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Abstract

This study aims to identify lactic acid bacteria (LAB) isolated from honeybees (Apis mellifera workers and larvae) in
detail and to determine their functional probiotic properties. A total of 11 strains were classified based on morphological
and biochemical characteristics. Preliminary probiotic properties of strains, that were molecularly identified using 16 S
rRNA, such as antimicrobial activity, tolerance to digestive conditions, aggregation ability, were investigated. The anti-
microbial properties of strains were tested against a wide range of human pathogens. All strains that showed y-hemolysis
and did not contain bacteriophages were considered safe. The strains’ survivability checked for 0.3% bile and 3.0-7.8 pH
contents was promising. The highest autoaggregation ranged from 14.7 to 30.76% after 4 h. Tested LAB strains mark-
edly exhibited coaggregation with Listeria monocytogenes and Escherichia coli. According to the results, tested bacteria
showed significant antagonistic effects against pathogens, and positive probiotic characteristics compatible with in vitro
gastrointestinal tract conditions. The results suggest that Apis mellifera LAB symbionts may have a probiotic potential,
and be effective and safe candidates for human use. This study provides an addition to the development of the current
knowledge by defining in detail honeybee-associated bacteria and determining their probiotic potential.
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Introduction predominantly composed of lactic acid bacteria, as other

animals and humans [3—7]. It has been found that honey-

Honeybee colonies are exposed to various agroecosystems
and many environmental factors that can affect the microbial
balance of the hive throughout the year. In this way, they
have a rich and unique collection of microorganisms form-
ing normal or transient microflora [1]. A balanced micro-
flora benefits honeybees in many ways, including metabolic
and protective functions [2]. The honeybee’s microflora is

P4 Sengiil Alpay Karaoglu
sengul.karaoglu@erdogan.edu.tr

Seyma Suyabatmaz
suyabatmazseyma@gmail.com

Arif Bozdeveci
arif.bozdeveci@yandex.com

Rahgan Akpinar

rahsankoc23@hotmail.com

Department of Biology, Recep Tayyip Erdogan University,
Rize, Turkey

Veterinary Control Institute, Samsun, Turkey

bee stomachs, intestines, and products contained more than
45 species of LAB. Among these species, Bifidobacterium
asteroides, Bifidobacterium coryneform, Leuconostoc spp.,
Fructobacillus fructosus, and a number of Lactobacillus
species such as Lactobacillus plantarum, Lactobacillus
apis, Lactobacillus (Apilactobacillus) kunkeei, Lactobacil-
lus mellifer have been reported to be associated with healthy
honeybee colonies. Apilactobacillus kunkeei is frequently
isolated from honeybee crop, pollen sac, and larvae [8—14].

The Food and Agriculture Organization/World Health
Organization (FAO/WHO) has redefined probiotics as
“Live microorganisms which when consumed in adequate
amounts as part of food confer a health benefit on the host”
[15, 16]. Probiotics exert dominance by lowering luminal
pH, competing for nutrients, adhering to the surface of epi-
thelial cells or mucus, and antagonizing pathogen coloni-
zation through aggregation with pathogens [17]. LAB is
known as probiotic symbiont in many living things, includ-
ing honeybees and humans [6]. The most important genera
of LAB which can be used as probiotics are Lactobacillus,
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Streptococcus, Enterococcus, Lactococcus, Pediococcus,
and Leuconostoc [17-21].

LAB which is of great importance to human beings is
closely related to numerous health and nutritional benefits.
Among these are prevention of infectious diseases, mainte-
nance of normal insulin levels in the blood, reducing serum
cholesterol, nutrients synthesizing and bioavailability, food
preservation and fermentation. Moreover, LAB may play a
key role in treating a wide range of conditions such as Heli-
cobacter pylori-associated peptic ulcer, lactose malabsorp-
tion, diarrhea, genital and urinary tract infections, allergic
reactions, colon cancer [17-18, 22-24].

Nowadays, there is an increasing demand for novel LAB
strains with probiotic properties [20]. Potentially beneficial
bacteria are being explored in numerous alternative sources,
including grains, fruits and vegetables, meat and meat prod-
ucts, honey and other hive products. For example, fructo-
philic lactic acid bacteria (FLAB) that live in symbiosis with
insects such as honeybees have been a focus of attention in
recent years due to their potential beneficial properties in
human health care. The safety of new potential strains, their
functional properties such as gastric acid and bile salt resis-
tance, and their effects on the host are among the selection
criteria as probiotics [14].

This study focuses on the characterization of LAB strains
isolated from worker bees and larval samples (Apis mel-
lifera), as well as on conducting in vifro experiments to
detect their functional properties as probiotics.

Materials and methods
Sample collection and bacterial isolation

Honey bee and larvae samples were collected from dif-
ferent apiary regions of Turkey in 2018-2019 by Samsun
Veterinary Control Institute Bee Diseases Laboratory. For
the samples in which SYM 2-3-7-10 strains were isolated,
3 adults were used from the hive selected for each group,
and for the SYM 1-4-5-6-8-9-11 strains, 3 larvae were used
from the hive selected for each group. Surface sterilization
of the samples was done by dipping in 70% ethanol for 30 s
under aseptic conditions, followed by washing 3 times for
5 min with sterile distilled water. Then, the bee samples
were mechanically dissected using prefilled 2.0 mL tubes
with silica (glass) beads, and 100 ul of each sample were
streaked onto de Man, Rogosa, and Sharpe agar (MRSA,
Neogen) medium for LAB culture (one sample per plate)
[25, 26]. Petri dishes were incubated at 37 °C for 2-3 days
using anaerobic jar (Thermo Scientific™ Oxo0id™, Anaero-
Jar™ 2.5 ], Catalog No: AG0025A) and gas pack technique
(Thermo Scientific™ Oxo0id™, CampyGen™, Catalog No:
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CNO0020C). At the end of the incubation, macroscopic and
microscopic morphology characteristics of bacterial colo-
nies grown on MRSA were examined. Colonies with gram
positive, fine bacillus and cocci shaped were selected and
passaged into MRSA medium by single colony drop cul-
tivation technique. After the cultures were incubated again
under the same conditions, a loopful of isolated pure LAB
cultures were taken, re-passaged into 3 ml MRS broth
(MRSB, Merck), and left to grow for 1 night at 120 rpm in a
shaking incubator at 37 °C. Fresh stock cultures were stored
in MRSB with 20% glycerol (v v™!) at -20 °C and —80 °C
until further experiments.

Morphologic and biochemical characterization

All LAB isolates were prepared for use by sub-culturing
twice in MRSB for each test. Morphological and bio-
chemical properties of LAB colonies grown at the end of
the culture were determined according to Bergey’s Manual
of Systematic and Determinative Bacteriology. All strains
were examined microscopically by Gram staining and were
subjected to a number of biochemical analyses such as vari-
ous enzyme activities, starch hydrolysis, esculin hydrolysis,
and the ability to ferment carbohydrates. Three different
incubation temperatures at 18, 37, and 45 °C were tested to
determine the optimum growth temperature of the strains
[27-30].

Molecular identification

The genomic DNA of each strain was extracted accord-
ing to the methodology used by Sambrook ef al. [31]. 16S
rRNA gene amplification was carried out using universal
primers, 27F (5’-AGAGTTTGATCCTGGCTCTCAG-3)
and 1492R (5’-TACCTTGTTACGACTT-3"). The PCR
products were examined through 1% (w v™') agarose gel
electrophoresis and were visualized in a UV transillumina-
tor. Amplicons were sent to Macrogen Inc. (Amsterdam,
Netherlands) for purification and sequencing. Obtained raw
sequences were edited by BioEdit Software version 7.2.5
and were aligned to closely related species using the Basic
Local Alignment Search Tool (BLAST) on the National
Center for Biotechnology Information (NCBI) GenBank
database. Phylogenetic tree was constructed on the basis
of the Neighbor-Joining method in MEGA 11.0.8 Software
[32, 33]. The obtained sequences were submitted to Gen-
bank and received accession numbers.

Bacteriophage detection

Bacteriophage contents of LAB strains were determined
according to the methods of Kili¢ et al. and Trevors et al.
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[34, 35]. Cultures incubated overnight (18 h) were pas-
saged as 60 ul into 3 ml of MRS-C medium (2.5 ml of 10
mM CaCl,, 250 ml of MRSB). After approximately 2 h of
incubation (ODyg ,,,=0.2), mitomycin C (0.2 ug ml~') was
added to each culture and incubation process was contin-
ued for 5-8 h. Cultures were observed during the incuba-
tion period, and those with prophage induction or lysis were
centrifuged (12,470 x g, 10 min). The supernatants (lysate)
were collected, transferred to new eppendorf tubes, and
stored by adding chloroform. 200 1 of the host LAB culture
was added into the pre-prepared soft MRS-C medium which
was cooled to 50 °C, was quickly mixed by vortexing, and
was poured onto the MRSA plates as a second layer. Lysates
were dropped onto dried soft agar one by one. Plates were
examined at the end of 48 h incubation at 37 °C. After the
lysate was dropped on, the areas where the host bacteria did
not grow were evaluated as phage plaques, with the expan-
sion of the inhibition zone over time. The formation of this
type of inhibition zone was determined as the presence of
bacteriophages.

Antimicrobial activity

The agar plug diffusion method and CFS (cell-free cul-
ture supernatant) well diffusion method were performed
to determine the antimicrobial activity of LAB strains on
pathogenic microorganisms [36—38]. The indicator culture
plates were prepared for inhibition tests and therefore the
pathogenic bacteria sourced from frozen stocks were reac-
tivated in the appropriate agar media. 18-h cultures of each
pathogenic bacterium (McFarland 0.5) were resuspended
into broth media, and then 100 ul of each bacterial suspen-
sion was spread on the surface of agar plate homogeneously
with a sterile cotton swab.

For the agar well diffusion test of CFS, holes 6 mm in
diameter were punched into the indicator culture plates via
sterile cork borer. The CFS of LAB strains was prepared
from subcultured in MRS broth. The 72-h cultures were cen-
trifuged (10,000 x g, 10 min) and supernatants were filtered
through a syringe filter (0.45 um, Aisimo). The 60 u1 of CFS
was filled into each well on the agar plates. For the agar
plug diffusion test of LAB, the 6 mm diameter agar plugs
were aseptically cut from each 24-h LAB culture plated in
MRSA, placed on the surface of agar plates (without wells),
and previously inoculated with pathogenic microorganisms.
All plates were incubated anaerobically for 24 h at 37 °C.
The results were evaluated by measuring the inhibition
zones around the wells.

Hdyrogene peroxide production

Tetramethylbenzidine (TMB)-Plus medium containing
43 g 1I"! Brucella Agar Base, 10 g soluble starch, 100 ml
I TMB (3,3’,5,5 -tetramethylbenzidine) solution, 1 mg
1I=! horseadish peroxidase, 50 ml bovine serum, 2 mg 1!
vitamin K (phytomenadione), 5 g1~ ! hemin, 0,12 g1~ man-
ganese (II) sulfate monohydrate (MnSO,.H,0) and 0,57 g
1-! magnesium sulfate (MgSO,) was prepared according to
Rabe and Hillier’s and Alpay’s protocols with some modi-
fications [27, 39]. LAB isolates were cultured in TMB-Plus
medium at 37 °C anaerobically (using GasPak, CampyGen,
AGS) for 72 h. At the end of the incubation, the culture
plates were kept in atmospheric air for 15 min. Lactobacil-
lus acidophilus DSM 20,242 was used as positive control.
The assay was determined as positive based on observation
of dark bluish ring formed around the colonies producing
H,0, in contact with oxygen.

Hemolytic activity

Hemolytic activity was determined by culturing bacterial
isolates in Brain Heart Infusion (BHI) agar plates supple-
mented with 5% (v v™!) of sheep blood at 37 °C for 24 h.
Staphylococcus aureus was used as a positive control. The
absence of discoloration zones around the colonies was con-
sidered as non-hemolytic activity (y-hemolysis) [40].

Acid tolerance

Phosphate-buffered saline solutions with pH values of 3.0
and 7.8 were prepared to determine the resistance of poten-
tial probiotic microorganisms to the acidic pH digestion
process in the stomach and their ability to reach and adapt
to the small intestine in vitro. One ml of fresh LAB cultures
was centrifuged (10,000 x g, 5 min), pellets were washed
twice with phosphate-buffered saline (PBS, pH 7.2) and
then resuspended in 1 ml of PBS (pH 3.0 and 7.8) by adjust-
ing the final inoculum size to ~ 10° CFU ml™'. The suspen-
sions were incubated in an anaerobic jar using gas pack
(Thermo Scientific™ Oxo0id™, AnaeroJar™ 2.5 1, Catalog
No: AGO0025A, Thermo Scientific™ Oxo0id™, Campy-
Gen™, Catalog No: CN0020C) for 3 and 4 h at 37 °C incu-
bator (Memmert ULM 600), based on the digestion time of
the food in the stomach and intestines. After 3 h, 100 ul
of bacterial suspension was serially diluted and spread on
standard MRSA plates. All visible colonies were enumer-
ated, and the viability was calculated as quantification of the
exact log CFU ml™! at the end of 48 h incubation [40—42].
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Bile salt tolerance

In order to examine the bile salt resistance properties of
LAB strains, a Bile-MRS broth medium containing 0.3%
(w/v) of bile salts (Sigma Aldrich, B8381-10G) simulating
the small intestine system was prepared [43—45]. LAB cul-
tures grown overnight in MRSB were centrifuged (10,000
X g, 5 min), cell pellets were washed twice with PBS (pH
7.2) and then resuspended in 1 ml of Bile-MRS broth by
adjusting the final inoculum size to =~ 10° cfu ml~!. After the
samples were incubated in Bile-MRS broth for 4 h, 100 u1
of bacterial suspensions were diluted and plated onto stan-
dard MRSA plates. By enumerating all visible colonies and
quantifying their precise log CFU ml™!, bacterial viability
was assessed compared with negative controls after a 48-h
incubation period. Negative controls were consider the
strains incubated in MRSB medium for 4 h without expo-
sure to Bile-MRS, then passaged into MRSA medium using
the same colony counting method. In addition, LAB cul-
tures were also incubated in Bile-MRS broth directly, and
the growth activity was monitored by measuring the turbid-
ity of cultures photometrically (ODg,,,) over 20 h via Bio-
screen C Automated Microbiology Growth Curve Analysis
System (Thermo Scientific, USA). The bacterial growth
curve was generated comparing test groups with control
groups according to OD data received [40, 42, 43].

Autoaggregation and coaggregation activity

Cultures of 4 ml each of 18-h LAB and indicator patho-
genic bacteria (Escherichia coli and Listeria monocyto-
genes) were centrifuged at 5000 g for 15 min, the pellets
were washed twice with PBS (pH 7.2), and then dissolved
in 4 ml of PBS by adjusting the bacterial turbidity density
to =~ 10° cfu ml~! at 600 nm (0D, =0.1-0.2). For the coag-
gregation test, 2 ml of the pathogen was mixed with 2 ml
LAB solution. Prepared all bacterial mixtures were vortexed
thoroughly for 10 s and then kept without moving for 4 h at
room temperature. Optical densities at 600 nm were mea-
sured (Bioscreen C Analysis System) for each mixture at
different (1st and 4th h) times. PBS was used as the blank.
The percentages of autoaggregation and coaggregation were
calculated according to the following Eqs. [46—48] :

Autoaggre

. [ OD (final)
0} =11

220D (mix)
= 100C¢ % N 100
()Dfm/fmh] * 100Coaggregation [ ] *

=11
OD (pathagen) + OD (LAB)

@ Springer

Table 1 Geographical apiary regions, origins and GenBank accession
numbers of LAB isolates

Strain Province/District Isolation Accession
Origin No

SYM-1 Antalya/Alanya Larva OM743442
SYM-2 Mugla/Milas Worker Bee OM743443
SYM-3 Elaz1g Worker Bee OM743444
SYM-4 Karaman/Ermenek Larva OM743445
SYM-5 Denizli/Serinhisar Larva OM743446
SYM-6 Sivas Larva OM743447
SYM-7 Elaz1g/Sivrice Worker Bee OM743448
SYM-8 Diyarbakir/Sur Larva OM743449
SYM-9 Balikesir/Kepsut Larva OM743450
SYM-10 Denizli/Serinhisar Worker Bee OM743451
SYM-11 Bing6l/Geng Larva OM743452
Results

LAB strains and origins

A total of 11 LAB strains selected for the study were iso-
lated from healthy honeybee samples collected from 10 dif-
ferent apiary locations in Turkey. The strains were named
and numerated (Table 1).

Morphologic and biochemical properties of LAB
strains

Of the 11 strains indicated to be Gram positive bacteria, all
were of the gamma hemolytic type, and all were lactobacilli
colonies with off-white or creamy colors, except SYM-9.
While strains SYM-8 and SYM-9 showed positive citrate
utilization, strains SYM-7, SYM-2, SYM-11 and SYM-3
showed positive cellulase production. Moreover, strains
SYM-2, SYM-10 and SYM-11 were determined as lecithin-
ase-producing strains. Eight of the strains grown on TMB-
Plus medium were evaluated as H,0,-producing bacteria in
view of the fact that dark gray/bluish halos were observed
around their colonies. Although all isolates were capable of
hydrolyzing starch, none were able to hydrolyze esculin. In
general, the strains (other than three strains) have a wide
temperature range, especially 5 of strains (SYM-1, SYM-5,
SYM-7, SYM-4, and SYM-3) at a much wider temperature
(18 - >45 °C) were observed to be able to grow. The opti-
mum growth temperature for all strains was determined as
37 °C, and tolerance to high and low temperature is a strain-
specific feature as shown in Table 2.

In the fermentation test, strains that were capable of uti-
lizing a range of carbohydrates (glucose, fructose, galactose,
maltose, sucrose, lactose, mannitol, rhamnose, arabinose,
trehalose, melibiose, cellobiose, and xylose) as a source in
order to produce acidic byproducts were exhibited. It was
found that seven strains were capable of utilizing xylose,
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Table 2 Morphological, biochemical and growth properties of LAB strains

Biochemical Properties

Growth Conditions

18 °C

Morphologic Properties
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37°C
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Gram Shape
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C: Catalase, O: Oxidase, Li: Lipase, A: Amylase, Ce: Cellulase, P: Protease, Le: Lecithinase, G: Gelatinase, Ci: Citritase, E: Esculin Hydrolysis, St: Starch Hydrolysis, H: Hemolysis, y: Gamma

+
+

SYM-10
SYM-11

Hemolysis (non-hemolytic), +: Positive, —: Negative, +: Weak Positive

and three were capable of utilizing lactose. None were able
to ferment the trehalose, with the exception of SYM-8. The
SYM-7 strain was the only one unable to fermenting meli-
biose, arabinose and rhamnose (Table 3)

Molecular identification of bacteria

Phylogenetic research pointed out the presence of 11 dif-
ferent phylotypes of LAB. According to the constructed
dendrogram, the frequency of the species closely related
with the strains studied was Apilactobacillus kunkeei with
72%, Fructobacillus fructosus with 18% and Leuconostoc
mesenteroides with 9% (n=11) (Fig. 1). All strains were
honeybee-associated bacteria proven by previous studies
[10, 49-53].

Antimicrobial activity

Most of the LAB strains exhibited antimicrobial activity on
all pathogens tested, according to the results of agar plug
diffusion studies; however, the degree of antagonism dif-
fered from strain to strain. The highest inhibition activity
was observed against Escherichia coli ATCC 25,922, Sal-
monella enteritis ATCC 13,076, and Bacillus cereus ATCC
43,288. The seven strains were the most effective ones in
inhibiting these pathogens. Only one strain displayed an
inhibition effect on the growth of Staphylococcus aureus
ATCC 29,213 and Pseudomonas aeruginosa ATCC 27,853.
The strains with the least antimicrobial activity were deter-
mined as SYM-3 and SYM-11. Antagonistic effect of any
strain against Candida albicans ATCC 60,193 was not
detected. Additionally, CFSs obtained from LAB strains
were subjected to agar well diffusion test to ascertain the
inhibition efficiency against selected indicator microor-
ganisms in this study. The findings from this experiment
indicated that pathogenic microorganisms most affected by
LAB-CFSs were Mycobacterium smegmatis RSKK 607,
Helicobacter pylori J99, Salmonella enteritis ATCC 13,076,
Escherichia coli ATCC 25,922, and Listeria monocytogenes
ATCC 43,251, respectively. CFSs of SYM-1 and SYM-5
were the substances with the highest inhibitory efficiency,
in particular against Mycobacterium smegmatis RSKK 607
and Helicobacter pylori J99 (Table 4).

Preliminary assessment of probiotic properties

Probiotic selection criterion were based on the ability of the
LAB strains to reach the intestine by enduring the acidic
pH of the human stomach, as well as to be able to main-
tain viability in adverse conditions such as pH changes and
exposure to bile salts in the intestine [43, 44]. In this con-
text, after each of the strains exposed to PBS at pH 3.0 and
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7.8 for 3 h and to the Bile-MRS broth for 4 h was incubated
in standard MRS agar medium, their growth activities were
measured in terms of log cfu ml™' and compared with the
negative control. At the end of the incubation period, the
bacterial colonies in all petri dishes were counted and the
cell densities in 1 mL were calculated. It was determined
that the strains that could not resist the pH change devel-
oped sensitivity from the Oth hour, while the strains that
could not resist the bile were initially able to tolerate the bile
when incubated in Bile-MRS, but growth was inhibited after
longer exposure. The six strains (SYM-8, SYM-1, SYM-7,
SYM-10, SYM-4, and SYM-3) were found to be resistant
to pH changes and bile salt. While the strains SYM-2 and
SYM-5 were highly able to survive at pH 3.0 and pH 7.8, no
viable counts were observed in the inoculated MRSA after
exposure to 0.3% bile for 4 h (Fig. 2). The growth curves
of LAB strains were created by monitoring the activity in
Bile-MRS broth and standard MRSB over a period of time
(20-h). LAB strains were able to maintain their prolifera-
tion activity to a degree in the Bile-MRS broth, compared
to the control groups. The bacterial growth-delaying effect
of bile salt was significantly observed from the third hour of
incubation. In addition, the growth activity of strain SYM-8,
cultivating for 20 h in Bile-MRS broth medium, showed the
closest value to the negative control group grown in MRSB.
In the strains left to grow in the Bile-MRS medium, delays
are observed in the logarithmic growth phase starting from
the 3rd hour compared to the control groups. It has been
determined that the bacterial growth retarding effect of bile

XfH H HH o H o HH

Me
+
+
+

H HH o H+ HH

+

Mn
+
+
+
+
+
+
+
+
+
+

Su
+
+
+
+
+
+
+
+
+
+
+

Sle v+ He Ha o+ o+ HH salt can be observed significantly after 2—4 h of incubation,
depending on the strains (Figs. 2 and 3).

Another criterion addressed to test the probiotic poten-

SlH 4+ HHHHE: HHHH tial of the studied LAB strains was the aggregation ability

of the bacteria. Aggregation ability was classified under
two groups as autoaggregation and coaggregation. In the
analyses performed according to photometrically measured
at 600 nm (OD600=0.1-0.2), it was determined that the
autoaggregation abilities of LAB strains varied between
5.55% and 37.5% for four hours. Results were interpreted
according to the cut-off levels proposed by Collado et al.
and Suwannaphan [56, 57]. Enterococcus faecium was used
as a positive control. The highest increase value was deter-
mined for strain SYM-3 (14.7 to 30.76%), and the lowest
value was determined for strain SYM-2 (30.3 to 31.31%).
The results showed that six strains had remarkable autoag-
gregation ability and could therefore display good adhe-
sion and competitive activity. The ability to co-aggregate,
known as the multicellular colonies formed by the different
species by attaching to each other, was examined on Lis-
teria monocytogenes ATCC 43,251 and Escherichia coli
ATCC 25,922. The results compared with the values from
the positive control group clearly indicated that 45% of the

G: Glucose, L: Lactose, Ma: Maltose, F: Fructose, Ga: Galactose, Su: Sucrose, T: Trehalose, Mn: Mannitol, R: Rhamnose, A: Arabinose, Me: Melibiose, Ce: Cellobiose, X: Xylose, +: Positive,

—: Negative, +: Weak Positive.

Table 3 Results of carbonhydrate fermentation tests of LAB strains

SYM-1
SYM-2
SYM-3
SYM-4
SYM-5
SYM-6
SYM-7
SYM-8
SYM-9
SYM-10
SYM-11

Strain
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Fig. 1 The phylogenetic tree of
LAB strains isolated from hon-
eybees and their closely-related
neighbors from other LAB strains
(The evolutionary history was
inferred using the Neighbor-
Joining method. The percentage
of replicate trees in which the
associated taxa were clustered
together in the bootstrap test
(1000 replicates) were shown
next to the branches. Evolution-
ary analyses were constructed
in MEGAL11. The scale below
the figure shows the degree of
similarity.)

63! Apilactobacillus kunkeei 107UY [MG496045]
® sy
Apilactobacillus kunkeei YH-15 [NR026404]
Apilactobacillus kunkeei JCM 16173 [LC519853]
Apilactobacillus kunkeei Gh3 [MG601172]
Apilactobacillus kunkeei 37UY [KY496850]
® svu3
55 Apilactobacillus kunkeei 100-1 [JQ009336]
Apilactobacillus kunkeei 4 [MT279349]
® syvg
Apilactobacillus kunkeei 110UY [KY496852]
Apilactobacillus kunkeei Gh1 [MG601170]
Apilactobacillus kunkeei H14 6 3TCO2 [KF599355]
Apilactobacillus kunkeei LGH35 [MT381714]
® sy
® svus
® sy
SYM-7
9 @ syms
e @ symo
64, | euconostoc mesenteroides MLG [MH266467]
64" Leuconostoc mesenteroides LL1SF14-32 [MN833067]

99

strains were found to coagulate well with E. coli, while 64%
were found to have significant coaggregation abilities on L.
monocytogenes [56, 57] (Table 5).

One of the main expected targets of the in vitro safety
feature of a potential probiotic strain is the absence of bacte-
riophage infection. Our bacteriophage detection experiment
demonstrated that none of our strains did not have phages
and was not host (immune) as a result of cross-infection.
The occurrence of phage infection between the phages of
one module and hosts of another module or the same mod-
ule is defined as cross-infection [58]. In other words, these
strains were not infected by phage when used as hosts, and
lysates from same strains were also phage-free. Thus, it was
confirmed that all strains were selected from the strains that
lack the phage in order to administer the tests of probiotic
assessment.

Discussion

Lactic acid bacteria (LAB) represent the group of microor-
ganisms in which the mechanisms of action and utilization
efficiency of probiotics are most extensively studied [23].
Many of the lactic acid bacteria that have major nutritional
and health benefits are important components of the human

9% | euconostoc mesenteroides BKKC312 [KX289502]
Leuconostoc mesenteroides subsp. dextranicum MC-2 [KF150179]
61/ Fructobacillus fructosus MPP 76 [MH509400]
“ Fructobacillus fructosus N2C1 [MH997717]
wl Fructobacillus fructosus VIII1 [MF461319]
30" @ sym-10
32" Fructobacillus fructosus V5 [MF461320]
20| Fructobacillus fructosus N2C2 [MH997718]
54 @ Sym-11

and animal microbiota [59, 60]. Many studies have found
that LAB has beneficial effects on host health, balances gut
flora, can be used as a biotherapeutic or prophylactic agent,
and can be studied as new potential strains from a variety of
sources [14, 21, 22, 61-65].

This study investigated the probiotic properties of lactic
acid bacteria, which are permanent or transient members of
the microflora isolated from healthy honey bees as a result
of human consumption. Microbial colonization of the honey
bee is found in many components with which the bee comes
into contact, such as honey, propolis, bee bread and beehive
materials [9, 10, 66, 67]. Therefore, there is a possibility
of direct or indirect exposure to these bacteria as a result
of consuming honey and other bee products. The presence
of LAB in honey bees has been extensively studied over
the years. By examining the honey bee plant, Vasquez et al.
discovered 13 species of bacteria representing the genera
Lactobacillus and Bifidobacterium [68]. Among these spe-
cies, Apilactobacillus kunkeei was found to be dominant.

In a study conducted by Olofsson and Vasquez on honey
bees, five strains were found to be related to 4. kunkeei, B.
asteroides, and Bifidobacterium coryneforme as a result of
phylogenetic analysis [9]. Torizzo et al. identified 24 strains
from honeybee A. mellifera ligustica, and Lact. plantarum,
A. kunkeei, Lactococcus lactis, F. fructosus were found [7].
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Table 4 Inhibition activities of LAB strains against different pathogens
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Rokop et al. isolated bacteria belonging to genera Lacto-
bacillus and Fructobacillus from bee pollen [69]. In the
current study, phylogenetic analysis using culture-based
approaches and 16 S rRNA sequencing revealed the pres-
ence of strains related to A. kunkeei, F. fructosus and Leuco-
nostoc mesenteroides in healthy honeybees and larvae from
different regions of Turkey. The sequences of all isolated
ones described in this paper can be accessed via GenBank
(Table 1; Fig. 1).

Lactic acid bacteria are defined as Gram-positive, rod,
cocci or coccobacillus, nonspore-forming (except Spo-
rolactobacillus), immobile, acid-tolerant, catalase-negative,
nitrate reduction-negative, microaerophilic microorganisms
producing primarily lactic acid or sole fermentation product
[23, 60, 70]. Morphological and biochemical analyzes are
important to determine various characteristics of strains and
to support species identification (Table 2). Temperature is
an important parameter for LAB both in terms of the fer-
mentation process and the metabolic functions of the micro-
organism. LAB can grow over a wide temperature range
(253 °C) and generally reproduce optimally at 30—40 °C
[71, 72] (Table 2).

Hydrogen peroxide (H,0,), also produced by many LAB
species, has an important role in host-microbe interactions
[73-75]. Besides killing microorganisms, hydrogen perox-
ide has an important role in host-microbe interactions by
acting as incoming signal transduction or second messenger
[76, 77]. Hydrogen peroxide production was positive in all
but three strains tested. In this context, it can be assumed
that the primary antimicrobially active metabolite of these
strains, whose antimicrobial activities have been extensively
tested, is H,O, (Table 2). Sugar fermentation tests (Table 3)
were found to be important in diagnosing LAB and were
tested for this purpose in the study [23, 60, 72, 78]. One of
the desired properties of probiotic bacteria selected for use
in humans is to increase the use of lactose in the body. It is
beneficial for health that bacteria increase the digestion of
lactose in the environment and the metabolites formed as a
result of lactose fermentation have an antimicrobial effect in
the gastrointestinal tract [79]. Accordingly, the results were
found to be compatible with the literature and could there-
fore be used for the preliminary diagnosis of the species.
Nectar, water, pollen and varying proportions of monosac-
charides from bee foods; glucose, fructose and disaccharide;
consists of sucrose [80]. The intin layer, which is composed
of polysaccharides in the pollen cytoplasm, contains cel-
lulose, hemicellulose and pectin. Pollen cell walls mainly
contain type I rhamnogalacturonan (RG-I) and homogalac-
turonan, which are the main components of pectin. In addi-
tion, pollen can contain many monosaccharides, including
arabinogalactan, mannose, xylose, galactose, mannitol and
arabinose [81, 82]. Certain carbohydrates are designated as
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Fig. 2 In comparison with nega-
tive control groups, cell viability
of LAB strains on the standard
MRSA medium after exposure
to digestive conditions (The
experimental data were fitted to
the logistic model. The vertical
bar represents the standard errors
of the means.)
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Fig. 3 Optimal growth of LAB strains in the presence of bile and in the standard media (This graph was created by measuring the OD value of
microbial cultures every two hours with photometer (Bioscreen C Analysis System) at 600 nm)

@ Springer



2 Page 10 of 15

World Journal of Microbiology and Biotechnology (2023) 39:2

Table 5 Aggregation rates (%) of LAB strains measured over time

Autoaggregation

Coaggregation

Strain E. coli ATCC 25922 L. monocytogenes ATCC 43251
1.h 4. h 1.h 4. h 1.h 4. h
SYM-1 10.5 15 5.3 6.1 1.38 6.57
SYM-2 30.3 31.31 3.49 13.45 1.42 19.29
SYM-3 14.7 30.76 8.04 20.54 2.09 16.09
SYM-4 21.5 27.65 2.81 8.43 1.71 15.66
SYM-5 239 28.26 1.42 12.19 1.72 8.53
SYM-6 16.47 20 1.3 2 1.4 2.59
SYM-7 16.85 24.71 7.8 9.43 1.44 5.66
SYM-8 18.5 30.68 7.8 13.1 2.89 10.71
SYM-9 239 35.41 6.94 17.85 1.7 10.71
SYM-10 2.77 5.55 1.38 5.55 1.38 6.38
SYM-11 37.6 44 6.2 23.07 12.95 23.07
Ent. faecium 29.2 37.5 2.06 34.2 1.36 5.2

toxic to honeybees because these insects lack suitable diges-
tive enzymes [83, 84]. The main nutrients, simple sugars
such as glucose and fructose, are absorbed in the midgut of
the bee, and these potential energy sources can be fermented
through microbial enzymatic activity [85, 86]. Given their
ability to simultaneously participate in the breakdown of
complex polysaccharides and metabolize toxic sugars, the
role of lactic acid bacteria in improving nutritional toler-
ance in honeybees as well as maintaining the health of their
hosts seems remarkable [87—89]. Since these strains were
able to partially or fully utilize all carbohydrates tested
(except trehalose and xylose) and ferment fructose well,
they were accepted as bee microflora-associated bacteria.
Some fructophilic lactic acid bacteria (FLAB) have recently
been assigned to the genus Fructobacillus (F. fructosus, F.
durionis, F. ficulneus, F. pseudoficulneus) and are capable
of fermenting fructose found in fermented foods, flowers
and fruits [90].

The use and applications of the probiotic LAB have
increased tremendously over the past two decades. Exten-
sive screening and characterization is very important in
identifying potential probiotic strains. For a probiotic strain
to be effective and classified as GRAS (Generally Recog-
nized as Safe), it must have certain properties. The most
important selection criteria for probiotics that can be recom-
mended for human use are the ability to survive under diffi-
cult conditions of the gastrointestinal system such as gastric
acid, bile salts, pancreatic secretions, to adhere to the target
area and to have antimicrobial effects against pathogens. A
good probiotic candidate should have the aggregation abil-
ity to prevent colonization of harmful microorganisms in
the host. It should not have pathogenic, toxic, hemolytic or
other significant side effects. LAB strains with easily induc-
ible phages cannot be preferred as probiotic strains because
the fermentation process can be disrupted by bacteriophage
contamination. It is crucial to select probiotic cultures with

@ Springer

natural immunity to bacteriophage infection during the pro-
biotic treatment process or milk fermentation to reduce the
effects of phage infection [91]. In addition to stating that
probiotics intended for humans should be of human origin
in view of species-related health effects [37, 92], some pro-
biotic microorganisms widely used today are not of human
origin, such as Saccharomyces boulardii [15, 21, 37, 93—
95]. In this regard, a decrease in cell density was observed
as a function of pH change simulating the gastrointestinal
system of the strains tested for their probiotic properties
(Fig. 2). While the pH of the empty stomach is 1.5-2.0, dur-
ing the digestion period of about 2 h, the pH of the stom-
ach increases to 3.0 depending on the type and amount
of food ingested. Food digestion takes 5—6 h in the small
intestine (pH 6.6+0.5) and 12-24 h in the large intestine
(pH 7.0£0.7). In other words, the pH of the environment
changes between 1.5 and 8.0 during the digestive process
in the gastrointestinal tract [96]. On the other hand, one F.
fructosus strain showed no viability at pH 7.8, although a
significant decrease in cell density (80%) was observed at
pH 3.0 (Fig. 2). Another important criterion that is often
considered essential for the probiotic strain is the tolerance
to the bile content, which ensures the survival of LAB in the
small intestine [42, 97]. For the selection of human probi-
otics, a mean of 0.3% bile concentration in the medium is
considered the critical concentration high enough to screen
for resistant strains in vitro [45]. With the exception of two
strains associated with 4. kunkeei, all other LAB strains
remained viable after bile salt digestion with an average
inhibition of 43.6% (Fig. 2). The pH and bile tolerance of
the strains are consistent with results from similar studies
[97, 98]. In the analysis carried out to determine the toler-
ance to bile salts, both the viability of the bacteria when
added to the standard medium after 0.3% bile treatment for
4 h and the growth activity in the presence of 0.3% bile for
20 h uninterruptedly, the cell viability of the tested strains
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was 94% compared to the control group. It was able to pro-
tect it with a yield of 50, and it was able to develop in the
presence of bile. It has been proven that the strains inocu-
lated directly into Bile-MRS and followed for 20 h in this
medium have slowed growth, but that these strains exposed
to bile in the previous experiment can preserve their viabil-
ity. In the light of these data, it can be interpreted that long-
term exposure to bile inhibits the growth of the bacterium
and perhaps causes it to lose its viability, but when exposed
to bile for 4 h, the bacterium tolerates these conditions and
maintains its viability. In addition, a decrease in bacterial
growth density was observed depending on the time spent
in the bile content and the reduced amount of nutrients in the
media during the 20-hour incubation, this amount was close
to standard growth values (Fig. 3).

Autoaggregation is the ability of the same strains to
come together to form bulks. The ability of lactic acid bac-
teria to autoaggregate is important in terms of adhesion to
intestinal epithelial cells and barrier formation [46, 56, 99].
The autoaggregation function of probiotic microorganisms
helps to enhance the host’s defense mechanisms in the gut.
A potential probiotic strain is expected to have greater than
40% autoaggregation [57]. Juarez Tomas et al. showed in
their study that temperature increase, growth medium, and
medium pH change can influence the aggregation property
[100]. The results prove that the strains have autoaggrega-
tion activity (Table 5).

Coaggregation is a process by which probiotic strains
compete with pathogens, eliminate them and become
dominant in their environment. It is a remarkable feature
for treating the gut microbiota suffering from dysbiosis. In
particular, microorganisms that have the ability to coag-
gregate with pathogens have a significant advantage over
non-coaggregating microorganisms, which are more easily
cleared from the gut environment [47, 56, 101-103]. Most
of the strains in the study showed promising aggregation
abilities against pathogens due to certain combinations. F.
fructosus and A. kunkeei showed the highest percentage of
coaggregation with E. coli over 4 h. Two strains associated
with A. kunkeei exhibited the highest percentage of coag-
gregation with L. monocytogenes (Table 5). It turns out that
the aggregation rates increase with longer incubation times
(20-24 h) [48, 56, 100, 102, 104].

The ability to aggregate is not the only thing that makes
lactic acid bacteria suitable probiotics for relieving patho-
gens. They must also exhibit antimicrobial properties.
[104]. Various methods are used to determine the antimicro-
bial effects of microorganisms. Solid media are generally
preferred in these methods and the effect of the test culture
is to demonstrate inhibition of growth of an indicator strain
[105]. The inhibitory effect of probiotics against pathogenic
bacteria has been extensively investigated in many studies

[14, 37, 42, 97, 102, 106—108]. Our honeybee-associated
strains showed high antimicrobial activity, particularly
against enteropathogenic bacteria such as E. coli and Sal.
enteritis, and also moderate antimicrobial activity against Y.
pseudotuberculosis, KI. pneumoniae and L. monocytogenes.
Furthermore, effective inhibition was detected on B. cereus,
H. pylori and Myco. smegmatis (Table 4). For strains with
probiotic potential, it is crucial to be resistant to pathogens
such as Salmonella typhimurium, L. monocytogenes, H.
pylori, Staph. aureus and to prevent their colonization and
infection [109].

Although in vitro studies cannot fully prove a probiotic
effect during the selection phase of potential probiotics, they
can be used to characterize a possible potential mechanism,
to determine the safety of probiotic microorganisms, and
to ascertain other information regarding probiotic strains.
Therefore, in vitro studies are the first and most important
step in the evaluation of probiotics [15, 21, 95]. This should
be followed by simulated, randomized, placebo-controlled
in vivo studies in humans [15]. Based on the evaluation of
the research in general, it was found that the selected strains
presented probiotic properties, although these properties
varied by genus, species, and strains. We propose these
strains, primarily honeybee-associated Apilactobacillus
strains, as potential candidates for further in vitro and in
vivo research on their potential health benefits and applica-
tion as novel probiotic additives.
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