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Considering the economic and environmental role played by bees and their present threats it is necessary
to develop food supplements favoring their health. The aim of this work was to isolate and characterize
an immunomodulating probiotic capable to improve the health of honeybee colonies. For this purpose,
bacterial strains were isolated from Apis mellifera bees (N = 180) obtained at three apiaries. A total of
44 strains were isolated and 9 of them were identified as Lactobacillus having the capacity to grow under
saccharose osmotic stress, at pH 4.0 and possessing a wide susceptibility to antibiotics. Results allowed to
select two strains but finally only one of them, strain A14.2 showed a very significant immunomodulating
activity. This strain increased the expression of mRNA codifying the antimicrobial peptides 24 h post-
administration. We evaluated its growth kinetics under aerobic and microaerobic conditions and its sur-
vival in the presence of high concentrations of saccharose. Results demonstrated that Lactobacillus casei
A14.2 strain was highly tolerant to oxygen and that it was able to adapt to saccharose enriched environ-
ments (50% and 100% w/v). Finally, L. casei A14.2 strain was administered monthly during summer and
early fall to 4 honeybee colonies (2 controls and 2 treatments). The results showed a gradual sustained
decrease of infestation (p < 0.05) by the pathogenic Nosema spp. but no reduction in the infestation by
the mite Varroa destructor. These results suggest that the administration of this potential probiotic,
may increase the resistance of honeybee colonies to infectious diseases caused by Nosema spp.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction royal jelly and bee venom (Alberoni et al., 2018; Cornara et al.,
Apis mellifera is considered an important worldwide pollinator
which contributes to the diversity and quality of the human diet
and also is a producer of a series of goods, such as honey, propolis,
2017). Regarding its economic importance, the government of
the USA estimates the year social gain of the honeybee ranges
between US $ 1.6 and 5.7 billion (Chopra et al., 2015). On the other
hand, the dependence of the agricultural sector on the pollinizing
services is as well considerable, being valued in the range of US
$14.2 to 23.8 billion (Southwick and Southwick, 1992).

A number of reasons have considerably reduced the populations
of honeybees during the last years, causing the colony collapse dis-
order (CCD). CCD is characterized by the rapid death of worker
bees, high record of deaths in the vicinity of the colonies and finally
a kleptoparasitism by nearby colonies (vanEngelsdorp et al., 2017).
Factors associated to the development of this disease include mal-
nutrition by monocultures, and the presence of agrochemical, such
as the indiscriminate use of pesticides), making it a multifactorial
phenomenon (Kane and Faux, 2021; Rucker et al., 2019). Besides,
A. mellifera is subjected to a series of pathologies caused by patho-
gens, such as Nosema spp. Negative effects of nosemosis include
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reduction of productivity and longevity of adult bees and affect
brood rearing and bee behavior. On the other hand, Varroa destruc-
tor, reduces the reproductive capacity and the general fitness of the
colony (Hristov et al., 2020). Therefore, it becomes necessary to
consider different treatments to avoid the pathologies affecting
apiaries. Depending on the legislation of different countries, a vari-
ety of antibiotics and/or pesticides are usually used to protect bees,
but they may have adverse effects on the survival of the colony
and, at the same time, in the quality of the products (El-Nahhal,
2020). The presence of traces of pesticides such as insecticides,
fungicides, herbicides and acaricides, has been reported in the
honey (El-Nahhal, 2020). It has also been reported that oxalic acid,
used by the beekeepers in Varroa control treatment, can produce a
number of problems to beehives, including a reduced longevity
(Rademacher et al., 2017). On the other hand, the constant use of
antibiotics can alter the microbiota present in bees, which may
have a negative impact in their immune system (Daisley et al.,
2020). The immune system of bees includes a physical and a
humoral barrier (Tihelka, 2018). The latter includes antimicrobial
peptides (AMPs) which provide protection against pathogens
(Tihelka, 2018). Two essential mechanisms of action of AMPs are
the breakdown of the membrane of prokaryotes and the inhibition
of translation of proteins or affecting their proper folding in bacte-
ria (Tihelka, 2018).

Considering the above, the constant use of the presently used
treatments, although being effective against pathogens, involve
several adverse effects including flight, the reproductive capacity
of queens, ability to learn, reduced pollinizing capacity and affected
communication capacities (Daisley et al., 2020; Larsen et al., 2019;
Mullin et al., 2010). Therefore, it is important to search for new
alternatives capable to be a complement or a substitute to the
present-day options. Under this scenario, it is possible to consider
the use of probiotics, live bacteria which when consumed in ade-
quate quantity provide benefits to the host (Ganguly et al., 2011).
Themost widely used bacterial species to develop probiotics belong
to the genus Lactobacillus (Widyastuti et al., 2021), and they are
abundant in the gastrointestinal (GI) tract of bees (Nowak et al.,
2021). A specific type of probiotics, the immunobiotics provide a
benefic immunomodulation to the host (Clancy, 2003).

The use of probiotics in bees has shown promising results (Han
et al., 2022; Motta et al., 2022). For example, the use of probiotics
has increased the population of bees and/or the yield of honey
per colony (Audisio and Benítez-Ahrendts, 2011; Fanciotti et al.,
2018). Other studies have shown that bacterial strains increase
the expression of AMPs in A. mellifera; nevertheless, the effect of
immunomodulating strains on the sanity of commercial beehives
has not yet been described (Evans and Lopez, 2004; Maruščáková
et al., 2020).

A. mellifera is a worldwide important insect but honeybee colo-
nies are presently affected by various threats and current treat-
ments have negative consequences on the health of bees.
Therefore, the aims of the present work were to isolate and charac-
terize Lactobacillus strains showing immunobiotic potential and to
perform a pilot study administering the strain showing the best
characteristics as a nutritional supplement to honeybee colonies
to analyze its capacity to control infections in commercial beehives.
2. Materials and methods

2.1. Characterization of bacterial strains isolated from the
gastrointestinal (GI) tract of bees

2.1.1. Isolation of bacterial strains from the GI tract of bees
All the experiments and methods were designed with the aim of

minimizing animal suffering. Bees were collected from three
2

apiaries (located at the localities of Nonguen, Lorenzo Arenas and
Pedro del Rio Zañartu) in the province of Concepcion, Chile,
between January and April 2018. The three apiaries are under the
management of the same beekeeper (Figure S1). The apiaries were
selected considering two factors. One of them was their proximity
to the laboratory, to maintain the samples integrity during trans-
portation. The other consideration was to sample apiaries sur-
rounded by different vegetation to improve the possibility of
collecting microbiotas with variations in their bacterial composi-
tion; therefore increasing the probability to find probiotics strains.
In each apiary, bees were collected at three hives. Twenty foraging
bees were collected at each hive to isolate possible probiotic
strains. Foraging bees were selected because they confront the
most adverse conditions and they contain bacteria belonging to
genus Lactobacillus, known to include potentially probiotic strains.
Twenty bees per hive, thus totaling 180 bees, were considered a
representative number of individuals to isolate possible probiotic
strains. The foraging bees collected at each hive were immediately
transported at 4 �C to the Laboratory of Bacterial Pathogenicity,
Department of Microbiology, Faculty of Biological Sciences, Univer-
sity of Concepcion, Concepcion, Chile. Once at the laboratory, they
were subjected to 4 �C for 20 min.Their digestive tracts were asep-
tically extracted in a biosafety chamber, macerated in a sterilized
mortar containing sterile phosphate buffered saline 1X (PBS), pH
7.3. The macerate was placed in plates containing Man-Rogosa-
Sharpe (MRS) agar (Difco, France) and incubated under microaero-
bic conditions (10% CO2) at 37 �C for two to five days (Olofsson and
Vásquez, 2008). Colonies showing a macroscopic and microscopic
morphology similar to that of Lactobacilluswere isolated by succes-
sive subcultures in MRS agar until pure bacterial cultures were
obtained. Pure cultures were maintained in MRS broth (Difco,
France) plus 20% (v/v) sterile glycerol (Merck KGaA, Darmstadt,
Germany) at �20 �C until analysis.
2.2. Identification of Lactobacillus strains isolated from the GI tract of
bees

The identification of the pure cultures was done by means of
PCR amplification of the DNA obtained from the isolated colonies.
For this, the SapphireAmp Fast PCR Master Mix kit was used
(TAKARA BIO INC, Japan) following the indications of the manufac-
turer. The PCR conditions are indicated in Table S1. LbG primers,
which allow to identify the different species of the genus Lacto-
bacillus (Table S2) were used. The products of the amplification
were analyzed after agarose gel electrophoresis (1.5% p/v) visual-
ized under a UV transilluminator (ENDUROTM GDS). Strains posi-
tive for the genus Lactobacillus were characterized in accordance
with their tolerance to saccharose, pH and their susceptibility to
antibiotics.
2.3. Tolerance of Lactobacillus to high concentrations of saccharose

Strains belonging to genus Lactobacillus were seeded in MRS
broth supplemented with 25% or 50% w/v saccharose. Throughout
the text, 25%, 50% and 100% w/v saccharose correspond to 250, 500
or 1000 g of saccharose in 1 L of water, respectively, MRS broth
alone was used as control. Lactobacillus strains were suspended
at a concentration equivalent to 0.5 McFarland and incubated for
24 h at 37 �C under aerobic conditions and then the turbidity of
the culture was evaluated after 24 h incubation. The following cri-
teria were used to evaluate the bacterial growth: (-): no growth,
(+): low growth, (++): medium growth, (+++): high growth, (+++
+): very high growth.
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2.4. Resistance of Lactobacillus strains isolated from the GI tract of
bees to acidic pH

Lactobacillus strains were seeded, at a concentration equivalent
to 0.5 McFarland in MRS broth adjusted to pH 4.0 (using 1 M HCl)
or pH 6.9 (using 1 M NaOH), corresponding to the pH of the GI tract
of bees, and incubated at 37 �C under aerobic conditions for 24 h.
Then, the turbidity of the medium was analyzed as evidence of
growth. The turbidity was evaluated following the same procedure
described previously (Refer to section 2.3).

2.5. Profile of the antibiotic susceptibility of Lactobacillus strains
isolated from the GI tract of bees

The antibiotic susceptibility of Lactobacillus strains isolated
from the GI tract of bees was evaluated using the following antibi-
otics: Cefotaxime, Ampicillin, Gentamicin, Chloramphenicol, Kana-
mycin, Amikacin,-sSulfamethoxazole-Trimethoprim, Ciprofloxacin,
Colistin, Rifampicin, Vancomycin, Neomycin, Streptomycin, Efroto-
mycin, Clarithromycin and Penicillin (Oxoid, Thermo Fisher Scien-
tific, Waltham, MA, USA). Bacterial suspensions of the strains to be
assayed were prepared at a concentration equivalent to 0.5 McFar-
land in sterile saline solution. One hundred lL of the bacterial sus-
pension were seeded on MRS agar containing dishes and a
maximum of 5 antibiotic disks were placed per dish. Then, dishes
were incubated under microaerobic conditions at 37 �C for 48 h.
After 48 h incubation, the zones of inhibition were measured and
recorded in mm. The criterium to evaluate susceptibility was the
one described by (Georgieva et al., 2008) expressing sensitivity as
R (resistant); MS (intermediate sensitive)- zone of inhibition
between 7 and 16 mm; S (sensitive) zone of inhibition between
16 and 25 mm; SS (highly sensitive) zone of inhibition over
25 mm; ND not determined.

2.6. Modulation of AMPs expression in the GI tract of bees by
Lactobacillus strains

To determine which probiotic strains showed the capacity to
modulate the immune system of the A. mellifera bees, two strains
(A14.2 y A8.2) were selected based on of the characteristics shown
by them in the previous assays.

2.7. Bioassay cages

The methodology of Williams et al., (2013) with modifications
was used to build the cages. Six cages, capable to sustain the
worker bees for 5 days, were manufactured in the laboratory using
transparent 300 mL plastic containers which were placed inverted,
with their caps facing down. Two orifices were made, one at the
top of the cage for feeding purposes to allow the administration
of 50% w/v saccharose, and the second orifice, on the side of the
cage, allowed to introduce the water supply. The feeders were
manufactured using 1.5 mL Eppendorf tubes (Fleming et al.,
2015). Also, two 15 mL Falcon tube caps were added, one contain-
ing 1 mL tap water and one containing 1 mL 50% w/v saccharose.
Beeswax was added at the interior top of the cages. Ventilation ori-
fices were made and covered with a plastic mesh. Cages were
placed on Petri dishes and fixed in place using adhesive tape (Fig-
ure S2) (Williams et al., 2013).

Ten foraging worker bees, obtained from ‘‘Apiario Nonguén”
(Nonguén valley, Concepcion), were placed inside each cage. Cages
were divided into three groups, named A, B or C, of 2 cages each. On
day 1, group A bees were administered 1x105 CFU/mL of the strain
A14.2 in 50% w/v saccharose, while group B was administered
1x105 CFU/mL of the strain A8.2 in 50% w/v saccharose and group
C (control) received only 50% w/v saccharose. Bee cages were
3

maintained at 37 �C in a humidified incubator adjusted to a humid-
ity of 60–70% (Williams et al., 2013). From day 2 onwards, all
groups received 50% w/v saccharose (Iansa, Santiago, Chile). The
bees of one cage of each group were sacrificed after 24 h and the
other cage on day 5 post administration of the bacterial strains.
For this, bees were kept at 4 �C for 20 min and then the GI tracts
were extracted from seven bees from each cage. The GI tracts were
maintained in Ambion RNAlater buffer (Invitrogen, Carlsbad, CA,
USA) at 4 �C for 24 h and then at �80 �C until further processing.

2.8. RNA extraction and cDNA synthesis

Whole GI tracts from each bee was removed, resuspended in
1 mL Trizol reagent (TRI reagent) (Sigma-Aldrich) and homoge-
nized using a Precellys Evolution homogenizer (Bertin Technolo-
gies) (Kit Precellys CK-14) for 3 cycles of 15 s each at 6500 rpm,
with a 10 s pause between cycles. RNA was extracted using Trizol.

Samples were resuspended in 50 lL of nucleases free water and
quantified measuring their absorbance at 260 and 280 nm (Syn-
ergy 2, BioTek, USA), and stored at �80 �C until use. The cDNA
was synthetized according to the protocol of M�MLV Reverse
Transcriptase (Thermo FisherScientific Inc) provided by the manu-
facturer using 0.5 lg RNA per sample as template. The samples of
cDNA were stored at �20 �C until use.

2.9. Gene expression analysis (qPCR)

The expression of the abaecin, defensin I, defensin II, apisimin and
hymenoptaecin genes was evaluated with specific primers
(Table S3). To normalize the data according to the total amount
of RNA in each sample an analysis of the consistently expressed
Alpha tubulin was performed. Amplification was carried out in a
25 lL reaction volume containing 12.5 lL SYBR Green Master
Mix 2X (Applied Biosystems), 2 lL cDNA (diluted 10X), 8.5 lL
water and 1 lL (200–600 nmol) of each gene-specific primer. The
experimental protocol consisted of an initial denaturation at
95 �C for 10 min, followed by amplification including 40 cycles of
3 steps: denaturation at 95 �C for 30 s, annealing at 60 �C for
1 min and extension at 72 �C for 30 s. The specificity of the PCR
products was verified by melting curve analysis for all samples.
Relative normalized expression was calculated by the
‘’2 � DDCT’’ method. Results of the gene expression experiment
conducted in triplicates were expressed as mean ± standard devi-
ation (SD).

2.10. Growth characteristics of the selected strain with
immunomodulating activity

2.10.1. Growth kinetics of the selected probiotic strain A14.2 under
aerobic and microaerobic conditions

The growth kinetics strain A14.2, was determined under aerobic
and microaerobic conditions using the microdrop technique
(Herbert, 1990). For this, the strain was seeded, by streaking, in
dishes containing MRS agar and then incubated for 48 h under
microaerobic condition. A 108 CFU/mL bacterial suspension was
prepared in 5 mL sterile saline solution and 500 lL of this suspen-
sion were added to sterile flasks containing 50 mL MRS broth each
to obtain an initial concentration of 106 CFU/mL. Flasks were incu-
bated under microaerobic and aerobic conditions at 37 �C for 48 h
and dilutions up 10-5were prepared at times 0, 2, 4, 6, 8, 10, 12, 14,
16, 18, 20, 22, 24 y 48 h and 10 lL were seeded, by triplicate, of
each dilution in dishes containing MRS agar. Dishes were incu-
bated at 37 �C under microaerobic conditions and the data
obtained allowed to calculate the growth velocity (l) (h�1) of the
strain and its duplication time (dt).
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2.11. Survival curve of strain A14.2 in MRS broth supplemented with
50 or 100% w/v saccharose

To evaluate if the selected probiotic strain A14.2 was able to
survive at different concentrations of saccharose, the following
assay was performed. Dishes containing MRS agar were seeded,
by streaking, and incubated under microaerobic condition for
48 h. A 108 CFU/mL bacterial suspension was prepared in 5 mL
sterile saline solution and 500 lL of this suspension were added
to sterile flasks containing 50 mL MRS broth supplemented with
50% or 100% w/v saccharose each to obtain an initial concentration
of 106 CFU/mL. Dilutions up to 10-5 were prepared at times 0, 2, 4,
6, 8, 10, 12, 14, 16, 18, 20, 22, 24 and 48 h and 10 lL of each dilu-
tion were seeded, by triplicate, in dishes containing MRS agar.
Dishes containing the microdrops were incubated at 37 �C under
aerobic conditions for 48 h and finally the number of colonies
was counted.

2.12. Pilot study of the putative probiotic effect of L. casei A14.2 on the
health status of A. mellifera evaluated in a commercial apiary

2.12.1. Bacterial dose and administration
The methodology of Audisio & Benítez-Ahrendts (2011) with

some modifications was used. A 105 CFU/mL dose of the probiotic
strain was administered in 100% w/v saccharose. The administra-
tion was done once every 30 days during 3 months including sum-
mer and early fall. The A14.2 strain was always administered on
the same day and at the same time to the four hives considered
in the study which were subjected to the same feeding conditions,
location, and supervision except for the sun exposure. Group 1
included beehives with more exposition to the sun while Group
2 were less exposed to the sun being more time under the shadow
(Audisio and Benítez-Ahrendts, 2011). Two groups of two hives
each were analyzed, one group was administered with probiotic
and the other group (control) was administered only saccharose.

2.12.2. Quantification of the infestation by Varroa destructor
The percentage of infestation by V. destructor was determined

once a month during a 3-month period including summer and
early fall (except January due to technical problems). Using con-
tainers with 70% v/v ethanol, bees were collected from treated
and non-treated hives. Approximately 200 bees were transferred
to another container and soapy water was added until all bees
were immersed, and the container was agitated for 1 min to detach
the adhered mites. Then, the content of each container was poured
on a 2.8 mm mesh placed on top of a white fabric to collect the
bees on the mesh and the mites on the fabric. Finally, the bees
and mites were counted (Dietemann et al., 2013). The infestation
percentage was calculated as the quotient between the number
of mites and the number of bees analyzed multiplied by 100. In
January 2019, all hives were treated against V. destructor using oxa-
lic acids sublimation.

2.12.3. Quantification of the infestation by Nosema spp.
Infestation by Nosema spp. was determined once a month, dur-

ing a 4 months period including summer and early fall. Twenty
bees were collected from each colony, their abdomens cut and
placed on a sterile mortar containing 5 mL sterile distilled water
to be macerated until a homogeneous product was obtained. From
this macerate a 15 lL aliquot was obtained and placed on a Neu-
bauer chamber to count the spores using an optical microscope
set at 400X. Then, the following formula was used:

Z ¼ a=b� d� 250:000
4

where: Z = number of spores per bee, a = total spores counted,
b = number of squares of the Neubauer chamber counted and d = di-
lution factor (OIE - World Organisation for Animal Health, 2008).

2.13. Statistical analysis

The number of replicates for each experiment is mentioned in
the respective Sections. For standard deviation and statistical sig-
nificance, calculations and preparation of figures, Infostat and
GraphPad Prism 7 software were used. Two-way ANOVA plus Bon-
ferroni post-test was used to analyze the RT-qPCR assay. Paired
Two-tailed t-test was used to analyze the growth kinetics of
A14.2 strain. Two-way ANOVA multiple comparisons were used
to analyze the results of Nosema spp. infestation in hives, compar-
ing each mean of control and treatment, after data normalization.
All the analyses were performed with 95% confidence and results
were considered significant when p < 0.05.

3. Results

3.1. Isolation and identification of Lactobacillus strains isolated from
the GI tract of bees

In accordance with the selection criteria, 44 strains were iso-
lated from the GI tract of A. mellifera bees. All isolates were Gram
positive microorganisms having a bacillar morphology, forming
white circular colonies and shiny in MRS agar (Figure S3). After
the molecular identification, 9 strains (20.5%) were ascribed to
the genus Lactobacillus, because the 750 bp amplicon of interest
was present in them (Figure S4).

3.2. Tolerance of the Lactobacillus strains isolated from the GI tract of
bees to high saccharose concentrations

The nine Lactobacillus strains were subjected to the presence of
high saccharose concentrations in the culture medium. All of them
(100%) showed to be able to grow under saccharose caused osmo-
tic stress (Table 1). In most cases, the turbidity of cultures supple-
mented with saccharose exceeded the turbidity of controls
cultured in MRS broth alone (Table 1).

3.3. Resistance of Lactobacillus strains isolated from the GI tract of
bees to acidic pH

All strains were able to grow at pH 4.0 (Table 2), and 66.7% of
them showed a high or very high growth under this pH condition
(Table 2). The A14.2 strain was the one reaching the highest turbid-
ity, implying the best growth, followed by LU2.3, A16.3, A11.1 and
A10.3 strains showing a high growth (Table 2).

3.4. Profile of antibiotic susceptibility of Lactobacillus strains isolated
from the GI tract of bees

Table S4 shows the susceptibility to antibiotics profile of Lacto-
bacillus strains assayed. All of them showed a range between inter-
mediate to highly sensitive for most of the antibiotics tested.

3.5. Modulation of the expression of AMPs in the GI tract of bees by
Lactobacillus strains

The results obtained in the previous assays allowed to select
two Lactobacillus strains, A14.2 and A8.2. The modulation of AMPs
expression was analyzed by RT-qPCR. Results indicated that the



Table 1
Growth of Lactobacillus strains isolated from the gastrointestinal tract of bees subjected to high concentrations of saccharose in MRS broth.

N� Strains MRS Broth (control) Saccharose 25% Saccharose 50%

1 LU2.3 – ++ ++
2 A10.3 + ++ ++
3 A8.2 + ++ ++
4 A7.2 + ++ ++
5 A21.2 + ++ ++
6 A11.1 +++ ++ ++
7 A16.3 + +++ ++
8 A10.2 + +++ ++
9 A14.2 ++++ +++ ++

MRS broth: Man, Rogosa and Sharpe broth, (-): no growth, (+): low growth, (++): moderate growth, (+++): high growth, (++++): very high growth.

Table 2
Growth, at pH 4 or 6,9, of te Lactobacillus strains isolated from the gastrointestinal
tract of foraging bees.

N� Strains pH 4.0 pH 6.9

1 A7.2 ++ +++
2 LU2.3* +++ +++
3 A16.3* +++ +++
4 A11.1* +++ +++
5 A14.2* ++++ +++++
6 A8.2 ++ +++
7 A21.2 ++ +++
8 A10.2* +++ +++
9 A10.3* +++ +++

(-): no growth, (+): low growth, (++): moderate growth, (+++): high growth, (++++):
very high growth.
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treatment of bees with the A14.2 strain significantly increased the
expression of mRNA for the AMPs Abaecin (p < 0.0001) and Defen-
sin I (p < 0.001) in the GI tract of bees 24 h post administration
(Fig. 1). No changes in the expression levels of mRNA were
observed when the peptides were analyzed on day 5 (120 h) post
administration of the strain A14.2. No changes were observed on
the expression levels of mRNA on day 2 and day 5 for the analyzed
peptides after administration of the A8.2 strain.

Therefore, considering its immunomodulatory activity, the Lac-
tobacillus A14.2 strain was selected to continue with the following
assays. This strain was sequenced by an external institution and
identified as Lactobacillus casei A14.2 (now known as Lacticas-
eibacillus casei) [35].
3.6. Growth kinetics of Lactobacillus casei A14.2 strain under aerobic
and microaerobic conditions

Fig. 2 and Table S5 show the growth kinetics and parameters for
the A14.2 strain cultured under microaerobic or aerobic conditions.
Results demonstrated that the growth of this strain under one or
the other condition is similar (p > 0.05). Thus, the strain L. casei
A14.2 is tolerant to oxygen. Its exponential phase growth occurs
between 12 and 14 h of culture (Fig. 2), time in which it must be
harvested for administration.
3.7. Survival curve of L. casei A14.2 strain in MRS broth supplemented
with 50% or 100% w/v saccharose

As shown by Fig. 3 the strain L. casei A14.2 remains viable at
least for 48 h when subjected to concentrations of 50% w/v or
100 % w/v saccharose. Moreover, at a concentration of 50% w/v sac-
charose, after 24 h of incubation the exponential phase of the strain
started in this medium. This indicates the high tolerance and
adaptability of L. casei strain A14.2 to environments enriched with
saccharose.
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3.8. Quantification of the infestation by V. destructor

The percentage of the infestation by V. destructor varied during
the months of the intervention in the groups 1 and 2 of honeybee
colonies. At the end of the study, the infestation percentage was 0%
and 2% for the controls and for the beehives treated 0% and 1% for
group 1 and 2, respectively (Fig. 4).
3.9. Quantification of the infestation by Nosema spp.

Regarding the levels of infestation by Nosema spp., the treated
beehives showed a steady decrease of the infestation (Table 3). In
general, noticeably decrease in the count of spores was observed
after 30 days after the first administration of the strain A14.2 in
the beehives of both groups (Table 1). Beehives fed only saccharose
showed no clear decrease or increase of infestation by the patho-
gen (Table 3). At the end of the three months of administration
of the strain A14.2, the controls showed an average level of infes-
tation of 1 million spores per bee, as compared to the treated group
whose average counts were only thirty thousand spores per bee
(Table 3).

Fig. 5 shows the data with respect to time zero, demonstrating a
significant decrease (p < 0.05) in the number of spores per bee in
the treated hives. In general, these results suggest that the strain
A14.2 has the potentiality to control the infestation of Nosema
spp. in bees.
4. Discussion

The relationship between microbiota and health related mech-
anisms in bees caused the intestinal microbiota of bees to become
a relevant issue in recent years (Nowak et al., 2021). Among the
significant functions of the microbiota of bees is possibly to men-
tion the degradation and use of pollen, the breakdown of toxic
compounds and the ability to avoid colonization by pathogens
(Royan, 2019). Therefore, the isolation of bacteria from the micro-
biota of bees to search for those strains having probiotic character-
istics to improve the health of bees is an attractive proposal for the
beekeeping industry (Di Gioia and Biavati, 2018). Specifically, the
immunomodulating strain isolated and characterized in the pre-
sent study(A14.2) belongs to Lactobacillus casei, a species associ-
ated to probiotic characteristics ranging from the treatment for
atopic dermatitis to cancer (Hill et al., 2018).

The characteristics of L. casei strains include surviving in a great
variety of hostile environments, such as acidic stress (Nezhad et al.,
2015). This is a relevant factor for our study because its aim was to
isolate a strain to be subjected to conditions of the the GI tract of
bees whose pH varies between 5 and 6.8 (Zakaria, 2010). Particu-
larly, the strain A14.2 remains viable under an acidic pH and its
growth at a pH of 4.0 or 6.9 was better than that of other strains
evaluated. This characteristic of L. casei strains has been associated



Fig. 1. Effect of Lactobacillus A14.2 and A8.2 strains on the expression of antimicrobial peptides after or 120 h post probiotic administration. One mRNA Expression (Fold-
Change) corresponds to the basal level of AMPs genes expression. Statistical significance is indicated as: * p < 0.05, ** p < 0.01, *** p < 0.001>, **** p < 0.0001.
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to the expression of metabolic pathways and surface proteins
involved in the adaptation to the acidic stress (Nezhad et al.,
2015). Among these pathways, stand out those related to the meta-
bolism of carbohydrates, whose glycolytic enzymes allow these
bacteria to generate enough energy to grow when subjected to a
low pH condition (Nezhad et al., 2015).

When characterizing a potential probiotic strain, it is necessary
to evaluate its susceptibility to antibiotics because they might have
and transmit resistance determinants (Campedelli et al., 2018). The
strain A14.2 was susceptible to most antibiotics assayed, being
resistant only to four antibiotics: Kanamycin, Sulfamethoxazole-
Trimethoprim, Colistin and Vancomycin. Resistance to Vancomycin
has been described in Lactobacillus species and it is associated to
changes in the terminal D-alanine/ D-alanine residue present in
peptidoglycan in which D-alanine is replaced by the residues D-
lactate or D-serine, preventing the action of the antibiotic
(Delcour et al., 1999). The resistance to Vancomycin is considered
as intrinsic and, since it is codified in the chromosome, it is not
transmissible (Zhou et al., 2005).
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The resistance to Sulfamethoxazole-Trimethoprim has also
been described as intrinsic within the genus Lactobacillus (Katla
et al., 2001). Sulfamethoxazole-Trimethoprim inhibits the meta-
bolic pathway which synthetizes folic acid (Katla et al., 2001). Lac-
tobacillus strains have complex nutritional requirements, including
the presence of purines to grow, not possessing a metabolic path-
way affected by the mechanism of action of Trimethoprim (Katla
et al., 2001), making many Lactobacillus strains naturally resistant
to this antibiotic. Finally, the resistance against aminoglycosides
(such as Kanamycin) and Polymyxins (such as Colistin) is widely
distributed in the Lactobacillus genus and, as both previously men-
tioned antibiotics, is considered as intrinsic (Anisimova and
Yarullina, 2019; Das et al., 2020).

When selecting a probiotic for bees, its ability to resist high sac-
charose concentrations is an important consideration because dur-
ing periods with reduced availability of flowers the beekeepers
usually supplement the diet using carbohydrates, such as saccha-
rose (Taylor et al., 2019). Diets based mainly in saccharoseaffect
the presence of bacterial populations in the intestinal microbiota



Fig. 2. Growth kinetics of strain A14.2, expressed in Logarithm of Colony Forming Units (CFU) per milliliter per hour of bacterial growth. Curves corresponding to
microaerobic, and aerobic conditions are presented.

Fig. 3. Growth kinetics of strain A14.2, expressed in Logarithm of Colony Forming Units (CFU) per milliliter per hour of bacterial growth in MRS broth supplemented with 50%
or 100% w/v saccharose.

Fig. 4. Quantification of infestation by V. destructor at a commercial apiary during 3 months of administration of the probiotic strain L. casei A14.2. A) Group 1 of hives (more
sun exposure). B) Group 2 of hives (less sun exposure).
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of bees, favoring the presence of bacteria belonging to the family
Lactobacillaceae and to the genus Lactobacillus (Taylor et al.,
2019; Wang et al., 2020). In this study we observed that strains
7

A14.2, A10.2 and A16.3 increased their growth when subjected to
25% w/v saccharose when compared to the control. It has been pre-
viously described that the presence of oligosaccharides favors the



Table 3
Number of Nosema spp. spores per bee.

Treatment Mean Spore Number (Spores/Bee) ± SD

Time 0 1 Month 2 Month 3 Month

Group 1 Negative control 0.0x100 ± 0.0x100 2.4x106 ± 5.3x105 1.9x105 ± 2.7x105 1.9x106 ± 1.8x105

Probiotic 2.0x107 ± 9.7x105 1.7x106 ± 5.3x104 2.6x106 ± 5.3x105 6.3x104 ± 8.8x104

Group 2 Negative control 7.5x105 ± 0.0x100 1.5x106 ± 1.8x105 3.8x106 ± 8.8x104 5.0x105 ± 1.8x105

Probiotic 9.4x105 ± 2.7x105 1.9x105 ± 8.8x104 6.3x104 ± 8.8x104 0.0x100 ± 0.0x100

Bees were fed with saccharose (negative control) or saccharose containing probiotics.

Fig. 5. Quantification of infestation by Nosema spp. at a commercial apiary during 3 months of administration of the probiotic strain L. casei A14.2. A) Group 1 of hives (more
sun exposure). B) Group 2 of hives (less sun exposure). Statistical significance is indicated as: * p < 0.05, ** p < 0.01, *** p < 0.001>, **** p < 0.0001.
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growth of some strains of Lactobacillus with potential probiotic
activity and producers of lactic acid (Davoodi et al., 2016). All
strains evaluated showed a moderate growth when exposed to
50% w/v saccharose(i.e. tolerated high saccharose concentrations).
Strain A14.2,for which survival curves in the presence of 50% and
100% w/v saccharose were determined. Demonstrated that it is
able to survive, and even to grow, in the presence of 50% w/v sac-
charose, suggesting that it is highly tolerant to the osmotic stress
by saccharose.

It has been reported that bacteria such as Lactobacillus, Bifi-
dobacterium and Gilliamella, symbionts present in the gut of bees,
participate in the fermentation of complex carbohydrates and sac-
charoses which bees cannot digest (Kwong and Moran, 2016).
These bacteria possess genes codifying, glycoside hydrolases and
polysaccharide lyases, among other carbohydrate degrading
enzymes (Engel et al., 2012; Kešnerová et al., 2017; Kwong et al.,
2014; Lee et al., 2015). This may facilitate the manufacture of a
probiotic food supplement for bees because strain A14.2 could be
stored in a matrix containing high concentrations of saccharose
and be added directly to the saccharose usually feed to the bee-
hives without modifying the formula regularly used by beekeepers.

Regarding the immunity of A. mellifera, i unfavorable environ-
mental conditions and pesticides make bees susceptible to patho-
genic microorganisms (Nowak et al., 2021). Innate immunity of
insects is an evolutionary conserved strategy providing prompt
responses against invading pathogens (Evans et al., 2006). In par-
ticular, AMPs are key components of the humoral immunity of bees
(Tihelka, 2018). These components are mainly regulated by the
intracellular signaling pathways Toll and Imd/JNK (Evans et al.,
2006).

It has also been demonstrated that lactic acid bacteria present
in the intestinal community play an important role in the regula-
tion and health equilibrium of bees (Kwong and Moran, 2016). In
particular, the connection between the microbiota and the modu-
lation of cells associated to immunity protects against pathogens
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modulating the expression of AMPs. AMPs damage the membrane
of invasive cells (Cederlund et al., 2011) and inhibit the translation
or folding of bacterial proteins (Tihelka, 2018). This study evi-
denced that the L. casei A14.2 probiotic strain is capable to modu-
late the immune system of A. mellifera. After 24 h of administering
the L. casei A14.2 strain theexpression of genes codifying the AMPs
Abaecin and Defensin I, participants of the immune response in
bees, increased significantly. This modulation of the expression of
immunity mediators was observed by Maruščáková and coworkers
after administering the probiotic strain Lactobacillus brevis B50 in
pollen, with a concomitant increase of the proportion of lactic acid
bacteria and enterobacteria in the gut of bees (Maruščáková et al.,
2020). With respect of the other two genes evaluated, apisimin and
hymenoptaecin, on the contrary to the report of Kwong and
coworkers, who reported that the strains Snodgrassella alvi wkB7
and Gilliamella apicola wkB7 strongly modulated the expression
of these genes (Kwong et al., n.d.), we did not observe their modu-
lation by the strain L. casei A14.2. Thus, it is possible to suggest that
the regulation of immune responses of bees by different members
of the microbiota can be mediated by different mechanisms and be
strain dependent (Evans et al., 2006; Kwong et al., n.d.).

With respect to the peptides modulated, I is related to the
defense against parasites (Hristov et al., 2020). Therefore, the
administration of the probiotic L. casei A14.2 strain may protect
bees from the parasite V. destructor, the main pathogen presents
in beehives (Hristov et al., 2020). Defensin I is also related to the
‘‘social” immune system of bees; therefore, it may provide an adap-
tive advantage for the beehive because, since it acts as a superor-
ganism, also Defensin I is directly related to the behavior and
salubriousness of the beehive (Bonoan et al., 2020; Simone-
Finstrom, 2017). Moreover, in bees this peptide is associated to
the Toll type receptors by means of the DORSAL genes which are,
in turn, related to the defense against Gram positive bacteria which
are recognized by their specific peptidoglycan molecules (Lourenço
et al., 2018). The activation of these pathways by the strain A14.2
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could confer resistance to the beehives against the infection of
Gram-positive pathogens, such as Paenibacillus larvae (Huang
et al., 2021).

With respect to Abaecin, it is regulated by the intracellular sig-
naling pathway Imd/JNK and it is connected with the individual
immunity against parasites and Gram-positive bacteria, contribut-
ing to maintain the colonies more resistant and healthier (Tihelka,
2018). Hence, an appropriate modulation of the expression of both
peptides (Defensin I and Abaecin), should play an important role in
the survival of the beehive, selectively protecting it against differ-
ent pathogens (Evans et al., 2006; Hinshaw et al., 2021).

The intestinal microbial community of bees is horizontally
transmitted by social contact, as it is in mammals (Kwong and
Moran, 2016). Therefore, the administration of probiotics mayde-
termine the composition of the microbiota (Kwong et al., n.d.),
reinforcing the individual immune system of bees and the social
one of the beehives to maintain the homeostasis of the microbiome
and improve the health of bees (Arredondo et al., 2018;
Maruščáková et al., 2020).

The desired characteristics of a probiotic strain include its
capacity to resist different stressing conditions, including environ-
mental conditions of the host and those involved in the production
of the probiotic product itself (de Melo Pereira et al., 2018). A factor
increasing the production cost of a probiotic is the expensive fer-
mentation of anaerobes which negatively affects an increase in
the production of biomass (Ren et al., 2019).The growth of L. casei
A14.2 was studied under microaerobic and aerobic conditions and
no significant differences in growth were found when comparing
both conditions. Oxygen tolerant phenotypes have been described
in L. casei and they could be exploited in the food industry (Zotta
et al., 2017, 2014). Moreover, an increased biomass production
was reported when the L. casei N87 strain was cultured under aer-
obic conditions (Siciliano et al., 2019). Thus, it is possible to con-
sider feasible to escalate the production of L. casei strains to be
used as widespread probiotics in the future.

V. destructor is the most infecting mite for bees (Hristov et al.,
2020). It causes direct damage to bees, consuming and digesting
their fat body (Ramsey et al., 2019). Hence, a moderate infestation
by this mite reduces the fitness of the beehive (Hristov et al., 2020).
On the other hand, Nosema spp. are microsporidia which invade
epithelial cells of the midgut of worker bees, queen bees and
drones (Hristov et al., 2020; Papini et al., 2017). The presence of
both V. destructor and N. ceranae affect the composition of the
microbiome of bees (Huang and Evans, 2020; Hubert et al., 2017)
and it can lead to the loss of specific functions associated to mem-
bers of the microbiota. Thus, feeding bees with strains belonging to
their normal microbiota may contribute to increase their resis-
tance against the attack by these pathogens. In the present work,
the probiotic showed a strong tendency to control the infestation
by Nosema spp. but not that by V. destructor.

We were unable to establish if L. casei A14.2 had an effect on the
infestation by this mite. Nevertheless, at the end of the three
months assay it was possible to observe a lower level of infestation,
under 2%, in the treated beehives when compared to the control. It
will probably be necessary to administer L. casei A14.2 for a more
extended time span and consider a larger number of beehives to
ascertain if the probiotic has, in fact, an effect on this pathogen.
It has already bee reported that bacterial strains isolated from bees
have an acaricidal effect on V. destructor (Saccà and Lodesani, 2020)
and assays for at least eight months in apiaries corroborated it
(Sabaté et al., 2012; Tejerina et al., 2020). Based on the above it
is possible to suppose that L. casei A14.2 may be beneficial against
V. destructor, but a long-term assay will be required to confirm it.

It will be also necessary to evaluate other physiological param-
eters of the bees, such as the percentage of fatty tissue, because V.
destructor targets the fat body of bees (Ramsey et al., 2019), using it
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as an indicator of improvement of the health condition of the bees.
L. casei A14.2 may also be favoring the health of bees by other
mechanisms, such as production of hydrogen peroxide, lactic acid
or short-chain fatty acids or site-specific competence, all of them
observed in strains having probiotic potential (de Melo Pereira
et al., 2018). These are all interesting possibilities to be investi-
gated in future L. casei A14.2 studies.

On the other hand, it was possible to observe the protecting
effect of the strain L. casei A14.2 against Nosema spp. It may be
due to its capacity to stimulate the expression of AMPs in the GI
tract of bees, promoting the eradication of pathogens stimulat-
ingthe local immune system. It has been observed that the infec-
tion by different Nosema species promotes the expression of
AMPs (Antúnez et al., 2009). Specifically, N. ceranae can suppress
the expression of the genes abaecin and hymenoptaecin
(Antúnez et al., 2009). This study is reporting the ability of L. casei
A14.2 to stimulate the expression of Abaecin in the GI tract of bees
which may be playing a crucial role to provide protection against
Nosema spp. The protecting effect of probiotics against Nosema
spp. has already been reported in other studies. An in vitro assay
using bees inoculated with N. ceranae showed that probiotics
reduced the mortality of bees and studies in beehives showed a
decrease in the number of spores (Borges et al., 2021; Tejerina
et al., 2020; Tlak Gajger et al., 2020).
5. Conclusions

The present work, aimed to obtain a probiotic for honeybees,
evaluated the innocuity and stress tolerance of Lactobacillus strains
and their capacity to modulate the expression of antimicrobial
peptides in bees, being Lactobacillus casei A14.2 the one showing
the best characteristics to modulate health associated aspects in
the bees. Moreover, in a small scale pilot study, using a reduced
number of beehives, this strain showed to reduce the level of infes-
tation by Nossema spp. Overall, these promising results encourage
us to continue our work in this area in order to better characterize
the L. casei A14.2 strain and its probiotic effect or to isolate and
characterize future probiotic candidates. Nevertheless, larger scale
assays are necessary to confirm the health promoting capacity of L.
casei A14.2 strain on Apis mellifera.
6. Patents

Invention patent application code 202003192: ‘‘Nutritional for-
mulation for pollinating insects including the probiotic strain Lac-
tobacillus casei A14.2”.
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