0 17 (21%) 20 (25%) 13 (16%) 11 (14%) 0
L 42 (52%) 78 (96%) 12 (15%) 52 (64%) 27 (33%) 70 (86%) 81 (100%)

S—strong (+++); M—moderate (++); W—weak (+); L—lack (�).
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3. Discussion
The recently observed increase in the popularity and consumption level of BP and

BB is mainly a consequence of the high nutritional value and health benefit properties
of these products, including the high contents of vitamins, minerals, amino acids, some
fatty acids, and polyphenols (antioxidants) that seem to be the most important [5,24–26].
However, very little is known about the microbiome of both these products. Both bacterial
and fungal communities associated with BP and BB are important in at least four different
aspects: (1) the process of biotransformation of BP to BB; (2) the stability of BB in the
hive (in the cells of honey combs) during long term storage in the winter season; (3) the
microbial safety of bees, particularly bee larvae that are fed with the BP/BB; and (4) the
influence on the health of people who are consumers of BP/BB. The collected pollen loads
by bee workers are prone to microbial deterioration—mostly due to molds. The BP that is
sold in markets must be dried, which inhibits the growth of molds and other pathogenic
microorganisms. For bees, the BP is, in fact, the only raw material for BB production. The
BP loads collected by bee workers are mixed with small amounts of the secretion from the
bee’s saliva, tightly packed in honeycomb cells, and finally covered with a thin layer of
honey and a wax lid. Subsequently, under these anaerobic conditions, the BP undergoes the
biotransformation process to BB. The exact biochemical mechanism of the biotransforma-
tion processes remains not fully understood. However, it is known that different enzymes
from bees’ glandular secretion, as well as bacteria that are present in bees’ saliva and on
the surface of pollen loads, are crucial for this process [5,33,34]. It still remains unclear
which species of bacteria participate in BB maturing. However, the outcomes of several
investigations have suggested that lactic acid bacteria are of primary importance. Vasquez
and Olofsson (2009) observed the intense growth of these bacteria within maturing BB
for about two weeks—the first step of BP biotransformation [30]. The LAB are important
part of Apis mellifera gut community and are probably introduced to the raw material—BP
from bees’ saliva [35]. The presence of LAB seems to be particularly important from the
point of view of the microbial stability and preservation of the final product—BB. These
bacteria produce lactic acid, bacteriocins, and aliphatic acids (products of lipids hydrolysis)
that efficiently inhibit the growth of not only pathogenic (for both bees and humans, the
consumers of BB) microorganisms but also bacteria, yeasts, and molds that could cause
microbial deterioration or undesirable sensory changes [35]. Iorizzo and coworkers (2020)
revealed the high inhibitory activity of LAB, namely Lactobacillus kunkeei and Lactiplan-
tibacillus plantarum (isolated from bees’ gastrointestinal tract and bee products) against
the important bee pathogens Ascosphaera apis and Paenibacillus larvae, respectively [36,37].
It also has been found that yeasts and molds participate in BP biotransformation. De-
try et al. (2020) identified Starmerella, Metschnikowia, and Zygosaccharomyces as the most
common yeast species in bee bread. However, the high abundance of yeasts in fresh bee
bread decreased rapidly with the storage duration. Starmerella species dominated fresh bee
bread, while mostly Zygosaccharomyces members were isolated from aged bee bread [38].
Disayathanoowat et al. (2020) investigated dynamic of bacterial and fungal community
structures in corbicula pollen and hive�stored BB collected in China. They found that
corbicula pollen was colonized by the Enterobacteriaceae bacterium (Escherichia�Shigella,
Panteoa, and Pseudomonas) group; however, the number of bacteria significantly decreased
in hive�stored bee bread in less than 72 h. In contrast, Acinetobacter was highly abundant
and could utilize protein sources. In terms of the fungal community, the genus Cladospo-
rium remained abundant in both corbicula pollen and hive�stored bee bread. The authors
also concluded that filamentous fungus might encourage honey bees to reserve pollen by
releasing organic acids [29].

Both mature BB and dried BP—ready for sale in markets—are considered microbial—
safe and free from dangerous pathogenic microorganisms. However, none of these products
are sterile, and very little is known about the microbiota of these products, including
species composition and the metabolic and enzymatic properties of bacterial and fungal
communities present in BP and BB. The herein presented results confirmed the generallyD
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low level of microbial contamination of samples of both products, with a maximum level
of contamination of approximately 2.1 ⇥ 103 CFU/g. Interestingly, all of 34 isolates
that exhibited antimicrobial activity were classified into the genus Bacillus spp., and five
different species were identified: B. subtilis, B. licheniformis, B. pumilus, B. altitudinis, and
B. safensis. The above�mentioned studies did not show the presence of Bacillus spp. in
BB samples [29,30,38]. In our opinion, this difference could be explained by the fact that
only mature BB samples harvested from honeycomb cells and stored for about four months
(under refrigeration) and dried BP samples were used in our study. The phytochemicals
present in the raw material and in honey added to the BP, as well as the metabolites of
bacteria growing in the maturing product, formed an unfavorable environment for the
growth and development of most microorganisms. Thus, only highly resistant bacteria, e.g.,
spore�forming Bacillus spp. bacteria, can survive under these conditions. The outcomes
of our previous investigation revealed very similar species composition and properties of
microorganisms isolated from honey samples [39]. Most of these isolates were classified as
Bacillus spp., and most of them exhibited the ability to produce metabolites of antibacterial
activity [39]. One of these strains, namely Paenibacillus alvei MP1, was found to be an
efficient producer of proteinaceous agent that exhibited promising activity against a broad
spectrum of pathogenic bacteria [40]. Moreover, several genes responsible for antimicrobial
activity have been identified in the genome of P. alvei MP1 [41]. Some other research groups
have also reported the isolation of antimicrobials producing bacteria from honey. Lee et al.
(2008) screened six US honeys and two manuka honeys originating from New Zealand.
The researchers reported that 92.5% of a total of 2398 strains exhibited antimicrobial
activity [42]. One of the isolates, identified as Paenibacillus polymyxa, showed a broad
range of antibacterial activity against Gram�positive and �negative bacteria including
P. larvae ssp. larvae ATCC 25747 and foodborne pathogens such as Bacillus cereus F4552
and Escherichia coli O157:H7 ATCC 43895 [43]. Zulkhairi Amin and coworkers (2020)
revealed probiotic properties, including the production of antibacterial metabolites, of
Bacillus spp. strains isolated from honey of the stingless bee Heterotrigona itama [44]. Khalili
Samani et al. (2021) isolated several bacteriocin�producing strains of Bacillus spp. and
Gram�positive cocci from the samples of Iranian honey. In contrast to the bacteriocins
produced by these isolates, most of produced metabolites characterized in this study that
were BP� and BB�derived strains that exhibited activity against both Gram� positive
and Gram�negative bacteria [45]. However, to date, Bacillus spp.producing antimicrobial
agents have not been isolated from BB or BP. A small amount of honey is added to BP before
biotransformation, and this could be the source of Bacillus spp. in the final product—BB.
On the other hand, bacteria of the genus Bacillus are common in the environment and could
be present on the surfaces of pollen grains collected by bee workers.

Important and interesting information provided in this study included the investi-
gation of enzymatic potential of the isolates. The production of lipases, cellulases, and
proteinases were most common among tested strains. It can be assumed that these ac-
tivities were essential for the “extraction” of basic food ingredients: amino acids, fatty
acids, and glucose from components of pollen grains—proteins, lipids, and cellulose. These
activities also improve the nutritional value of BB through the pre�digestion of biopoly-
mers (e.g., cellulose and proteins), which is important for bees and human consumers.
Moreover, the release of aliphatic acids from lipids can be important for the preservation
of BB. Markiewicz�Żukowska and coworkers (2013) identified aliphatic acids as impor-
tant antimicrobial components of BB, and unsaturated, ↵�linolenic, linoleic, oleic, and
11,14,17�eicosatrienoic acids formed more than a half of them (40.63 ± 4.5%) [46]. Neither
��galactosidase nor laccase are crucial for surviving in BB or BP, so these activities are
rarely observed or not observed at all. Surprisingly, a relatively low percentage level
of alpha amylase positive isolates was identified. Starch is important component of BP,
and only 3 out of 81 tested strains exhibited strong potential for the hydrolysis of this
polysaccharide. To our knowledge, the enzymatic potential of bacteria, other than LAB,
isolated from BB or BP had not been investigated to date. Most of bacteria that belong to
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the genus Bacillus are not harmful to mammalians, with the exception of B. cereus and B.
anthracis. Thus, the strains isolated from bee products, including BB or BP, can be consid-
ered sources of antimicrobials or enzymes. Moreover, they are also suitable candidates for
probiotic bacteria [44].

4. Materials and Methods
4.1. Essential Chemical Reagents and Growth Media

All chemicals and growth media were purchased from commercial sources. LB
broth and LB agar medium were bought from A&A Biotechnology (Gdynia; Poland).
Mannitol salt phenol�red agar, Spirit blue agar, tributyrin agar, skimmed milk, starch,
carboxymethylcellulose, guaiacol, X�gal (5�bromo�4�chloro�3�indolyl���D�galac-
topyranoside), Tween 80, cottonseed oil, Lugol’s solution, Congo red dye, and PBS tablets
(pH 7.4) were purchased from Merck (Darmstadt, Germany). Ultrapure H2O (18.0 MW)
was produced with the Milli�Q Advantage A10 system (Millipore, Billerica, MA, USA).

4.2. Bee Pollen and Bee Bread Samples and Isolation of Bacterial Strains
The samples of bee pollen (n = 4) and bee bread (n = 5) were provided by Polish

apiaries. All samples of BP were dried (to protect the product against microbial spoilage).
The BB samples were directly recovered from honeycombs in late summer or autumn
2019; thus, only mature bee bread was used for the study. All products were not older
than six months counting from the date of harvesting to the date of using them for the
experiment. The samples of BP were stored in dark conditions at ambient temperature,
and BB was kept refrigerated at 4 �C. The suspensions of BP and BB in sterile deionized
water at a 1:10 (w/v) ratio were performed for sample preparation. Subsequently, 100 µL of
each suspension were streaked on the LB (Luria–Bertani) agar medium. The plates with
inoculated agar medium were incubated at 37 �C for 24 h. Thereafter, the growing colonies
were enumerated, and the level of microbial contamination of BB and BP samples (CFU/g
of the product) was calculated. Each colony was individually transferred onto new Petri
dish with an LB agar medium and incubated overnight at 37 �C. Then, a collection of
isolates from BP and BB was obtained for further investigation.

4.3. Growth Inhibitory Assay
For assessing the antimicrobial activity of isolated bacteria, the colonies from the

collection were transferred with sterile pipette tips onto LB agar plates inoculated with
reference strains: S. aureus ATCC 253923, S. aureus ATCC 29213, S. epidermidis ATCC
12228, E. coli ATCC 25922, and P. aeruginosa ATCC 27853. Reference indicator strains
were inoculated using a sterile cotton swab soaked in a diluted suspension of each tested
strain prepared in a phosphate buffered solution (final optical density of each solution
OD600 = 0.1; approximately 1–5 ⇥ 108 CFU/mL). Agar plates were incubated for 24 h at
37 �C. Thereafter, the presence and size of the GIZs of indicator strains were observed and
recorded. The antimicrobial activity of each isolate was determined on the basis of the sizes
of growth inhibition zones of indicatory strains observed around the colonies of bacteria
isolated from BP or BB. All tests were performed in at least triplicate. Isolated bacteria with
antimicrobial activity against reference strains were cataloged for further investigation.

4.4. Investigation of Enzymatic Activity of Isolated Strains
The bacterial isolates from BP and BB were tested to confirm or exclude their ability

to produce enzymes from the group of hydrolases such as proteases, cellulases, amylases,
esterases, lipases, laccases, and ��galactosidases. Two aspects were taken into account
for the selection of the set of enzymatic activities that were investigated: the chemical
composition of the BP (and therefore the substances that are available for the bacteria)
and the industrial relevance of the enzymes regarding their application in industry. In
order to determine the individual hydrolytic activities of isolates, the following media
were applied: LB agar with skimmed milk (1.5% w/v) for proteolytic activity, LB agar withD
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carboxymethylcellulose (2% w/v) for cellulolytic activity, LB agar with starch (2% w/v) for
amylases activity, LB agar with guaiacol (100 µL/L) for laccase activity, LB agar with X�gal
(20 mg/L) for ��galactosidase activity, a Tributyrin agar with neutral tributyrin (10 g/L)
for esterolytic activity and a Spirit blue agar supplemented with 30 mL/L of lipase substrate
(400 mL of warm distilled water, 1 mL of Tween 80, and 100 mL of cottonseed oil) for lipase
activity. Using sterile pipette tips, each of isolates was applied on the appropriate agar
medium in triplicate and incubated for 24 h at 37 �C. Following incubation, the appearance
of halos around the colonies was observed for the confirmation of proteinase, esterase, and
lipase activities. Halo zones around colonies indicated amylases and cellulolytic activities.
However, the confirmation of the production of these enzymes required the flooding of
the agar medium with Lugol’s solution or Congo red solution, respectively. Staining
the growing colonies with blue or brownish dye was able to confirm the production of
beta�galactosidase or laccase, respectively.

4.5. Identification of Bacterial Species of Isolates That Exhibited Antagonistic Activity against
Selected Pathogenic Microorganisms

The identification of the isolates that exhibited antagonistic activity against selected
pathogenic bacteria was executed by sequencing of the 16S rRNA gene. The DNA was
isolated using Genomic Mini AX Bacteria+ (A&A Biotechnology, Gdynia, Poland) according
to the protocol purchased from the manufacturer of the kit.

The PCR amplification of the targeted gene was determined with a pair of primers:
rP1 50 CCCGGGATCCAAGCTTAGAGTTTGATCCTGGCTCAG 30

Fd2 50 CCCAATTCGTCGACAACACGGCTACCTTGTTACGACTT 30

The amplified products sequencing was carried out by Macrogen (Amsterdam, the
Netherlands). The purification of the amplified gene coding for 16S rRNA was executed
using the enzymatic Post�PCR Immediate Cleanup (EPPiC) purification kit (A&A Biotech-
nology, Gdynia, Poland) following the protocol provided by the producer.

4.6. DNA Sequence Analysis
BLAST (Basic Local Alignment Search Tool) was used to the sequence analyses. Mul-

tiple sequence alignment in the MEGA X software was performed using the MUSCLE
algorithm. The phylogenetic tree was constructed from the 16S rRNA sequences from
previously generated FASTA sequence using the MEGA X software. The phylogenetic tree
was assembled using the neighbor�joining method and sorting by distance.

5. Conclusions
Bacteria of the genus Bacillus have been identified as most important component of

mature and stored BB, as well as dried BP. Moreover, the outcomes of the study revealed
that BP and BB can be considered to be potential sources of bacteria producing antimicrobial
agents and/or enzymes of particular industrial importance. Of course, additional research
is required to verify this hypothesis, but the results of preliminary studies are promising.
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24. Kostić, A.Ž.; Milinčić, D.D.; Barać, M.B.; Ali Shariati, M.; Tešić, Ž.L.; Pešić, M.B. The Application of Pollen as a Functional Food

and Feed Ingredient—The Present and Perspectives. Biomolecules 2020, 10, 84. [CrossRef]
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 Bee products have been known since ancient times because of their beneficial health 

properties. Bee pollen and bee bread are the least known among all bee products; however, they 

are gaining more attention due to their high nutritional value – they consist of significant amounts 
of amino acids, fatty acids, vitamins, and microelements. The health-promoting properties of BP 

and BB were also investigated and both products exhibit, for instance, antimicrobial, antioxidant, 

anti-radiation, anti-inflammatory, antitumor, hepatoprotective, and chemoprotective abilities. Except 

for bioactive compounds present in BP and BB, the microbiota of these products can exhibit health-

promoting properties for bees and humans. Among all Bacillus strains, only two (B. cereus and 

B. anthracis) are considered harmful to humans. In addition, some of them are used commercially 

as probiotics.  

 The fourth paper (Article 4.) published in Probiotics and Antimicrobial Peptides (Springer) 
focused on the investigation of ten Bacillus isolates of bee pollen and bee bread according to their 

probiotic potential: survivability under simulated gastrointestinal conditions, adhesion properties, 

and lack of antibiotic resistant genes. Simultaneously, whole genome sequencing and 

phylogenomic analysis were conducted. Additionally, the ability to assimilate cholesterol 

and carbohydrates metabolism of the tested strains was also examined. 

 In this research, seven strains obtained from bee pollen and three obtained from bee bread 

were investigated. All of them were identified as Bacillus strains using 16S rRNA sequencing 
analysis. The antagonistic interactions of the tested isolates with bacterial (S. aureus, 

S. epidermidis, E. coli, L. monocytogenes, Salmonella enterica) and yeast (C. albicans, C. krusei, 

C. glabrata) strains were performed. To investigate the probiotic potential of the tested isolates, 

first, tolerance to bile salts and acidic condition were examined. The adhesion properties 

of the isolates were studied using auto-aggregation assay, co-aggregation assay with four 

pathogenic bacteria (S. aureus, E. coli, L. monocyotgenes and S. enterica) and cell surface 

hydrophobicity assay. To determine the safety of the tested Bacillus strains, an antibiotic disk 

susceptibility test with ten different antibiotics was performed, as well as the hemolytic and DNase 
activity of the isolates. To examine cholesterol assimilation ability, a colorimetric method that 

includes o-phtalaldehyde reagent was conducted. Carbohydrate metabolism was studied using 

APIÒ 50 CH kits. The species identification of selected potential probiotic isolates was also 

investigated using whole genome sequencing. 
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 The results presented in this article indicate that all strains tested showed tolerance to 0.3% 

bile salt solution and acidic conditions (pH=2). The survivability of strains varied from 84.63% to 

110.15% and from 35.5% to 68.23% respectively. Additionally, the results of the hydrophobicity 

assay differ among the isolates tested and the affinity to xylene ranged from 5.69% to 61.08%. 
Auto-aggregation of isolates was also determined - after 4 hours of incubation it was in the range 

from 21.55% to 46.75%; after 24 hours, the values increased and the level of auto-aggregation was 

from 47.08% to 88.52%. Furthermore, the tested isolates showed the strongest co-aggregation 

with L. monocytogenes, followed by co-aggregation with S. aureus and S. enterica. 

In the antagonistic interactions assay, the most sensitive strains to isolated Bacillus strains were 

staphylococci and P. aeruginosa, where the most resistant were L. monocytogenes and E. coli. 

The strains revealed weak activity against C. albicans strains. Furthermore, the safety assessment 

provides information that the tested isolates were sensitive to almost all antibiotics, except penicillin 
(six strains were resistant) and clindamycin (two strains resistant). None of the tested strains 

produces DNase, and five exhibited no hemolytic activity. Furthermore, all isolates were able to 

assimilate cholesterol from the broth – the level of assimilation was in the range of 10.74% 

to 36.45%. What is more, Bacillus isolates had ability to metabolize 30 out of 49 carbohydrates, 

including mono-, di-, polisaccharides, glycosides and triols. According to obtained results, from ten 

tested strains three – PY2.3, BP20.15 and BB10.1 were selected as potential probiotic strains 

and for these strains whole-genome sequencing and phylogenomic analyses were performed. 

The isolate PY2.3 was identified as B. velezensis and isolates BP20.15 and BB10.1 – as B. subtilis. 
Whole genome investigation revealed that these three strains are potential producers of various 

antimicrobial compounds, for example, bacteriocins and secondary metabolites. 

 Taking into consideration the results of this preliminary study, bacteria isolated from bee 

pollen and bee bread can exhibit a probiotic potential that may provide beneficial properties to 

the host, including activity against pathogens, lowering the cholesterol level, and metabolizing 

carbohydrates that can have a positive impact on the gut microbiome and the host. However, 

additional in vitro and in vivo studies are necessary to confirm the beneficial effect of these three 
strains on human organism. 
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Abstract
The main goal of this study was the evaluation of the probiotic potential of 10 Bacillus spp. strains isolated from 5 bee bread 
and 3 bee pollen samples. The antagonistic interaction with Staphylococcus aureus and Escherichia coli was a primary 
criterion for the preliminary selection of the isolates. Three out of ten strains—PY2.3 (isolated from pollen), BP20.15 and 
BB10.1 (both isolated from bee bread)—were found to be possible probiotic strains. All these strains are safe for humans 
(exhibiting !-hemolytic activity) and meet all essential requirements for probiotics in terms of viability in the presence of 
bile salts and acid conditions, hydrophobicity, auto-aggregation, and co-aggregation with the cells of important human 
pathogenic bacteria. They also assimilate more than 30% of cholesterol after 24 h of incubation. These three isolates are 
resistant to penicillin but sensitive (or exhibit moderate resistance) to the other nine antibiotics tested herein. On the basis 
of whole-genome sequencing, BP20.15 and BB10.1 were classified as B. subtilis and PY2.3 as B. velezensis. Moreover, 
genomic analyses revealed that all these isolates are potential producers of different antimicrobial compounds, including 
bacteriocins and secondary metabolites. The outcomes of this study have proven that some of the Bacillus strains isolated 
from bee pollen or bee bread are potential probiotics.

Keywords Bacillus · Probiotic · Bee bread · Bee pollen

Introduction

Bee products, such as honey, propolis, or royal jelly, are 
known since ancient times and have been used as traditional 
remedies in folk medicine. Bee pollen, particularly bee 
bread, is still less known and less popular among consum-
ers. However, the research conducted during the last decade 
indicates that both of them deserve special attention due 
to their wide array of health-beneficial properties such as 
antimicrobial, antioxidant, anti-radiation, anti-inflammatory, 
antitumor, hepatoprotective, and chemoprotective activity 

[1–5]. They are also rich sources of essential amino acids, 
fatty acids vitamins and microelements. Bee pollen is made 
up of 7–17% water, 36–37% carbohydrates (fructose and 
glucose), 20–23% proteins (with all necessary amino acids: 
methionine, lysine, threonine, histidine, leucine, isoleucine, 
valine, phenylalanine, and tryptophan), 5.1% fat, 2.2–3% ash 
content, and 1.6% phenolic compounds (flavonoids, leu-
kotrienes, catechins, and phenolic acids) [6]. Bee workers 
collect pollen during plant pollination. However, it must be 
noted that for bees, pollen is only the raw material for pre-
paring the final product — bee bread, which in fact is the 
main source of proteins for young bees and bee larvae. The 
pollen grains gathered from plants are mixed with a small 
dose of the secretion from bee workers’ salivary glands and/
or nectar and placed in specific baskets (corbiculae) that 
are situated on the tibia of their hind legs. The bee workers 
transport the pollen loads to the hive, pack them in the hon-
eycomb cells, and cover them with a thin layer of honey and 
a waxy lid. In these anaerobic conditions, bee pollen under-
goes solid-state fermentation and biochemical changes [2, 
7]. Endogenic enzymes and microflora of pollen grains, as 
well as enzymes and microorganisms present in bees saliva, 
are crucial for the biotransformation of bee pollen to bee 
bread [2, 3]. However, the exact mechanism of this process is 
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not fully recognized. The most important benefits (for both 
bees and human consumers) of this process are (1) improve-
ment of nutritional value of the final product (importantly 
higher availability of food ingredients) by partial hydrolysis 
of biopolymers that covers each grain of bee pollen: sporo-
pollenin, cellulose, and pectins [8] and subsequently partial 
hydrolysis of proteins, lipids, and poli/oligo saccharides 
[8–10]; (2) stabilization of the final product against micro-
bial spoilage that is a consequence of supplementation of bee 
pollen with bees glandular secretions (contains glucose oxi-
dase and major royal jelly protein) [11], release from pollen 
grains polyphenols and other natural compounds that exhibit 
antimicrobial potential [1, 3] and first of all development 
of microflora producing metabolites (e.g. lactic acid and 
bacteriocins) that exhibit high antagonistic activity against 
pathogenic microorganisms [1, 2, 12–15]. Thus, the final 
product — bee bread is stable and safe for young bees and is 
a source of readily available food ingredients for bee larvae.

As mentioned above, microorganisms play a crucial role 
in the biotransformation of bee pollen into bee bread. Except 
for LAB, bacteria belonging to the genus Bacillus are one of 
the most abundant species found in bee pollen and bee bread, 
but also in honey [12, 16–18]. Bacillus spp. are widespread, 
spore-forming, rod-shaped bacteria that produce metabo-
lites with biotechnological applications, including enzymes, 
amino acids, and antimicrobial agents [19]. In the hive, these 
bacteria are involved in the production of enzymes beneficial 
for bees’ health, the biotransformation of bee pollen into 
bee bread, and increasing resistance to some diseases such 
as chalkbrood. Sabate and colleagues (2012) reported that 
B. subtilis subsp. subtilis Mori2 exhibited a few benefits 
for bee colonies: an increase in the number of bees’ larvae, 
a reduction of Varroa and Nosema levels in the hive and 
higher honey accumulation compared to the control hives 
[20]. The majority of the bacterial species that belong to the 
genus Bacillus spp. are considered safe, and only a few of 
them, including B. cereus and B. anthracis, are human and 
animal pathogens [21].

The intestinal microflora plays a key role in the host body 
and is associated with the regulation of nutritional, immu-
nologic, and physiological functions [22]. Disproportion 
of the gut microbiota can cause many gastrointestinal dis-
eases, such as inflammatory bowel disease, obesity, or type 
2 diabetes [23]. According to the WHO, probiotics are live 
microorganisms that, when delivered in adequate amounts, 
improve the host’s health. The characteristics of probiotics 
include the ability to tolerate gastrointestinal conditions, 
survivability in the presence of gastric acid and bile salts, 
ability to adhesion to epithelial cells, antimicrobial activity, 
and a lack of antibiotic-resistant genes [24]. Several strains 
of the genus Bacillus are used commercially as probiotics: 
B. subtilis, B. polyfermenticus, B. clausii, some B. cereus, 
B. coagulans, B. pumilus, and B. licheniformis [25]. Recent 

studies revealed that bee products are a good reservoir of 
Bacillus strains that were investigated in terms of probiotic 
potential [21, 26, 27]. Moreover, our latest study revealed 
that Bacillus strains obtained from bee pollen and bee bread 
demonstrated high antibacterial activity, especially against 
Gram-positive staphylococci, and produced many essential 
enzymes such as lipases, esterases, cellulases, and proteases 
[12]. In the present study, we aimed to evaluate the probiotic 
characteristics of selected Bacillus strains isolated from Pol-
ish bee pollen and bee bread.

Materials and Methods

Chemicals and Materials

All chemicals and reagents were purchased from commercial 
sources. Luria–Bertani broth (LB) was purchased from 
Biomaxima (Lublin, Poland); Columbia Blood Agar 
was bought from Graso Biotech (Starogard Gdanski, 
Poland); and Yeast Extract–Peptone–Dextrose (YPD) was 
obtained from A&A Biotechnology (Gdynia, Poland). Bile 
salts, phosphate-buffered saline (PBS), phenol, xylene, 
Mueller–Hinton Agar (MHA), DNase agar with toluidine 
blue, cholesterol-PEG600, o-phtalaldehyde, and Brain 
Heart Infusion (BHI) broth were purchased from Merck 
(Darmstadt, Germany). Hydrochloric acid, acetic acid, 
absolute ethanol, n-hexane, and sulfuric acid were bought 
from POCH (Gliwice, Poland), and potassium hydroxide 
was purchased from Chempur (Piekary Slaskie, Poland). 
Antibiotic disks (chloramphenicol (30 μg), azithromycin (15 
μg), linezolid (30 μg), rifampin (5 μg), penicillin (10 units), 
trimethoprim (5 μg), clindamycin (2 μg), ciprofloxacin (5 
μg), gentamycin (10 μg), and kanamycin (30 μg)) were 
obtained from Oxoid (Basingstoke, UK). API® CH 50 kit 
was bought from Biomerieux (Marcy-l'Étoile, France). 
Ultrapure water (18.0 Ω) was obtained with the Milli-Q 
Advantage A10 System (Millipore, Billerica, MA, USA).

Bacterial and Yeasts Cultures

In this study, ten isolates from bee pollen (n = 5) and bee 
bread (n = 3) samples derived from Polish apiaries were 
isolated, cultivated, and characterized according to the pro-
tocol presented in Pełka et al. 2021 [23]. Six isolates from 
this study (BP20.9, BP20.15, BP15.4, BP15.1, BB10.1, and 
BB19.21) and four other strains isolated in our laboratory 
from Polish bee pollen and bee bread with interesting anti-
microbial activities were selected for probiotic potential 
investigation. All four additional strains — namely PY2.3, 
PY5.3, PY6.4, and PG10.5 — effectively inhibited the 
growth of S. aureus ATCC 29213 and E. coli ATCC 25922 
and were identified as Bacillus spp. based on 16S rRNA 
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sequencing (data not published). The isolated strains were 
cultured on LB agar plates at 37 °C.

The frequent human pathogens, such as Staphylococ-
cus aureus ATCC 29213, S. epidermidis ATCC 35984, 
Escherichia coli ATCC 25922, Listeria monocytogenes 
ATCC 35152, Salmonella enterica PCM 2266, and yeasts 
Candida albicans ATCC 10231, C. albicans SC 5314, C. 
glabrata DSM 6128, and C. krusei DSM 11226, were used 
as indicator strains for the assays aimed at determining the 
antimicrobial potential of the isolates. Indicator strains were 
cultivated on BHI agar plates (bacterial strains) and YPD 
agar plates (yeasts) at 37 °C.

Acid and Bile Tolerance

To determine the survivability of potential probiotic strains 
in the human gastrointestinal tract (GIT), the isolates were 
tested in artificial gastrointestinal juices. The tolerance 
to low pH and the presence of bile salts were tested as 
described by Zulkhairi Amin et al. (2020), with slight modi-
fications [21]. Bacterial strains were incubated in LB broth 
at 37 °C for 18 h at 180 rpm. The cells of the strains tested 
were then centrifuged (1500 s g, 10 min), washed once, and 
resuspended in PBS solution. Acid tolerance was tested in 
LB broth with pH = 2 adjusted with 0.1 M HCl, and bile salt 
tolerance was tested in LB broth supplemented with 0.3% 
bile salts. The control sample was conducted in LB broth. 
Into 5 ml of broth (LB, LB with pH = 2, LB with 0.3% bile 
salts) 50 μl of bacterial cell suspensions were added. Sam-
ples were withdrawn after time intervals (0 h and 3 h) and 
serially tenfold diluted using PBS. Then, the dilutions were 
applied to LB agar plates in triplicate. The colonies growing 
on the plates were counted after 24 h of incubation at 37 °C. 
During the 3-h interval, the samples in the particular broths 
were incubated at 37 °C and 100 rpm.

Auto-Aggregation and Co-Aggregation

The adhesive properties of isolates were tested using slightly 
modified auto-aggregation and co-aggregation assays 
described by Jeon et al. (2017) [28]. Bacterial strains were 
incubated in LB broth at 37 °C for 18 h at 180 rpm. The 
isolates were then centrifuged (1500 s g, 10 min), washed 
once, and resuspended in PBS solution to reach an optical 
density of 0.1–0.2 at 600 nm  (OD600).

To determine the auto-aggregation ability of isolates, 5 
ml of bacterial suspensions were incubated at 37 °C for 4 
and 24 h, and after that time, absorbance was measured at 
600 nm. The percentage of auto-aggregation was calculated 
using the formula:
[%] = (1 − At∕A0 × 100%

where  A0 and  At represented the  OD600 at 0 h and at the 
indicated incubation time (4 h and 24 h, respectively).

To determine the percentage of co-aggregation, isolated 
strains as well as pathogen strains (S. aureus ATCC 29213, 
E. coli ATCC 25922, L. monocytogenes ATCC 35152, and 
S. enterica PCM 2266) were used. 2.5 ml of bacterial isolate 
suspensions were mixed with 2.5 ml of each pathogen cell 
suspension. The mixture was incubated at 37 °C for 4 and 24 
h, and after that time, absorbance was measured at 600 nm. 
The percentage of co-aggregation was expressed as follows:

where  AP and  AB represent the absorbance of the pathogen 
and isolated Bacillus strain at 0 h, respectively, and  AMIX 
represents the absorbance of the mixed culture after 4 and 
24 h intervals.

Cell Surface Hydrophobicity

To determine the potential ability of the strains to adhere 
to epithelial cells of the gut, the adherence to the surface 
of hydrocarbons (hydrophobicity assay) was measured as 
described by Yadav et al. (2016) [29]. Bacterial strains 
were incubated in LB broth at 37 °C for 18 h at 180 rpm. 
The cultures of the isolates were then centrifuged (1500 s 
g, 10 min), washed once, and resuspended in PBS solution 
to reach an optical density of 0.1–0.2 at 600 nm  (OD600). 3 
ml of the prepared cell suspension was mixed with 1 ml of 
p-xylene and incubated at 37 °C for 1 h. After aqueous and 
organic phase separation, 1 ml of the aqueous phase was 
carefully taken from the test tube, and the absorbance was 
measured at 600 nm. The percentage of hydrophobicity was 
calculated using the formula:

where  A0 and  At represent the absorbance of the aqueous 
phase after 0 and 1 h, respectively.

Antimicrobial Activity of Isolates

Agar diffusion method was performed to investigate the 
antimicrobial potential of isolated Bacillus strains. For this 
assay, six bacterial and four yeast reference strains were 
used: S. aureus ATCC 29213, S. epidermidis ATCC 35984, 
E. coli ATCC 25922, P. aeruginosa ATCC 27853, L. mono-
cytogenes ATCC 35152, S. enterica PCM 2266, C. albi-
cans ATCC 10231, C. albicans SC 5314, C. glabrata DSM 
6128, and C. krusei DSM 11226. Inoculation of agar media 
LB (for bacteria) and YPD (for yeasts) was performed by 
streaking with a sterile cotton swab soaked in a suspension 
of each tested indicatory strain (final optical density of each 

[%] = (((AP + AB)∕2) − AMIX∕((AP + AB∕2 × 100%

[%] = (1 − At∕A0) × 100%
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suspension  OD600 = 0.1). Subsequently, the colonies of iso-
lates from the collection were transferred with sterile pipette 
tips in the form of dots onto LB agar plates (for bacteria) and 
YPD agar plates (for yeasts). Afterward, plates were incu-
bated at 37 °C for 24 h. After incubation, growth inhibition 
zones of indicatory strains around colonies (dots) of isolates 
were observed and measured.

Antibiotic Disk Susceptibility Test

According to the Performance Standards for Antibiotic Disk 
Susceptibility Tests (CLSI), the antibiotic susceptibility 
assay was performed on MHA plates using the antibiotic 
disk diffusion method. The different groups of antibiotics 
were selected according to their different modes of action: 
protein synthesis inhibition (chloramphenicol, azithromycin, 
linezolid, clindamycin, gentamicin, kanamycin), cell wall 
synthesis inhibition (penicillin), and DNA or RNA synthe-
sis inhibition (rifampin, ciprofloxacin, trimethoprim). The 
following antibiotic disks were used: chloramphenicol 30 
μg, azithromycin 15 μg, linezolid 30 μg, rifampin 5 μg, 
penicillin 10 units, trimethoprim 5 μg, clindamycin 2 μg, 
ciprofloxacin 5 μg, gentamicin 10 μg, and kanamycin 30 
μg. Bacterial cell suspensions (0.5 McFarland) were pre-
pared, spread on MHA plates, and allowed to dry. Then, the 
antibiotic disks were placed on plates and incubated at 37 
°C for 18 h. After incubation, the diameters of the inhibi-
tion zones were measured. The results were compared with 
interpretative zone diameters described by the Performance 
Standards for Antibiotic Disk Susceptibility Tests (CLSI). 
The criteria used for the interpretation of the results were 
adapted from the M100 Performance Standards determined 
for Staphylococcus spp. [30].

Hemolytic Activity

To examine the safety of isolates, the hemolytic activity test 
was performed using Columbia Agar plates with 5% sheep 
blood. Overnight-grown isolate cultures were streaked onto 
blood agar plates and incubated at 37 °C for 24 h. Thereaf-
ter, the zones of hemolysis around the grown colonies were 
observed.

DNase Activity

For examination of DNase production by isolates, DNase 
medium with toluidine blue was used. Overnight-grown 
isolate cultures were streaked onto DNase agar plates and 
incubated at 37 °C for 24 h. After incubation, the change in 
color of the DNase medium around the grown colonies was 
observed.

In vitro Cholesterol Assimilation

Cholesterol assimilation analyses were performed accord-
ing to the protocol described by Tomaro-Duchesneau and 
colleagues (2014) [31], with some modifications. Filter-
sterilized water-soluble cholesterol solution was added to 
LB broth with 0.2% ox gall bile at a final concentration of 
100 μg/ml and inoculated with 1% (v/v) bacterial overnight 
culture. Afterward, the suspension was incubated at 37 °C 
for 24 h. After incubation, the suspension was centrifuged 
(5500 rpm, 7 min, 4 °C), and the supernatant was collected. 
0.5 ml of supernatant was mixed with 1 ml of absolute etha-
nol and 0.5 ml of 33% (w/v) KOH. The mixture was vor-
texed and incubated at 37 °C for 15 min. After cooling the 
samples to room temperature, 1 ml of deionized water and 
1.5 ml of n-hexane was added to the solutions and vortexed 
for 1 min. Afterward, the mixture was left at ambient tem-
perature for phase separation. Subsequently, 0.5 ml of the 
upper n-hexane phase was removed and transferred into a 
new test tube, and then evaporated at 45 °C using a rotary 
concentrator (Eppendorf Concentrator Plus, Hamburg, Ger-
many). Subsequently, 1 ml of o-phtalaldehyde reagent (50 
mg/dl in acetic acid) was added into tubes and mixed. Then, 
250 μl of concentrated sulfuric acid was added, vortexed for 
1 min and allowed to stand for 20 min at room temperature. 
The absorbance of the final mixture was measured using 
TECAN Multiplate Reader (Spark 10M Grödig, Austria) at 
570 nm. For calculations, a standard curve of cholesterol was 
prepared for cholesterol concentrations from 0 to 500 μg/ml 
in LB broth. Cholesterol reduction was calculated as follows:

where  CHNC represents the amount of cholesterol present in 
the negative control (non-inoculated broth) and  CHS repre-
sents the amount of cholesterol present in samples.

Carbohydrates Metabolism by Isolated Strains

For determining the metabolism of carbohydrates, API® 
ZYM and API® 50 CH kits were used, respectively. Per-
formance of the assays and analysis of the results were 
conducted according to the protocols described by the 
manufacturer.

DNA Extraction and Whole-Genome Sequencing Analysis

DNA Sequencing and Oligonucleotide Synthesis Labora-
tory, Institute of Biochemistry and Biophysics, Polish Acad-
emy of Science (Warsaw, Poland), performed the genomic 
DNA extraction and sequencing. The CTAB/lysozyme 
method was used, cell pellets from the overnight LB culture 

assimilatedcholesterol[%] = ((CHNC − CHs)∕CHNC) × 100
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were treated, and the quality and quantity of template DNA 
were checked on the agarose gel. Following the manufac-
turer’s instructions, KAPA Library Preparation Kit (KAPA/
Roche, Basel, Switzerland), the genomic DNA was sheared 
to an appropriate size for Paired-End TruSeq-like library 
construction. The bacterial genomes were sequenced in 
paired-end mode (V3,600 cycle chemistry kit) using MiSeq 
(Illumina, San Diego, CA, USA).

FASTQC was used to assess the quality of raw reads. The 
reads were trimmed and paired using Trimmomatic (version 
0.38.0) [32] with the following parameters: LEADING: 3 
TRAILING: 3 SLIDINGWINDOW: 4:20 MINLEN: 28. To 
ensure normal results for “per base sequence quality,” “per 
base N content,” “sequence duplication levels,” and “adapter 
content,” a secondary read quality check was performed. 
De novo assembly was performed with SPAdes (3.15.5) 
with the parameters: -k 33, 55, 77, 99, 127 -careful. Scaf-
folds less than 500 bp were removed, and assembly statistics 
[e.g., number of contigs, N50 (widely used to assess the 
contiguity of an assembly), G + C content] were assessed 
using QUAST (Version 5.0.2) [33]. The final assemblies 
were BLASTed in the National Center for Biotechnology 
Information (NCBI) database, and the genome assemblies of 
closely related group-type strains were downloaded from the 
assembly database. The orthoANI method using OAT (ver-
sion 0.93.1) and BLAST + (version 2.13.0) was used to cal-
culate the average nucleotide identity (ANI) of the isolates 
[34]. The genomes of strains BB10.1, BP20.15, and PY2.3 
were compared to the respective type strains with Mauve 
(v20150226) using progressive alignment and seed-families 
options [35]. Rapid genome annotation was performed using 
Prokka (version 1.14.6) [36]. Additional genome annotation 
was performed with the NCBI Prokaryotic Genome Annota-
tion Pipeline (PGAP) (https:// github. com/ ncbi/ pgap) on the 
local machine [37].

Assembled genomes of the strains BB10.1, BP20.15, 
and PY2.3 were submitted to the Sequence Read 
Archive (SRA) and GenBank under the BioProject IDs 
PRJNA949953, PRJNA949979, and PRJNA949984, respec-
tively. SRA accession numbers for 10.1, 20.15, and PY2.3 
are SRR24003043, SRR24003725, and SRR24005238, 
respectively.

Moreover, the bacteriocin-encoding gene clusters were 
identified with the BAGEL4 server.

Phylogenomics Analysis

The whole-genome-based taxonomic analysis was per-
formed by the Type (strain) Genome Server (TYGS) (https:// 
tygs. dsmz. De) [38]. The draft genomes of isolates BB10.1, 
BP20.15 and PY2.3 sequenced in this study and 22 other 
closely related genomes of the B. velezensis and B. subtilis 
groups, as well as the complete genome of B. cereus ATCC 

14579 strain as an outgroup, were extracted from NCBI and 
submitted to the TYGS server, settings: restricted genome 
mode. A phylogenomic tree was constructed with FastME 
(based on balanced minimum evolution and renders distance 
algorithms to infer phylogenies) [39] using the genome blast 
distance phylogeny (GBDP) method and annotated using 
Interactive Tree of Life (iTOL) v5, an online tool for phy-
logenetic tree display and annotation [40]. All pair-wise 
genome comparisons were carried out with GBDP and 
inter-genomic distances inferred under the algorithm “trim-
ming” and distance formula d5 [38]. The tree was rooted at 
the midpoint [38]. Branch supports were inferred from 100 
pseudo-bootstrap replicates.

Statistical Analysis

All experiments were performed in triplicate. The results are 
expressed as means ± standard deviation (SD) of the mean 
and checked for normality using D’Agostino-Pearson nor-
mality test. Linear regression was carried out for standard 
curve formation. The data were analyzed using GraphPad 
Prism (ver. 9.4.1). A statistical comparison was conducted 
using a two-way ANOVA followed by Tukey’s multiple 
comparison tests. p < 0.05 was considered significant.

Results

Strains Survivability in the Presence of Acid 
and Bile Salts

The ability to survive in simulated gastrointestinal condi-
tions is presented in Table 1. After exposure of bacterial 
cells to acidic conditions and to a 0.3% bile salt solution, the 
survivability of isolates was in the range of 35.50–68.23% 
and 84.63–110.15%, respectively. BB19.21 and BP20.9 
had the highest survival rates in the harsh conditions of 
GIT among all strains tested, whereas strains BP5.3 and 
PG10.5 demonstrated the weakest survivability in the tested 
conditions.

Surface Properties of Isolated Strains

The possible adhesive properties of isolates are presented 
in Table 2. To determine the hydrophobicity of isolates, the 
adhesion of bacterial cells to xylene was examined. Hydro-
phobicity varied from 5.69 to 61.08%, while the maximum 
affinity toward xylene was exhibited by strain PG10.5 and 
the minimum by BB19.21.

Auto-aggregation of isolates was in the range of 
21.55–46.75% after 4 h of incubation and 47.08–88.52% 
after 24 h of incubation. Strain BP20.15 showed the high-
est ability to aggregate, followed by BB10.1. The lowest 
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percentage of auto-aggregation was exhibited by strains 
BP6.4 and BB19.21. A co-aggregation (Fig. 1.) assay was 
performed using four pathogenic bacterial strains: S. aureus 
ATCC 29231, E. coli ATCC 25922, L. monocytogenes 
ATCC 35152, and S. enterica PCM 2266. All strains tested 
exhibited the best co-aggregation ability with L. monocy-
togenes; it ranged from 60.20% (BP15.1) to 89.54% (PY2.3) 
after 24 h of incubation. Slightly worse co-aggregation was 
observed for S. enterica and S. aureus. The percentage of co-
aggregation of Bacillus isolates with these strains was from 
48.47% (BP20.9) to 84.91 (PY2.3) and from 46.76% (PY6.4) 
to 73.63 (PY2.3), respectively. Tested isolates demonstrated 
the weakest co-aggregation ability with E. coli, from 39.94% 
(BP15.1) to 59.59% (BP20.15).

Antimicrobial Activity of Bacillus Isolates

Isolated strains were tested for antimicrobial activity 
against bacterial and yeast pathogens, results presented 
in Table 3. The antimicrobial activity against pathogens 
cultivated on agar plates was determined by measuring 
the diameter of inhibition zones around the growing colo-
nies of isolates. The most sensitive bacterial strains were 
Gram-positive staphylococci. Nine and ten out of ten 
tested isolated strains inhibited the growth of S. aureus 
and S. epidermidis, respectively. On the other hand, the 
most resistant Gram-positive bacteria tested was L. mono-
cytogenes. Among Gram-negative bacterial pathogens, 
P. aeruginosa was the most sensitive strain; eight out of 
10 isolates inhibited the growth of this strain. Moder-
ate sensitivity was exhibited by E. coli and S. enterica. 
Five and six isolates, respectively, inhibited the growth 
of these pathogens on agar plates. Furthermore, isolated 
Bacillus strains showed reasonable activity against two 
C. albicans strains. Growth of C. albicans SC 5314 was 
inhibited by seven out of ten tested strains, and growth of 
C. albicans ATCC 10231 was inhibited by five strains. 
Only one strain, BP20.9, was able to slightly inhibit C. 
krusei growth.. None of the tested isolates demonstrated 
antifungal activity against C. glabrata.

Antibiogram of Isolated Strains from BP and BB

The sensitivity of isolates to particular antibiotics is pre-
sented in Table 4. The high susceptibility of all isolated 
strains was observed against chloramphenicol, azithromy-
cin, linezolid, trimethoprim, ciprofloxacin, gentamicin, and 
kanamycin. However, six strains were resistant to penicillin 
and two to clindamycin. The rest of the tested antibiotics 
presented moderate activity against isolates.

Table 1  Comparison of percentage viability of strains in LB broth 
(growth control), and LB broth with 0.3% bile salts and acid (pH = 2) 
after the indicated time of incubation. The assay was performed in 
triplicate and the results are presented as mean values ± SD. a – d – 

different superscript letters represent statistical differences between 
strains at the level of p < 0.05 measured by Tukey’s test. The super-
script letter (a) describes the highest significance, (d) – the lowest sig-
nificance, and (e) – no significant difference between samples

Growth control (3h) [%] Bile salts tolerance (3h) [%] Acid tolerance (3h) [%]

PY2.3 122.33 ± 4.46c,e 87.10 ± 2.17a,d,e 68.23 ± 0.68a,d,e

PY5.3 108.31 ± 0.79b,d,e 84.63 ± 0.44a,c,d,e 50.14 ± 3.06a,b,c,e

PY6.4 116.42 ± 0.86e 90.51 ± 0.80a,b,e 56.97 ± 2.08a,d,e

PG10.5 115.77 ± 1.83e 99.28 ± 1.30a,c,d 35.50 ± 4.24a,c,d

BP20.9 116.01 ± 1.43e 108.87 ± 0.95a,c,d,e 64.02 ± 2.75a,b,c,e

BP20.15 119.88 ± 0.06d,e 95.63 ± 1.22c,d,e 47.89 ± 4.94a,b,d,e

BP15.4 119.96 ± 1.90d,e 97.25 ± 0.67c,d,e 58.04 ± 2.28a,e

BP15.1 116.79 ± 5.42e 95.53 ± 0.28c,d,e 65.89 ± 1.72a,b

BB10.1 120.73 ± 3.86d,e 107.81 ± 0.31a,b,d,e 57.53 ± 1.58a,e

BB19.21 124.27 ± 5.42b,e 110.15 ± 1.39a,c,d,e 65.88 ± 3.07a,b,e

Table 2  Adhesive properties of isolated strains from BP and BB. The 
assay was conducted in triplicate. The percentages of hydrophobicity 
and auto-aggregation are expressed as mean values ± SD. a – d – differ-
ent superscript letters represent statistical differences between strains 
at the level of p < 0.05 measured by Tukey’s test. The superscript 
letter (a) describes the highest significance, (d) – the lowest signifi-
cance, and (e) – no significant difference between samples

Hydrophobicity 
[%]

Auto-aggregation
After 4 h [%] After 24 h [%]

PY2.3 22.72 ± 1.37a,b,c,d,e 38.62 ± 2.14a,b,e 87.30 ± 3.37a,e

PY5.3 22.66 ± 1.09a,b,c,d,e 38.66 ± 2.77a,b,e 87.42 ± 2.89a,e

PY6.4 8.36 ± 2.11a,b,e 21.55 ± 0.04a,c,e 61.70 ± 3.66a,b,e

PG10.5 61.08 ± 2.19a 27.34 ± 2.00a,b,c,e 50.06 ± 2.92a,b,c,e

BP20.9 10.71 ± 1.62a,c,e 25.02 ± 1.86a,b,e 47.08 ± 1.32a,b,e

BP20.15 33.18 ± 1.65a,d,e 46.75 ± 0.28a,e 88.52 ± 0.95a,e

BP15.4 17.40 ± 1.38a,c,e 25.13 ± 0.89a,b,c,e 65.12 ± 2.16a,b,c,e

BP15.1 10.63 ± 2.59a,c,e 31.62 ± 3.16a,c,d,e 68.74 ± 3.09a,c,d,e

BB10.1 26.19 ± 0.87a,e 38.83 ± 1.05a,b,c,e 86.30 ± 1.30a,b,c,e

BB19.21 5.69 ± 0.81a,c,e 22.82 ± 1.16a,c,d,e 48.55 ± 0.84a,c,d,e
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Hemolytic and DNase Activity of Isolates

Hemolytic and DNase activities of the tested strains were 
examined. There were no pinkish zones around growing 
colonies. Thus, none of them demonstrated DNase activ-
ity. In terms of ability to hemolyze, two strains (BP20.9 
and BP15.4) presented β-hemolytic activity, three showed 
α-hemolytic activity (PY5.3, BB19.21, and PG10.5), and 
the rest of the tested isolates exhibited γ-hemolytic activity, 
which is considered safe for humans.

Cholesterol Assimilation of Isolates

The ability to assimilate cholesterol in LB broth supple-
mented with 0.2% of bile salts was determined. The mean 
value of cholesterol concentration assimilated by strains 
after 24 h was 27.99 ± 3.80%. The highest cholesterol 
absorption was exhibited by strain PG10.5 (36.45 ± 4.65%) 
and the lowest by strain BP15.4 (10.74 ± 0.240%) Fig. 2.

Carbohydrates Metabolism and Profile of Enzymes 
Produced by Strains

Isolates were also investigated according to their ability to 
metabolize carbohydrates using the API CH50 kit.

Tested strains were able to metabolize 30 out of 49 
carbohydrates (Supplementary information, Table  1). 
The most abundant carbohydrates processed by tested 
strains were glycerol, L-arabinose, D-ribose, D-xylose, 
D-glucose, D-fructose, D-mannose, D-mannitol, methyl-
α-D-glucopyranoside, amygdalin, arbutin, esculin, salicin, 
D-cellobiose, D-maltose, D-saccharose, D-trehalose, ami-
don, glycogen, and D-tagatose. On the other hand, none of 
the investigated strains metabolized erythritol, D-arabinose, 
L-xylose, D-adonitol, methyl-β-D-xylopyranoside, L-sor-
bose, L-rhamnose, dulcitol, methyl-α-D-mannopyranoside, 
D-melezitose, xylitol, D-lyxose, D-fucose, D-arabitol, L-ara-
bitol, potassium gluconate, potassium 2-ketogluconate, and 
potassium 5-ketogluconate.

Whole-genome Sequencing Analysis

The 4,051,332 bp genome of isolate BB10.1 was assembled 
into 24 contigs with a GC content of 43.67% and an N50 of 
1,041,549 bp (Supplementary Table 2, Quast report). The 
4,022,011 bp genome of isolate BP20.15 was assembled 
into 53 contigs with a GC content of 43.71% and an N50 
of 185,768 bp (Supplementary Table 2, Quast report). The 
genome of isolate PY2.3 (3,913,508 bp) was assembled 
into 35 contigs with a GC content of 46.52% and an N50 of 

Fig. 1  Percentage of co-aggregation of Bacillus isolates with A L. 
monocytogenes ATCC 35152, B S. enterica PCM 2266, C S. aureus 
ATCC 29231, and D E. coli ATCC 25922 after 4 and 24 h of incuba-

tion. The results are presented as means ± SD (n = 3). Data without 
error bars indicates that SD is too small to be observed on the graph
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353,859 bp (Supplementary Table 2, Quast report). Isolate 
BB10.1 contained an estimated 4241 genes and 4138 coding 
sequences (CDSs), 103 RNAs, 14 rRNAs (12; 5S, 1; 16S, 
and 1; 23S) and 84 tRNAs. Isolate BP20.15 consisted of an 
estimated 4207 genes, 4122 CDSs, 85 RNAs, one rRNA 
(5S) and 79 tRNAs. On the other hand, isolate PY2.3 had 
3891 genes, 3807 CDSs, 84 RNAs, three rRNAs (5S, 16S 
and 23S) and 76 tRNA.

Average nucleotide identity (ANI) classified the isolates 
at the species level. Isolates BB10.1 and BP20.15 were 
most closely related to type strains B. subtilis Strain168 
and B. subtilis 75, with orthoANI values of 99.97% and 
99.99%, respectively. Isolate PY2.3 was closely related to 
Bacillus velezensis S4 with an orthoANI value of 98.69% 
(Table 5). The ANI between isolates 10.1 and 20.15 was 
98.77%. Based on the proposed species boundary of 95–96% 
orthoANI value, 10.1 and 20.15 were classified as B. subtilis 
and PY2.3 as B. velezensis [41, 42].

Bacteriocin-encoding Genes

The blast results of the BAGEL4 webserver for isolate 
BB10.1 genome predicted four bacteriocin clusters as areas 
of interest (AOIs) at (i) AOI 7.0 (start at 27,755 and end at 
48,325), (ii) AOI 3.5 (start at 67,414 and end at 87,576), 
(iii) AOI 3.5 (start at 647,654, end at 668,287), and (iv) 
Node 4.7 (start at 67,715 and end at 87,715). The AOI 7.0 
encodes the sporulation-killing factor skfA, which resides 
beside the bmbF gene, ABC transporter, ATP-binding pro-
teins, and several ORFs (Open Reading Frames) (Fig. 3). 
The AOI 3.5, encodes a competence peptide that is found 
in several ORFs. Another AOI 3.5 was found to code for 
subtilosin A and subtilosin (sboX), which reside near the 
bmbF gene, ABC genes, and several ORFs. The AOI 4.7 
encodes a bacteriocin belonging to the sactipeptide class 
(ribosomally synthesized and post-translationally modi-
fied peptides), which consists of a bmbF gene and several 
ORFs. Similarly, in the isolate BP20.15 genome, the same 
four clusters as in isolate 10.1 were observed: (i) AOI 
7.1 Sporulation-Killing factor skfA (start: 163,457, end: 
184,029); (ii) AOI 3.25 sactipeptides (start: 13,277, end: 
33,277); (iii) AOI 8.37 competence (start: 123,287, end: 
143,407); (iv) AOI Subtilosin (sboX) (start: 196,376, end: 
217,009) (supplementary figure S1). In the isolate PY2.3 
genome, four bacteriocin clusters were predicted as areas 
of interest (AOIs) at (i) AOI 5.11 (start: 122,123, end: 
142,258), (ii) AOI 7.12 (start: 109,859, end: 130,189), 
(iii) AOI 7.12 (start: 59,723, end: 79,891), and (iv) AOI 
6.5 (start: 180,338, end: 200,338). The AOI 5.11 encodes 
the antimicrobial peptide LCI, which resides alongside 
several ORFs. The AOI 7.12 encodes for amylocyclicin, 
which is located near a lantibiotic ABC transporter ATP-
binding protein with several ORFs. Another AOI, 7.12, Ta
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coded for a competence pheromone and is located between 
several ORFs. AOI 6.5 encodes a bacteriocin belonging to 
the sactipeptide class (ribosomally synthesized and post-
translationally modified peptides), which consists of the 
bmbF gene and several ORFs (supplementary figure S2).

Phylogenomics Analysis

To elucidate the phylogenetic relationships between our iso-
lates and the closely related Bacillus species, a total of 23 
genomes were downloaded from the NCBI database. Seven 
B. velezensis group isolates, 15 B. subtilis isolates, and one 
B. cereus ATCC 14579 as an outgroup were included in the 
phylogenetic analysis. The phylogenetic tree based on the 
entire genome revealed that the isolates from this study have 
relatedness to the type strains B. subtilis (isolates BB10.1 
and BP20.15) and B. velezensis (isolate PY2.3) (Fig. 4).

Discussion

Diet plays a key role in our physical and mental health. It 
is not only a source of essential chemical ingredients such 
as proteins, carbohydrates, fatty acids, vitamins, and many 
other micro- and macroelements but also of different strains 
of microorganisms. Some of the food-associated bacteria 
(e.g., Salmonella, Listeria, and Staphylococci) and fungi 
(e.g., molds of the genus Aspergillus and Fusarium) are dan-
gerous pathogens. Different technological approaches are 
available and proposed for growth inhibition (e.g., cooling 
and freezing) and elimination (sterilization, high pressure, 
smoking, and acidification) of pathogenic microorganisms 
from food products. Other food-associated microorganisms 
called probiotics are beneficial for different aspects of our 
health. The best-known group of probiotics are lactic acid 
bacteria (LAB) that are provided to our body mostly with 

Table 4  Results of Antibiotic Disk Susceptibility Test. In the 
table below, the diameter of inhibition zones around disks are 
presented (in mm). The superscript letter (S) represents high 
sensitivity to antibiotics, (M) – moderate susceptibility, and (R) – 
resistance to tested antibiotics (according to the CLSI Standard). 

C30—chloramphenicol (30 μg), AZM15—azithromycin (15 μg), 
LZD30—linezolid (30 μg), RD5—rifampin (5 μg), P10—penicillin 
(10 units), W5—trimethoprim (5 μg), DA2—clindamycin (2 μg), 
CIP5—ciprofloxacin (5 μg), CN10—gentamicin (10 μg), and K30—
kanamycin (30 μg)

C30 AZM15 LZD30 RD5 P10 W5 DA2 CIP5 CN10 K30

PY2.3 24S 17M 28S 18M 21R 23S 20M 27S 18S 21S

PY5.3 25S 19S 26S 18M 22R 24S 21S 30S 20S 26S

PY6.4 14M 19S 30S 30S 22R 29S 0R 35S 19S 23S

PG10.5 22S 19S 29S 22S 34S 36S 19M 33S 18S 21S

BP20.9 22S 20S 31S 23S 35S 35S 17M 35S 19S 21S

BP20.15 29S 23S 29S 17M 23R 26S 21S 33S 19S 23S

BP15.4 20S 19S 30S 19M 33S 33S 17M 30S 19S 22S

BP15.1 24S 27S 33S 22S 22R 27S 0R 35S 19S 22S

BB10.1 27S 18S 30S 17M 24R 30S 18M 29S 28S 20S

BB19.21 23S 21S 28S 21S 37S 33S 18M 32S 17S 20S

Fig. 2  The amount of choles-
terol assimilated by isolates 
[%] after 24 h of incubation. 
The results are presented as 
means ± SD (n = 3)
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fermented milk products (yogurt and kefir) and fermented 
vegetables (e.g., cabbage and cucumbers). This study aimed 
to investigate the probiotic potential of bacterial strains iso-
lated from bee pollen and bee bread. Bee bread is also an 

example of a fermented food product. It is generated in the 
wells of honeycombs during the fermentation process of bee 
pollen. Bacteria sourced from raw materials (pollen grains) 
and bee saliva play a crucial role in the process of biotrans-
formation (fermentation) of bee pollen into bee bread. Still, 
very little is known about the microbiota of bee bread and 
pollen grains and their potential influence on the health 
of consumers. However, several authors reported that the 
microbial composition of maturing bee bread is dynamic 
and is changing over time. Vasquez and Olofsson (2015) 
observed the intense growth of LAB within maturing BB 
for about two weeks—the first step of BP biotransformation 
[13]. Disayathanoowat and coworkers (2020) found a sig-
nificant decrease in the number of pathogenic Enterobacte-
riaceae (Escherichia, Shigella, Panteoa, and Pseudomonas) 

Fig. 3  The organization of bacteriocin gene clusters in the isolate B. 
subtilis 10.1 genome predicted through the BAGEL4 webserver. The 
area of interests represents (a) sporulation killing factor (b) compe-

tence pheromone (c) subtilosin (d) sactipeptide classes. The color 
schemes represent the specific gene clusters identified in BB10.1 
genome

Table 5  Average nucleotide identity (ANI) calculated by OAT with 
BLAST + 

Query genome Reference genome OrthoANI 
value (%)

Isolate 10.1 Bacillus subtilis Strain168 99.97
Isolate 20.15 Bacillus subtilis 75 99.99
Isolate 10.1 Isolate 20.15 98.77
Isolate PY2.3 Bacillus velezensis S4 98.69
Isolate PY2.3 Bacillus velezensis NZ4 98.23
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in maturing bee bread in less than 72 h from the time of 
pollen grain collection in honeycomb wells [44]. This obser-
vation is important not only from the point of view of the 
health of the bee colony but also from the perspective of the 
possibility of using bee pollen and/or bee bread as a food 
product for humans. Our previous report revealed that most 
of the bacteria isolated from bee pollen (partially dried) and 
mature bee bread belonged to the genus Bacillus spp., and 
many of them exhibit promising antimicrobial potential [12]. 
Herein, we investigated the probiotic potential of selected 
Bacillus spp. strains derived from bee pollen and bee bread 
produced in Polish apiaries.

The probiotic bacteria are expected to improve the health 
of consumers mostly by regulating the microflora of the gas-
trointestinal tract and eliminating pathogenic bacteria. The 
gastrointestinal tract can be a hostile environment for micro-
organisms. Thus, it was important to examine the resistance 
of isolated strains (potential probiotics) to the bile salts and 
low pH. All tested isolates exhibited significant tolerance 
to 0.3% of bile salt with a viability level of about 80%, a 
concentration that is considered similar to human bile juice 
[45]. A slightly higher inhibitory effect was observed in 
acidic conditions. About 65% of the cells of the most sensi-
tive PG10.5, were eliminated from the suspension within 3 
h of incubation. However, for 8 out of 10 strains tested, the 
survival rate was higher than 50%, with the highest value of 

68.23% for PY2.3. The properties of these strains are similar 
to those of bee products-derived bacteria investigated by 
other authors. For instance, a low influence of bile salts (at 
a concentration of 0.3%) on Bacillus spp. strains isolated 
from honey was observed by Toutiaee et al. (2022) [26] and 
Zulkhairi Amin et al. (2019) [21]. However, both strains 
investigated by Zulkhairi Amin et al., (2019) and three out 
of five strains investigated by Toutiaee et al. (2022) exhib-
ited a bit better tolerance to acidic conditions (pH 2.0 or 
3.0, respectively), with a survival rate of about 90%. Other 
essential abilities for potential probiotics are hydrophobicity 
and auto-aggregation, which reflect cell adhesion to intesti-
nal epithelial cells [46]. The auto-aggregation ability of the 
strains tested herein was similar to that observed by Toutiaee 
et al. (2022) [26] and Zulkhairi Amin et al., (2019) [21], 
where the values of this parameter were in the range of 42 
to 84%. Interestingly, the hydrophobicity of our nine isolates 
was in the range of 5.65 to 33.18%, and only one strain was 
above 60%, whereas the hydrophobicity of strains tested in 
the above-mentioned studies was in the range of 48 to 68%, 
thus being significantly higher. However, a similar level of 
hydrophobicity was observed for B. subtilis Bn1 by Nithya 
and colleagues (2013) [47]. Considering these “parameters,” 
we can conclude that the Bacillus spp. strains investigated 
in this study meet the basic criteria of probiotics. Moreo-
ver, interesting and beneficial results were observed for 

Fig. 4  (A). TYGS Genome tree inferred with FastME 2.1.6.1 [39] 
from GBDP distances calculated from genome sequences. The branch 
lengths are scaled in terms of the GBDP distance formula d5. The 

numbers above branches are GBDP pseudo-bootstrap support val-
ues > 60% from 100 replications, with an average branch support of 
21.2%. The tree was rooted at the midpoint [43]
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co-aggregation ability with selected pathogenic bacteria. All 
tested strains exhibited the highest level of co-aggregation 
with L. monocytogenes, which can cause listeriosis [48]. The 
values of this parameter, when tested against other patho-
genic strains, were also at a satisfactory level.

One of the most important requirements for bacteria to 
be considered probiotics is that they are safe for the human 
body. Antibiotic susceptibility tests showed that all strains 
tested were sensitive to five out of ten antibiotics with dif-
ferent mechanisms of action. Chloramphenicol and azithro-
mycin also exhibited good activity; in both cases, only one 
isolate with moderate susceptibility was identified (nine 
were sensitive). Five strains exhibited moderate resistance 
to rifampicin; six, namely, PY2.3, PY5.3, PY6.4, BP20.15, 
BP15.1, and BB10.1, were resistant to penicillin (10 u), and 
two isolates (PY6.4 and BP15.1) were resistant to clindamy-
cin (2 μg). Six strains exhibited moderate susceptibility to 
this antibiotic. In the case of probiotics, resistance to antibi-
otics should be rather considered an advantage; e.g., some 
commercially available probiotic strains, e.g., Lactobacillus 
rhamnosus GG, also exhibit resistance to some antibiotics 
(teicoplanin and vancomycin) [21]. It enables the use of 
these bacterial strains or even bee pollen/bee bread (carri-
ers of probiotic strains) for the regulation of the microbiota 
of our gastrointestinal tract during therapies conducted with 
these antibiotics. Another important aspect investigated was 
hemolytic and DNase activity. Only β-hemolysis is consid-
ered harmful; as a result, two of the strains, namely BP20.9 
and BP15.4, must not be considered potential probiotics. In 
this study, five strains (Py2.3, PY6.4, BP20.15, BP15.1, and 
BB10.1) showed γ-hemolytic activity, which indicates their 
safety for humans. Furthermore, none of the tested strains 
exhibited DNase activity.

An important advantage of probiotics is their potential to 
lower the cholesterol level in the plasma, which can reduce 
the risk of cardiovascular diseases. Manson et al. (1992) 
estimated that reducing cholesterol by 1% can decrease the 
risk of coronary artery disease by 2–3% [49]. All of the 
tested strains assimilated cholesterol from the broth during 
the 24 h of incubation, but only 5 strains showed the ability 
to absorb cholesterol at over 30% (PY2.3, PG10.5, BP20.15, 
BB10.1, and BB19.21). Thus, regular, long-term consump-
tion of probiotics containing bee pollen and/or bee bread or 
supplementation of our diet with pure cultures of probiotic 
strains isolated from these products can positively affect the 
level of cholesterol in the plasma of consumers.

A significant amount of metabolized carbohydrates 
(mono-, di- and polysaccharides, glycosides, and triols) by 
tested Bacillus isolates prove that the investigated isolates 
can easily obtain carbon from various sources and can easily 
develop in the gut environment; moreover, the robust metab-
olism of carbohydrates can increase the viability of probiot-
ics and can provide many different benefits to the host that 

include a positive effect on metabolic disease, improvement 
of the gut microbiome, and strengthening of the immune 
system [50, 51]. Taking into account the presence of probi-
otic bacteria in bee bread and bee pollen and the chemical 
composition of these products (high concentrations of sac-
charides), we suggest that both of them should be considered 
as symbiotics. According to the obtained results, three out 
of ten strains—PY2.3, BP20.15, and BB10.1—were con-
sidered possible probiotic strains. For these strains, whole-
genome sequencing was performed. Two strains, BP20.15 
and BB10.1, were classified as B. subtilis and PY2.3 as B. 
velezensis. Several studies showed that both species have 
great probiotic potential due to their survivability in the GIT, 
non-toxicity to the organism, and improvement of the health 
of the host [52–56]. All three isolates are potential producers 
of different antimicrobial compounds, including bacteriocins 
and secondary metabolites, which is an important benefit 
from the point of view of using these strains as probiotics.

Conclusions

The preliminary outcomes of this study confirm the probi-
otic potential of some Bacillus spp. strains isolated from bee 
pollen or bee bread. On the other hand, we have found that 
some strains exhibit highly unfavorable properties, e.g., the 
ability of beta hemolysis or non-tolerance gut environment 
conditions, mostly low pH. Evidently, additional in vitro and 
in vivo tests are necessary to verify the possibility of using 
these isolates as probiotics (e.g., as ingredients in food prod-
ucts or dietary supplements) and to determine their positive 
impact on consumers’ health.
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CONCLUSIONS 

The development of resistant strains causes the need of investigation of new antibiotics or 

non-antibiotic antimicrobial compounds. Honey bee products have been known for ages for their 

health-promoting properties, including antimicrobial potential against a wide variety of pathogenic 

microorganisms. Bee pollen and bee bread are the least known among all bee products; however, 

they are gaining more and more attention these days due to their high nutritional value and health-

promoting properties. Nevertheless, the antimicrobial activity of these products and their 
mechanism of action are still barely known.  

Research on bee pollen and bee bread constitutes a composition of four articles: 

• Article 1. Pełka K., Otłowska O., Worobo R., Szweda P. Bee Bread Exhibits Higher 

Antimicrobial Potential Compared to Bee Pollen, Antibiotics, vol. 10, issue 2 (2021), 125 

• Article 2. Pełka, K., Bucekova, M., Godocikova, J., Szweda, P., Majtan, J. Glucose oxidase 
as an important yet overlooked factor determining the antibacterial activity of bee pollen 

and bee bread. European Food Research and Technology (2022) 

• Article 3. Pełka K., Otłowska O., Worobo R., Szweda P. Bee Pollen and Bee Bread as a 

Source of Bacteria Producing Antimicrobials, Antibiotics, vol. 10, issue 6 (2021), 713 

• Article 4. Pełka K., Hafeez A.B., Worobo R.W., Szweda P. Probiotic Potential of Bacillus 
Isolates from Polish Bee Pollen and Bee Bread. Probiotics and Antimicrobial Proteins 

(2023). 

Articles 1 and 2 focused on the investigation of antimicrobial potential and the examination 

of the mode of action of bee pollen and bee bread extracts. Both products revealed significant 

activity against bacteria, mostly Gram-positive staphylococci. Interestingly, bee bread presented 

higher antibacterial potential compared to bee pollen. To date, the antimicrobial potential of both 

products has been associated with the presence of phenolic compounds, however, my research 
provided some evidence that bee-derived proteins play a crucial role in inhibition of pathogens as 

well. The results of the research indicate that bee pollen and bee bread have a significant potential 

to be used as an alternative to known therapeutic agents or as a functional food. 

The third and fourth articles concentrated on the examination of the microbiota of bee pollen 

and bee bread and its ability to produce compounds with biotechnological and pharmaceutical 

potential.  The Bacillus strains isolated from these products exhibited antagonistic interactions with 

common human pathogens. Furthermore, the isolates that were identified as B. velezensis and B. 

subtilis. The isolated bacteria also possessed the probiotic potential that may bring many benefits 
to the host, for example, decrease the cholesterol level in the plasma. In addition, BP and BB 

isolates produce numerous enzymes of industrial significance. Research on the microbiota of bee 

pollen and bee bread provided the conclusion that these products can be a reservoir of 

microorganisms with multiple applications.  
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2. SCIENTIFIC CONFERENCES 

1. 

 

28/10/2020 – 31/10/2020 - FEMS (Federation of Microbiological 

Societies) Conference on Microbiology, Online 

Presentation of the e-poster entitled: “Bee pollen and bee bread as a 
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Authors: Pełka K., Otłowska O., Walkusz J., Szweda P. 

2. 

 

01/07/2021 – 02/07/2021 - XLV Sesja Naukowa Komitetu Nauk o 

Żywności i Żywieniu PAN, Gdańsk, Poland 

Presentation of the poster entitled: „Właściwości przeciwdrobnoustrojowe 

pyłku pszczelego oraz pierzgi pozyskiwanych w polskich pasiekach. 
(Antimicrobial activity of bee pollen and bee bread derived from polish 

apiaries)”. 

Authors: Pełka K., Otłowska O., Walkusz J., Szweda P. 

3. 

 

30/06/2022 – 02/07/2022 - FEMS (Federation of Microbiological 

Societies) Online Conference on Microbiology, Belgrade, Serbia 

Presentation of the poster entitled: “Probiotic properties of bacteria 
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Authors: Pełka K., Szweda P. 

4. 
 

28/06/2023 – 30/06/2023 - PSE (Phytochemical Society of Europe) 
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3. 
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15/12/2021 – 15/09/2022 – Participation in OPUS 20 project from 

Polish National Science Centre (No 2020/39/B/NZ7/02901).  

Title of the project: “Propolis and polyphenols derived from this product 

as potential antifungal agents”.  
Gdansk University of Technology, Faculty of Chemistry.  

Project investigator: Piotr Szweda, DSc 

2. 
 

08/01/2023 – present – Project investigator of Preludium 21 grant from 

Polish National Science Centre (No 2022/45/N/NZ9/02710).  

Title of the project: “Antiviral and cell-protective potential of bee bread 

derived from Polish apiaries”. 

 

5. SCHOLARSHIPS 

1. 05/2020 
Scholar of Integrated Programme of Development of Gdansk University 
of Technology – 3-month internship grant (POWR.03.05.00-00-

Z044/17). 

2. 
10/2020 – 
09/2021 

Francium Supporting Outstanding Doctoral Candidates – scholarship 

of the IDUB program 

3. 
10/2021 – 
09/2022 

Francium Supporting Outstanding Doctoral Candidates – scholarship 

of the IDUB program 

4. 
30/06/2022 – 
02/07/2022 

Conference Attendance Grant – FEMS Conference on Microbiology 

2022, Belgrad, Serbia 

5.  04/2022 
Scholar of International Scholarship Exchange of PhD Candidates and 

Academic Staff (PROM Programme) – 1-month internship grant 

5. 
10/2022 – 
09/2023 

Francium Supporting Outstanding Doctoral Candidates – scholarship of 

the IDUB program 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 115 

6. MEMBERSHIP 

1. 
12/2022 – 
present 

Member of Phytochemical Society of Europe 

 

 

REFERENCES 

[1] J. Davies and D. Davies, “Origins and Evolution of Antibiotic Resistance,” Microbiology and 

Molecular Biology Reviews, vol. 74, no. 3, pp. 417–433, Sep. 2010, doi: 

10.1128/MMBR.00016-10. 

[2] C. J. L. Murray et al., “Global burden of bacterial antimicrobial resistance in 2019: a 

systematic analysis,” The Lancet, vol. 399, no. 10325, pp. 629–655, Feb. 2022, doi: 

10.1016/S0140-6736(21)02724-0. 

[3] D. M. P. De Oliveira et al., “Antimicrobial Resistance in ESKAPE Pathogens,” Clin Microbiol 

Rev, vol. 33, no. 3, Jun. 2020, doi: 10.1128/CMR.00181-19. 

[4] Z. Markiewicz and Z. A. Kwiatkowski, Bakterie, antybiotyki, lekooporność, 1st ed. 

Warszawa: Wydawnictwp Naukowe PWN, 2001. 

[5] R. I. Aminov, “A Brief History of the Antibiotic Era: Lessons Learned and Challenges for the 

Future,” Front Microbiol, vol. 1, 2010, doi: 10.3389/fmicb.2010.00134. 

[6] M. I. Hutchings, A. W. Truman, and B. Wilkinson, “Antibiotics: past, present and future,” Curr 

Opin Microbiol, vol. 51, pp. 72–80, Oct. 2019, doi: 10.1016/j.mib.2019.10.008. 

[7] Ventola C Lee, “The antibiotic resistance crisis: part 1: causes and threats.,” P&T, vol. 40, 

no. 4, pp. 277–283, 2015. 

[8] T. Kostyanev and F. Can, “The Global Crisis of Antimicrobial Resistance,” in Antimicrobial 

Stewardship, Elsevier, 2017, pp. 3–12. doi: 10.1016/B978-0-12-810477-4.00001-5. 

[9] B. Aslam et al., “Antibiotic resistance: a rundown of a global crisis,” Infect Drug Resist, vol. 

Volume 11, pp. 1645–1658, Oct. 2018, doi: 10.2147/IDR.S173867. 

[10] G. Mancuso, A. Midiri, E. Gerace, and C. Biondo, “Bacterial Antibiotic Resistance: The Most 
Critical Pathogens,” Pathogens, vol. 10, no. 10, p. 1310, Oct. 2021, doi: 

10.3390/pathogens10101310. 

[11] P. M. Hawkey, “The origins and molecular basis of antibiotic resistance,” BMJ, vol. 317, no. 

7159, pp. 657–660, Sep. 1998, doi: 10.1136/bmj.317.7159.657. 

[12] P. LAMBERT, “Bacterial resistance to antibiotics: Modified target sites,” Adv Drug Deliv Rev, 

vol. 57, no. 10, pp. 1471–1485, Jul. 2005, doi: 10.1016/j.addr.2005.04.003. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 116 

[13] E. Martin, G. Lina, and O. Dumitrescu, “STAPHYLOCOCCUS | Staphylococcus aureus,” in 

Encyclopedia of Food Microbiology, Elsevier, 2014, pp. 501–507. doi: 10.1016/B978-0-12-

384730-0.00317-7. 

[14] Foster Timothy, Staphylococcus, 4th ed., vol. 12. Medical Microbiology, University of Texas 
Medical Branch at Galveston, 1996. 

[15] H. R. Shinefield and N. L. Ruff, “Staphylococcal Infections: A Historical Perspective,” Infect 

Dis Clin North Am, vol. 23, no. 1, pp. 1–15, Mar. 2009, doi: 10.1016/j.idc.2008.10.007. 

[16] G. Licitra, “Etymologia: Staphylococcus,” Emerg Infect Dis, vol. 19, no. 9, Sep. 2013, doi: 

10.3201/eid1909.ET1909. 

[17] M. L. Zaremba and J. Borowski, Podstawy Mikrobiologii Lekarskiej, 1st ed. Warszawa: 

Wydawnictwo Lekarskie PZWL, 1994. 

[18] A. Clauditz, A. Resch, K.-P. Wieland, A. Peschel, and F. Götz, “Staphyloxanthin Plays a 
Role in the Fitness of Staphylococcus aureus and Its Ability To Cope with Oxidative Stress,” 

Infect Immun, vol. 74, no. 8, pp. 4950–4953, Aug. 2006, doi: 10.1128/IAI.00204-06. 

[19] N. Tsouklidis, R. Kumar, S. E. Heindl, R. Soni, and S. Khan, “Understanding the Fight 

Against Resistance: Hospital-Acquired Methicillin-Resistant Staphylococcus Aureus vs. 

Community-Acquired Methicillin-Resistant Staphylococcus Aureus,” Cureus, Jun. 2020, doi: 

10.7759/cureus.8867. 

[20] M. M. H. Abdelbary, P. Basset, D. S. Blanc, and E. J. Feil, “The Evolution and Dynamics of 

Methicillin-Resistant Staphylococcus aureus,” in Genetics and Evolution of Infectious 

Diseases, Elsevier, 2017, pp. 553–572. doi: 10.1016/B978-0-12-799942-5.00024-X. 

[21] P. Vysakh and M. Jeya, “A Comparative Analysis of Community Acquired and Hospital 

Acquired Methicillin Resistant Staphylococcus Aureus,” JOURNAL OF CLINICAL AND 

DIAGNOSTIC RESEARCH, 2013, doi: 10.7860/JCDR/2013/5302.3139. 

[22] A. H. Siddiqui and J. Koirala, Methicillin-Resistant Staphylococcus aureus. StatPearls 

Publishing, 2023. 

[23] M. Al sweify, H. Aboul-Atta, G. El-Hadidy, W. Hessam, and A. Raheel, “Identification of CA-
MRSA Causing Hospital-Acquired Infections in Suez Canal University Hospitals, Egypt, by 

Detection of its Major Virulence Determinants,” Microbes and Infectious Diseases, vol. 0, 

no. 0, pp. 0–0, Oct. 2020, doi: 10.21608/mid.2020.41062.1057. 

[24] H. Peng, D. Liu, Y. Ma, and W. Gao, “Comparison of community- and healthcare-associated 

methicillin-resistant Staphylococcus aureus isolates at a Chinese tertiary hospital, 2012–

2017,” Sci Rep, vol. 8, no. 1, p. 17916, Dec. 2018, doi: 10.1038/s41598-018-36206-5. 

[25] M. F. Q. Kluytmans-VandenBergh and J. A. J. W. Kluytmans, “Community-acquired 

methicillin-resistant Staphylococcus aureus: current perspectives,” Clinical Microbiology 

and Infection, vol. 12, pp. 9–15, 2006, doi: 10.1111/j.1469-0691.2006.01341.x. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 117 

[26] A. K. Sharma et al., “Bacterial Virulence Factors: Secreted for Survival,” Indian J Microbiol, 

vol. 57, no. 1, pp. 1–10, Mar. 2017, doi: 10.1007/s12088-016-0625-1. 

[27] G. Shaghayegh, C. Cooksley, M. Ramezanpour, P.-J. Wormald, A. J. Psaltis, and S. 

Vreugde, “Chronic Rhinosinusitis, S. aureus Biofilm and Secreted Products, Inflammatory 
Responses, and Disease Severity,” Biomedicines, vol. 10, no. 6, p. 1362, Jun. 2022, doi: 

10.3390/biomedicines10061362. 

[28] T. J. Foster, “The MSCRAMM Family of Cell-Wall-Anchored Surface Proteins of Gram-

Positive Cocci,” Trends Microbiol, vol. 27, no. 11, pp. 927–941, Nov. 2019, doi: 

10.1016/j.tim.2019.06.007. 

[29] J. H. Choi, H. S. Seo, S. Y. Lim, and K. Park, “Cutaneous Immune Defenses Against 

Staphylococcus aureus Infections,” J Lifestyle Med, vol. 4, no. 1, pp. 39–46, Mar. 2014, doi: 

10.15280/jlm.2014.4.1.39. 

[30] R. D. Wolcott, F. Lopez-Leban, M. D. Kiran, and N. Balaban, “Wound Healing by an Anti-

Staphylococcal Biofilm Approach,” 2011, pp. 141–161. doi: 10.1007/978-3-642-19940-0_7. 

[31] F. Falugi, H. K. Kim, D. M. Missiakas, and O. Schneewind, “Role of Protein A in the Evasion 

of Host Adaptive Immune Responses by Staphylococcus aureus,” mBio, vol. 4, no. 5, Nov. 

2013, doi: 10.1128/mBio.00575-13. 

[32] P. Herman-Bausier, C. Labate, A. M. Towell, S. Derclaye, J. A. Geoghegan, and Y. F. 

Dufrêne, “Staphylococcus aureus clumping factor A is a force-sensitive molecular switch 

that activates bacterial adhesion,” Proceedings of the National Academy of Sciences, vol. 
115, no. 21, pp. 5564–5569, May 2018, doi: 10.1073/pnas.1718104115. 

[33] S. Visansirikul, S. A. Kolodziej, and A. V. Demchenko, “Staphylococcus aureus capsular 

polysaccharides: a structural and synthetic perspective,” Org Biomol Chem, vol. 18, no. 5, 

pp. 783–798, 2020, doi: 10.1039/C9OB02546D. 

[34] S. X. Xu and J. K. McCormick, “Staphylococcal superantigens in colonization and disease,” 

Front Cell Infect Microbiol, vol. 2, 2012, doi: 10.3389/fcimb.2012.00052. 

[35] I. V. Pinchuk, E. J. Beswick, and V. E. Reyes, “Staphylococcal Enterotoxins,” Toxins (Basel), 
vol. 2, no. 8, pp. 2177–2197, Aug. 2010, doi: 10.3390/toxins2082177. 

[36] S. W. Tuffs et al., “Superantigens promote Staphylococcus aureus bloodstream infection by 

eliciting pathogenic interferon-gamma production,” Proceedings of the National Academy of 

Sciences, vol. 119, no. 8, Feb. 2022, doi: 10.1073/pnas.2115987119. 

[37] E. Ortega, H. Abriouel, R. Lucas, and A. Gálvez, “Multiple Roles of Staphylococcus aureus 

Enterotoxins: Pathogenicity, Superantigenic Activity, and Correlation to Antibiotic 

Resistance,” Toxins (Basel), vol. 2, no. 8, pp. 2117–2131, Aug. 2010, doi: 

10.3390/toxins2082117. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 118 

[38] B. Nowakowicz-Dębek, Ł. Wlazło, M. Kasela, and M. Ossowski, “Epidemiologia 

wielolekoopornych szczepów Staphylococcus aureus,” Problemy Higieny i Epidemiologii, 

vol. 97, no. 2, pp. 106–112, 2016. 

[39] K. S. Gurusamy, R. Koti, C. D. Toon, P. Wilson, and B. R. Davidson, “Antibiotic therapy for 
the treatment of methicillin-resistant Staphylococcus aureus (MRSA) infections in surgical 

wounds,” Cochrane Database of Systematic Reviews, Aug. 2013, doi: 

10.1002/14651858.CD009726.pub2. 

[40] S. J. Peacock and G. K. Paterson, “Mechanisms of Methicillin Resistance in Staphylococcus 

aureus,” Annu Rev Biochem, vol. 84, no. 1, pp. 577–601, Jun. 2015, doi: 10.1146/annurev-

biochem-060614-034516. 

[41] K. Szymanek-Majchrzak, A. Mlynarczyk, and G. Mlynarczyk, “Oporność Staphylococcus 

aureus na glikopeptydy.,” Postępy Mikrobiologii, vol. 52, no. 2, pp. 171–184, 2013. 

[42] G. Li, M. J. Walker, and D. M. P. De Oliveira, “Vancomycin Resistance in Enterococcus and 

Staphylococcus aureus,” Microorganisms, vol. 11, no. 1, p. 24, Dec. 2022, doi: 

10.3390/microorganisms11010024. 

[43] Y. Cong, S. Yang, and X. Rao, “Vancomycin resistant Staphylococcus aureus infections: A 

review of case updating and clinical features,” J Adv Res, vol. 21, pp. 169–176, Jan. 2020, 

doi: 10.1016/j.jare.2019.10.005. 

[44] S. A. M. Khalifa et al., “Overview of Bee Pollination and Its Economic Value for Crop 

Production,” Insects, vol. 12, no. 8, p. 688, Jul. 2021, doi: 10.3390/insects12080688. 

[45] C. D. Dumitru, I. A. Neacsu, A. M. Grumezescu, and E. Andronescu, “Bee-Derived Products: 

Chemical Composition and Applications in Skin Tissue Engineering,” Pharmaceutics, vol. 

14, no. 4, p. 750, Mar. 2022, doi: 10.3390/pharmaceutics14040750. 

[46] Ż. Bargańska, M. Ślebioda, and J. Namieśnik, “Honey bees and their products: Bioindicators 

of environmental contamination,” Crit Rev Environ Sci Technol, vol. 46, no. 3, pp. 235–248, 

Feb. 2016, doi: 10.1080/10643389.2015.1078220. 

[47] J. O. Schmidt, “Chemical Composition and Application,” in Bee Products, Boston, MA: 
Springer US, 1997, pp. 15–26. doi: 10.1007/978-1-4757-9371-0_2. 

[48] T. C. Webster, “Honey Bee, Apis mellifera (Hymenoptera: Apidae),” in Encyclopedia of 

Entomology, Dordrecht: Springer Netherlands, 2008, pp. 1835–1840. doi: 10.1007/978-1-

4020-6359-6_1376. 

[49] J. Ellis, “The external anatomy of the honeybee.,” American Bee Journal, pp. 855–860, 

2015. 

[50] N. L. Carreck et al., “Standard methods for Apis mellifera anatomy and dissection,” J Apic 

Res, vol. 52, no. 4, pp. 1–40, Jan. 2013, doi: 10.3896/IBRA.1.52.4.03. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 119 

[51] P. Cassier and Y. Lensky, “The Exocrine Glands of the Honey Bees,” in Bee Products, 

Boston, MA: Springer US, 1997, pp. 137–150. doi: 10.1007/978-1-4757-9371-0_18. 

[52] X. Luo, Y. Dong, C. Gu, X. Zhang, and H. Ma, “Processing Technologies for Bee Products: 

An Overview of Recent Developments and Perspectives,” Front Nutr, vol. 8, Nov. 2021, doi: 
10.3389/fnut.2021.727181. 

[53] A. K. Kuropatnicki, E. Szliszka, and W. Krol, “Historical Aspects of Propolis Research in 

Modern Times,” Evidence-Based Complementary and Alternative Medicine, vol. 2013, pp. 

1–11, 2013, doi: 10.1155/2013/964149. 

[54] E. Crane, “The Past and Present Importance of Bee Products to Man,” in Bee Products, 

Boston, MA: Springer US, 1997, pp. 1–13. doi: 10.1007/978-1-4757-9371-0_1. 

[55] P. B. Olaitan, O. E. Adeleke, and I. O. Ola, “Honey: a reservoir for microorganisms and an 

inhibitory agent for microbes,” Afr Health Sci, vol. 7, no. 3, pp. 159–165, 2007. 

[56] M. Miguel, M. Antunes, and M. Faleiro, “Honey as a Complementary Medicine,” Integr Med 

Insights, vol. 12, Jan. 2017, doi: 10.1177/1178633717702869. 

[57] S. U. Khan et al., “Honey: Single food stuff comprises many drugs,” Saudi J Biol Sci, vol. 

25, no. 2, pp. 320–325, Feb. 2018, doi: 10.1016/j.sjbs.2017.08.004. 

[58] N. A. Didaras, K. Karatasou, T. G. Dimitriou, G. D. Amoutzias, and D. Mossialos, 

“Antimicrobial Activity of Bee-Collected Pollen and Beebread: State of the Art and Future 

Perspectives,” Antibiotics, vol. 9, no. 11, p. 811, Nov. 2020, doi: 10.3390/antibiotics9110811. 

[59] K. Grecka, P. Kuś, R. Worobo, and P. Szweda, “Study of the Anti-Staphylococcal Potential 
of Honeys Produced in Northern Poland,” Molecules, vol. 23, no. 2, p. 260, Jan. 2018, doi: 

10.3390/molecules23020260. 

[60] S. I. Anjum et al., “Composition and functional properties of propolis (bee glue): A review,” 

Saudi J Biol Sci, vol. 26, no. 7, pp. 1695–1703, Nov. 2019, doi: 10.1016/j.sjbs.2018.08.013. 

[61] K. Grecka, P. M. Kuś, P. Okińczyc, R. W. Worobo, J. Walkusz, and P. Szweda, “The Anti-

Staphylococcal Potential of Ethanolic Polish Propolis Extracts,” Molecules, vol. 24, no. 9, p. 

1732, May 2019, doi: 10.3390/molecules24091732. 

[62] K. Grecka, Z. R. Xiong, H. Chen, K. Pełka, R. W. Worobo, and P. Szweda, “Effect of Ethanol 

Extracts of Propolis (EEPs) against Staphylococcal Biofilm—Microscopic Studies,” 

Pathogens, vol. 9, no. 8, p. 646, Aug. 2020, doi: 10.3390/pathogens9080646. 

[63] M. Kamakura, “Royalactin induces queen differentiation in honeybees,” Nature, vol. 473, no. 

7348, pp. 478–483, May 2011, doi: 10.1038/nature10093. 

[64] S. Ahmad, M. G. Campos, F. Fratini, S. Z. Altaye, and J. Li, “New Insights into the Biological 

and Pharmaceutical Properties of Royal Jelly,” Int J Mol Sci, vol. 21, no. 2, p. 382, Jan. 

2020, doi: 10.3390/ijms21020382. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 120 

[65] C. I. Pavel et al., “Biological Activities of Royal Jelly - Review,” Scientific Papers: Animal 

Science and Biotechnologies, vol. 44, no. 2, 2011. 

[66] H. Kim, S.-Y. Park, and G. Lee, “Potential Therapeutic Applications of Bee Venom on Skin 

Disease and Its Mechanisms: A Literature Review,” Toxins (Basel), vol. 11, no. 7, p. 374, 
Jun. 2019, doi: 10.3390/toxins11070374. 

[67] F. Fratini, G. Cilia, B. Turchi, and A. Felicioli, “Beeswax: A minireview of its antimicrobial 

activity and its application in medicine,” Asian Pac J Trop Med, vol. 9, no. 9, pp. 839–843, 

Sep. 2016, doi: 10.1016/j.apjtm.2016.07.003. 

[68] S. A. M. Khalifa et al., “Bee Pollen: Current Status and Therapeutic Potential,” Nutrients, 

vol. 13, no. 6, p. 1876, May 2021, doi: 10.3390/nu13061876. 

[69] Food and Agriculture Organization of the United Nations, “https://www.fao.org/world-bee-

day/en.” 

[70] S. T. Asma et al., “General Nutritional Profile of Bee Products and Their Potential Antiviral 

Properties against Mammalian Viruses,” Nutrients, vol. 14, no. 17, p. 3579, Aug. 2022, doi: 

10.3390/nu14173579. 

[71] D. G. Barta, M. Cornea-Cipcigan, R. Margaoan, and D. C. Vodnar, “Biotechnological 

Processes Simulating the Natural Fermentation Process of Bee Bread and Therapeutic 

Properties—An Overview,” Front Nutr, vol. 9, Apr. 2022, doi: 10.3389/fnut.2022.871896. 

[72] M. Kieliszek, K. Piwowarek, A. M. Kot, S. Błażejak, A. Chlebowska-Śmigiel, and I. Wolska, 

“Pollen and bee bread as new health-oriented products: A review,” Trends Food Sci 

Technol, vol. 71, pp. 170–180, Jan. 2018, doi: 10.1016/j.tifs.2017.10.021. 

[73] J. Ćirić, N. Haneklaus, S. Rajić, T. Baltić, I. B. Lazić, and V. Đorđević, “Chemical composition 

of bee bread (perga), a functional food: A review,” Journal of Trace Elements and Minerals, 

vol. 2, p. 100038, Dec. 2022, doi: 10.1016/j.jtemin.2022.100038. 

[74] T. Ariizumi et al., “A novel male-sterile mutant of Arabidopsis thaliana, faceless pollen-1, 

produces pollen with a smooth surface and an acetolysis-sensitive exine,” Plant Mol Biol, 

vol. 53, no. 1/2, pp. 107–116, Sep. 2003, doi: 10.1023/B:PLAN.0000009269.97773.70. 

[75] K. Hegedüs et al., “Facile isolation and analysis of sporopollenin exine from bee pollen,” Sci 

Rep, vol. 11, no. 1, p. 9952, May 2021, doi: 10.1038/s41598-021-87619-8. 

[76] M. Thakur and V. Nanda, “Composition and functionality of bee pollen: A review,” Trends 

Food Sci Technol, vol. 98, pp. 82–106, Apr. 2020, doi: 10.1016/j.tifs.2020.02.001. 

[77] M. H. Baky, M. B. Abouelela, K. Wang, and M. A. Farag, “Bee Pollen and Bread as a Super-

Food: A Comparative Review of Their Metabolome Composition and Quality Assessment in 

the Context of Best Recovery Conditions,” Molecules, vol. 28, no. 2, p. 715, Jan. 2023, doi: 

10.3390/molecules28020715. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 121 

[78] J. B. Paton, “Pollen and Pollen Enzymes,” Am J Bot, vol. 8, no. 10, p. 471, Dec. 1921, doi: 

10.2307/2435552. 

[79] National Research Council (US) Committee on Diet and Health, “Fats and Other Lipids.,” in 

Diet and Health: Implications for Reducing Chronic Disease Risk, vol. 7, 1989.  

[80] H. Bentsen, “Dietary polyunsaturated fatty acids, brain function and mental health,” Microb 

Ecol Health Dis, vol. 28, no. sup1, p. 1281916, Feb. 2017, doi: 

10.1080/16512235.2017.1281916. 

[81] F. Dranca, F. Ursachi, and M. Oroian, “Bee Bread: Physicochemical Characterization and 

Phenolic Content Extraction Optimization,” Foods, vol. 9, no. 10, p. 1358, Sep. 2020, doi: 

10.3390/foods9101358. 

[82] V. Čeksterytė, J. Račys, V. Kaškonienė, and P. R. Venskutonis, “Fatty acid composition in 

beebread,” Biologija, vol. 54, no. 4, pp. 253–257, Jan. 2008, doi: 10.2478/v10054-008-0052-
2. 

[83] R. Markiewicz-Żukowska et al., “Chemical composition and antioxidant activity of beebread, 

and its influence on the glioblastoma cell line (U87MG),” J Apic Sci, vol. 57, no. 2, pp. 147–

157, Dec. 2013, doi: 10.2478/jas-2013-0025. 

[84] M. Kaplan, Ö. Karaoglu, N. Eroglu, and S. Silici, “Fatty Acids and Proximate Composition of 

Beebread,” Food Technol Biotechnol, vol. 54, no. 4, 2016, doi: 10.17113/ftb.54.04.16.4635. 

[85] S. A. M. Khalifa et al., “Recent insights into chemical and pharmacological studies of bee 

bread,” Trends Food Sci Technol, vol. 97, pp. 300–316, Mar. 2020, doi: 
10.1016/j.tifs.2019.08.021. 

[86] S. Çelik, Y. C. Gerçek, A. Özkök, and N. Ecem Bayram, “Organic acids and their derivatives: 

minor components of bee pollen, bee bread, royal jelly and bee venom,” European Food 

Research and Technology, vol. 248, no. 12, pp. 3037–3057, Dec. 2022, doi: 

10.1007/s00217-022-04110-y. 

[87] F. Giampieri et al., “Bee Products: An Emblematic Example of Underutilized Sources of 

Bioactive Compounds,” J Agric Food Chem, vol. 70, no. 23, pp. 6833–6848, Jun. 2022, doi: 
10.1021/acs.jafc.1c05822. 

[88] Md. M. Rahman et al., “Role of Phenolic Compounds in Human Disease: Current Knowledge 

and Future Prospects,” Molecules, vol. 27, no. 1, p. 233, Dec. 2021, doi: 

10.3390/molecules27010233. 

[89] R. Mărgăoan et al., “Bee collected pollen and bee bread: Bioactive constituents and health 

benefits,” Antioxidants, vol. 8, no. 12. MDPI AG, Dec. 01, 2019. doi: 10.3390/antiox8120568. 

[90] M. Brancaccio et al., “The Biological Role of Vitamins in Athletes’ Muscle, Heart and 

Microbiota,” Int J Environ Res Public Health, vol. 19, no. 3, p. 1249, Jan. 2022, doi: 
10.3390/ijerph19031249. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 122 

[91] C. Weyh, K. Krüger, P. Peeling, and L. Castell, “The Role of Minerals in the Optimal 

Functioning of the Immune System,” Nutrients, vol. 14, no. 3, p. 644, Feb. 2022, doi: 

10.3390/nu14030644. 

[92] S. Valverde et al., “Mineral composition of bee pollen and its relationship with botanical 
origin and harvesting period,” Journal of Food Composition and Analysis, vol. 119, p. 

105235, Jun. 2023, doi: 10.1016/j.jfca.2023.105235. 

[93] B. Denisow and M. Denisow-Pietrzyk, “Biological and therapeutic properties of bee pollen: 

a review,” Journal of the science of food and agriculture, vol. 96, no. 13. pp. 4303–4309, 

Oct. 01, 2016. doi: 10.1002/jsfa.7729. 

[94] R. Tsao, “Chemistry and Biochemistry of Dietary Polyphenols,” Nutrients, vol. 2, no. 12, pp. 

1231–1246, Dec. 2010, doi: 10.3390/nu2121231. 

[95] M. Symonowicz and Kolanek Mateusz, “Flavonoids and their properties to form chelate 
complexes,” Biotechnology and Food Sciences, vol. 76, no. 1, pp. 35–41, 2012, doi: 

10.34658/bfs.2012.76.1.35-41. 

[96] A. Kurek-Górecka, M. Górecki, A. Rzepecka-Stojko, R. Balwierz, and J. Stojko, “Bee 

Products in Dermatology and Skin Care,” Molecules, vol. 25, no. 3, p. 556, Jan. 2020, doi: 

10.3390/molecules25030556. 

[97] A. Rzepecka-Stojko et al., “Polyphenols from Bee Pollen: Structure, Absorption, Metabolism 

and Biological Activity,” Molecules, vol. 20, no. 12, pp. 21732–21749, Dec. 2015, doi: 

10.3390/molecules201219800. 

[98] B. Olas, “Bee Products as Interesting Natural Agents for the Prevention and Treatment of 

Common Cardiovascular Diseases,” Nutrients, vol. 14, no. 11, p. 2267, May 2022, doi: 

10.3390/nu14112267. 

[99] Z. Zakaria et al., “Hepatoprotective Effect of Bee Bread in Metabolic Dysfunction-Associated 

Fatty Liver Disease (MAFLD) Rats: Impact on Oxidative Stress and Inflammation,” 

Antioxidants, vol. 10, no. 12, p. 2031, Dec. 2021, doi: 10.3390/antiox10122031. 

[100] I. Przybyłek and T. M. Karpiński, “Antibacterial Properties of Propolis,” Molecules, vol. 24, 
no. 11, p. 2047, May 2019, doi: 10.3390/molecules24112047. 

[101] M. Kieliszek et al., “Recent advances and opportunities related to the use of bee products 

in food processing,” Food Sci Nutr, vol. 11, no. 8, pp. 4372–4397, Aug. 2023, doi: 

10.1002/fsn3.3411. 

[102] I.-K. Lee et al., “Characterization of Neuraminidase Inhibitors in Korean Papaver rhoeas Bee 

Pollen Contributing to Anti-Influenza Activities In Vitro,” Planta Med, vol. 82, no. 06, pp. 524–

529, Feb. 2016, doi: 10.1055/s-0041-111631. 

[103] N. Asoutis Didaras, T. Dimitriou, M. Daskou, K. Karatasou, and D. Mossialos, “IN VITRO 
ASSESSMENT OF THE ANTIVIRAL ACTIVITY OF GREEK BEE BREAD AND BEE 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 123 

COLLECTED POLLEN AGAINST ENTEROVIRUS D68,” Journal of microbiology, 

biotechnology and food sciences, vol. 11, no. 4, p. e4859, Feb. 2022, doi: 

10.55251/jmbfs.4859. 

[104] T. G. Dimitriou et al., “Antiviral Activity of Beebread, Bee-Collected Pollen and Artificially 
Fermented Follen against Influenza A Virus,” Foods, vol. 12, no. 10, p. 1978, May 2023, doi: 

10.3390/foods12101978. 

[105] T. L. A. Nguyen and D. Bhattacharya, “Antimicrobial Activity of Quercetin: An Approach to 

Its Mechanistic Principle,” Molecules, vol. 27, no. 8, p. 2494, Apr. 2022, doi: 

10.3390/molecules27082494. 

[106] N. F. Shamsudin et al., “Antibacterial Effects of Flavonoids and Their Structure-Activity 

Relationship Study: A Comparative Interpretation,” Molecules, vol. 27, no. 4, p. 1149, Feb. 

2022, doi: 10.3390/molecules27041149. 

[107] S. L. Badshah, S. Faisal, A. Muhammad, B. G. Poulson, A. H. Emwas, and M. Jaremko, 

“Antiviral activities of flavonoids,” Biomedicine & Pharmacotherapy, vol. 140, p. 111596, 

Aug. 2021, doi: 10.1016/j.biopha.2021.111596. 

[108] C. J. Zheng, J.-S. Yoo, T.-G. Lee, H.-Y. Cho, Y.-H. Kim, and W.-G. Kim, “Fatty acid synthesis 

is a target for antibacterial activity of unsaturated fatty acids,” FEBS Lett, vol. 579, no. 23, 

pp. 5157–5162, Sep. 2005, doi: 10.1016/j.febslet.2005.08.028. 

[109] A. P. Desbois and V. J. Smith, “Antibacterial free fatty acids: activities, mechanisms of action 

and biotechnological potential,” Appl Microbiol Biotechnol, vol. 85, no. 6, pp. 1629–1642, 
Feb. 2010, doi: 10.1007/s00253-009-2355-3. 

[110] World Health Organization, “https://www.who.int/news-room/fact-sheets/detail/cancer.” 

[111] F. Sobral et al., “Flavonoid Composition and Antitumor Activity of Bee Bread Collected in 

Northeast Portugal,” Molecules, vol. 22, no. 2, p. 248, Feb. 2017, doi: 

10.3390/molecules22020248. 

[112] E. T. Arung et al., “Cytotoxicity effect of honey, bee pollen, and propolis from seven stingless 

bees in some cancer cell lines,” Saudi J Biol Sci, vol. 28, no. 12, pp. 7182–7189, Dec. 2021, 
doi: 10.1016/j.sjbs.2021.08.017. 

[113] J. B. Suleiman, M. Mohamed, A. B. Abu Bakar, Z. Zakaria, Z. A. Othman, and V. U. Nna, 

“Therapeutic Effects of Bee Bread on Obesity-Induced Testicular-Derived Oxidative Stress, 

Inflammation, and Apoptosis in High-Fat Diet Obese Rat Model,” Antioxidants, vol. 11, no. 

2, p. 255, Jan. 2022, doi: 10.3390/antiox11020255. 

[114] S. Yan et al., “Effect of fermented bee pollen on metabolic syndrome in high-fat diet-induced 

mice,” Food Science and Human Wellness, vol. 10, no. 3, pp. 345–355, May 2021, doi: 

10.1016/j.fshw.2021.02.026. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 124 

[115] A. El Ghouizi et al., “Bee Pollen as Functional Food: Insights into Its Composition and 

Therapeutic Properties,” Antioxidants, vol. 12, no. 3, p. 557, Feb. 2023, doi: 

10.3390/antiox12030557. 

[116] H. R. El-Seedi et al., “Honey Bee Products: Preclinical and Clinical Studies of Their Anti-
inflammatory and Immunomodulatory Properties,” Front Nutr, vol. 8, Jan. 2022, doi: 

10.3389/fnut.2021.761267. 

[117] J. S. Algethami et al., “Bee Pollen: Clinical Trials and Patent Applications,” Nutrients, vol. 

14, no. 14, p. 2858, Jul. 2022, doi: 10.3390/nu14142858. 

[118] ClinicalTrails.gov, “https://classic.clinicaltrials.gov/ct2/show/NCT03684096.” 

[119] J. Lozo, T. Berić, A. Terzić-Vidojević, S. Stanković, D. Fira, and L. Stanisavljević, “Microbiota 

associated with pollen, bee bread, larvae and adults of solitary bee Osmia cornuta 

(Hymenoptera: Megachilidae),” Bull Entomol Res, vol. 105, no. 4, pp. 470–476, Aug. 2015, 
doi: 10.1017/S0007485315000292. 

[120] M. Gilliam, “Identification and roles of non-pathogenic microflora associated with honey 

bees1,” FEMS Microbiol Lett, vol. 155, no. 1, pp. 1–10, Jan. 1997, doi: 10.1111/j.1574-

6968.1997.tb12678.x. 

[121] M. GILLIAM, “MICROBIOLOGY OF POLLEN AND BEE BREAD : THE YEASTS,” 

Apidologie, vol. 10, no. 1, pp. 43–53, 1979, doi: 10.1051/apido:19790106. 

[122] M. Gilliam, “MICROBIOLOGY OF POLLEN AND BEE BREAD : THE GENUS BACILLUS,” 

Apidologie, vol. 10, no. 3, pp. 269–274, 1979, doi: 10.1051/apido:19790304. 

[123] B. W. McBride and P. C. B. Turnbull, “Bacillus, Infection and Immunity,” in Encyclopedia of 

Immunology, Elsevier, 1998, pp. 311–315. doi: 10.1006/rwei.1999.0080. 

[124] M. Pajor, R. Worobo, S. Milewski, and P. Szweda, “The Antimicrobial Potential of Bacteria 

Isolated from Honey Samples Produced in the Apiaries Located in Pomeranian Voivodeship 

in Northern Poland,” Int J Environ Res Public Health, vol. 15, no. 9, p. 2002, Sep. 2018, doi: 

10.3390/ijerph15092002. 

[125] A. M. Alippi, L. A. Fernández, and A. C. López, “Diversity of aerobic spore-forming bacteria 
isolated from fresh bee pollen intended for human consumption in Argentina,” J Apic Res, 

vol. 61, no. 3, pp. 392–399, May 2022, doi: 10.1080/00218839.2021.1960747. 

[126] M. S. Ngalimat, R. N. Z. Raja Abd. Rahman, M. T. Yusof, A. Syahir, and S. Sabri, 

“Characterisation of bacteria isolated from the stingless bee, Heterotrigona itama , honey, 

bee bread and propolis,” PeerJ, vol. 7, p. e7478, Aug. 2019, doi: 10.7717/peerj.7478. 

[127] C. Tsadila et al., “Antibacterial Activity and Characterization of Bacteria Isolated from 

Diverse Types of Greek Honey against Nosocomial and Foodborne Pathogens,” Applied 

Sciences, vol. 11, no. 13, p. 5801, Jun. 2021, doi: 10.3390/app11135801. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 125 

[128] H. Abriouel, C. M. A. P. Franz, N. Ben Omar, and A. Gálvez, “Diversity and applications of 

Bacillus bacteriocins,” FEMS Microbiol Rev, vol. 35, no. 1, pp. 201–232, Jan. 2011, doi: 

10.1111/j.1574-6976.2010.00244.x. 

[129] D. C. Sabaté, M. S. Cruz, M. R. Benítez-Ahrendts, and M. C. Audisio, “Beneficial Effects of 
Bacillus subtilis subsp. subtilis Mori2, a Honey-Associated Strain, on Honeybee Colony 

Performance,” Probiotics Antimicrob Proteins, vol. 4, no. 1, pp. 39–46, Mar. 2012, doi: 

10.1007/s12602-011-9089-0. 

[130] F. A. Zulkhairi Amin et al., “Probiotic Properties of Bacillus Strains Isolated from Stingless 

Bee (Heterotrigona itama) Honey Collected across Malaysia,” Int J Environ Res Public 

Health, vol. 17, no. 1, p. 278, Dec. 2019, doi: 10.3390/ijerph17010278. 

[131] S. Toutiaee, N. Mojgani, N. Harzandi, M. Moharrami, and L. Mokhberosafa, “In vitro probiotic 

and safety attributes of Bacillus spp. isolated from beebread, honey samples and digestive 
tract of honeybees Apis mellifera,” Lett Appl Microbiol, vol. 74, no. 5, pp. 656–665, May 

2022, doi: 10.1111/lam.13650. 

[132] M. C. Audisio, “Gram-Positive Bacteria with Probiotic Potential for the Apis mellifera L. 

Honey Bee: The Experience in the Northwest of Argentina,” Probiotics Antimicrob Proteins, 

vol. 9, no. 1, pp. 22–31, Mar. 2017, doi: 10.1007/s12602-016-9231-0. 

[133] E. Lashani, A. Davoodabadi, and M. M. S. Dallal, “Some probiotic properties of Lactobacillus 

species isolated from honey and their antimicrobial activity against foodborne pathogens,” 

Veterinary Research Forum, vol. 11, no. 2, 2020. 

[134] Food and Agriculture Organization of the United Nations (FAO) World Health Organization 

(WHO)., “Probiotics in food: health and nutritional properties and guidelines for evaluation.,” 

Food Nutr (Roma), vol. 85, pp. 1–56, 2006. 

[135] M. Iorizzo et al., “Functional Properties and Antimicrobial Activity from Lactic Acid Bacteria 

as Resources to Improve the Health and Welfare of Honey Bees,” Insects, vol. 13, no. 3, p. 

308, Mar. 2022, doi: 10.3390/insects13030308. 

[136] A. Vásquez and T. C. Olofsson, “The lactic acid bacteria involved in the production of bee 
pollen and bee bread,” J Apic Res, vol. 48, no. 3, pp. 189–195, Jan. 2009, doi: 

10.3896/IBRA.1.48.3.07. 

[137] A. Ljungh and T. Wadström, “Lactic acid bacteria as probiotics,” Curr Issues Intest Microbiol, 

vol. 7, no. 2, 2006. 

[138] R. Ashraf and N. P. Shah, “Immune System Stimulation by Probiotic Microorganisms,” Crit 

Rev Food Sci Nutr, vol. 54, no. 7, pp. 938–956, Jan. 2014, doi: 

10.1080/10408398.2011.619671. 

[139] I. Loncaric, W. Ruppitsch, E. Licek, R. Moosbeckhofer, H.-J. Busse, and R. Rosengarten, 
“Characterization of selected Gram-negative non-fermenting bacteria isolated from honey 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 126 

bees (Apis mellifera carnica),” Apidologie, vol. 42, no. 3, pp. 312–325, May 2011, doi: 

10.1007/s13592-011-0019-7. 

[140] D. Dinkov, “Microorganisms in Vacuum Stored Flower Bee Pollen,” Journal of Bacteriology 

and Virology, vol. 46, no. 4, p. 258, 2016, doi: 10.4167/jbv.2016.46.4.258. 

[141] E. Straumite, M. Bartule, A. Valdovska, Z. Kruma, and R. Galoburda, “Physical and 

Microbiological Characteristics and Antioxidant Activity of Honey Bee Pollen,” Applied 

Sciences, vol. 12, no. 6, p. 3039, Mar. 2022, doi: 10.3390/app12063039. 

[142] D. K. ARSERIM UCAR et al., “Identification of Bacterial Diversity of Bee Collected Pollen 

and Bee Bread Microbiota by Metagenomic Analysis,” Acta Veterinaria Eurasia, vol. 48, no. 

3, pp. 189–199, Sep. 2022, doi: 10.5152/actavet.2022.22031. 

[143] T. Disayathanoowat et al., “Different Dynamics of Bacterial and Fungal Communities in 

Hive-Stored Bee Bread and Their Possible Roles: A Case Study from Two Commercial 
Honey Bees in China,” Microorganisms, vol. 8, no. 2, p. 264, Feb. 2020, doi: 

10.3390/microorganisms8020264. 

[144] N. Bleau, S. Bouslama, P. Giovenazzo, and N. Derome, “Dynamics of the Honeybee (Apis 

mellifera) Gut Microbiota Throughout the Overwintering Period in Canada,” Microorganisms, 

vol. 8, no. 8, p. 1146, Jul. 2020, doi: 10.3390/microorganisms8081146. 

[145] R. Detry, N. Simon-Delso, E. Bruneau, and H.-M. Daniel, “Specialisation of Yeast Genera 

in Different Phases of Bee Bread Maturation,” Microorganisms, vol. 8, no. 11, p. 1789, Nov. 

2020, doi: 10.3390/microorganisms8111789. 

[146] M. Kieliszek et al., “ISOLATION AND IDENTIFICATION OF NEW YEAST STRAINS FROM 

BEE BREAD,” Carpathian Journal of Food Science and Technology, pp. 207–213, Mar. 

2021, doi: 10.34302/crpjfst/2021.13.1.17. 

[147] M. Kačániová et al., “Mycobiota and mycotoxins in bee pollen collected from different areas 

of Slovakia,” Journal of Environmental Science and Health, Part B, vol. 46, no. 7, pp. 623–

629, Oct. 2011, doi: 10.1080/03601234.2011.589322. 

[148] M. Gilliam, D. B. Prest, and B. J. Lorenz, “Microbiology of pollen and bee bread : taxonomy 
and enzymology of molds,” Apidologie, vol. 20, no. 1, pp. 53–68, 1989, doi: 

10.1051/apido:19890106. 

[149] J. A. Yoder, A. J. Jajack, A. E. Rosselot, T. J. Smith, M. C. Yerke, and D. Sammataro, 

“Fungicide Contamination Reduces Beneficial Fungi in Bee Bread Based on an Area-Wide 

Field Study in Honey Bee, Apis mellifera , Colonies,” J Toxicol Environ Health A, vol. 76, no. 

10, pp. 587–600, May 2013, doi: 10.1080/15287394.2013.798846. 

[150] S. G. Dimov et al., “A Snapshot Picture of the Fungal Composition of Bee Bread in Four 

Locations in Bulgaria, Differing in Anthropogenic Influence,” Journal of Fungi, vol. 7, no. 10, 
p. 845, Oct. 2021, doi: 10.3390/jof7100845. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 127 

LIST OF FIGURES 

INTRODUCTION 

Figure 1. Virulence factors of S. aureus. Based on [27], [28]. Designed in BioRender by K. Pełka. ______ 21 

Figure 2. Apis mellifera (honey bee) glands that are involved in development of bees’ family and production 
of bee products. Created in BioRender by K. Pełka. __________________________________________ 24 

Figure 3. A) multifloral pollen grains, B) bee bread pellet. Courtesy of K. Pełka. _____________________ 27 

Figure 4. Bee bread production by honey bees, based on [73]. Designed in BioRender by K. Pełka _____ 28 

Figure 5. Examples of fatty acids structures detected in bee pollen and bee bread. Created in 

MoleculeSketch by K. Pełka. ____________________________________________________________ 32 

Figure 6. Examples of structures of A) flavonoids and B) phenolic acids found in bee pollen and bee bread. 

Created in MoleculeSketch by K. Pełka. ___________________________________________________ 34 

Figure 7. Scheme of biological activities of bee pollen and bee bread. Designed in BioRender by K. Pełka.36 

Figure 8. Mode of action of flavonoids found in bee pollen and bee bread against bacteria, fungi and viruses. 

Created in BioRender by K. Pełka. ________________________________________________________ 38 

Figure 9. Selected genera of microorganisms that was detected in bee pollen and bee bread. Created in 
Canva by K. Pełka. ____________________________________________________________________ 40 

Figure 10. Bacteriocins produced by Bacillus strains. Based on [131]. Created in Canva by K. Pełka.____ 41 

ARTICLE 1 

Figure 1. Kill-time assay for selected ethanolic extracts of bee pollen and bee bread tested against S. aureus 
ATCC 29213 at or above the MIC. The growth control contained no extracts; (a) BP15, (b) BP20, (c) BB6, (d) 

BB11. The results are presented as means ± SDs (n = 3). Data without error bars indicate that the SDs are 
too small to be observed on the graph. _____________________________________________________ 53 

Figure 2. Kill-time assay for suspensions of selected products tested against S. aureus ATCC 29213 in final 

concentrations of 2%, 5% and 10% (v/w). The growth control did not contain any product; (a) BP15, (b) BP20, 

(c) BB6, (d) BB11. The results are presented as means SDs (n = 3). Data without error bars indicate that the 
SDs are too small to be observed on the graph. ______________________________________________ 54 

ARTICLE 2 

Fig. 1 Protein profile of bee bread (BB, n = 8) and bee pollen (BP, n = 5) aqueous extracts. Aliquots (15 μl) of 
each extract were resolved by 12% SDSPAGE and protein content assessed after gel staining with Coomassie 

Brilliant Blue R-250. ____________________________________________________________________ 68 

Fig. 2 Immunodetection of beederived proteinous compounds in BB and BP extracts. Aliquots (15 μl) of each 

extract were resolved by 12% SDS-PAGE and 16.5% Tricine-SDS-PAGE. After the wet blotting procedure, 
the blocked membranę was incubated overnight with a rabbit polyclonal antibody against honeybee (A) 

MRJP1, (B) GOX or (C) defensin-1. Immunoreactive bands were detected in solution containing dissolved 

SigmaFast 3,3-diaminobenzidine tablets. Red, blue and green arrows indicate MRJP1-immunoreactive, GOx-
immunoreactive and defensin-1-immunoreacitve band, respectively. ______________________________ 69 

 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 128 

Fig. 3 Antibacterial activity of bee bread (BB) and bee pollen (BP) aqueous extracts against different bacterial 

pathogens. Antibacterial activity was determined with a minimum inhibitory concentration (MIC) assay. 
Antibacterial activity of BB and BP extracts was expressed as an MIC value and calculated per unit of protein 

content in extracts. Data are expressed as mean values with standard deviation. ____________________ 70 

Fig. 4 Effect of glucose supplementation on antibacterial activity of bee bread (BB) and bee pollen (BP) 

aqueous extracts against Staphylococcus aureus and Pseudomonas aeruginosa. (A) Antibacterial activity of 

individual BB and BP samples was determined with a minimum inhibitory concentration (MIC) assay in MHB 
medium with or without 20 mM glucose. (B) Comparison of overall antibacterial activity of BB and BP extracts 

in MHB medium with or without 20 mM glucose (GLU). Antibacterial activity was expressed as an MIC value 

and calculated per unit of protein content in extracts. Data are expressed as mean values with standard 
deviation. *P < 0.05; **P < 0.01. ___________________________________________________________ 71 

Fig. 5 Analysis of mechanistic antibacterial effect of selected BB and BP aqueous extracts against (A) 
Staphylococcus aureus and (B) Pseudomonas aeruginosa. BB and BP extracts were treated with catalase 

(2000 − 5000 U/mg protein) at a final concentration of 1000 − 2500 U/ml at room temperature for 2 h or 

proteinase K (30 U/ mg) at a final concentration of 50 μg/ml at 37 oC for 30 min. Antibacterial activity was 
determined with a minimum inhibitory concentration (MIC) assay. Antibacterial activity of BB and BP aqueous 

extracts was expressed as an MIC value and calculated per unit of protein content in extracts. AE aqueous 

extract, Glu glucose, Prot-K proteinase K. *P < 0.05, ns non-significant. ___________________________ 72 

ARTICLE 3  

Figure 1. An example of antagonistic interaction between isolated strains (strains 1–21 were isolated the 
product BB19, and strains 1 and 2 were derived from the product BB3) and indicatory/reference strains of 

pathogenic bacteria: (a) S. aureus ATCC 25923, (b) S. aureus ATCC 29213, (c) S. epidermidis ATCC 12228, 

and (d) E. coli ATCC 25922. Interactions with P. aeruginosa ATCC 27853 were a separately analyzed (results 
not presented). _______________________________________________________________________ 83 

Figure 2. Phylogenetic tree of 34 strains that exhibited antagonistic potential against at least of one reference 
strain of pathogenic bacteria. MUSCLE multiple alignment/construction was done using the neighbor-joining 

method. _____________________________________________________________________________ 84 

Figure 3. Enzymatic activity of isolates. Selected agar plates are presented with observed (a) proteolytic, (b) 

amylolytic, (c) lipolytic, (d) esterolytic, and (e) cellulolytic activity. In the upper part of the plates, there are 
strains that did not exhibit enzymatic activity, while in the lower part of the plates, there are strains capable of 

producing hydrolases. __________________________________________________________________ 86 

ARTICLE 4 

Figure 1. Percentage of co-aggregation of Bacillus isolates with A) L. monocytogenes ATCC 35152, B) S. 

enterica PCM 2266, C) S. aureus ATCC 29231 and D) E. coli ATCC 25922 after 4 and 24 hours of incubation. 

The results are presented as means ± SD (n = 3). Data without error bars indicate that SD is too small to be 

observed on the graph. ________________________________________________________________ 102 

Figure 2. The amount of cholesterol assimilated by isolates [%] after 24 hours of incubation. The results are 

presented as means ± SD (n = 3). ________________________________________________________ 104 

 
 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 129 

Figure 3. The organization of bacteriocin gene clusters in the isolate B. subtilis 10.1 genome predicted through 
the BAGEL4 webserver. The area of interests represents (a) sporulation killing factor (b) competence 
pheromone (c) Subtilosin (d) sactipeptide classes. The color schemes represent the specific gene clusters 

identified in BB10.1 genome. ____________________________________________________________ 105 

Figure 4. A). TYGS Genome tree inferred with FastME 2.1.6.1 [35] from GBDP distances calculated from 

genome sequences. The branch lengths are scaled in terms of the GBDP distance formula d5. The numbers 

above branches are GBDP pseudo-bootstrap support values >60% from 100 replications, with an average 
branch support of 21.2%. The tree was rooted at the midpoint.  _________________________________ 106 

 

 

 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 130 

LIST OF TABLES 

INTRODUCTION 

Table 1. Modes of resistance to selected groups of antibiotics with their mechanism of action. Adapted from 
[1]. ________________________________________________________________________________ 18 

Table 2. Comparison of the chemical composition of bee pollen and bee bread. Based on [58], [72], [73]. 29 

ARTICLE 1 

Table 1. Antimicrobial activity and total phenolic content (TPC) of extracts produced from bee pollen (BP) and 

bee bread (BB) samples harvested in Polish apiaries. __________________________________________ 51 

Table 2. Antibacterial activity of selected ethanolic extracts of BP and BB against clinical isolates of 

Staphylococcus aureus. Isolates 1–6 are methicillin-sensitive and strains 7–9 exhibit the methicillin-resistant 
phenotype. __________________________________________________________________________  52 

Table 3. MSSA and MRSA strains used in this work. __________________________________________ 57 

ARTICLE 2 

Table 1 Selected measured parameters of bee bread (BB) and bee pollen (BP) aqueous extracts expressed 
as mean value with standard deviation _____________________________________________________ 66 

Table 2 Generation of H2O2 in BB and BP extracts with/without glucose supplementation at two time points 

(0 and 24 h). Data are expressed as mean values with standard deviation _________________________ 70 

ARTICLE 3 

Table 1. Level of microbial contamination of investigated BP and BB samples and the antagonistic activity of 
isolates against reference strains of pathogenic bacteria. _______________________________________ 81 

Table 2. Species classification based on the BLAST analysis of 16S rRNA gene sequences and antagonistic 

activity against reference strains of pathogenic bacteria. _______________________________________ 82 

Table 3. Enzymatic activity of isolates. _____________________________________________________ 85 

ARTICLE 4 

Table 3. Comparison of percentage viability of strains in LB broth (growth control), LB broth with 0.3% bile 

salts and acid (pH=2) after indicated time of incubation. The assay was performed in triplicate and the results 

are presented as mean values ± SD. a – d – different superscript letter represents statistical differences between 

strains at the level of p < 0.05 measured by Tukey’s test. Superscript letter (a) describes the highest 

significance, (d) – the lowest significance, and (e) – no significant difference between samples ________101 

Table 4. Adhesive properties of isolated strains from BP and BB. The assay was conducted in triplicate. 

Percentage of hydrophobicity and auto-aggregation are expressed as mean values ± SD. a – d – different 

superscript letter represents statistical differences between strains at the level of p < 0.05 measured by Tukey’s 
test. Superscript letter (a) describes the highest significance, (d) – the lowest significance, and (e) – no 

significant difference between samples ____________________________________________________101 

Table 5. Antagonistic interactions of isolates with pathogenic bacteria and yeasts. (+) – inhibition zone with 

diameter 1-2mm, (++) – 3-4 mm, (+++) - ³ 5 mm, (-) – no inhibition zones around growing colonies _____ 103 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 131 

Table 6. The results of Antibiotic Discs Susceptibility Test. In the table below diameter of inhibition zones 

around disks are presented (in mm). Superscript letter (S) represents high sensitivity to antibiotics, (M) – 
moderate susceptibility, and (R) – resistance to tested antibiotics (according to CLSI Standard). C30 - 

chloramphenicol (30 µg), AZM15 - azithromycin (15 µg), LZD30 - linezolid (30 µg), RD5 - rifampin (5 µg), P10 

- penicillin (10 units), W5 - trimethoprim (5 µg), DA2 - clindamycin (2 µg), CIP5 - ciprofloxacin (5 µg), CN10 - 

gentamicin (10 µg), K30 - kanamycin (30 µg) ________________________________________________ 104 

Table 5. Average nucleotide identity (ANI) calculated by OAT with BLAST+ _______________________ 105 

 
 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl

