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Numerous honeybee (Apis mellifera) products, such as honey, propolis, and bee venom, are used in traditional medicine
to prevent illness and promote healing. Therefore, this insect has a huge impact on humans’ way of life and the
environment. While the population of A. mellifera is large, there is concern that widespread commercialization of
beekeeping, combined with environmental pollution and the action of bee pathogens, has caused significant problems for
the health of honeybee populations. One of the strategies to preserve the welfare of honeybees is to better understand
and protect their natural microbiota.
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| 1. Introduction

The honeybee Apis mellifera is a social insect species that has successfully colonized numerous ecosystems around the
world and plays a crucial role in pollinating wild and cultivated plants, with substantial implications for the global economy
and natural ecosystems 1. Honeybees provide a key link in the production of food, and their economic value to the United
States alone is estimated to be as much as USD 15 billion @, Besides their pollination value, honeybees are important
because of their great agronomic and economic potential owing to the production of valuable commercial products such
as wax, pollen, propolis, royal jelly, and most importantly, honey [,

Bees are vital for the preservation of the ecosystem as they help maintain an ecological balance. They are known to have
complex interactions with their environment and a diverse range of microorganisms. Understanding the relationship
between honeybees and their external environment is important to maintain a hospitable environment for both humans
and bees. The honeybee microbiome is central to maintaining the individual's health, and a disrupted microbiome makes
the insect susceptible to a variety of problems. Thus, research has focused on the intestinal microbiome of honeybees; its
role and function in bee health, fithess, and metabolism; and its response to many physical, biological, chemical, and
environmental factors BIAIEIGI7A Sych a broad perspective is needed, considering the importance of honeybee health and
the knock-on impact on environmental protection.

| 2. Apis mellifera Characterization

Apis mellifera is one of the most common floral visitors in natural environments worldwide. On average, honeybees
account for 13% of floral visits across all networks. Five percent of plant species are visited by A. mellifera exclusively &,
The lifespan of honeybees varies significantly depending on the moment of their emergence. Therefore, they can be
classified as either short-lived summer bees or long-lived winter bees. Bees emerging in spring and midsummer live for an
average of 25-40 days, while winter bees have a much longer lifespan of more than 100 days . This bimodal longevity
distribution presumably results from complex dynamics associated with biotic and abiotic factors, interactions between
individuals in the colony, and regulatory mechanisms of individuals influenced by intracolonial conditions 19, It has been
shown to be predominantly associated with bees’ flight activity and the change in the nature of their tasks, from those
performed inside the nest to the more hazardous task of foraging. This significant transition in the life cycle of an adult bee
is related to both dietary and physiological changes, including a shift from a carbohydrate—protein diet to a pure
carbohydrate diet 111,

The worldwide distribution of honeybees is due to the activities of beekeepers, but their native range is also large,
spanning Europe, Africa, and the Middle East 2. There are 10 species of honeybee belonging to the genus Apis.
Phylogenetic analyses involving nuclear DNA and mitochondrial (mtDNA) markers clearly approved clustering these
species into three distinct groups: Cavity-nesting bees (represented by A. mellifera, A. cerana, A. koschevnikovi, and A.
nulensis), giant bees (A. dorsata, A. laboriosa, A. dorsata binghami, and A. nigrocincta), and dwarf bees (A. florae and A.



andreniformis) 121, Except for A. mellifera, all species are now limited to Asia, and the lineage that brought about the A.
mellifera embodies an early split from different cavity-nesting bees, so it is thought that A. mellifera may have originated
from Asia [12],

Honeybees live in large communities with a complex organization that depends on cooperative and altruistically motivated
individuals and communication. The colony is formed by hundreds of males (drones), sterile female workers numbering
between 12,000 and 90,000 depending on the season, and a single queen 2415 The workers are responsible for all
activities that assist with reproduction: They clean combs and feed larvae; are involved in comb building, the evaporation
of nectar, and guarding of the hive; and above all, they are responsible for foraging to provide the colony with food and
water 24l The duties of the queen, after nuptial flights, are limited exclusively to laying eggs. During the period of most
intense development, which usually takes place at the end of spring and beginning of summer, the queen lays about 2000
eggs. Drones appear in May, and they are crucial for the reproduction process. They copulate with the queen in the air
and then die. Drones that did not participate in the reproduction process are expelled from the hive at the end of July and
starve to death 28171, The group remains consistent due to its ability to distinguish nestmates from non-nestmates, which
is denoted by the presence of the guard bees at the entrance of the hive. Their function is to prevent non-nestmates from
entering the nest and allow nestmates to freely move inside 13!,

In the simplest terms, bee nutrition is based on nectar and pollen, the former supplying bees with carbohydrates and the
latter a source of proteins, lipids, and other micronutrients. In order to obtain optimal nutrition, bees balance the intake of
nutrients from these complementary food sources (18, Adequate nutrition is crucial for the proper growth and development
of a honeybee colony, while any deficits contribute to aggravation of the negative impacts of viral and fungal diseases 9.
Nutrition can be considered at three different scales, that is, in terms of colony nutrition, adult nutrition, and larval nutrition.
In a colony, nutritional levels are connected by a variety of interactions between the adult bees and the brood called
trophallaxis (transferring of food from one individual to another) 19, Both larvae and adult bees are dependent on the food
stores of the colony, and adult bees can adjust foraging and strategies of brood-care in accordance with the supply of the
hive’s provisions 29,

Pollen is the predominant source of lipids, proteins, vitamins, and minerals. It is essential for the growth, development,
and reproductive processes of honeybees [21. |t is especially important for the development of the hypopharyngeal glands
and body fat in newly emerged workers, which is necessary for brood-reading and overwintering 22, Bees collect pollen
and place it on the corbiculae—structures located on the hind legs 3. The color of the corbiculae reveals information
about the flowers that were visited by bees. They most commonly appear yellow, orange, or brownish, although they can
also be white, navy blue, or black. Pollen is also stored in nest cells, to which all the workers in a colony have access [24],
During pollen collection, bees display temporary specialization toward the pollen of one species. European honeybees are
especially consistent in terms of the flowers on which they specialize, and their individual pollen loads usually originate
from a single source. Nevertheless, at the colony level, pollen is concomitantly collected from different sources 22, There
are some plants that produce pollen that is harmful for bees. There have also been cases of poisoning of humans after
ingestion of honey from poisonous plants 28, However, poisoning occurs relatively rarely, and only when the poisonous
plant is dominant in a certain area where other pollen plants are absent, and bees suffer from a lack of water. Poisoning
leads to noninfectious disease of adult insects 28],

Nectar is an aqueous solution containing sugars, amino acids, organic acids, proteins fats, vitamins, and minerals. It is
produced by a specialized group of cells called nectaries 2728, The composition of nectar is dominated by sucrose,
fructose, and glucose. Honeybees are sensitive to differences in nectar composition and prefer pure sucrose over pure

glucose or fructose solutions; however, in the field, nectars containing mixtures of these sugars are most commonly found
[28]

Honeybees produce many different substances, namely honey, bee pollen, propolis, bee bread, royal jelly, beeswax, and
bee venom, which play various functions in the life cycle of honeybees 2239, \What makes honeybees different compared
to other insects is that they hoard food. During the hoarding process, food undergoes refinement, so it differs from its
original state. There are two major forms of hoarded food: honey from nectar and bee bread from pollen. They are both
stored in a comb formed of wax, produced using the wax glands of adult worker bees 23],

The process of honey formation is initiated by the collection of nectar from plants. It is stored at the bottom of the
esophagus in the honey stomach 4. During transport to the hive, the nectar undergoes an enzymatic treatment. The
chemical transformation is based on the hydrolysis of sucrose performed by the addition of invertase 2. Afterward, the
nectar loads are transferred from honeybee nectar collectors to food-storer bees. The food-storer bees regurgitate the
nectar and deposit it into the honeycomb. The nectar then undergoes a ripening process, which consists of the further



conversion of sucrose to glucose and fructose, and water evaporation 1. The water concentration is decreased to about
17% B2, This conversion process takes from one to three days and is finalized by the capping of the cells filled with nectar
using bee wax B,

Pollen-collecting foragers transport their pollen loads straight to cells distributed within the comb. These cells are often
already packed with previous loads, which may be from different floral sources. Pollen is then processed by young hive
bees that pack it tightly and add regurgitated honey, which preserves the stored pollen through its antimicrobial properties.
Pollen that is packed into cells for storage is referred to as bee bread 22, The flow of water and food in the colony of
honeybees has been described in detail by Wright et al. (23],

Another bee product is royal jelly, a substance secreted in the hypopharyngeal glands of young worker bees that is used
to feed the larvae of drones and worker bees during the first three days of their lives, and to feed the queen. Worker and
drone larvae are fed royal jelly along with honey and pollen. Royal jelly is the only food that the adult and larvae queen
bee consumes [B3l34] The most important role of royal jelly is to provide nutrition and protection for honeybee larvae
during development, and it is the crucial driving force in the process of caste determination. A fertile egg becomes either a
sexually perfect future queen bee that has mature ovaries for reproduction, or a sexually immature worker, which depends
strictly on the dose and timing of royal jelly consumption during larval development 24, Fed with royal jelly exclusively,
gueen bees are capable of developing superior features, not only in terms of physical appearance, but also strength,
stamina, and longevity (queen bees can live for up to 57 years) [B8I28l, proteins are the major constituent of royal jelly,
most of which are water-soluble, and it is because of these that the secretion exhibits antiaging, antitumoral, and insulin-
like activities 7.

| 3. Honeybee Microbiota

Animals that form social communities usually employ a characteristic microbiota that is essential for various processes
that occur in the body 28], The microbiota can be defined as a complex ecosystem of microorganisms that plays a critical
role in a variety of metabolic functions, including modulation of glucose and lipid homeostasis, satiety regulation,
management of energy, and the production of vitamins B4941 |n addition, the microbiota participates in the regulation
of various biochemical and physiological mechanisms by means of the production of metabolites and other substances
(421 Furthermore, the microbiota exerts anticarcinogenetic and anti-inflammatory activities, 28! and plays a significant role
in the operations of the host immune system and induction of immune responses 43\, In return, the host immune system
maintains a mutualistic relationship with the microbiota. This relationship enables the induction of protective responses
toward pathogens and the introduction of regulatory pathways involved in the tolerance to harmless antigens 241,

While the importance of the gut microbiota is discussed more often now, the processes responsible for the beneficial
features of microbial communities remain unclear 21481471 The composition of the microbial communities that inhabit the
gut vary significantly between different species and within them. The diversity in composition of the gut microbiota is
influenced by topographical and short-term shifts in the microbial communities, with specific microorganisms inhabiting
particular niches in the host during specific growth and developmental phases of the host (48],

3.1. Characteristics

Insects represent the most diverse animal clade in terms of the number of species, the ecological habitats they inhabit,
and their overall biomass Bl. A. mellifera is a useful model organism with a microbial community that displays high host
adaptation. While its microbiota has some similarities with those of mammals, it has a much simpler composition. The
main similarities and differences in the honeybee and human gut microbiota were reviewed previously 42,

Honeybees form huge colonies that contain thousands of nonreproductive female workers, hundreds of male drones, and
only one reproductive queen 4. Newly emerged workers have a reduced core gut microbiota or may lack it entirely B2,
Their bodies are colonized by microbial communities orally by means of social interactions with nurse bees within a few
days of emergence B2 puring metamorphosis into pupae, the gut bacteria are excreted via defecation along with the
gut epithelium, and the next colonization starts due to trophallaxis, contact with other bees, as well as from the hive B3I,
The abundance of bacteria in the whole gut reaches its peak 3-5 days post-adult emergence 4. However, taxonomic
shifts take place after 3-8 days, which suggests pioneer or niche construction strains. The rectum community seems to
finish the development of an emergent structure after three days. The ileum is more variable, with its final structure
emerging after eight days. The most important factor influencing this process is the prevalence of core species, the host
immune response related to it, and the successional alternation of the environment of ileum &l The workers are involved
in age-associated tasks, and newly emerged bees are usually associated with hive maintenance and cleaning tasks.
Therefore, the interactions with adult bees, contact with the comb, and consumption of bee bread are all potential routes



of inoculation 24551 pong et al. BY analyzed the succession of A. mellifera workers gut microbiota from birth to
senescence, i.e., from 0-40 days postemergence (dpe). The genera Gilliamella, Frischella, and Snodgrassella colonized
the honeybee gut at 1 dpe; Lactobacillus, Bifidobacterium, and Commensalibacter colonized at 3 dpe, while a
simultaneous reduction in Gilliamella was observed. At 12 dpe, significant colonization by L. kunkeei and Bartonella sp.
appeared, while Bacteroides sp., Escherichia sp., Shigella sp., and Porphyromonadaceae decreased between 19 and 25
dpe. Commensalibacter sp. and Bifidobacterium sp. abundance was reduced at 25 dpe 29,

The microbiota of honeybees are located in different parts of the gut, including the crop (located between the esophagus
and ventriculus, and used for storage and transport of nectar to the hive; also called stomach or sack); midgut; the
hindgut, consisting of the ileum (a narrow tube containing six longitudinal folds) and lumen; and the distal rectum B85,
Only Parasaccharibacter sp. was found in relative abundance in worker hypopharyngeal glands (58!,

It was estimated that adult workers’ guts are inhabited by characteristic, specialized microorganisms belonging to nine
clusters of bacterial species B2, Each of the clusters represents a set of bacterial strains that are related. Similar to
human hosts, the microbial communities in honeybees are dominated by host-adapted species, which are highly intolerant
of atmospheric oxygen; therefore, the transmission of bacterial species takes place by social interactions between hosts
(691 However, unlike mammalian gut microbiota, all of the bacterial species can be cultured in a laboratory 641,

Using 16S rDNA community surveys and metagenomics of the total DNA, it was determined that guts of worker
honeybees are inhabited by nine bacterial species clusters that account for 95-99.9% of the bacteria in almost all
individuals BE2E3], Two ubiquitous Gram-negative species—Snodgrasella alvi (nonfermenting sugar bacteria that form a
film directly on the gut wall; family Neisseriaceae) and Gilliamella apicola (bacteria with the ability to ferment sugar that
inhabits areas directed toward the center of the lumen; family Orbaceae)—that are members of the Proteobacteria phylum
can be distinguished [EBAES] There are two Gram-positive species belonging to phylum Firmicutes that are ubiquitous
and abundant; namely, Lactobacillus Firm-4 and Lactobacillus Firm-5, which inhabit the distal rectum (2591 |n the majority
of adult workers, Bifidobacterium asteroides is also found (albeit with much lower abundance) B361 The mentioned
bacterial species clusters are the most essential microorganisms in the honeybee gut, the so-called “core bacteria” €4,
There are also less-abundant/stable species from Proteobacteria: The Gammaproteobacteria Frischella perrara
(Orbaceae family); the Alphaproteobacteria Parasaccharibacter apium, Bombella favorum, Bombella mellum, Bombella
apis (Acetobacteraceae family, Alpha 2.2); and Commensalibacter sp. (Alpha 2.1) and Bartonella apis (Alpha 1) from the
Rhizobiaceae family BUBESILO6365]66] Representatives of phylum Bacteroidetes have also been identified in the
honeybee gut—Apibacter adventoris and Apibacter mensalis [671[68],

A previous study 62 detected 10 taxa dominant in bee samples—four representatives of Lactobacillus sp., two Gilliamella
sp., one Bifidobacterium sp., and one Snodgrassella sp.—that are considered to be part of the core gut microbiome of
honeybees. Two of the taxa, from Frischella sp. and Bartonella sp., may vary depending on the environment. They are
noncore members of honeybee gut 4. Wang et al. A7 showed that the dominant phyla in honeybee GIT are
Proteobacteria (63.2%), Firmicutes—(17.6%, with 15.9% of Lactobacillus sp.), Actinobacteria (4.1%, with 3.34% of
Bifidobacterium sp.), and Bacteroidetes (1.7%, with 0.23% of Bacteroides sp.). The core member Lactobacillus Firm-4
was detectable in 98.4% of all analyzed bees in the study by Kesnerova et al. (4. Tola et al. 83] analyzed A. mellifera gut
microbiota from sub-Saharan African regions of Kenya, where indigenous and traditional management methods involving
very little human intervention are practiced in beekeeping, unlike those practiced in Europe. They confirmed the core
honeybee gut microbiota members were from the genera Gilliamella, Snodgrassella, Lactobacillus (Firm-4 and Firm-5),
Bifidobacterium, Frischella, Commensalibacter, Bombella, Apibacter, and Bartonella, and that Frischella sp. was the third
most dominant genus (16.9%), while Lactobacillus (Firm-4 and Firm-5) exhibited a lower abundance than has been
demonstrated in other studies (63, A summary of the GIT microbiota in honeybees is presented in Figure 1.
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Figure 1. The gastrointestinal microbiota of an adult worker honeybee (Apis mellifera) (references in the text). Figure
taken from http://honeybee.drawwing.org/book/crop (accessed on 22 March 2021) with the permission of the author.

3.2. Functions

Considering an ecological perspective, gut microorganisms play a critical role in the process of codevelopment of insect-
symbiotic interactions by means of secondary metabolites. Gut microbes take part in insects’ growth, development, and
reproduction, and above all they contribute significantly to their metabolism 2%, Gut microorganisms synthesize essential
nutritional compounds, increase the efficiency of digestion, and support insects in absorption of nutrients 22, Most insects
are inhabited by relatively few species (in comparison to mammalian gut), of which the majority is cultivable in the
laboratory, but some harbor numerous communities of specialized bacteria. The factor defining limitation in gut microbiota
in most insects is the lack of transmission routes between individuals. Exceptions are social insects such as termites,
ants, and most importantly, bees. Social interactions give opportunities for transfer of gut microorganisms, therefore some
of the most consistent and specialized gut communities, with significant functions in nutrition and protection, have been
identified in social insects, such as honeybees [3],

Studies that concentrated on the beneficial health activities that microbes confer to their host have shown that the gut

microbiota of honeybees plays as important a role as it does in mammals [EI445]1481[49)[501[72)[741[75] Tyo well-established
functions of gut microbiota are nutrient biosynthesis and biomass deconstruction. The nutritional function was extensively
studied in experiments comprising insects feeding with unbalanced and poor diets that lacked essential nutrients like
amino acids and vitamins. These studies proved that insect endosymbionts help to produce nutrients that are not present
in food [Z8. The second function of some insect microbiota is biomass deconstruction and digestion. Both symbiotic
microorganisms and host insects can release cellulolytic enzymes responsible for the deconstruction and hydrolysis of
biomass, although studies have shown that microorganism activity increases the efficiency of these processes 8. Gut
microorganisms significantly contribute to the digestion of lipids and proteins, as well as the detoxification of secondary
plant compounds. They also affect survival, overall size, and egg production. Moreover, they have been shown to play an
important role in insect resistance against insecticides 4.

Gut microorganisms inhabiting insects can indirectly exert beneficial health effects on humans, in the case of parasitic
diseases transmitted by insect vectors Z8. |t was observed that in the gut of insect vectors, parasites ingested with
bloodmeal reduced in number before coming into contact with host tissues. Microbial communities are thought to be an
important factor influencing this effect. It was concluded that gut microorganisms contribute to the modulation of the
competence of insect vectors. One of the possible mechanisms through which microbes support insects against parasites
is through modification of the gut environment to constrain parasite development or induce an immune response of the
host. They are also capable of producing antimicrobial peptides, which play a key role in the control of parasites and
bacterial pathogens. In the study referred to above, after bloodmeal was ingested, the population of bacteria in the vector
gut expanded rapidly. However, the microbiota were able to kill all parasites present 873 The application of microbial
symbionts to reduce vector competence is a promising approach to control the spread of insect vector transmitted
pathogens [,

Compared with the gut microorganisms of other animals, the honeybee microbiota is heavily involved in functions
associated with carbohydrates, which reflects specific adaptations to a host’s diet that is rich in sugars. It provides the
honeybee with sugar uptake systems belonging to various phosphotransferase systems. Many of these transporters are



classified in the mannose family 3. This feature of bacteria is important because only trace amounts of mannose are
present in nectar, but it is highly poisonous when ingested at higher concentrations [Z3],

Another function associated with carbohydrates is enrichment of the host with arabinose efflux permeases. This family of
transporters is involved in the transfer of different compounds such as antimicrobial proteins, amino acids, and sugars. A
diverse set of transporters confers protection for the bacteria against a variety of pesticides applied in agriculture and
naturally occurring antimicrobial proteins ingested by bees as part of their plant-based diet 21,

Furthermore, gut microorganisms influence the transformation of both nectar into honey and plant buds and exudates into
propolis, owing to their fermentation properties Y. They are also responsible for the freshness of honey B4,

One of the ways by which the gut microbiota can affect the health of honeybees is through modulation of the immune
responses of the host (2. Microorganisms impact the development and morphogenesis of the immune system and other
organs and body structures B384 One of the examples of how microbes affect a host is the symbiotic interaction
between the fruit fly Drosophila melanogaster and the bacteria inhabiting its gut, Acetobacter pomorum 3. This
relationship influences the host’s body size, developmental rate, metabolism, activity of stem cells, and surface area of
wings [83],

The primary role of gut microbiota in the functioning of mucosal immunity is not surprising, considering that the intestinal
mucosa comprises the largest surface area in contact with antigens coming from the external environment, and that the
dense layer of microbiota covering the mucosa constitutes the greatest proportion of antigens presented to the resident
immune cells 22, The mucosal immune system is responsible for the realization of two seemingly contradictory functions.
It must tolerate microbiota inhabiting the gut to prevent the induction of harmful systemic immune responses, while
controlling the number of microorganisms to avoid overgrowth and translocation 8. Gut microorganisms are involved in
the fulfillment of these objectives 2. They control intestinal homeostasis through a variety of mechanisms involving
substances like lipopolysaccharides, flagellins, and peptidoglycans. They interact with cell receptors such as Toll-like
receptors, and they activate intracellular signaling pathways associated with cell survival, replication, apoptosis, and
inflammatory responses BZE8IEI |0 return, the host immune system controls the composition of microbes by releasing
molecules like defensins, lectins, reactive oxygen species, and bacteriocins, which effectively constrain the expansion of
pathogenic microorganisms [EZ[E81E3]

Antimicrobial peptides are crucial components of innate immunity aimed at defense against the invasion of pathogens.
They are determinants of the microbiota composition, as their role is to damage pathogenic microorganisms’ cells by
means of membrane perforation 9. Four families of antimicrobial peptides (abaecin, apidaecin, defensin, and
hymenoptaecin) are evoked within the honeybee hemolymph during immune challenge. In one study, bees lacking gut
microbiota were compared with bees inoculated with the normal gut microbiota by feeding with hive bee guts or with the
bacteria S. alvi. It was observed that apidaecin and hymenoptaecin expression was upregulated in bees inoculated with
gut microbiota, which indicates that the gut microbiota induces immune responses in bees 2],

The honeybee microbiota was observed to promote body-weight gains. To examine the effect of the microbiota on the
growth of hosts, body-weight measurements were made in the presence and absence of gut microorganisms. Germ-free
and conventional bees were received from pupae that were collected from hives and allowed to emerge in sterile
laboratory conditions 2. Bees deprived of microbiota achieved significantly lower weight gain (by 82%) than conventional
bees. The weight gain was associated with the insulin/insulin-like signaling pathway, which plays a critical role in growth,
reproduction, and aging, and regulates homeostasis and behavior in bees 2,

Gut microorganisms inhabiting insects do not just affect the digestive system. Various studies proved the existence of a
gut microbiota—brain axis, meaning that gut microorganisms induce alteration of neurophysiology and changes in behavior
of insect hosts 122, For example, microorganisms can alter volatile profiles and the olfactory behavior of their insect
hosts. Consequently, they regulate the ways in which individuals interact through chemical communication, aggregate in
groups, and make decisions concerning foraging and mating. For instance, lower termite Reticulitermes speratus
conspecific intruders are more quickly recognized and attacked when they are colonized by foreign gut bacteria releasing
unfamiliar scents. Another example is found with the leaf-cutting ant Acromyrmex echinatior, in which suppression of the
gut microbiota induces aggression among non-nestmates through alterations in cuticular hydrocarbon profiles £2l. Gut
microorganisms can also increase the longevity of insects. An example of such activity of microbes is in D. melanogaster,
the lifespan of which was significantly elongated after application of probiotic and symbiotic formulations. These
formulations rescued metabolic stress markers through management of insulin resistance and energy-regulatory
pathways 2. Gut microorganisms also affect the neurophysiological development of the host, as they support cognition
by enhancing its capacity to memorize and learn. A recent study linked gut microorganisms with markers of Alzheimer’s
disease [£3],



The gut microbiota of honeybees was observed to impact the neurophysiology and behavior of hosts. Microbes can also
affect host behavior by alteration of the levels of biogenic amines such as serotonin, octopamine, and dopamine. Levels of
these compounds vary seasonally in the worker’s brains, increasing in summer when foraging activity is the highest, and
at different life stages, being lower in brains of newly emerged, germ-free bees [24. Furthermore, the gut microbiome plays
a key role in the regulation of social behavioral features in honeybees 25,

Gut-microbiota involvement in xenobiotic metabolism has been known for years, and this ability sheds light on the
potential ability to maintain microbiota as a target for drugs to effectively contribute to treatment for various diseases [28]
[971. As honeybees are exposed to a wide range of pesticides, an important role of their gut microbiota is the detoxification
of xenobiotics, especially neonicotinoid insecticides 28, Wu et al. 28 demonstrated that honeybee gut microbiota
contribute to the host's endogenous detoxification and resistance to thiacloprid and fluvalinate, as it promotes the
expression of detoxification enzymes in the midgut. The importance of honeybee gut microbiota was also illustrated by a
metagenome project in which symbionts of honeybees were affected by viruses. This led to detrimental effects on the
growth and development of bees, and could be a major cause of colony collapse disorder (CCD) 8. Undigested pollen
was observed in the fecal content of honeybees that died due to CCD, and it indicated a deficit in the abundance of
beneficial probiotic bacteria in the GIT. This may have been caused by pesticides and antibiotic residues 22,

The microbiota synthesizes enzymes such as proteases and glycosidases, metabolizes indigestible polysaccharides,
produces essential vitamins, and conducts xenobiotic metabolism. This significantly expands the host's biochemical
capacity 2%, The fermentation of indigestible carbohydrates and oligosaccharides by bacteria belonging to the genera
Bacteroides, Roseburia, Bifidobacterium, and Faecalibacterium results in the formation of short-chain fatty acids (SCFASs)
including butyrate, propionate, and acetate /1191, These substances provide rich sources of energy for the host. Butyrate
helps prevent the accumulation of toxic byproducts of metabolism 22U, Honeybee gut microbiota functions are presented
in Eigure 2.
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Figure 2. Summary of the main functions of Apis mellifera gut microbiota (references in the text).
3.3. Factors Affecting Honeybee Microbiota

Interactions between the honeybee gut community and the environment are complex and not well understood. There
exists a huge diversity of gut microorganisms among insects, influenced by many factors such as habitat, feeding
preference, life stage, and host species. Jones et al. 2 showed that the broad landscape influenced the diversity of some
members of honeybee gastrointestinal microbiota, especially those belonging to Proteobacteria and Firmicutes. Mufioz-
Colmenero et al. 1921 demonstrated that the environment plays the main role in determining honeybee microbiota, and
that agricultural treatments cause disruption to the bacterial community.

Honeybees exhibit a complex social network of microorganisms that can be characterized by variations according to
geographic location B8], For example, in A. mellifera jemenitica, the rural honeybee characteristic of the Kingdom of
Saudi Arabia, some bacteria identified in the alimentary tract—Citrobacter sp., Providencia vermicola, Exiguobacterium
acetylicum, and Planomicrobium okeanokoites—are unique to this species 194l The core honeybee intestinal microbiota
is also subjected to global seasonal variations 2%, Few studies have shown how extreme modifications impact gut
microbiota dynamics during overwintering. However, seasonal changes in the honeybee microbiome in Canada were
investigated by Bleau et al. 23], and they observed a decrease in the abundance of Enterobacteriaceae from September
to November, while the relative abundance of Neisseriaceae increased. Subotic et al. 9 found that the honeybee
microbiome changes seasonally. Another study found differences in bacterial abundance of honeybee gut community



members between summer and winter months that were linked to diet [¢4. The lowest diversity and highest bacterial loads
were observed in winter bees (with high levels of Bartonella sp. and Commensalibacter sp.) 8. Furthermore, diet (type of
sugar used in winter forage, nutritional stressors, poor-quality diet, and propolis-rich and propolis-poor diets) has been
shown to determine the profile of the dominant honeybee gut community [UR0EI07 - A high-fat diet (palm oil) significantly
increased the abundance of Gilliamella sp., while a decreased abundance of Bartonella sp. was observed 1%l |n another
study, honeybees that were subjected to feeding with “aged” pollen displayed increased mortality, a higher load of
Nosema sp., a pathogen of fungal origin, and a significant shift in the gut microbiota composition €,

Due to the increasing risk of CCD, attempts have been made to treat colonies using chemical methods. Antibiotics can
influence the host by altering the species of gut microbiota. Daisley et al. 199 documented the deleterious effects of
antibiotics on the gut microbiome, immunity, and productivity of honeybees. Several residues of antibiotics and veterinary
chemotherapeutics are detected in honey, showing that honeybees are still exposed to them, despite many countries
banning their usage in beekeeping L19LLL These stressors prompt a reduction of bacterial species in the honeybee gut,
weakening their immunity and increasing their susceptibility to infections 212, In one study, honeybees underwent
treatment with antibiotics, which resulted in the elimination of their microbiota. It was found that bees were more
susceptible to infections by Nosema ceranae (a frequent honeybee pathogen) due to its negative influence on the immune
system, which was illustrated by the depletion of the expression of genes that encode antimicrobial peptides 4. Another
study suggests that disturbance of gut microbiota with tetracycline decreased honeybee survival, which was associated
with an elevated susceptibility to the opportunistic pathogen Serratia sp. [€l. Furthermore, antibiotic residues may be found
later in honeybee products. Ortiz-Alvarado et al. 113 studied the effect of two commercial beekeeping antibiotics—
Terramycin (oxytetracycline) and Tylan (tylosin tartrate)}—on bee physiology and behavior throughout development. The
results of the study showed that antibiotic treatments increased the amount of lipids and the rate of behavioral
development. The timing of the antibiotic treatment affected the age of onset of behaviors, starting with cleaning, then
nursing and foraging. Bees treated during the larva—pupa stages demonstrated an accelerated behavioral development
and loss of lipids, while bees treated from larva to adulthood had a delay in behavioral development and loss of lipids.
These effects of antibiotic treatments suggest a role of microbiota in the interaction between the fat body and brain, which
is important for honeybee behavioral development. Zheng et al. 29 presented an overview of the recent research in the
field of antibiotic use. Long-term antibiotic use may have impacted the diversity within human gut communities and has
resulted in high frequencies of resistance determinants 124l |n the United States and other countries where beekeepers
used antibiotics since the late 1940s to control or prevent larval bacterial diseases (foulbrood), antibiotic exposure has
affected gut communities of honeybees LISILISILLY This practice has resulted in high frequencies of antibiotic resistance
determinants in core gut bacteria isolated from bees in the United States, in contrast to gut bacteria of honeybees from
countries that do not permit the use of antibiotics in beekeeping L1918l |n both human and honeybee gut communities,
resistance determinants have been exchanged among community members through horizontal transfer 119 |n the
European Union (EU), legal permission for the application of antibiotics is connected with the food safety and protection of
consumers. The new European environmental strategy “The European Green Deal” 120 stresses the role of the “from
farm to fork” approach, which entails designing a fair, healthy, and environmentally friendly food system. The strategic
plans will need to reflect an increased level of ambition to reduce the use and risk of chemical pesticides, as well as the
use of fertilizers and antibiotics. The EU needs to develop innovative ways to protect harvests from pests and disease,
and to consider the potential role of new innovative techniques to improve the sustainability of the food system, while
ensuring that they are safe. The most significant act that regulates food safety is Regulation No. 178/2002 121 which
includes the basic rules on food safety and established the European Food Safety Agency. European food safety is
regulated by over a hundred legal acts, and Regulation No. 415/2014 122 established the EU reference laboratory for bee
health, which coordinates the methods employed in the member states for diagnosing relevant bee diseases. In reference
to the veterinary medicinal products as antibiotics in the bee sectors, member states have to comply with the European
rules on veterinary medical products. The definition of honey is regulated in the Directive 2001/110/EC 123l The
Commission stresses the limited availability of veterinary medicines for bees. According to Regulation (EC) No 470/2009
(124 the veterinary medicinal products intended for use in food-producing animals like bees have to be scientifically
evaluated according to human food-safety requirements. Regulation (EU) No 37/2010 123 outlined the EU Maximum
Residue Limits (MRLs) for residues of pharmacologically active substances in honey. For some substances (e.g., amitraz
and coumaphos), an MRL has been established, while for others the evaluation demonstrated that no MRL was required
to protect food safety (e.g., flumethrin, oxalic acid, and tau fluvalinate). Products that have not been assessed as safe
according to these requirements can neither be authorized nor used otherwise for food-producing animals. A new
Regulation (EU) No 6/2019 28] on veterinary medical products will come into effect on 22 January 2022. The regulation
sets out rules for the sale, manufacture, import, export, supply, distribution, control, and use of veterinary medicinal
products (VMPs), aiming to modernize legislation, stimulate innovation in and increase the availability of VMPs, and
strengthen the EU's campaign against antimicrobial resistance. The regulation specifies clear and fully harmonized



labeling requirements, adopts a simpler system for making decisions on exceptions, and uses a risk-based approach to
pharmacovigilance and controls among the key measures. It defines clear rules for organically sourced VMPs and novel
therapies that also aim to encourage the development of new VMPs. It is important that the regulation strengthens the
EU’s fight against antimicrobial resistance by banning the preventive use of antibiotics in groups of animals, banning the
preventive use of antimicrobials via medicated feed, restricting the use of antimicrobials as a control treatment to prevent
a further spread of infection, introducing a reinforced ban on the use of antimicrobials for promoting growth and increasing
yield (in addition to the 2006 prohibition of using antibiotics as growth promoters in feed), including the possibility to
reserve certain antimicrobials for humans only, obligating EU countries to collect data on the sale and use of
antimicrobials, introducing science-based maximum limits for cross-contamination of feed with antimicrobials, and
introducing various other measures to promote the responsible use of antimicrobials.

Another factor influencing honeybee gut microbiome composition is exposure to particulate-matter air pollution 224, which
has been investigated for the buff-tailed bumblebee (Bombus terrestris) 1281 Likewise, there is scant evidence on the
effects of heavy metals on honeybees 129130],

In a recent study by Wang et al. 31, the authors investigated how microplastics impact honeybee fitness. They fed newly
emerged bees for 14 days with microplastics under laboratory conditions. The accumulation and degradation of
microplastics in the gut and interaction with gut bacteria was observed. A significant decrease in diversity and changes in
the core microbial population took place. The real challenge with environmental factors affecting the honeybee
microbiome, such as air pollutants, heavy metals, and microplastics, is determining the mechanism of their action and
how they should be measured. Several factors influencing the honeybee gut community are presented in Figure 3.
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Figure 3. Possible factors affecting the microbiome of A. mellifera GIT (gastrointestinal tract) (references in the text).
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