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Abstract: Lactic acid bacteria (LAB) are an essential part of the microbiota of the digestive tract
of honeybees (Apis mellifera L.). Antagonistic activity of 103 LAB strains (isolates from different
environments) against 21 honeybee pathogens/opportunistic pathogens (with agar slab method) was
screened. The growth of Paenibacillus genus was inhibited to the most extent. The highest antagonistic
activity was demonstrated by Lacticaseibacillus casei 12AN, while the lowest by Apilactobacillus kunkeei
DSM 12361, a species naturally inhabiting the honeybee gut. LAB isolated from the honeybee environ-
ment demonstrated stronger antagonism against pathogens than collection strains. The antagonistic
activity of cell-free supernatants (CFSs) from 24 LAB strains against 7 honeybee pathogens was
additionally assessed at physiological pH with the microtitration method. The same was determined
for selected CFSs at neutralized pH. CFSs with physiological pH showed significantly stronger
antibacterial activity than CFSs with neutralized pH. The results confirmed that the mechanism of
antimicrobial activity of LAB is acidification of the environment. The obtained results may, in the
future, contribute to a better understanding of the antagonistic properties of LAB and the construction
of a probiotic preparation to increase the viability of honeybee colonies.

Keywords: probiotics; lactic acid bacteria; Apis mellifera L.; honeybee; honeybee pathogens;
antagonistic activity; Paenibacillus spp.; Melissococcus plutonius

1. Introduction

Apis mellifera L., the Western honeybee, is one of the most economically valuable
pollinators on a global scale. It is estimated that up to 35% of human food consumption
depends on the pollination of honeybees [1]. At present, honeybees are exposed to many
factors that adversely affect the health of entire colonies. A sudden drop in the viability
of honeybee colonies was observed in the winter of 2006/2007, which was later identified
as a phenomenon known today as “Colony Collapse Disorder” (CCD) [2]. Due to the
enormous importance of these insects for the environment and humans, the decline in
the number of honeybees aroused interest and prompted a thorough study of potential
triggers of CCD [3]. Factors contributing significantly to this disturbing phenomenon
include chemical molecules (e.g., pesticides), parasitic mites (e.g., Varroa destructor), viruses,
and microorganisms (e.g., Nosema ceranae) [4]. The influence of these factors may lead
to a significant weakening of the immune system of honeybees and the extinction of the
entire colony. Many microorganisms threaten the viability of honeybees, such as bacteria and
fungi [4]. Most research and attention are devoted to bacteria, which are the causing agents or
secondary contributors of diseases that often lead to the destruction of entire colonies. Known
honeybee bacterial pathogens include Paenibacillus larvae, Melissococcus plutonius, Paenibacillus
apiarius, Paenibacillus alvei, and opportunistic pathogens, e.g., Serratia marcescens, Klebsiella
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pneumoniae, and Klebsiella aerogenes [5–10]. The species of fungi of the genus Aspergillus and
the yeast-like fungus Aureobasidium pullulans also are considered as microorganisms affecting
the decline in the number of honeybees [11,12]. Through beekeeping activity, honeybee
pathogens can quickly spread throughout the colony, often leading to its complete extinction
or the sacrifice of an entire apiary to protect other hives. According to Lindström et al.
transmission of disease caused by P. larvae can occur even at distances greater than 1 km
from clinically diseased colonies [13]. Treatment of diseases caused by honeybee pathogens
is extremely limited. Antibiotics affect only vegetative cells and, in addition, residues of
chemical substances are detectable later in honey and propolis [14]. Honeybee nest cavities
often create ideal conditions for the development of parasites and pathogens. Frequent
contact between honeybees via trophallaxis, constant humidity, and temperature favor the
existence of many possibilities for the spread of microorganisms inside the colony. Honeybee
pathogens first act on a single individual and then on subsequent individuals to successfully
reproduce and then disperse to a new host [15].

Honeybee microbiota is a complex ecosystem of microorganisms responsible for
metabolic functions such as energy and vitamin management, satiety regulation, lipid home-
ostasis, and the adjustment of glucose levels [16]. It positively influences the immune system
by regulating the induction of protective responses against pathogens and stimulates immune
responses. The microbiota composition is unique to individuals within the same species [16].
Intestinal bacteria belonging to the honeybee microbiota are transmitted between individuals
via trophallactic and oral-fecal transmission. Moreover, the spread of lactic acid bacteria
(LAB) is favored by the activity of adult individuals and the consumption of bee bread
and pollen [17]. The microbiome controls the development and migration of pathogens,
thus avoiding the induction of harmful systemic immune responses, which can alter the
composition of the intestinal microbiome of honeybees [18]. The structure of the bacterial
community of microbiota can also be an indicator of the health status of honeybees [19].

LAB naturally inhabit the digestive tract of honeybees and have been shown to
influence the immune responses of these insects, assimilate nutrients, fight pathogens,
and maintain microbiota homeostasis in the gut [20]. Due to the production of various
compounds, LAB are known as beneficial bacteria, and some genera (e.g., Lactobacillus,
Streptococcus, and Pediococcus) are widely used as probiotics. According to the Food and
Agriculture Organization of the United Nations World Health Organization, supported
by experts from The International Scientific Association for Probiotics and Prebiotics, the
definition of probiotics is “live microorganisms which when administered in adequate
amounts confer a health benefit on the host” [21]. When consumed in appropriate amounts,
probiotics strengthen the host’s immune system, inhibit the growth of pathogens (through
various mechanisms such as adherence to epithelial cells or antagonistic activity) and secrete
compounds with antimicrobial properties (e.g., lactic acid) [22]. Probiotic microorganisms
should demonstrate the ability to survive in the host’s body and withstand prevailing
environmental conditions [23]. Compared to antibiotics, they do not threaten honeybees
and leave no chemical compounds detectable in honeybee products [24]. In turn, postbiotics
are bioactive compounds secreted by probiotics in the fermentation process [25]. According to
the definition given on the experts’ panel in 2021, a postbiotic is “a preparation of inanimate
microorganisms and/or their components that confers a health benefit on the host” [26,27].
Postbiotic compounds include, but are not limited to, short-chain fatty acids (SCFAs), functional
proteins, metabolites, enzymes, bacteriocins, extracellular polysaccharides (EPS), and microbial
cell fractions (e.g., cell walls, cell membranes). Postbiotics can affect the microbiota composition
and the host’s immune system, thereby protecting it from infections [28]. The antimicrobial
activity of LAB is conditioned by the production of metabolites such as hydrogen peroxide and
organic acids (e.g., lactate, propionic, butyrate, or acetate), which decreases the environmental
pH, thereby inhibiting the growth of pathogens that cannot tolerate acidic conditions. Lactic
acid demonstrates antimicrobial activity against bacteria, and according to Ouwehand &
Versterlund, acetic acid inhibits the growth of bacteria and fungi, probably due to its high
pKa value of 4.87 [29]. The presence of LAB in honeybee gut microbiota significantly affects
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the health of these insects, starting from the digestion and fermentation of complex aromatic
compounds present in pollen by Lactobacillus spp. [30]. Lactobacillus strains are also positive for
the Ent P2 (enterocin P-like bacteriocin) gene and show a broad spectrum of antagonism against
harmful bacteria [31]. Other antimicrobial LAB activities include reducing the mummification
of larvae infected with nosemosis by more than 80%, increasing survival after infection with
N. ceranae by 20%, and reducing Nosema spp. spores in hives [30]. According to Zendo
et al. LAB produce the bacteriocin kunkecin A, which displays antibacterial activity against
M. plutonius [32]. LAB also contribute to the treatment of American foulbrood by reducing
larvae mortality and in vivo inhibiting the growth of P. larvae [30]. Many LAB produce small
antimicrobial peptides (AMPs), which contribute to the destruction of pathogen cells by
inhibiting cell wall synthesis [33]. Moreover, LAB are also responsible for forming biofilms and
detoxification of harmful chemicals (e.g., pesticides) [34].

Combating pathogens with antibiotics may weaken the immune system of honey-
bees [35]. Due to the frequent supplementation of antibiotics, there is concern about the
emergence and spread of antibiotic-resistant microorganisms [35]. Thus, there is a growing
need to find natural ways to protect honeybees by supporting their natural microbiota
and thereby increasing their resistance to pathogen-induced diseases. In addition, there is
currently no in-depth research on the effects of certain microorganisms on honeybee health.
Many microorganisms can become opportunistic pathogens when the honeybees’ immune
system is weakened by other factors (e.g., pesticides).

This study focuses on determining the antagonistic activity of LAB also naturally occur-
ring in the environment of honeybees against known honeybee pathogens and opportunistic
pathogens. Some of the LAB used in the presented experiments were previously isolated
from the honeybee environment and characterized [36]. The effect of LAB metabolites on the
inhibition of the growth of honeybee pathogens (at physiological and neutralized pH) was
tested to check their postbiotic properties. According to the authors’ knowledge, the topic
of LAB antagonistic activity against honeybee pathogens was not thoroughly discussed. So
far, no studies have been conducted to determine the effect of the postbiotics (i.e., cell-free
supernatants) on the inhibition of the growth of pathogenic microorganisms.

The LAB has the status GRAS (Generally Recognized as Safe) and QPS (Qualified
Presumption of Safety status), which is why these bacteria could be used as a biological
control agent for maintaining and supporting the welfare of honeybees. The obtained
results in this research may, in the future, contribute to the construction of an ecological
preparation that protects the health of honeybees at risk to pathogens and, as a result,
improves the sanitary conditions in apiaries.

2. Materials and Methods
2.1. Chemicals, Vessels, and Other Materials

Tryptic Soy Agar and Broth (TSA and TSB), deMan, Rogosa and Sharpe (MRS) broth
and agar, Plate Count Agar (PCA), Malt Extract Agar (MEA), Yeast Extract Glucose Chlo-
ramphenicol agar and broth (YGC), Wort Broth and Brain Heart Infusion (BHI) broth,
fructose and cysteine-hydrochloride, sodium chloride (NaCl), and sodium hydroxide
(NaOH) were purchased from Merck Life Science, Warsaw, Poland. Anaerobe Basal Broth
(ABB) and AnaeroGenTM Atmosphere Generation Systems sachets were purchased from
Thermo Fisher Scientific, Waltham, MA, USA. Cryobanks™ were from Copan Diagnostics
Inc., Jefferson Avenue Murrieta, Murrieta, CA, USA. In addition, 96-well U-bottom trans-
parent plates were from Greiner Bio-One GmbH Kremsmünster, Austria. Syringe filters
(0.22 µm pore size) were purchased from Labindex S.A., Warsaw, Poland.

2.2. Biological Material

A total of 103 strains of LAB were used for this study. These were: Lactiplantibacillus
plantarum (n = 38), Pediococcus pentosaceus (n = 20), Pediococcus acidilactici (n = 17), Lev-
ilactobacillus brevis (n = 9), Lacticaseibacillus paracasei (n = 3), Lacticaseibacillus rhamnosus
(n = 2), Loigolactobacillus coryniformis (n = 2), Lactobacillus acidophilus (n = 2), Lacticaseibacillus
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casei (n = 2), Leuconostoc mesenteroides (n = 2), Lactobacillus delbrueckii (n = 1), Ligilactobacillus
salivarius (n = 1), Pediococcus parvulus (n = 1), Limosilactobacillus fermentum (n = 1), Lenti-
lactobacillus farraginis (n = 1), and Apilactobacillus kunkeei (n = 1). LAB strains and their
source of isolation (if possible) were listed in Table S1 (Supplementary file). There were
51 isolates from honeybee environment such as flowers or honey (their isolation and basic
characteristics were published previously [36] and 52 collection strains (of different origins,
e.g., fermented vegetables and milk products, infant feces) acquired from the own collection
of the Department of Environmental Biotechnology and from the Pure Culture Collection
(ŁOCK 105) of the Lodz University of Technology. A. kunkeei DSM 12361, which is a strain
naturally inhabiting the honeybee gut, was used as a control (reference) strain.

Additionally, 21 microorganisms threatening the health of honeybees were taken to the
antagonism testing. These were honeybee pathogens, opportunistic pathogens, or isolates
from flowers or honeybee products: bacteria (Paenibacillus larvae ATCC 25367 and ATCC
49843, Paenibacillus alvei DSM 29, Paenibacillus apiarius DSM 5582, Lysinibacillus sphaericus DSM
1866, Melissococcus plutonius DSM 29964; Bacteroides faecis DSM 247798, Bacteroides intestinalis
DSM 17393, Erwinia persicina 40, Pantoea agglomerans 43, Enterobacter kobei 40, Enterobacter
cloacae 41); fungi (Aspergillus niger ATCC 16404, Aspergillus flavus ŁOCK CPC 0600, Aspergillus
fumigatus ŁOCK CPC 1097) and yeast (Aureobasidium pullulans DSM 3042; Zygosaccharomyces
rouxii 26D and 28D, Candida magnoliae 27D, Metchnikowia pulcherrima 40D).

Some of the strains were purchased from the American Type Culture Collection
(labeled as ATCC) or the German Collection of Microorganisms and Cell Cultures GmbH
(labeled as DSM). Strains assigned as ŁOCK were acquired from ŁOCK 105 collection (as
mentioned before). Strains with a numeric-letter symbol were from the own collection of
the Department of Environmental Biotechnology and they were isolated from the honeybee
environment (honey, flowers), with which honeybees have direct contact. Escherichia coli
ATCC 25922 was used as a reference strain recommended for antagonism testing [20,37,38].

2.3. Culture, Propagation, Freezing, and Storage of Microorganisms

Microorganisms were cultured at the following media: 102 LAB strains on MRS broth
and agar; A. kunkeei DSM 12361 on MRS broth and agar with the addition of fructose
(10 g/L) and 0.05% cysteine-hydrochloride (MRS-F); P. larvae ATCC 25367 and ATCC 49843,
P. alvei DSM 29, P. apiarius DSM 5582, L. sphaericus DSM 1866, E. coli ATCC 25922, E. persicina
40, P. agglomerans 43, E. kobei 40, E. cloacae 41 on PCA and TSB; Z. rouxii 26D and 26D, C.
magnoliae 27D, M. mulcherrima 40D and A. pullulans DSM 3042 on YGC and YPG; A. niger
ATCC 16404, A. flavus ŁOCK CPC 0600 and A. fumigatus ŁOCK CPC 1097 on MEA; B. faecis
DSM 247798 and B. intestinalis DSM 17393 on BHI, while M. plutonius DSM 29964 on ABB
medium. All microorganisms were stored in Cryobanks™ at −20 ◦C. Before conducting
experiments, strains were activated, threefold passaged (3% inoculum) and later cultivated
in the appropriate medium for 24 or 48 h in aerobic or anaerobic conditions (AnaeroGenTM

Atmosphere Generation Systems sachet), at 37 ◦C.

2.4. Antagonistic Activity Testing
2.4.1. Agar Slab Method

LAB at the density of 1.8 × 109 CFU/mL (6.0 according to McFarland Standard) were
applied onto Petri dishes with MRS/MRS-F agar and incubated for 24 h at 37 ◦C. Subsequently,
disks with a diameter of 10 mm were cut with a sterile cork borer in triplicate from the solid
medium and placed on an appropriate agar medium containing strains of honeybee pathogens
at the density of 6.0 × 108 CFU/mL (2.0 according to McFarland Standard). After incubation
for 24/48 h at 37 ◦C, zones of growth inhibition were measured and the diameter of the disc
was subtracted from the result. To compare the antagonistic activity of the LAB strains against
various microorganisms, the following criteria were adopted: the growth inhibition diameter
above 16 mm—very strong inhibition, 11–15.9 mm—strong inhibition, 6–10.9 mm—moderate
inhibition, 1–5.9 mm—weak inhibition, 0 mm—no inhibition [39,40].



Pathogens 2022, 11, 1367 5 of 22

The index of total antagonistic activity (IAA) was calculated as a sum of scores de-
termined by the growth inhibition of bacteria (very strong—4 points, strong—3 points,
moderate—2 points, weak—1 point, no inhibition—0 points) [39].

2.4.2. Microtitration Plate Method

After analyzing the results of antimicrobial activity screening in the previous experi-
ments, 24 LAB strains and 7 pathogens were selected for further study. The experiment was
conducted for LAB metabolites (cell-free supernatants—CFSs). CFSs were prepared as follows:
the liquid MRS/MRS-F medium was inoculated with an individual strain of LAB, and then
incubated for 24 h at the appropriate temperature and the bacterial samples were centrifuged
(10,733× g, 15 min). CFSs were prepared in 2 options of pH: physiological (it was from 3.81
to 4.51 depending on the strain) and neutralized (to eliminate the antagonistic activity of an
acidic environment) thus the pH of the supernatants was adjusted to 7.0 ± 0.1 (with 0.1 M
NaOH and HCl). Next, the supernatants were filtered using sterile syringe filters (0.22 µm)
and frozen in test tubes until analysis at −20 ◦C. The tests were carried out in transparent
96-well polystyrene plates. The final concentrations of CFSs were as follows [%]: 12.5, 25, and
50 for physiological pH and 50 for neutralized pH. Each strain was tested in 4 replicates. The
total volume of liquid in each well was 200 µL, and the final density of honeybee pathogen in
each well was 6.0 × 108 CFU/mL (2.0 according to McFarland Standard). Negative controls
were pathogens cultured in an appropriate culture medium. Next, each well was inoculated,
and the initial absorbance (0h) in a microplate reader (TriStar2 LB 942, Berthold Technologies
GmbH & Co. KG, Bad Wildbad, Germany) at a wavelength of 540 nm was measured. The
plates were incubated for 24 h at 37 ◦C, and subsequently, the absorbance was re-measured.
The bacterial growth inhibition (%) was determined using Equation (1), as follows:

Bacterial growth inhibition (%) = 100 − A24

Ac
× 100 (1)

where A24 was an average of four replicates of absorbance values at time t = 24 h and Ac
was an average of four replicates of absorbance values of negative control at time t = 24 h.

2.5. Statistical Analysis

The results for the agar slab method in Tables 1 and S2–S4 were presented as a mean
value ± SD. Non-parametric tests were used for statistical analyses, as antipathogenic
activity values of LAB did not follow a normal distribution (Shapiro–Wilk test). Differences
regarding the antipathogenic activity of the analyzed LAB were tested using the Kruskal–
Wallis test (KW test), followed by a multiple comparison test (MCT) to indicate significant
differences between the groups. The comparison of the antagonistic activity of LAB isolated
from honeybee environment vs. collection strains was performed using the non-parametric
U Mann–Whitney test (UMW test). The KW and UMW tests were performed using Statistica
ver. 13.1 (StatSoft, Tulsa, OK, USA).

Results obtained for antagonistic activity of CFSs follow the normal distribution and
were tested using one-way ANOVA, followed by Tukey’s multiple comparisons post hoc
test (TMC tests). The one-way ANOVA and TMC test were performed using OriginPro 6.1
(Northampton, MA, USA) p < 0.05 was considered statistically significant.

Table 1. Analysis of the antagonistic activity of lactic acid bacteria (LAB) isolated from honeybee
environment compared to collection LAB strains. The results were obtained by comparing the mean
diameters of growth inhibition (mm).

Isolates from Honeybee
Environment Collection Strains p-Value (U Mann–Whitney Test)

P. larvae ATCC 25367 16.92 ± 2.92 5.74 ± 1.85 0.0000 ENV *

P. larvae ATCC 49843 7.82 ± 1.74 6.29 ± 1.39 0.0000 ENV

P. apiaries DSM 5582 31.83 ± 4.84 6.42 ± 2.15 0.0000 ENV
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Table 1. Cont.

Isolates from Honeybee
Environment Collection Strains p-Value (U Mann–Whitney Test)

P. alvei DSM 29 29.45 ± 4.47 5.74 ± 1.29 0.0000 ENV

L. sphaericus DSM 1866 4.72 ± 1.89 5.55 ± 1.88 0.0001

M. plutonius DSM 29964 6.57 ± 5.09 4.89 ± 5.91 0.0236 ENV

E. coli ATCC 25922 6.46 ± 2.13 7.73 ± 1.94 0.0000

E. persicina 40 9.54 ± 2.28 15.55 ± 6.89 0.0000

P. agglomerans 43 10.44 ± 2.61 18.12 ± 7.06 0.0000

E. kobei 40 19.22 ± 6.29 7.69 ± 4.31 0.0000 ENV

E. cloacae 41 8.28 ± 2.52 20.05 ± 10.23 0.0000

B. faecis DSM 24798 0.00 4.65 ± 4.51 0.0000

B. intestinalis DSM 17393 0.00 0.92 ± 2.35 0.0000

A. pullulans DSM 3042 0.00 0.00 p > 0.05

Z. rouxii 26D 0.00 2.75 ± 4.20 0.0000

C. magnoliae 27D 0.00 0.33 ± 1.68 0.0127

Z. rouxii 28D 0.00 0.67 ± 1.99 0.0000

M. pulcherrima 40D 0.00 0.35 ± 1.57 0.0007

A. niger ATCC 16404 0.00 0.00 p > 0.05

A. fumigatus ŁOCK CPC 1097 0.00 0.00 p > 0.05

A. flavus ŁOCK CPC 0600 0.00 0.00 p > 0.05

* ENV—pathogens that were statistically stronger inhibited by isolates from the honeybee environment than by
the collection strains.

3. Results and Discussion
3.1. Determination of the Antagonistic Activity of LAB Using the Agar Slab Method

Antagonistic activity is a crucial factor in evaluating the probiotic properties of LAB.
Due to their widespread occurrence, LAB exhibit a broad and varied spectrum of combating
pathogenic microorganisms and have the potential to biocontrol diseases of honeybees
caused by bacteria and fungi [30,41–43]. The antagonistic activity of 103 LAB strains
was tested against 21 honeybee pathogens (Figure 1). All tested LAB strains displayed
the ability to inhibit the growth of some pathogens/opportunistic pathogens. Examples
of growth inhibition zones are shown in Figure 2. Each LAB strain exhibited a unique
spectrum of antagonistic activity, and the inhibition of pathogen growth varied depending
on the strain evaluated. Detailed data with values, standard deviations, and statistical
differences regarding the antipathogenic activity of the analyzed LAB are presented in
Tables S2 and S3 included in Supplementary Materials. 102 out of all 103 LAB strains tested
inhibited to varying degrees the growth of bacteria of the genus Paenibacillus. All 103 LAB
strains inhibited the growth of P. larvae ATCC 49843, P. apiarius DSM 5582, and P. alvei DSM
29, which are well-known honeybee pathogens [8,44,45]. Frequent growth inhibition was
also noted in the case of E. persicina 40, P. agglomerans 43, and L. sphaericus DSM 1866, where
102 out of 103 LAB strains (99.03% coverage) displayed antagonistic activity. Molds and
yeasts turned out to be the most resistant among the tested microorganisms. In the case of
A. pullulans DSM 3402, Z. rouxii 26D and 28D, C. magnoliae 27D, and M. pulcherrima 40D,
the number of LAB strains displaying antagonistic activity was 0 (0% coverage), 18 (17.7%
coverage), 10 (9.7% coverage), 4 (3.9% coverage), and 5 (4.9% coverage). After screening the
results, the molds turned out to be fully resistant to the activity of all tested LAB strains, and
no zones of inhibition were observed. Isolates from the honeybee environment showed a
statistically increased inhibitory effect on the common honeybee pathogens: P. larvae ATCC
25367 and ATCC 49843, M. plutonius DSM 29964, P. apiarius DSM 5582, and P. alvei DSM 29
(p ≤ 0.05). On the other hand, collection LAB strains showed more potent antimicrobial
activity against the L. sphaericus DSM 1866, E.coli ATCC 25922, E. persicina 40, P. agglomerans
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43, and E. cloacae 41 (p ≤ 0.05). A comparative statistical analysis of the antagonistic activity
of LAB strains by origin source is presented in Table 1. Of the 103 tested LAB strains,
55 showed antagonistic activity against M. plutonius DSM 29964; however, very strong
inhibition was noted only in the case of L. salivarius 9AN, where the growth inhibition
diameter reached 18.00 mm ± 1.00 mm (Table S2). Growth of P. larvae ATCC 25367 was
very strongly inhibited by P. acidilactici 1/4, 2/1, 9/1, and 36/1, P. pentosaceus 9/3, and L.
plantarum 8/4 and 17/1. Comparing the two tested P. larvae strains, the growth of P. larvae
ATCC 49843 was less inhibited, suggesting that LAB antagonistic activity also depends on
the pathogen strain of the same species.

Figure 1. Cont.
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Figure 1. Antagonistic activity of lactic acid bacteria against honeybee pathogens and opportunistic
pathogens. Type of inhibition: very dark blue—very strong, dark blue—strong, medium dark
blue—moderate, light blue—weak, white—no inhibition.
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Figure 2. Evaluation of the antagonistic activity of lactic acid bacteria against test microorganisms:
(A) L. plantarum 5/1 vs. P. apiarius DSM 5582; (B) L. plantarum 2/2 vs. P. alvei DSM 29; (C) L. plantarum
20/1 vs. E. kobei 40; (D) P. pentosaceus 6/3 vs. P. larvae ATCC 25367; (E) P. acidilactici 2/1 vs. P. larvae
ATCC 49843; (F) L. plantarum 124 vs. M. plutonius DSM 29964; (G) L. plantarum 5/1 vs. B. faecis DSM
247798; (H) P. acidilactici 4/1 vs. M. pulcherrima 40D, and (I) P. pentosaceus 34/1 vs. A. fumigatus ŁOCK
CPC 1097.

Additionally, LAB strains isolated from the honeybee environment showed more
potent growth inhibition of Gram-positive bacteria, and the collection LAB strains exhibited
stronger antagonism against Gram-negative bacteria (Figure 1). LAB strains were also
examined in terms of division into species, which shows that L. plantarum inhibits the
growth of the broadest spectrum of microorganisms (Table 2). For the remaining LAB, more
strains belonging to a given species should be tested to obtain more reliable results. The list
of LAB with statistically significant antagonistic activity against bacteria is presented in
Table S4 included in Supplementary Materials.
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Table 2. The number of active lactic acid bacteria species against honeybee pathogens and opportunistic pathogens.

LAB Strains (n = 103)
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Yeasts Molds

Gram-Positive Gram-Negative
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P. acidilactici (n = 17) 17 17 17 17 17 14 17 17 17 17 17 0 0 0 0 0 0 0 0 0 0

L. plantarum (n = 38) 38 38 38 38 38 19 38 38 38 37 38 14 3 0 10 2 4 2 0 0 0

P. pentosaceus (n = 20) 20 20 20 20 20 11 20 20 20 20 20 0 0 0 0 0 0 0 0 0 0

L. brevis (n = 9) 9 9 9 9 8 3 9 9 9 6 8 3 7 0 6 0 3 2 0 0 0

L. paracasei (n = 3) 3 3 3 3 3 3 3 3 3 3 3 3 1 0 1 1 0 1 0 0 0

L. rhamnosus (n = 2) 2 2 2 2 2 1 2 2 2 2 2 1 0 0 0 0 0 0 0 0 0

L. coryniformis (n = 2) 2 2 2 2 2 0 2 2 2 2 2 1 0 0 0 1 0 0 0 0 0

L. acidophilus (n = 2) 2 2 2 2 2 2 2 2 2 2 2 2 0 0 0 0 1 0 0 0 0

L. casei (n = 2) 2 2 2 2 2 1 2 2 2 2 2 1 1 0 1 0 1 0 0 0 0

L. mesenteroides (n = 2) 2 2 2 2 2 0 2 2 2 0 2 1 0 0 1 0 1 0 0 0 0

L. delbrueckii (n = 1) 1 1 1 1 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0

L. salivarius (n = 1) 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0

P. parvulus (n = 1) 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0

L. fermentum (n = 1) 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0

L. farraginis (n = 1) 1 1 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0

A. kunkeei (n = 1) 0 1 1 1 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

n—number of strains tested within the species.
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The highest index of total antagonistic activity (IAA) was demonstrated by L. casei
12AN (IAA = 36) and L. brevis KKA (IAA = 35), which inhibited the growth of most of
21 pathogens/opportunistic pathogens of honeybees, including yeast. The lowest IAA and
weak ability to inhibit the growth of microorganisms was demonstrated by the A. kunkeei
DSM 12361 (IAA = 7), which displayed antagonism towards P. larvae ATCC 25367 and
ATCC 49843, P. alvei DSM 29, P. apiarius DSM 5582 and P. agglomerans 43.

LAB antagonistic activity is a widely studied topic both in veterinary medicine and
agriculture due to their antimicrobial activity [46,47]. Honeybee pathogens pose a signifi-
cant threat to beekeeping and the environment; thus finding a natural way to combat or
inhibit their growth is an important issue [4]. One of the best-known and studied hon-
eybee pathogens is P. larvae, the causing agent of American foulbrood disease. Forsgren
et al. in their study showed that A. kunkeei CCUG 53901 has only a selective and partial
antagonistic activity against P. larvae LMG 16247 and the ability to inhibit the growth of
this pathogen depended on the synergistic action of factors such as the production of
antibacterial peptides, hydrogen peroxide, bacteriocins, and metabolic end products [48].
Individual LAB phylotypes affected the growth of pathogens in various degrees, due to
their unique properties and differences in fermentation end products [48]. In our study,
A. kunkeei DSM 12361 was the reference strain as a species commonly found in honeybee
products and naturally inhabiting the digestive tract of honeybees [49]. According to
Iorizzo et al., different strains of A. kunkeei exhibit various levels of antagonistic activity,
the highest for cell lysates and culture broth, which also applies to other LAB strains [50].
The results presented in this article suggest that A. kunkeei DSM 12361 displayed lower
antagonistic activity against the tested microorganisms than the remaining 102 LAB strains,
but it was against key pathogens such as P. larvae. According to in vivo tests conducted by
Lindenfelser, the growth of P. larvae was inhibited by the use of propolis, which is a rich
source of LAB [51]. Yoshiyama et al. in their study demonstrated the strong inhibitory
ability of LAB towards P. larvae RIAS No. P1 GIFU-1 strain and suggested a relationship
between the antagonism and the mechanisms related to the LAB antibacterial activity
(e.g., production of lactic acid inhibiting bacterial growth by lowering pH) [52]. Due to the
pathogenic effect of P. larvae on honeybees, the inhibition of the growth of this microor-
ganism is a desirable ability to select appropriate LAB strains to construct a preparation
intended to protect these insects. P. alvei and P. apiarius also negatively affect the viability of
honeybee colonies. P. alvei is a secondary invader for European Foulbrood disease caused
by M. plutonius [7]. This saprophytic bacterium is found in chronically diseased colonies,
growing in larval remains. P. apiarius is considered a threat to honeybees, but this issue has
not yet been thoroughly investigated [8]. P. larvae, P. alvei, and P. apiarius are spore-forming
Gram-positive rods, aerobic or facultatively anaerobic. Despite the similarities between
species belonging to the same genus, strains of pathogens show different resistance to the
antagonistic activity of other microorganisms [53]. According to Keller et al., there is a
separation between P. larvae, P. apiarius, and P. alvei with a comparatively distant phylotypic
topology relationship between them [8]. In a phylogenomic tree, P. alvei and P. apiarius are
clustered into one group, distinguished from P. larvae [8]. In our study, all tested LAB strains
demonstrated antagonistic activity against bacillus bacteria. The largest zones of growth
inhibition were observed for P. apiarius DSM 5582, and the smallest for P. larvae ATCC 25367.
L. sphaericus is another known pathogenic bacterium causing lethal diseases in honeybee
broods. Infected colonies often do not have a queen and the worker honeybee population
is reduced. Dead larvae resemble a ropy mass similar to larvae remains found in colonies
infected by P. larvae [54]. The tested LAB strains displayed moderate antimicrobial activity
against L. sphaericus DSM 1866, where the largest diameter of growth inhibition reached
9.67 mm ± 0.58 mm for L. mesenteroides T7. Pietropaoli et al. demonstrated moderate LAB
antagonism against M. plutonius and a reduction in the insurgence of cases of European
foulbrood [55]. The results presented by the authors of this article showed that LAB strains
isolated from the honeybee environment more often inhibited the growth of this pathogen
as compared to collection strains (Table 1); however, zones of inhibition in the case of



Pathogens 2022, 11, 1367 12 of 22

collection LAB strains were larger (Tables S2 and S3). E. coli ATCC 25922 was used for the
antagonism study presented above as the reference strain and as an opportunistic pathogen
of honeybees [56]. Chang et al. suggested a negative impact of these bacteria on honeybee
health by reducing colony lifespan, increasing gut permeability, and impairing learning
ability [57]. The moderate inhibition of E. coli ATCC 25922 growth may be explained by the
sensitivity of Gram-negative bacteria to organic acids such as lactic acid, which is the end
product of the lactic fermentation by LAB [58].

The research also investigated bacteria that may be potential opportunistic pathogens
of honeybees. P. agglomerans, E. cloacae, E. kobei, and E. persicina belong to the natural
microbiota of flowers, are detectable in the digestive tract of honeybees, and are known
human opportunistic pathogens [59–63]. Currently, no research has been undertaken
whether these bacteria may be opportunistic pathogens of honeybees, e.g., when honeybees
are weakened by pesticides or antibiotics or when their immunity is lowered due to
infection. The tested LAB strains showed strong antagonistic activity against these bacteria.
The largest diameter of the growth inhibition zone (35.67 mm ± 1.53 mm) was recorded
for L. brevis KKA against E. cloacae 41. B. intestinalis and B. faecis are bacteria isolated
from human feces and are known opportunistic pathogens [64]. There are currently no
studies on the potential effects of these bacteria on honeybees. Growth inhibition was more
common in the case of B. faecis DSM 24789 and only in the case of LAB isolated from the
honeybee environment.

Subsequently, studies were conducted on various species of fungi that threaten honey-
bees. Several studies have attempted to characterize honeybee-associated yeast communi-
ties [11,65–68]. Z. rouxii and M. pulcherrima are commonly detectable in honeybee products,
and C. magnoliae was isolated directly from A. mellifera L. [65–68]. M. pulcherrima is also a
rare opportunistic pathogen in humans, responsible for onychomycosis, root caries lesions,
respiratory diseases, and a few cases of bloodstream infections [69,70]. However, the impact
of these yeasts on honeybee health has not yet been thoroughly investigated. Another
microorganism tested was A. pullulans, which is a pathogenic yeast-like fungus that infects
scaly insects and causes melanosis in honeybees [11]. Regarding mold, it was decided
to investigate species belonging to the Aspergillus genus. These pathogenic molds cause
stonebrood disease in honeybees. The symptoms of stonebrood are hard mummified larvae
found in brood cells and, less commonly, infected adults [71]. Inhibition of fungal growth
depends individually on the pathogen tested and the LAB strain, thus antagonistic activity
is a strain-dependent property also in the case of fungi [72]. In the study presented above,
only a few LAB strains displayed antagonistic activity towards yeasts, in the case of mold,
growth inhibition was not observed. The largest diameter of the growth inhibition zone
(12.67 mm ± 2.08 mm) was recorded for the strain L. plantarum 8AN against Z. rouxii 26D.

The results indicate a stronger growth inhibitory ability of LAB strains isolated from
the honeybee environment and collection LAB strains compared to A. kunkeei, a strain that
naturally inhabits the honeybee gut. It may suggest the need to select LAB strains with
the strongest antagonistic (probiotic) properties to strengthen the resistance of honeybees
against pathogens.

3.2. Antagonistic Activity of LAB Metabolites

CFS refers to a liquid medium obtained by filtration of a grown bacterial culture,
containing organic acids and secondary metabolites of bacterial growth [73]. Previous
studies have shown the antimicrobial activity of CFSs against fungi and bacteria [74–76].
The antagonistic activity of LAB is mainly due to lactic and acetic acids, products of central
carbon metabolism [29]. CFSs from LAB also may contain other antimicrobial metabo-
lites such as reuterin, hydrogen peroxide, bacteriocins, and products of peptide synthesis
and bioconversion [77]. The CFSs content varies depending on the genus and species of
LAB [78]. In our study, CFSs displayed different levels of antimicrobial activity against
honeybee pathogens. For the experiment, 23 LAB showing the strongest antagonism in the
agar slab method were selected. The results for inhibition of pathogen growth by CFSs from
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LAB are shown in Figures 3–5. Moreover, the selection of the above strains was guided also
by the fact that they should be of different genera and species. Their antagonistic properties,
especially against Paenibacillus strains, have also been considered. Therefore, the following
LAB strains were selected for further research: P. acidilactici 4/1, 5/2, 6/1, 7/1, 8/1, 22/1,
25/1, 35/1, L. plantarum 10/2, 14/3, 18/1, 21/1, 8AN, 145, P. pentosaceus 9/3, 11/3, 14/1,
19/1, P. parvulus OK-S, L. brevis KKA, L. salivarius 9AN, L. casei 12AN, and L. acidophilus
573. A. kunkeei DSM 12361 was selected as the control. Most LAB strains showed statisti-
cally significant growth inhibition of the pathogens tested; however, the results differed
depending on the concentrations used (p ≤ 0.05) (Figures 3–5). The highest antagonistic
activity against P. larvae ATCC 25367 was demonstrated by CFS from L. plantarum 21/1,
where the growth inhibition of this pathogen reached 59.92% ± 1.80% at the concentration
of 50% of the CFS (Figure 3). Results of MODA assay conducted by Babrud et al. showed a
strong antimicrobial activity of LAB metabolites against P. larvae and inhibition of biofilm
production due to low pH [79]. CFS from L. reuteri ATCC 23272 displayed inhibitory effects
on P. larvae KB10 growth and the diameter of the growth inhibition was 12.75 ± 3.2 mm
at 1000 µL/mL for minimum bactericidal concentrations (MBC) and minimum inhibitory
concentrations (MIC) [79]. The agar-diffusion assay performed by Audisio et al. showed
antagonistic activity of CFS from Lactobacillus johnsonii AJ5, IG9 and CRL1647 against all
tested P. larvae strains (i.e., I, II, III, IV, Azul, C, 7 and 35), suggesting strong antagonism of
LAB metabolites against this pathogen [80]. In the current research, in most test pathogens,
the greatest inhibition of their growth was observed in the presence of CFSs concentrations
of 25 and 50%. For most CFSs tested, the inhibition of P. larvae ATCC 25367 growth was
higher for the concentration of 25% of LAB metabolites. Some LAB produce heat-sensitive
metabolites such as ethanol and carbon dioxide. Evaporation of these compounds can stim-
ulate the growth of P. larvae [81,82]. The strong antagonism demonstrated by L. plantarum
21/1 metabolites against P. larvae ATCC 25367 at 50% concentration may indicate a high
antibacterial activity of metabolites of this strain even under conditions favorable to the
development of this pathogen. The weakest antagonism against P. larvae ATCC 25367 was
noted for CFS from P. acidilactici 35/1 (Figure 3). The growth inhibition was up to 17.96%
± 3.17%. The results for all tested CFSs from LAB for a sample concentration of 12.5%
demonstrated stimulation of P. larvae ATCC 25367 growth. A similar conclusion can be
drawn after analyzing the results obtained for inhibiting the growth of L. sphaericus DSM
1866 (Figure 4). The low antagonistic activity of the samples at a concentration of 12.5%
may be due to the low concentration of antimicrobial metabolites. That is why it is so
important to determine a concentration of bacteria in probiotic preparations to show the
strongest activity, which must be evaluated under experimental conditions in vivo. More-
over, growth inhibition of P. larvae ATCC 49843 (Figure 3) significantly differed from the
results obtained for P. larvae ATCC 25367, even though these strains belonged to the same
species. The tested CFSs from LAB strongly inhibited the growth of P. larvae ATCC 49843 at
all tested concentrations (Figure 3). The differences in antimicrobial activity did not differ
significantly with the concentrations of CFSs used. The inhibition of P. larvae ATCC 49843
growth was the strongest for CFSs from P. pentosaceus 9/3 and reached 80.99% ± 0.26% for
the concentration of 12.5%. Antimicrobial activity is strain-dependent, and CFSs exhibited
a broad spectrum of antagonism against the pathogens tested. According to Iorizzo et al.,
the antagonistic activity of LAB metabolites against honeybee pathogens differs depending
on the test strain [83]. After performing agar well diffusion assay, CFS from L. plantarum
strains (P8, P25, P86, P95, and P100) displayed differential antagonism against P. larvae
ATCC 9545 and growth inhibition diameters ranged from 3.4 ± 0.1 to 5.8 ± 0.3 mm [82]. In
the current study, all tested CFSs strongly inhibited the growth of P. apiarius DSM 5582 and
P. alvei DSM 29, where the strongest antimicrobial properties were demonstrated by P. acidi-
lactici 4/1 and P. pentosaceus 11/3, respectively (Figures 3 and 4). CFS from P. pentosaceus
11/3 showed strong antagonism against P. alvei DSM 29 even for a 12.5% concentration,
demonstrating extensive antibacterial properties against this pathogen. The growth of
M. plutonius DSM 29964 was most severely inhibited by CFSs from L. salivarius 9AN, P.
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parvulus OK-S, and L. brevis KKA (Figure 4). CFS from L. plantarum 14/1 showed the highest
antibacterial activity against L. sphaericus DSM 1866, where the growth inhibition reached
80.22% ± 2.18% for the 50% concentration. The weakest antagonism was observed in the
case of E. coli ATCC 25922 (Figure 5). CFSs from L. plantarum 21/1 displayed the strongest
antagonistic activity, where the growth inhibition reached 56.64% ± 1.63% for the 50% con-
centration. Several studies were undertaken to determine the antagonistic activity of LAB
metabolites against E. coli. According to Portella et al., CFSs inhibited the growth of E. coli
in vitro by 92% [84]. The low pH, organic acids, and possibly bacteriocin-like substances
influenced the antibacterial activity of the metabolites [84]. According to Bian et al., CFS
from L. reuteri DPC16 grown in MRS broth supplemented with glycerol (MRSg) showed
strong, pH-independent, dose-dependent antagonism that affected both Gram-negative
and Gram-positive pathogens [85]. The presence of reuterin in CFSs from LAB strains
grown in MRSg broth enhanced antagonism against E. coli and increased inhibition of
the growth of this pathogen by up to 100% [85]. According to the authors’ knowledge,
there are no in vivo tests raising the issue of the antimicrobial activity of LAB metabolites
on honeybee pathogens. The results obtained for the reference strain, A. kunkeei DSM
12361, displayed the weakest antibacterial activity of the metabolites of this strain against
all pathogens tested (p ≤ 0.05). In addition, CFSs from LAB isolated from the honeybee
environment showed stronger antagonism against L. sphaericus DSM 1866 and P. larvae
ATCC 49843; however, in the case of M. plutonius DSM 29964, stronger growth inhibition
was exhibited by CFSs from collection LAB strains. In the case of the other pathogens, the
origin did not matter.

Figure 3. Cont.
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Figure 3. Growth inhibition (%) of P. larvae ATCC 25367, P. larvae ATCC 49843, and P. apiarius DSM
5582 by cell−free supernatants (culture metabolites, at physiological pH) of lactic acid bacteria
evaluated by microtitration method. Each data point represents the mean from four individual wells.
Results are presented as mean ± standard deviation (SD). * Statistically significant difference in
growth inhibition compared to A. kunkeei DSM 12361 at an equivalent concentration at p ≤ 0.05.

Figure 4. Cont.
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Figure 4. Growth inhibition (%) of P. alvei DSM 29, L. sphaericus DSM 1866 and M. plutonius DSM
29964 by cell−free supernatants (culture metabolites, at physiological pH) of lactic acid bacteria
evaluated by microtitration method. Each data point represents the mean from four individual wells.
Results are presented as mean ± standard deviation (SD). * Statistically significant difference in
growth inhibition compared to A. kunkeei DSM 12361 at an equivalent concentration at p ≤ 0.05.

Figure 5. Growth inhibition (%) of E. coli ATCC 25922 by cell−free supernatants (culture metabolites,
at physiological pH) of lactic acid bacteria evaluated by microtitration method. Each data point
represents the mean from four individual wells. Results are presented as mean ± standard deviation
(SD). * Statistically significant difference in growth inhibition compared to A. kunkeei DSM 12361 at
an equivalent concentration at p ≤ 0.05.

The antagonistic activity of the CFSs from LAB at neutralized pH was tested for
example three strains—P. larvae ATCC 25367, P. apiarius DSM 5582, and L. sphaericus DSM
1866 (Table 3). The strongest antagonism was displayed by strain P. acidilactici 35/1 against
L. sphaericus DSM 1866 (36.25% ± 12.74%), and the weakest by P. acidilactici 5/2 against
P. apiarius DSM 5582 (3.10% ± 1.31%). All LAB strains except L. plantarum 14/3 showed
statistically significant growth inhibition of L. sphaericus DSM 1866 and P. larvae ATCC
25367 (p ≤ 0.05) towards A. kunkeei DSM 12361. Despite the neutralized pH, other LAB
metabolites such as bacteriocins, sakacin T-α, sakacin T-β, N-acetylmuramidase, and H2O2
may demonstrate strong antibacterial activity [74,86]. Dysbiosis in the intestinal microbiota
of honeybees may lead to a neutralization of the pH, making them susceptible to infections
by neutrophiles, such as Paenibacillus spp. or E. coli. Generally, CFSs at neutralized pH
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showed weaker antibacterial activity compared to CFSs at physiological pH. This confirms
the theory that the basic mechanism of LAB antagonistic activity is the acidification of
the environment. Currently, there are no in vivo and in vitro tests on the antagonism
of CFSs at neutralized pH. The study on the effect of pH on antimicrobial activity was
undertaken by Audiosio et al. [80]. After adjusting the pH of CFS to 6.0, the metabolites of
all tested LAB strains displayed no antagonistic activity, suggesting a significant effect of
acids in inhibiting the growth of various pathogens [80]. The above studies demonstrate
the antibacterial activity of LAB metabolites at physiological and neutralized pH. It is,
therefore, necessary to conduct in vivo tests in the future and determine the role of CFSs
in the maintenance of the viability of honeybees and the influence of metabolites on the
prophylactic strategy against diseases caused by honeybee pathogens.

Table 3. Growth inhibition (%) of honeybee pathogens displayed by CFSs from lactic acid bacteria
strains at pH adjusted to 7.0 ± 0.1 evaluated by microtitration method. Each data point represents
the mean from four individual wells. Results are presented as mean ± standard deviation (SD).
* Statistically significant difference in growth inhibition compared A. kunkeei DSM 12361 at p ≤ 0.05.

LAB Strains P. larvae ATCC 25367 P. apiarius DSM 5582 L. sphaericus DSM 1866

A. kunkeei DSM 12361 9.22 ± 5.72 15.86 ± 6.75 3.20 ± 1.50
P. acidilactici 4/1 22.31 ± 1.06 * 5.39 ± 1.35 * 22.28 ± 2.58 *
P. acidilactici 5/2 21.58 ± 4.21 * 3.10 ± 1.31 * 26.26 ± 1.55 *
P. acidilactici 6/1 23.84 ± 2.59 * 12.97 ± 0.68 20.12 ± 1.95 *
P. acidilactici 7/1 24.73 ± 0.99 * 9.72 ± 0.34 27.89 ± 3.37 *
P. acidilactici 8/1 26.96 ± 1.70 * 5.18 ± 1.27 * 33.91 ± 10.17 *
P. pentosaceus 9/3 21.14 ± 3.24 * 8.03 ± 0.45 18.92 ± 1.37 *
L. plantarum 10/2 24.57 ± 1.66 * 7.99 ± 1.39 24.57 ± 1.26 *
P. pentosaceus 11/3 26.18 ± 1.14 * 9.24 ± 1.30 24.29 ± 1.09 *
P. pentosaceus 14/1 24.94 ± 0.65 * 7.61 ± 0.49 27.71 ± 2.17 *
L. plantarum 14/3 16.23 ± 2.40 4.78 ± 1.24 * 13.29 ± 3.23 *
L. plantarum 18/1 19.08 ± 3.46 * 10.05 ± 1.58 19.48 ± 1.78 *
P. pentosaceus 19/1 19.76 ± 3.65 * 10.28 ± 0.90 19.69 ± 1.87 *
L. plantarum 21/1 27.49 ± 4.53 * 15.60 ± 7.47 25.65 ± 3.01 *
P. acidilactici 22/1 25.86 ± 3.16 * 13.09 ± 10.25 34.99 ± 0.93 *
P. acidilactici 25/1 19.61 ± 4.51 * 13.90 ± 2.91 26.90 ± 3.93 *
P. acidilactici 35/1 24.82 ± 2.19 * 8.41 ± 0.80 36.25 ± 12.74 *
P. parvulus OK-S 26.29 ± 2.53 * 7.49 ± 0.52 17.42 ± 3.28 *

L. brevis KKA 27.35 ± 4.33 * 7.33 ± 2.18 * 30.37 ± 1.13 *
L. plantarum 8AN 26.60 ± 0.86 * 10.28 ± 0.86 18.62 ± 3.36 *
L. salivarius 9AN 23.82 ± 1.75 * 9.88 ± 1.23 33.18 ± 2.60 *

L. casei 12AN 27.27 ± 2.30 * 7.37 ± 1.45 * 20.15 ± 1.34 *
L. plantarum 145 24.08 ± 3.65 * 8.74 ± 1.09 21.63 ± 5.72 *
L. acidophilus 573 18.94 ± 3.13 * 5.49 ± 1.59 * 24.06 ± 3.64 *

4. Conclusions

While honeybees’ environmental and economic impact is well known, there is a grow-
ing need to find an ecological way to combat the pathogenic microorganisms that threaten
these insects. By evaluating the effects of LAB on the growth of honeybee pathogens, this
study established that all tested LAB strains exhibited various levels of antagonism. The
antimicrobial activity of LAB is unique against microorganisms belonging to the same
species. LAB strains isolated from the honeybee environment demonstrated more potent
growth inhibition of known honeybee pathogens, such as Paenibacillus species. However,
the collection LAB strains exhibited stronger antagonistic activity against opportunistic
pathogens. Among the examined microorganisms, molds and yeasts turned out to be
the most resistant to the antagonistic action of LAB strains. The strongest antimicrobial
activity was displayed by cocci represented by the genus Pediococcus and the species P.
acidilactici and P. pentosaceus. Additionally, strong antagonistic activity demonstrated also
bacilli of the species L. plantarum. All bacteria mentioned above were mostly isolated from
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the honeybee environment (flowers, honey). The tested LAB strains exhibited stronger
antagonism compared to the natural symbiont of honeybees, i.e., A. kunkeei DSM 12361,
suggesting the need to select these bacteria to strengthen honeybees’ immune systems.
Additionally, the results obtained after testing the antagonistic activity of LAB metabolites
showed various levels of growth inhibition depending on the pathogen tested, because
each CFS demonstrated a unique spectrum of antimicrobial activity. After comparing the
results obtained for CFSs at physiological and neutralized pH, the theory of acidification
of the environment as the basic mechanism of LAB antimicrobial activity was confirmed.
The use of a LAB-based strategy in the biocontrol and prevention of pathogenic honeybee
microbes offers interesting perspectives. As a result of the conducted research, LAB strains
that exhibited the strongest antagonism against the tested pathogenic microorganisms will
be selected for future in vitro tests, such as adherence abilities to biotic and abiotic surfaces,
pesticide detoxification, antibiotic resistance, survival in sugar syrup, or the simulated
gastrointestinal conditions. The results of this study may in the future contribute to the se-
lection of LAB strains with the best probiotic properties for the construction of an ecological
preparation to improve the viability of honeybees.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pathogens11111367/s1, Table S1: Lactic acid bacteria
strains used in the conducted experiments; Table S2: Average diameters [mm] of zones of growth inhi-
bition of microorganisms by collection lactic acid bacteria (LAB) strains (±standard deviation). Differ-
ences regarding the antimicrobial activity of the analyzed LAB were tested using the Kruskal–Wallis
test (KWW test), followed by a multiple comparison test (MCT) to indicate significant differences
between the groups at p < 0.05. The significant difference in the given strain LAB activity against
pathogens is indicated with *; Table S3: Average diameters [mm] of zones of growth inhibition of
microorganisms by lactic acid bacteria (LAB) strains isolated from honeybee environment of different
origin (±standard deviation). Differences regarding the antimicrobial activity of the analyzed LAB
were tested using the Kruskal–Wallis test (KWW test), followed by a multiple comparison test (MCT)
to indicate significant differences between the groups at p < 0.05. The significant difference in the
given strain LAB activity against pathogens is indicated with *; Table S4: Average diameters (mm)
of zones of growth inhibition of microorganisms by lactic acid bacteria strains (±standard devia-
tion), only LAB strains showing significantly increased growth inhibition zones against different
pathogens. Differences regarding the antipathogenic activity of the analyzed LAB were tested using
the Kruskal–Wallis test (KWW test), followed by a multiple comparison test (MCT) to indicate signifi-
cant differences between the groups at p < 0.05. The significant difference in the given strain LAB
activity against pathogens is indicated with *.
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acid bacterial endosymbionts of Apis mellifera L. derived from the Polish apiary. Saudi J. Biol. Sci. 2021, 28, 1890–1899. [CrossRef]
21. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.; Merenstein, D.; Pot, B.; Morelli, L.; Canani, R.; Flint, H.; Salminen, S.; et al. The

International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and appropriate use of the
term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [CrossRef]

22. Plaza-Diaz, J.; Ruiz-Ojeda, F.J.; Gil-Campos, M.; Gil, A. Mechanisms of Action of Probiotics. Adv. Nutr. 2020, 1, 1054. [CrossRef]
23. Somashekaraiah, R.; Shruthi, B.; Deepthi, B.; Sreenivasa, M. Probiotic Properties of Lactic Acid Bacteria Isolated from Neera: A

Naturally Fermenting Coconut Palm Nectar. Front. Microbiol. 2019, 10, 1382. [CrossRef]
24. Ugras, S. Isolation, identification and characterization of probiotic properties of bacterium from the honey stomachs of Yigilca

honeybees in Turkey. Türk. Entomol. Derg. 2017, 41, 253–261. [CrossRef]
25. Moradi, M.; Kousheh, S.A.; Almasi, H.; Alizadeh, A.; Guimarães, J.T.; Yılmaz, N.; Lotfi, A. Postbiotics produced by lactic acid

bacteria: The next frontier in food safety. Compr. Rev. Food Sci. Food Saf. 2020, 19, 3390–3415. [CrossRef]
26. Nowak, A.; Zakłos-Szyda, M.; Rosicka-Kaczmarek, J.; Motyl, I. Anticancer Potential of Post-Fermentation Media and Cell Extracts

of Probiotic Strains: An In Vitro Study. Cancers 2022, 14, 1853. [CrossRef]
27. Salminen, S.; Collado, M.; Endo, A.; Hill, C.; Lebeer, S.; Quigley, E.; Sanders, M.; Shamir, R.; Swann, J.; Szajewska, H.; et al.

The International Scientific Association of Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of
postbiotics. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 649–667. [CrossRef] [PubMed]

28. Wegh, C.A.M.; Geerlings, S.Y.; Knol, J.; Roeselers, G.; Belzer, C. Postbiotics and Their Potential Applications in Early Life Nutrition
and Beyond. Int. J. Mol. Sci. 2019, 20, 4673. [CrossRef] [PubMed]

29. Ouwehand, A.; Vesterlund, S. Antimicrobial Components from Lactic Acid Bacteria. Lact. Acid Bact. 2004, 139, 375–396. [CrossRef]

http://doi.org/10.1098/rspb.2006.3721
http://www.ncbi.nlm.nih.gov/pubmed/17164193
http://doi.org/10.1371/journal.pone.0004071
http://doi.org/10.1371/journal.pone.0003128
http://www.ncbi.nlm.nih.gov/pubmed/18781196
http://doi.org/10.3390/molecules26165080
http://www.ncbi.nlm.nih.gov/pubmed/34443668
http://doi.org/10.1023/A:1020435703165
http://doi.org/10.1016/j.sjbs.2016.10.012
http://doi.org/10.1016/j.jip.2009.06.016
http://doi.org/10.1186/s40168-018-0614-1
http://doi.org/10.1128/mBio.01649-18
http://doi.org/10.17582/journal.aavs/2021/9.8.1190.1193
http://doi.org/10.3389/fmicb.2022.843842
http://doi.org/10.1051/apido:2008032
http://doi.org/10.1100/2012/930849
http://doi.org/10.1371/journal.pone.0140337
http://doi.org/10.51458/BSTD.2021.14
http://doi.org/10.1038/nrmicro.2016.43
http://doi.org/10.1016/j.tim.2020.06.006
http://doi.org/10.1155/2020/6906921
http://doi.org/10.1016/j.sjbs.2020.12.040
http://doi.org/10.1038/nrgastro.2014.66
http://doi.org/10.1093/advances/nmy063
http://doi.org/10.3389/fmicb.2019.01382
http://doi.org/10.16970/ted.74860
http://doi.org/10.1111/1541-4337.12613
http://doi.org/10.3390/cancers14071853
http://doi.org/10.1038/s41575-021-00440-6
http://www.ncbi.nlm.nih.gov/pubmed/33948025
http://doi.org/10.3390/ijms20194673
http://www.ncbi.nlm.nih.gov/pubmed/31547172
http://doi.org/10.1201/9780824752033.ch11


Pathogens 2022, 11, 1367 20 of 22

30. Iorizzo, M.; Letizia, F.; Ganassi, S.; Testa, B.; Petrarca, S.; Albanese, G.; Di Criscio, D.; De Cristofaro, A. Functional Properties and
Antimicrobial Activity from Lactic Acid Bacteria as Resources to Improve the Health and Welfare of Honey Bees. Insects 2022,
13, 308. [CrossRef]

31. Wang, J.; Wei, X.; Fan, M. Assessment of Antibiotic Susceptibility within Lactic Acid Bacteria and Coagulase-Negative Staphy-
lococci Isolated from Hunan Smoked Pork, a Naturally Fermented Meat Product in China. J. Food Sci. 2018, 83, 1707–1715.
[CrossRef] [PubMed]

32. Zendo, T.; Ohashi, C.; Maeno, S.; Piao, X.; Salminen, S.; Sonomoto, K.; Endo, A. Kunkecin A, a New Nisin Variant Bacteriocin
Produced by the Fructophilic Lactic Acid Bacterium, Apilactobacillus kunkeei FF30-6 Isolated From Honey Bees. Front. Microbiol.
2020, 11, 1903. [CrossRef] [PubMed]

33. Hassan, M.; Kjos, M.; Nes, I.; Diep, D.; Lotfipour, F. Natural antimicrobial peptides from bacteria: Characteristics and potential
applications to fight against antibiotic resistance. J. Appl. Microbiol. 2012, 113, 723–736. [CrossRef]
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Kaynaklı Patojen Bakterilerine Karşı Antimikrobiyal Etkisi. Eur. J. Lipid Sci. Technol. 2020, 485–489. [CrossRef]

77. Siedler, S.; Balti, R.; Neves, A. Bioprotective mechanisms of lactic acid bacteria against fungal spoilage of food. Curr. Opin.
Biotechnol. 2019, 56, 138–146. [CrossRef]

78. Rouse, S.; Harnett, D.; Vaughan, A.; Sinderen, D. Lactic acid bacteria with potential to eliminate fungal spoilage in foods. J. Appl.
Microbiol. 2008, 104, 915–923. [CrossRef]

79. Betesho Babrud, R.; Kasra Kermanshahi, R.; Motamedi Sede, F.; Moosavinejad, S.Z. The effect of Lactobacillus reuteri cell free
supernatant on growth and biofilm formation of Paenibacillus larvae. Iran J. Vet. Res. 2019, 20, 192–198.

80. Carina Audisio, M.; Torres, M.; Sabaté, D.; Ibarguren, C.; Apella, M. Properties of different lactic acid bacteria isolated from Apis
mellifera L. bee-gut. Microbiol. Res. 2011, 166, 1–13. [CrossRef]

81. Morita, H.; Toh, H.; Fukuda, S.; Horikawa, H.; Oshima, K.; Suzuki, T.; Murakami, M.; Hisamatsu, S.; Kato, Y.; Takizawa, T.; et al.
Comparative genome analysis of Lactobacillus reuteri and Lactobacillus fermentum reveal a genomic island for reuterin and
cobalamin production. DNA Res. 2008, 15, 151–161. [CrossRef]

82. Chen, L.; Bromberger, P.D.; Nieuwenhuiys, G.; Hatti-Kaul, R. Redox Balance in Lactobacillus reuteri DSM20016: Roles of Iron-
Dependent Alcohol Dehydrogenases in Glucose/Glycerol Metabolism. PLoS ONE 2016, 11, e0168107. [CrossRef]

83. Iorizzo, M.; Testa, B.; Lombardi, S.J.; Ganassi, S.; Ianiro, M.; Letizia, F.; Succi, M.; Tremonte, P.; Vergalito, F.; Cozzolino, A.; et al.
Antimicrobial Activity against Paenibacillus larvae and Functional Properties of Lactiplantibacillus plantarum Strains: Potential
Benefits for Honeybee Health. Antibiotics 2020, 9, 442. [CrossRef]

84. Portella, A.; Karp, S.; Scheidt, G.; Woiciechwski, A.; Parada, J.; Soccol, C. Modelling antagonic effect of lactic acid bacteria
supernatants on some pathogenic bacteria. Braz. Arch. Biol. Technol. 2009, 52, 29–36. [CrossRef]

http://doi.org/10.2174/1874285800903010121
http://doi.org/10.5604/12321966.1203878
http://doi.org/10.1051/apido/2008062
http://doi.org/10.1128/AEM.69.9.5306-5318.2003
http://doi.org/10.3389/fmicb.2015.00392
http://doi.org/10.1016/j.sjbs.2017.07.005
http://doi.org/10.3349/ymj.2015.56.1.292
http://doi.org/10.1155/2022/8670182
http://doi.org/10.3390/microorganisms8111789
http://doi.org/10.1016/S1567-1356(03)00173-9
http://doi.org/10.1128/JCM.00934-07
http://doi.org/10.3109/13693786.2011.644590
http://doi.org/10.18869/acadpub.cmm.1.4.26
http://doi.org/10.1016/j.vetmic.2013.11.029
http://www.ncbi.nlm.nih.gov/pubmed/24485932
http://doi.org/10.4489/MYCO.2005.33.4.210
http://www.ncbi.nlm.nih.gov/pubmed/24049503
http://doi.org/10.1111/1541-4337.12872
http://www.ncbi.nlm.nih.gov/pubmed/34907656
http://doi.org/10.1016/j.sciaf.2020.e00395
http://doi.org/10.3390/molecules23081984
http://doi.org/10.31590/ejosat.768006
http://doi.org/10.1016/j.copbio.2018.11.015
http://doi.org/10.1111/j.1365-2672.2007.03619.x
http://doi.org/10.1016/j.micres.2010.01.003
http://doi.org/10.1093/dnares/dsn009
http://doi.org/10.1371/journal.pone.0168107
http://doi.org/10.3390/antibiotics9080442
http://doi.org/10.1590/S1516-89132009000700004


Pathogens 2022, 11, 1367 22 of 22

85. Bian, L.; Molan, A.; Maddox, I.; Shu, Q. Antimicrobial activity of Lactobacillus reuteri DPC16 supernatants against selected food
borne pathogens. World J. Microbiol. Biotechnol. 2010, 27, 991–998. [CrossRef]

86. Caro Velez, C.; León Peláez, Á. Capacidad antifúngica de sobrenadantes libres de células obtenidos de la fermentación de un
sustrato de “panela” con gránulos de kefir de agua. Rev. Colomb. Biotecnol. 2015, 17, 22–32. [CrossRef]

http://doi.org/10.1007/s11274-010-0543-z
http://doi.org/10.15446/rev.colomb.biote.v17n2.42758

	Introduction 
	Materials and Methods 
	Chemicals, Vessels, and Other Materials 
	Biological Material 
	Culture, Propagation, Freezing, and Storage of Microorganisms 
	Antagonistic Activity Testing 
	Agar Slab Method 
	Microtitration Plate Method 

	Statistical Analysis 

	Results and Discussion 
	Determination of the Antagonistic Activity of LAB Using the Agar Slab Method 
	Antagonistic Activity of LAB Metabolites 

	Conclusions 
	References

