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Abstract Nowadays, honey bees are stressed by a number of
biotic and abiotic factors which may compromise to some
extent the pollination service and the hive productivity. The
EU ban of antibiotics as therapeutic agents against bee patho-
gens has stimulated the search for natural alternatives. The
increasing knowledge on the composition and functions of
the bee gut microbiota and the link between a balanced gut
microbiota and health status have encouraged the research on
the use of gut microorganisms to improve bee health.
Somehow, we are assisting to the transfer of the Bprobiotic
concept^ into the bee science. In this review, we examine
the role of the honey bee gut microbiota in bee health and
critically describe the available applications of beneficial mi-
croorganisms as pest control agents and health support. Most
of the strains, mainly belonging to the genera Lactobacillus,
Bifidobacterium and Bacillus, are isolated from honey bee
crop or gut, but some applications involve environmental
strains or formulation for animal and human consumption.
Overall, the obtained results show the favourable effect of
applied microbial strains on bee health and productivity, in
particular if strains of bee origin are used. However, it is ac-
tually not yet possible to conclude whether this strategy will
ever work. In particular, many aspects regarding the overall
setup of the experiments, the dose, the timing and the duration
of the treatment need to be optimized, also considering the
microbiological safety of the hive products (i.e. pollen and
honey). In addition, a deep investigation about the effect on
host immunity and physiology is envisaged. Lastly, the final

users of the formulations, i.e. beekeepers, should be taken into
account for the achievement of high-quality, cost-effective and
easy-to-use products.
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Introduction

Pollination is one of the most important services provided by
insects, with a strong ecological, economic and cultural im-
pact. The European honey bee Apis mellifera is regarded as
the most relevant pollinating agent, even if a significant con-
tribution comes also from less known Apoidea species, such
as bumble bees (Bombus spp.) and wild bees (Macropis spp.,
Osmia spp. and Xilocopa spp.). The maintenance of genetic
diversity in plant population, the productivity of crops and
orchards for human nutrition and the floral variety in the en-
vironment are unequivocally assured and satisfied by this
Bfree^ ecosystem service, whose preservation is also depen-
dent on human actions (Gill et al. 2016). Nowadays, bees are
stressed by a number of biotic and abiotic factors which affect
honey bee health and productivity. In addition to pathogens,
pesticides and lack of flowers, whose implications in insect
health have been deeply studied (Goulson et al. 2015; Porrini
et al. 2016), climate change, habitat loss and invasive species
are becoming equally crucial for beehive integrity (Potts et al.
2010; Bond et al. 2014; Nieto et al. 2014). The parasiteVarroa
destructor and the microsporidium Nosema ceranae moved,
in the last decades, from their natural Asiatic host (Apis
cerana) to the European one, finding fertile ground for their
development (Higes et al. 2010 and Rosenkranz et al. 2010).
Moreover, the presence of V. destructor in every colony seems
to exert an important pressure on bee health since the mite

* Diana Di Gioia
diana.digioia@unibo.it

1 Department of Agricultural Science, University of Bologna, Viale
Fanin 44, 40127 Bologna, Italy

Appl Microbiol Biotechnol (2016) 100:9469–9482
DOI 10.1007/s00253-016-7870-4

http://orcid.org/0000-0002-0181-1572
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-016-7870-4&domain=pdf


found in A. mellifera a less resistant host (Le Conte et al.
2010). The use of veterinary medicines in the beekeeping
sector has a strong limitation due to the big concern about
antibiotic resistance acquisition/transmission, antibiotic resi-
dues in beehive products and, to a lesser extent, the risk of
unbalancing the bee gut microbiota. Consequently, antibiotics
were banned in EU countries, whereas some acaricides are
still permitted (European Commission 2010). Natural sub-
stances, such as oxalic acid and thymol, are highly efficient
in controlling mite populations if they are correctly applied.
The proper handling is important to avoid bee intoxication
and, most importantly, to achieve efficacy. Honey bee man-
agement needs a deep knowledge of bee behaviour and sea-
sonal cycles and appropriate skills to recognize problems and
threats at a given time, in order to successfully employ the
colonies for crop pollination or for the hive products. What
is often underestimated is that a compromised health status,
due to different stressors, can negatively affect the activities of
a balanced and healthy gut microbiota both in humans and in
animals (Gaggìa et al. 2010). The honey bee gut microbiota
displays high affinity with that of mammals (Kwong and
Moran 2016); the huge number of bacterial symbionts,
inhabiting selected niches in the gut (from honey crop to the
rectum), are represented by host-adapted species contributing
to host defence, nutrition and physiology (Hamdi et al. 2011).
Recent advances on metagenomics have brought new insights
in the knowledge of honey bee gut microbiota and its genes
(Moran 2015). The host-microbe interaction derives from a
long co-evolution process strictly associated with insect la-
bour division, developmental stage and social transmission
(Hughes et al. 2008). It is quite surprising to observe that most
members of this gut microbiota are maintained by horizontal
social transmission (with the exception of the queen) and in-
teraction with the hive environment (Tarpy et al. 2015), pro-
viding unique functions related to food storage and transfor-
mation. Moreover, the finding that the honey bee genome has
significantly fewer immune genes than expected allowed to
speculate a contribution of the gut endosymbiont genes in
supporting honey bee immunity (Evans et al. 2006) in associ-
ation with the social immune response described in eusocial
insects (Wilson-Rich et al. 2009). Recent works on
Drosophila melanogaster have given a picture of the molec-
ular dialog between the microbiota and the insect gut. Many
authors described the role of gut microorganisms in
supporting the immune system, influencing the epithelial ho-
meostasis, promoting lifespan, larval growth in food shortage
and driving the host mating preference (Brummel et al. 2004;
Ryu et al. 2008; Buchon et al. 2009; Sharon et al. 2010;
Storelli et al. 2011). For these reasons, as in vertebrates, the
prosperous gut symbiont community should be considered
pivotal for insect life and should be preserved. Beneficial mi-
croorganisms have been widely exploited in humans and an-
imals both as food/feed supplements and as pharmaceutical

formulations, representing a valid tool to support gut health
and alleviate several disorders (Gaggìa et al. 2010; Di Gioia
et al. 2014). The use of commensal gut microorganisms and
their related secondary metabolites are more and more taken
into account to re-establish a disbiotic insect gut community
and control disease spread (Crotti et al. 2012; Berasategui
et al. 2016). Insects are probably a simpler system to investi-
gate, but such applications, in social bees, could result more
difficult to monitor since many variables should be considered
(environment, genetic diversity, high complexity at hive lev-
el). Researchers are focusing on honey bee microbial gut in-
habitants to better understand the host-microbiota interaction
and transfer the acquired knowledge from human and animal
to bees.

In this review, we discuss the role of the honey bee gut
microbiota, focusing on its main activities and we give an
overview of the available applications of beneficial microor-
ganism on bee larvae and adults, looking at their potential as
pest-control agents and health support.

A look inside the honey bee gut microbiota

In the last decade, the new available techniques led scientists
to investigate the microbial gut symbionts with a particular
focus on the functional aspect of host-symbiont interaction.
Next-generation sequencing (NGS) has allowed the identifi-
cation of a distinctive gut bacterial community, which consists
of eight dominant groups, comprising over 95 % of the whole
community, as described by Moran (2015) and Kwong and
Moran (2016). The Gram-negative Gilliamella apicola and
Frischella perrara, belonging to the Gammaproteobacteria
class, and the Betaproteobacterium Snodgrassella alvi are
predominant in the midgut. The rectum is preferentially colo-
nized by the clades Firm-4 and Firm-5, including different
Lactobacil lus species (e.g. Lactobacil lus mell is ,
Lactobacillus mellifer, Lactobacillus helsingborgensis,
Lactobacillus kullabergensis, Lactobacillus melliventris and
Lactobacillus kimbladii) and two species belonging to the
genus Bifidobacterium (Bifidobacterium asteroides and
Bifidobacterium coryneforme). Alphaproteobacteria (related
to the genera Bartonella/Brucella and the Acetobacteraceae
family) have been described but they are less abundant
(Moran 2015; Kwong and Moran 2016). The microbial gut
community, evolving in the days following pupae hatching,
reaches its definition in 3–5 days (Anderson et al. 2016). The
same authors hypothesised that many strains of Lactobacillus
Firm-5 are pioneer species, being particularly abundant within
the hive, and that cell cleaning and other early behaviours are
pivotal in newly emerging bees for promoting the composition
of the adult gut microbial community. However, further be-
havioural mechanisms, such as the grooming, the oral troph-
allaxis and the oral-faecal route, are reported as well
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(Martinson et al. 2012; Powell et al. 2014). As in humans and
animals, this bacterial core group is composed of facultative
anaerobic and microaerophilic bacteria (Kwong and Moran
2016), which are strictly associatedwith the gut epithelial cells
and are involved in several host functions. It is interesting to
point out that several species have been only recently isolated
and identified (Engel et al. 2013; Kwong and Moran 2013;
Olofsson et al. 2014), and studies on their role and interaction
with the host are still at the beginning. Besides this core mi-
crobiota, some caste-related differences may be found in rela-
tion to the social function that honey bees cover during their
life (Kapheim et al. 2015). Moreover, a recent study (Rokop
et al. 2015) has suggested the presence of a Bnon-core^ mi-
crobial group associated with the hive environment, including
the food prepared by the bees, which may trigger the devel-
opment of the gut core microbiota.

The role of gut microorganisms in honey bees

Nutritional support

Social insects create a partnership with the microbial gut sym-
bionts as they possess genes encoding for enzymatic activities
(i.e. cellulases, hemicellulases and lignase) essential for the
energy uptake from a plant-based diet (Newton et al. 2013).
Moreover, the microbial consortium produces fatty acids, ami-
no acids and other necessary nutrients and metabolites
(Gündüz and Douglas 2009). Honey bees also require vita-
mins, including the vitamin B complex, and gut bacteria could
represent a relevant source (Brodschneider and Crailsheim
2010). A summary, indicating the main activities of gut sym-
bionts, is reported in Table 1. Fructobacillus species, isolated
from bee bread, brood cells and larval gut, were found to
utilize the plant complex molecule lignin, which is a compo-
nent of pollen, thus beginning the breakdown of this important
high-protein plant-derived food (Rokop et al. 2015). In a re-
cent metagenomic study, involving 150 pooled guts of
A. mellifera worker bees, Engel and Moran (2013) evidenced
the presence of different sugar uptake systems in
Gammaproteobacteria, Firmicutes and Bifidobacteriaceae
(phosphotransferase system families and the arabinose efflux
permease family). This is in agreement with Lee et al. (2015)
who identified, through metatranscriptome sequencing, the
aforementioned bacterial groups as the major contributors
(91 %) of the protein-coding transcripts, participating in the
breakdown of plant-derived macromolecules and in the fer-
mentation of the monomeric subunits. Interestingly, the ener-
gy uptake of the Betaproteobacterium S. alvi exclusively re-
lies on the aerobic oxidation of the products of the fermenta-
tion process (citrate, malate, acetate and lactic acid), thus
avoiding any competition for nutrients with neighbouring spe-
cies (Kwong et al. 2014). This represents a simple example of

co-evolution within the same niche. A further interesting find-
ing (Engel and Moran 2013) is the pectin degradation activity
ofG. apicola that is strain specific and leads to pollen cell wall
degradation, thus leaving the protein content available for the
host. It is clear from these studies that a high degree of genetic
diversity can be found within the microbial symbionts, thus
suggesting a high adaptability of microorganisms to host met-
abolic requirements within the same niche (Engel and Moran
2013). The catabolic pathways in lactobacilli (commonly de-
fined lactic acid bacteria, LAB) and bifidobacteria are well
known since these two microbial groups are involved in nu-
merous fermentation processes and have a long history of safe
use as probiotic and protective microorganisms (Gaggìa et al.
2011). Lee et al. (2015) described a wide range of glycoside
hydrolase (GH) activities in the bee gut, such as GH13 and
GH16 families, acting on plant cell wall components and
highly transcribed within the lactobacilli group. Other GH
families were described for their activities on the soluble di-
saccharides maltose, cellobiose and sucrose. The importance
of LAB is also emphasized by their ecological distribution,
which is not limited to adult bee gut. They have been isolated
from larval guts (Gaggìa et al. 2015) and from the honey
stomach of adult bees (Olofsson and Vásquez, 2008), which
is a further relevant microbial niche associated with food stor-
age and liquid transfer (water, nectar and royal jelly), adjacent
to the midgut. Moreover, LAB are also dominant in the hive
environment (bee bread, honey, wax and comb) (Anderson
et al. 2013). Among bifidobacteria, some isolates from social
insects are known to possess a complete trehalose degradation
IV pathway, which is absent in the majority of the other
bifidobacterial taxa. Trehalose is indeed used as carbohydrate
storage and hemolymph sugar by many insects including hon-
ey bee (Milani et al. 2015). Moreover, Milani et al. (2015)
confirmed the significant differences in the glycobiome com-
position of bifidobacterial taxa isolated from social insects
compared with human and animal taxa, highlighting a discrete
set of GH43 (for the breakdown of complex plant glycans,
xylan and arabinoxylans) and GH3 family members.
Bottacini et al. (2012) showed that B. asteroides was able to
metabolize a range of simple carbohydrates broader than any
other tested bifidobacterial species (72 carbohydrate-active
proteins). This is consistent with Lee et al. (2015), who de-
tected a class ofβ-glucosidases within the Actinobacteriaceae
family, whose activity is addressed towards oligosaccharides
with diverse sizes and compositions, and it has been associat-
ed with pollen cell wall degradation. The genome sequencing
of B. asteroides also confirmed the presence of a complete
biosynthetic pathway for folate (vitamin B9), but not for other
B vitamins (Bottacini et al. 2012). Overall, the above studies
showed again that species isolated from different hosts pos-
sess specific gene sets, suggesting host-specific adaptation.
Bifidobacteria are recognized as strictly anaerobic microor-
ganisms, but B. asteroides, inhabiting the honey bee hind
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gut, possesses genes associated with a respiratory metabolism
that help the bacterium to adapt to the oxygen-rich bee gut
environment (Bottacini et al. 2012; Sun et al. 2015).

Immunity support

Host protection is another important aspect that is frequently
associated with a balanced gut microbiota. It is a fact that
different stress factors, such as parasites/pathogens, deficient
nutrition and pesticides, can cause immunosuppression
(Antúnez et al. 2009; Alaux et al. 2010b; Anbutsu and
Fukatsu 2010; Fang et al. 2010; Di Prisco et al. 2013). As

already mentioned, honey bee has a simpler immune system
compared to other model insects (Evans et al. 2006 ; Barribeau
et al. 2015), in favour of more convenient and less expensive
social defence strategies which combine prophylactic and ac-
tivated responses as well as behavioural, physiological and
spatial mechanisms (Cremer et al. 2007). However, a signifi-
cant contribution to host protection is provided by the antag-
onistic activity of the gut microbiota and its interaction with
the humoral and systemic immunity (Dillon et al. 2005;
Hedges et al. 2008; Jaenike et al. 2010). In three species of
wild bumble bees, a low presence of S. alvi and G. apicola
strains was associated with a higher incidence of the pathogen

Table 1 Summary of the main activities correlated with honey bee gut symbionts

Generic function of the
honey bee gut microbiota

Specific function Target microorganisms
(where available)

References

Nutritional support Source of vitamins, fatty acids,
amino acids

- Gündüz and Douglas 2009;
Brodschneider and Crailsheim
2010

Lignin degradation Fructobacillus spp. Rokop et al. 2015

Sugar uptake systems Gammaproteobacteria, Firmicutes,
Bifidobacteriaceae

Engel and Moran 2013

Breakdown of plant-derived
macromolecules

Gammaproteobacteria, Firmicutes,
Bifidobacteriaceae

Lee et al. 2015

Pectin degradation activity
(strain specific)

G. apicola Engel and Moran 2013

Aerobic oxidation of the
end-products of the fermentation
process

S. alvi Kwong et al. 2014

Glycoside hydrolase activities Lactic acid bacteria Lee et al. 2015

Trehalose degradation IV pathway Bifidobacterium spp. Milani et al. 2015

Direct stimulation of
the bee’s immune
system

Increased expression level of
antimicrobial peptides (AMPs)
under pathogen exposure in
bee larvae

– Evans and Lopez 2004; Evans
and Pettis, 2005; Jefferson et
al. 2013; Yoshiyama et al. 2013

Increased expression level of selected
AMPs in bee larvae upon feeding
with probiotic bacteria

– Evans and Lopez 2004; Yoshiyama
et al. 2013; Janashia and Alaux
2016

Strong positive correlation between
the amount of total honey bee gut
bacteria and transcript levels AMPs

– Jefferson et al. 2013

Host protection: other
strategies

Antimicrobial activity against
Paenibacillus larvae, Melissococcus
plutonius and Ascosphaera apis

Bacillus spp., Lactobacillus
spp., Bifidobacterium spp.

Sabaté et al. 2009; Yoshiyama
and Kimura 2009; Forsgren
et al. 2010; Audisio et al. 2011;
Vásquez et al. 2012; Butler et al.
2013; Wu et al. 2013; Killer et al.
2014

Biofilm formation and structures
resembling extracellular polymeric
substances

LAB symbionts from honey
crop

Vásquez et al. 2012

Biosynthesis of cell wall
exopolysaccharides

BFirm4^ and BBifido^ groups Ellegaard et al. 2015

Genes encoding a relevant number of
functions related to biofilm
formation and host interaction
(Type IV pili, outer membrane
proteins, and secretion)

G. apicola and S. alvii Martinson et al. 2012
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Crithidia spp. (Cariveau et al. 2014). Dillon and Charnley
(2002) reported in the desert locust Schistocerca gregaria a
real contribution of the gut microbiota to host defence against
pathogens by producing antimicrobial phenolic compounds
and synthesizing key components of the locust cohesion pher-
omone. Alterations of this microbiota could consequently
compromise honey bee defence mechanisms. In particular,
this paragraph will focus on how microorganisms could play
a role in host protection, (i) by directly stimulating the bee’s
immune system and (ii) by directly inhibiting pathogens
through antimicrobial compound production (Table 1).

Given that individual and social defence mechanisms are
diverse and complex, one of the main effectors of the innate
immunity in honey bee, and more in general in insects, is
represented by antimicrobial peptides (AMPs), whose synthe-
sis is under the control of the Toll and Imd signalling pathways
(Lemaitre and Hoffmann 2007). Honey bees possess six
AMPs, mainly activated at epithelial surfaces, following the
exposure to the major cell wall component of Gram-positive
bacteria, the Lys-type peptidoglycan (PG): abaecin,
hymenoptaecin, apidaecin, defensin-1, defensin-2 and
apisimin (Casteels et al. 1989; Casteels et al. 1990; Casteels
et al. 1993; Bíliková et al. 2002; Klaudiny et al. 2005).
Antimicrobial activity is mainly achieved through alteration
of the microbial membrane properties (Imler and Bulet 2005)
and intracellular metabolic processes (Brogden 2005). A se-
lective AMP synthesis is induced following exposure to var-
ious honey bee larvae/adult pathogens with variable responses
(Evans and Lopez 2004; Jefferson et al. 2013; Yoshiyama
et al. 2013). Evans and Pettis (2005) showed a higher abaecin
expression in colonies with a lower incidence ofPaenibacillus
larvae (the ethiological agent of the American Foulbrood,
AFB). However, some studies also evidenced an increased
level of AMPs in response to non-pathogenic bacteria.
Higher RNA levels for the abaecin gene have been reported
in bee larvae fed with probiotic bacteria of human origin and
fermented foods (Evans and Lopez 2004; Yoshiyama et al.
2013). Janashia and Alaux (2016) fed larvae with five differ-
ent LAB species previously isolated from worker honey bee
guts and bee bread, and among them, two strains
(B. asteroides 26p and Fructobacillus pseudoficulneus 57)
significantly upregulated the expression of apidaecin, while
no effect was observed on abaecin, hymenoptaecin and
defensin-1 levels. These results, taken together, showed that
the honey bee immune response through AMP synthesis is
fairly non-specific and the increase of the transcription levels
of the different AMPs genes is strain specific and is not related
to either the species or the source of the strains. Jefferson et al.
(2013) also found a strong positive correlation between the
amount of total honey bee gut bacteria and transcript levels
of two AMPs, defensin-1 and apidaecin. The hypothesis that
the resident gut microorganisms may determine a basal im-
mune response to control its proliferation and consequently

harmful microorganisms through AMP synthesis has not yet
be investigated in honey bee; however, studies on
D. melanogaster and Anopheles mosquitoes go in that direc-
tion. An interesting observation in D. melanogaster has re-
vealed that appropriate AMP levels could guarantee the pres-
ervation of a balanced gut microbial community structure,
with the species Commensalibacter intestini dominant within
the Acetobacteraceae family. An induced upregulation of
AMP gene expression led to a drastic change in the microbial
composition, exerting the growth promotion of the pathogenic
commensal Gluconobacter morbifer (Ryu et al. 2008).
Acetobacteraceae is indeed a relevant symbiont group of in-
sect gut (adult and larvae) and crop and has significant impli-
cations related to both host nutrition and protection (as
reviewed by Crotti et al. 2010). Dong et al. (2009) showed
that microbe-free aseptic Anopheles mosquitoes displayed an
increased susceptibility to Plasmodium infection with a re-
duced expression of the anti-Plasmodium factors FBNs 6, 9
and 36.

Concerning the production of antimicrobial compounds for
host protection, Saraiva et al. (2015) found a relative high
presence of genes involved in the biosynthesis of streptomy-
cin and secondary metabolites in the gut microbiota of honey
bee, which could play a role in shaping the microbiome. A
considerable amount of information also derives from the
LAB community and bifidobacteria, which are well-known
antimicrobial compound producers. The finding that an im-
portant component of the honey bee gut microbiota was rep-
resented by lactobacilli and bifidobacteria have increased the
interest of scientists in looking for similarity and analogy with
the probiotic bacteria widely investigated in humans and ani-
mals. Once lactobacilli and bifidobacteria started to be isolat-
ed (from honey bee stomach, gut and hive products), numer-
ous in vitro trials confirmed their ability to inhibit honey bee
pathogens; in particular P. larvae, Melissococcus plutonius
and Ascosphaera apis, the agents of the American and
European foulbrood (AFB and EFB) and Chalkbrood disease
respectively (Sabaté et al. 2009; Yoshiyama and Kimura 2009;
Audisio et al. 2011; Vásquez et al. 2012;Wu et al. 2013; Killer
et al. 2014). Although in vitro activity does not necessarily
correspond to action in in vivo systems, these assays could
provide useful information on the antimicrobial equipment
possessed by each strain. Organic acids, strain-specific metab-
olites and/or bacteriocin production have been described as
powerful antimicrobial molecules (Servin 2004;
Kleerebezem et al. 2010) and are widely exploited in human
and animal food/feed additives, in the food industry to pre-
serve food and in bio-control strategy against phyto-pathogens
(Gaggìa et al. 2011; Tontou et al. 2015). Nevertheless, the
interactions between microorganisms in the gut of larvae and
adult bees are very complex and pathogens are not at all
defenceless exposed to the weapons of the gut microbial sym-
bionts. As an example, P. larvae with its secreted non-
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ribosomal peptides (NRP) and NRP/polyketide hybrids
(Müller et al. 2015) is able to eliminate all microbial compet-
itors, despite their antimicrobials, resulting in a pure P. larvae
culture in the degraded larval cadavers (Holst 1945).

A recent genomic analysis of 13 LAB strains, isolated from
the honey crop, put in evidence that most of them produced
extracellular proteins of known/unknown function related with
antimicrobial action, host interaction, or biofilm formation. In
particular, a putative novel bacteriolysin with 51 % homology
with Helveticin J was detected in L. helsingborgensis Bma5N
(Butler et al. 2013). At the same time, some strains did not
evidence any Bantimicrobial function^, thus confirming the high
variability among the gut microorganisms inhabiting the same
niches. Vásquez et al. (2012) analysed the interaction of some
LAB symbionts with the honey crop by SEM and fluorescence
microscopy. The resulting images evidenced biofilm formation
and structures resembling extracellular polymeric substances
(EPS), which are known to be involved in host protection/
colonization and cellular recognition (Flemming and
Wingender 2010). A further support comes from the work of
Ellegaard et al. (2015), which evidenced at genome level the
presence of gene clusters associated with the biosynthesis of cell
wall exopolysaccharides in both BFirm4^ and BBifido^ groups.
Martinson et al. (2012) reported, in honey bee workers, the pres-
ence of genes in G. apicola and S. alvi encoding a relevant
number of functions related to biofilm formation and host inter-
action (Type IV pili, outer membrane proteins and secretion),
whose expression could be relevant for the establishment of a
micro-niche insensitive to pathogens colonization. Finally, the
Bacillaceae family includes several spore-forming bacteria, iso-
lated from the bee gut and from the hive environment, showing
in vitro a strong antibacterial activity against bee pathogens. In
this case, it is known from decades that inhibition activity is
mainly due to the production of antibiotic molecules
(lipopeptides and iturin-like lipopeptides) (Alippi and Reynaldi
2006; Lee et al. 2009; Sabaté et al. 2009; Yoshiyama andKimura
2009). However, as mentioned above, it must be again empha-
sized that P. larvae itself, as spore-forming bacteria, produces
antibiotics molecules which help the pathogen during infection
to defend its niche and dominate the larval gut environment
towards resident microorganisms.

The Bprobiotic concept^ in honey bee

It is clear that a balanced gut microbiota offers a wide range of
metabolic, trophic and protective functions, which confer
health benefit to honey bees. In this perspective, the FAO/
WHO probiotic definition (FAO/WHO 2002), which encom-
passes strain specificity (Sanders et al. 2014), is more than
appropriate. However, the transfer of the probiotic concept
from vertebrates to invertebrates still requires further consider-
ations, and several questions still need to be investigated and

debated. In particular, beyond the health aspect, probiotic mi-
croorganisms fulfil a list of biological requirements and safety
criteria, e.g. to be non-toxic and non-pathogenic, to have an
accurate taxonomic identification, to be normal inhabitants of
the targeted host-species, to adhere to the gut epithelium
(Hooper and Gordon 2001; Gaggìa et al. 2010). For these rea-
sons, in the present review, authors will refer to Bbeneficial
microorganisms^ rather than to probiotic microorganisms,
since honey bee gut symbiont characterization is far to be com-
pleted. From our and general experience in humans and ani-
mals, biotic and abiotic stresses could negatively affect the
composition of the gut microbiota and therefore induce specific
changes in the microorganism activities at gut level (Gaggìa
et al. 2010). The analysis of the honey bee microbial gut com-
munity in colonies suffering from Colony Collapse Disorders
(CCD) evidenced a variation of some microbial phyla in
healthy colonies compared to diseased ones (Cox-Foster et al.
2007); in affected colonies, a decrease of Firmicutes and
Alphaproteobacteria was observed. We can deduce that this
alteration could reflect physiological changes due to the incom-
ing infection or support the hypothesis that the low presence of
beneficial species could weaken host defence. Anyway, we
have to ask ourselves if any kind of microbiota modulation,
by the administration of selected strains, could restore this per-
turbation, reduce bee mortality and/or improve honey bee
health. In other studies, by introducing a given stress, no per-
turbation was observed (Babendreier et al. 2007; Hui-Ru et al.
2015). In particular, Hui-Ru et al. (2015) did not evidence
significant difference in the microbial gut community of honey
bees, under laboratory conditions, following exposure to sub-
lethal dose of the neonicotinoid Imidacloprid, whose adverse
effects on honey bees have been already documented
(Medrzycki et al. 2003; Dively et al. 2015). Nevertheless, it
has been also verified how exposure to sub-lethal concentration
of pesticides could significantly enhance bee susceptibility to-
wards pathogens (Alaux et al. 2010a; Vidau et al. 2011;
Doublet et al. 2015), thus weakening honey bee health and
compromising the gut microbiota. Attempts of gut microbiota
modulation have been already performed in some insect spe-
cies (Wittebolle et al. 2009; Ben Ami et al. 2010; Robinson
et al. 2010), showing the importance of the endogenous gut
microbial community. In the next section, a description of the
main application of beneficial microorganisms in honey bees
will be reported and commented, including assays in larvae and
adults both under laboratory and field conditions.

Application of beneficial microorganisms: state
of the art

Beneficial microorganisms in honey bee are mainly applied to
fight the most widespread pathogens affecting both larvae and
adults (Table 2). Most of the bacterial strains used in these
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studies are isolated from honey bee crop or gut, whose selec-
tion derives from in vitro tests based on direct antagonism
towards target pathogens. However, some other applications
rely on the use of bacterial strains isolated from the environ-
ment or on formulation for animal and human consumption.
With respect to the AFB, Forsgren et al. (2010) used a mixture
of 12 isolates from honey crop—Lactobacillus kunkeei,
L. mellis, L. kimbladii, L. kullabergensis, L. helsingborgensis,
L. melliventris, L. apis, L. mellifer, B. asteroides and
B. coryneforme—with a final concentration of 107 bacteria/
ml. The exposure assay was performed by rearing 1st instar
honey bee larvae, infected with two different spores concen-
tration of P. larvae. The LAB mixture was supplemented with
sugar syrup, both in combination with P. larvae at the time of
spore inoculum and 48 h post infection. Results showed the
positive effect of LAB supplementation only in the group
challengedwith the highest dose of P. larvaewith a significant
reduction of larvae mortality. However, these results are of
little biological relevance because the reduced larvae mortal-
ity, from 70 to 55 %, is not enough to combat a notifiable
epizootic and the colonywill probably succumb to the disease,
although it might take 1 week longer. Recently, a probiotic
mixture, based on two spore-forming bacteria (SFB; Bacillus
thuringiensisHD110 and Brevibacillus laterosporusBMG65)
in association with Saccharibacter spp., has been developed
for the protection of bee larvae against the AFB (Hamdi and
Daffonchio, 2011). The efficacy of the invention was tested on
P. larvae-infected larvae and the experiments showed that the
addition of the bacterial mix to the diet decreased the mortality
level from 70 % in the control to 22 % in larvae fed with the
microorganism mix. Although the mortality reduction is

encouraging, the invention should be investigated in infected
apiaries in open field to assess the biological relevance of the
microorganism-based product. Concerning EFB, a single lab-
oratory assay has been performed in A. mellifera (Vásquez
et al. 2012). The same LAB strains isolated from honey crop
and used by Forsgren et al. (2010) were orally administered to
honey bee larvae challenged with M. plutonius at three con-
centrations (107, 106 and 105 bacteria/ml). Irrespective of the
infectious dose, mortality was significantly reduced in groups
treated with the LAB mixture. However, as outlined in
Forsgren et al. (2010), these data does not prove the efficacy
of these microorganisms since the reduced mortality between
10 and 20 %, although significant, is biologically irrelevant.
Based on these results, it could be interesting to investigate the
efficacy of the LAB mixture in infected larvae with a lower
dose of the pathogen and perform the treatments as preventive
measure before the infection step. The native microbial com-
munity inhabiting the honey crop is mainly involved in the
production of the bee bread nourishing the brood and consti-
tute the first defence line against potential brood pathogens
acquired from the floral environment (Vásquez et al. 2012).
Therefore, an application of beneficial microorganisms prior
to infection to boost the gut microbiota composition could be
more successful in contrasting brood pathogens. However, no
data are actually available.

An interesting observation from this study is the antibiotic
susceptibility of the LAB strains towards oxytetracycline and
tylosin, two antibiotics used in apiculture to fight P. larvae and
M. plutonius. All LAB strains were highly sensitive to tylosin,
while L. kunkeei Fhon2, L. apisHma11, L. melliventris Hma8
and L. mellis Hon2 showed resistance to oxytetracycline.

Table 2 Overview of beneficial microorganism applications for the treatment of the main honey bee microbial infections

Honey bee disease Infection dose Microorganisms/metabolites Source Reported effect(s) References

P. larvae - AFB 103 and 104 spores/ml L. kunkeei, L. mellis, L. kimbladii,
L. kullabergensis, L. helsinborgensis,
L. melliventris, L. apis, L. mellifer,
B. asteroides and B. coryneforme
(107 bacteria/ml)

Honey crop Reduced larvae mortality Forsgren et al. 2010

Not described B. thuringiensis HD110, B. laterosporus
BMG65.

Honey bee gut Reduced larvae mortality Hamdi and Daffonchio
2011

M. plutonius - EFB 107–106-105 bacteria/ml L. kunkeei, L. mellis, L. kimbladii,
L. kullabergensis, L. helsinborgensis,
L. melliventris, L. apis, L. mellifer,
B. asteroides and B. coryneforme
(107 bacteria/ml)

Honey crop Reduced larvae mortality Vásquez et al. 2012

N. ceranae 1st trial: 104 spores/μl L. kunkeei Dan39, L. plantarum Dan91
and L. johnsonii Dan92, B. asteroides
DSM 20431, B. coryneforme C155,
B. indicum C449. (106-107 cfu/ml
of sugar syrup)

Honey bee gut Reduced spore detection Baffoni et al. 2016
2nd trial: natural

infection

Nosema spp. 103 spores/μl P. apium C6 (106 cfu/500 μl) 2nd instar larvae Reduced spore detection Corby-Harris et al. 2014
Diseased bees L. johnsonii CRL1647 (105 cfu/ml) Honey bee gut Reduced spore detection Audisio et al. 2015
Diseased bees 105 spores/mL of Bacillus subtilis

Mori2 spores
Honey Reduced spore detection Sabaté et al. 2012
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Antibiotic resistance is an important concern for insects and
human health, if we look at the risk of an increased antibiotic
resistance among bee pathogens and accumulation in the hive
products. These are some of the reasons leading to the ban of
antibiotics in apiculture in EU. Unfortunately, this regulation
has not yet been adopted in non-EU countries.

With respect to adult honey bees, beneficial microorgan-
isms are targeted against the emergent pathogen Nosema spp.,
in particular Nosema ceranae, which multiplies within gut
cells and no relevant symptoms can be detected during infec-
tion (see details in Higes et al. 2010) (Table 2). The
microsporidium is prevalent in southern Europe (Fernandez
et al. 2012; Porrini et al. 2016), and it has been associated with
reduced honey bee life span and colony weakening (Goblirsch
et al. 2013)). However, according to the investigation of
Fernandez et al. (2012) in Spanish apiaries, N. ceranae does
not necessarily kill honey bee colonies and does not influence
beehive production. Almost all the reported experiments are
performed in plastic cages under laboratory conditions with
newly emerging honey bees. Many issues can be argued about
the use of cage experiments. Although the laboratory assess-
ment allows the standardization of the variables and the direct
observation of the introduced perturbations (e.g. diet change,
pathogen inoculation, beneficial microorganisms and pesti-
cides), most of the behavioural and social interactions both
inside and outside the hive are lacking. Moreover, this con-
finement can also introduce stress factors and influence the
experiment itself.

The trial performed by Corby-Harris et al. (2016) showed
an improve resistance to Nosema spp. in honey bee adults
individually challenged with 104 spores and originating from
larvae fed with pollen patty mixed with an inoculum of
Parasaccharibacter apium C6. P. apium (Corby-Harris et al.
2014), of the Acetobacteraceae family, is particularly abun-
dant in honey crop, hypopharyngeal glands, royal jelly and
larval gut through nurse worker bees feeding behaviour.
However, spore load reduction was always biological irrele-
vant since the decrease was less than 40 % compared to the
control group. Similarly, Baffoni et al. (2016) observed a sig-
nificant decrease of N. ceranae in infected honey bees orally
fed with Lactobacillus and Bifidobacterium strains. The ∼1
log reduction observed in challenged and treated insects
could be considered irrelevant since the spore number
remained high and honey bees would surely die. However,
Baffoni et al. (2016) also evidenced a significant reduction
in spore load from 2.04 ± 0.91 and 0.78 ± 0.81 (mean log
spores/bee ± sd) in honey bees exposed to a low natural
infection and treated with the microorganisms; in this
particular case, a hypothetical protective effect, contrasting
the low infection rate, might be considered of biological
relevance. Sabaté et al. (2012) and Audisio et al. (2015) ob-
served a decrease in the amount of spores in field conditions in
honey bees orally fed for several months with strains isolated

from the gut of healthy insects, namely Bacillus subtilisMori2
and Lactobacillus johnsonii CRL1647. In both cases, the bi-
ological relevance of the reduction (less than 1 log) is still
questionable since the spore numbers are still high. The de-
crease inNosema incidence observed by Sabaté et al. (2012) is
only evident in September and October when a slight spore
increase can be observed in the control group. When the
control group showed a physiological decrease in the spore
number, no relevant reduction is observed in the treated
groups. From these data, firm evidences on the positive
effect of beneficial microorganism administration against
Nosema spp. cannot be drawn. Conversely, Andrearczyk
et al. (2014) found an increase of Nosema spp. infection, fol-
lowing administration in both winter and summer bees of a
probiotic product recommended for animals. Likely,
Ptaszyńska et al. (2016) observed an increased mortality rate
in Nosema-infected honey bees fed with the probiotic micro-
organism L. rhamnosus, both as preventivemeasure and along
the infection. The authors argued that the increased infection
was associated with a pH reduction of the honey bee midgut
because of the metabolic activity of the supplemented micro-
organism. However, this consideration relies on previous data
(Ptaszyńska et al. 2013), where this association is not clearly
and statistically demonstrated and further investigations are
envisaged to better understand such interactions. Moreover,
the honey bee midgut is a multi-niche environment,
harbouring a complex microbial community and fermentation
products (as lactic and acetic acids) may be taken up and
utilized by some components of this community or by the
bee host (Kwong and Moran 2016), thus limiting their contri-
bution to the reduction of gut pH. An interesting approach to
study N. ceranae-host interactions comes from Gisder and
Genersch (2015). The authors developed a cell culture model
by using the lepidopteran cell line IPL-LD 65Y, from
Lymantria dispar, which was susceptible to N. ceranae infec-
tion and could support the entire microsporidium life cycle.
By this approach, the authors tested several molecules for
cytotoxicity and inhibition of N. ceranae intracellular devel-
opment and demonstrated the efficacy of the synthetic antibi-
otics metronidazole and tinidazole, while a surfactin from
Sigma-Aldrich did not show any inhibition and at low con-
centration was also cytotoxic for the cells.

Microbial gut symbionts could be useful to sustain honey
bee health and productivity since, as already described, bacte-
ria from honey bee crop and gut are highly specialized in
performing thousands of metabolic activities necessary to
honey bee for a normal development (Table 3). However,
most of the published data are still not very convincing and
experiments should have more replicates. An improved wax
gland cells development was observed by Pătruică et al.
(2012), following the supplementation of organic acids and
two probiotics for human consumption. In particular, lactic
acid and a probiotic product containing Lactobacillus and
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Bifidobacterium spp., both individually and in combination,
positively influenced the number, the morphology and the
diameter of the wax cells. Audisio and Benítez-Ahrendts
(2011) performed two different trials to assess colony health
and performance on honey bee hives treated with a cell sus-
pension (105 ufc/ml sugar syrup) of L. johnsonii CRL1647
(every 15 days for 3 months and a monthly administration
for 1 year). All the parameters analysed (open and operculated
brood area, bee number, honey storage), with some fluctua-
tions every month, were significantly higher in the treated
groups. Sabaté et al. (2012) obtained comparable results with
the supplementation in field conditions of spores of B. subtilis
Mori2, isolated from honey, once a month for eight consecu-
tivemonths. Alberoni et al. (2015) found a significant increase
in honey supers production following the administration of a
mixture of lactobacilli and bifidobacteria in hives before the
linden (Tilia spp.) honey flow. Moreover, authors investigated
at the end of the 4-week treatments the composition of the
honey bee microbial gut community by NGS; surprisingly,
lactobacilli showed a significant decrease, whereas a signifi-
cant increase was observed for bifidobacteria and
Acetobacteraceae compared to non-treated hives. The
bifidobacteria increase confirmed the results obtain under lab-
oratory conditions (Baffoni et al. 2016). The increase of the
Acetobacteraceae in the treated group could be considered a
promising result since many members of the family have re-
cently emerged as important endosymbionts for honey bees

(Crotti et al. 2010). However, further investigations are envis-
aged to better understand if and how these compositional
changes can affect the host-gut microbe interaction.

Overall, data are too sparse and weak to support the hy-
pothesis that beneficial microorganisms have a role in improv-
ing honey bee health. Moreover, the introduction within the
hive of biological agents, even if beneficial, should be care-
fully treated, in particular for spore-forming bacteria (SFB).
Notably, the use of SFB into the hive poses a serious issue
regarding the finding of such bacteria in the stored honey. The
European Food Safety Authority (EFSA) is requested to ver-
ify, through the qualified presumption of safety (QPS) assess-
ment, the safety of a broad range of biological agents in the
context of notifications for market authorization (EFSA
Journal 2015), including SFB. The chemical composition in
natural honey makes the growth of microorganisms difficult
(Snowdon and Cliver 1996); however, SFB are able to survive
and may become a risk for human health. Actually, no data are
available on the microbiological quality of honey, following
SFB application into the hive.

The use of pollen substitute and its fortification with pro-
biotic microorganisms have been also investigated in different
trials (Kaznowiski et al. 2005; Kazimierczak-Baryczko and
Szymaś 2006; Szymaś et al. 2012), although such alternatives
required more studies due to the harmful effect of their com-
ponents on honey bee gut and the few available data. All three
studies used a mixed of protein ingredients (fish meal, egg

Table 3 Overview of beneficial microorganism applications for the support of honey bee health

Microorganisms Field/laboratory Duration Reported effect(s) References

Enterobiotics and Enterolactis
Plus (1.2–2.5 g/1.4 L syrup)

Field 1 application a week for 3 weeks Improved wax gland cells Pătruică et al. 2012

105 cfu/ml of L. johnsonii
CRL1647 in syrup

Field 1st trial: 3 months (1 application
every 15 days)

Increase of open and
opercolated brood

Audisio et al. 2011

2nd trial: 13 months (1 application
a month)

Increased honey production

105 spores/mL of Bacillus
subtilis Mori2 spores in syrup

Field 1 application a month for 8 months Increase of open and
opercolated brood

Sabaté et al. 2012

Increased honey production
L. kunkeei Dan39, L. plantarum

Dan91 and L. johnsonii Dan92,
B. asteroides DSM 20431,
B. coryneforme C155, B. indicum
C449. (106-107 cfu/ml of sugar
syrup)

Field 1 application a week for 1 month Increased honey production Alberoni et al. 2015
Decrease of Lactobacillus spp.
Increase of Acetobacteraceae and

Bifidobacterium spp.

Biogen-N (1 mg in 100 g of pollen
substitute) and Trilac (7 capsules
in 100 g of pollen substitute)

Laboratory 1st trial: every day for 14 days Better bee survival Kaznowiski et al. 2005
2nd trial: two consecutive

applications in 14 days
Higher dry mass and crude fat level
No differences in total protein
No correlation with feeding duration

Biogen-N (0.5 mg–2 mg in 100 g
of pollen substitute) and Trilac
(0.724–2.534 mg in 100 g of
pollen substitute)

Laboratory 1st trial: every day for 20 days No increase in feed intake Kazimierczak-Baryczko
and Szymaś, 20062nd trial: every day for 20 days Decreased death rate of bees

Stimulation of fat body growth

Biogen-N (0.5 mg–2 mg in 100 g
of pollen substitute) and Trilac
(0.724–2.534 mg in 100 g of
pollen substitute)

Laboratory Every day for 14 days Better bee survival Szymaś et al. 2012
Higher dry mass and crude fat level
Greater quantities of

peritrophic membranes
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powder, soybean flour, etc.) with two different probiotic prod-
ucts, for animal ((Biogen-N; Biogen Idec Sp. z.o.o, Poland)
and human consumption ((Trilac®; Allergon Health Care,
Sweden). Overall, the trials showed an improved condition
of bees, confirmed by lower mortality, more developed pha-
ryngeal glands, higher dry matter and fat body content. A
positive influence was also assessed on the morphological
changes in the midgut epithelium. After 14 days, midgut anal-
ysis evidenced a high epithelium, cytoplasm slightly
vacuolized and the presence of considerable quantities of
peritrophic membranes, which are associated with duration
of the feeding, presence of beneficial bacteria and protection
towards harmful compounds (Szymaś et al. 2012).

Finally, we are still far to conclude that beneficial microor-
ganisms could actually limit pathogen widespread, support
honey bee health and the hive productivity, even if a starting
point has been set. Research activities are still sparse and
further implementations are envisaged.

Conclusions

The preservation of the European honey bee A. mellifera is
imperative; the beekeeping sector and the ecosystems depend-
ing on pollinators are suffering from missed pollination and
lack of productivity with an associated loss of biodiversity in
the long run (Aizen and Harder, 2009; Klein et al. 2007).
Nowadays, beekeepers too often rely on subspecies hybrids,
with the false hope to increase disease resistance, but the re-
sistance mechanisms against bee pathogens/parasites are usu-
ally a result of a co-evolution in local ecosystems (Ruottinen
et al. 2014). Overall, the described applications offer to some
extent a picture of the favourable influence of beneficial mi-
croorganisms on bee health, in particular their potential activ-
ity against some pathogens. However, information is scarce
and limited to specific investigations. It could be useful, as in
human and animal applications, to define some guidelines in
order to standardize the studies and draw up appropriate pro-
tocols. The dose, the timing, the duration of the administration
and the number of strains may influence the efficacy of the
treatments. The number of experimental replicates and the
repetition along the years should be accurately established.
Moreover, investigation methods (i.e. N. ceranae spore num-
ber detection) ought to be uniformed in order to improve as
major as possible the output accuracy and the trial compari-
son. It is necessary to address the study towards gut symbionts
isolated from healthy honey bee gut possessing the QPS status
and omit the use of probiotics for human and animal con-
sumption. This is in authors’ opinion a key factor, since the
main issue, which stand out from this review and from the
literature, is the specificity of each microbial strain within its
gut niche. In particular, metagenomic and transcriptomic stud-
ies are envisaged to better describe the bacterial strain(s) and

their interaction with the host, following the supplementation.
A deep investigation about the effect on host immunity, phys-
iology and composition of the honey bee gut microbiota could
improve the rationale of such supplementation. This is final-
ized to build a robust experimental structure, to minimize risk
associated with bio-treatments and to analyse results in a com-
parable way. Finally, this will allow the realization of
microorganism-based products with a reliable scientific liter-
ature, which will be more appreciated by beekeepers who are
constantly looking for high-quality products combined with
an excellent ratio quality/price. The beekeeping sector in-
cludes operators having a particular feeling towards honey
bees, but sometimes a deep knowledge on their biological
activities, including the wide world of gut symbionts, is
lacking.
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