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Abstract

The honeybee Apis mellifera is a globally vital pollinator for flowering plants and crops, but it is currently facing mounting
threats to survival due to habitat anthropization, emerging pathogens, and climate change. Over the past decade, increasing
research efforts to understand and combat these challenges have led to an exploration of the honeybee gut microbiome—a
relatively simple and highly conserved community of commensals which has a range of effects on the host. Researchers have
now unravelled the main functional roles of this microbiome which include innate immune system stimulation, metabolism
of dietary compounds, and mediation of host development and behaviour. Key amongst these is its role in aiding nutrition
through the metabolism of complex carbohydrates and by degradation of otherwise indigestible pollen compounds. Increas-
ingly, research is indicating that a diverse and high-quality pollen diet is key to maintaining healthy colonies and a stable
microbiome. However, colonies can struggle to meet these dietary needs, particularly if they are located in anthropized eco-
systems. Disruptions to honeybee diets or a reduction in the availability of diverse foraging options can significantly alter the
composition of the microbiome, shifting it towards an abnormal state that leaves the honeybee more vulnerable to infection.
Seasonal changes, primarily the overwintering period, also induce shifts in microbiome composition and are periods of time
when a colony is particularly vulnerable to pathogenic infection. A comprehensive understanding of the effect these variables
have on both microbiome composition and colony health is key to tackling the unprecedented environmental challenges that
honeybees now face. This review summarises recent research which has elucidated the functional role of the gut microbiome
in metabolism and how the composition of this bacterial community can alter due to seasonal change, anthropized landscapes,
and dietary shifts. Finally, we also discuss recent studies investigating the effect that dietary supplementation has on the gut
microbiome and the application of probiotic candidates for improving colony resilience and strength.
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Introduction understanding of the role of the microbiome in metabolism

and critically analyses studies investigating how forage

Over the last 15 years, significant efforts have been made to
elucidate the taxonomic composition and functional roles
of the honeybee gut microbiome, with a specific focus on
the worker microbiome [1-12]. This microbiome is signifi-
cantly different from that of other honeybee castes [13, 14]
and is both relatively simple [11] and highly conserved [7].
It is acquired primarily after new workers emerge in the
hive environment, through contact with nurse bees and their
surroundings [15, 16]. This review summarises the current
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(diet) and ecosystem interact with the honeybee microbi-
ome. Additionally, we highlight recent studies investigating
the effects of dietary supplementation and the application of
probiotic taxa to alleviate dysbiosis of the microbiome and
improve honeybee health.

The honeybee gut microbiome is usually defined by the
presence of a small group of bacterial phylotypes, broadly
considered to be the ‘core’ microbiome, and predominantly
located in the hindgut [1, 3, 17]. While there is no formal
definition of which taxa are considered core and non-core,
it is broadly agreed that the ‘core’ microbiome is comprised
of 5 genera which are present in all worker bees: Bifido-
bacterium, Bombilactobacillus, Lactobacillus, Gilliamella,
and Snodgrassella [1]. Other genera which are often found
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in the gut, but which are not considered members of the
‘core’ microbiome, include Bartonella, Commensalibacter,
and Frischella [1]. These non-core taxa are usually present
in lower abundance compared to core taxa, but can prolif-
erate as a result of seasonal change [18], dietary changes
[19], pathogenic infection [20], or features in surrounding
ecosystems [21].

These core and non-core taxa have a broadly symbi-
otic relationship with the honey bee host: contributing to
the metabolism and fermentation of carbohydrates [8, 22,
23], innate immune system stimulation by upregulating the
production of antimicrobial peptides [24, 25], and develop-
ment and weight gain by triggering changes in vitellogenin
expression and insulin signalling [26]. They also protect the
honeybee host directly against pathogenic microorganisms
either through competitive inhibition [27] or the production
of antifungal metabolites [28]. Recently, they have even been
linked to the breakdown of pesticides by upregulating host
expression of cytochrome P450 enzymes, a key component
of detoxification pathways [29].

Perturbations of the microbiome can alter the composi-
tion and relative abundance of taxa (sometimes called dys-
biosis) which can in turn negatively affect host health and
fitness [3, 12, 19]. States of dysbiosis are primarily caused
by pathogenic activity [20, 30], pesticide exposure [20, 31],
and antibiotic treatment [32]. Typically, a dysbiotic honey-
bee microbiome is defined by alterations in alpha-diversity
and changes in the relative abundance of core and non-core
taxa [19, 32]. Extensive reviews have documented how dif-
ferent factors alter the gut microbiome and affect the health
of the honeybee [1, 3, 12, 33, 34]. As understanding of this
complex relationship between honeybee host and commen-
sals deepens, studies are currently exploring how additional
factors such as diet [19, 35], seasonal change [18, 36], and
surrounding ecosystem [36-38] interact with the microbi-
ome. An improved understanding of how both ecosystem
and diet can shape the microbiome is vital to alleviate the
stresses of agricultural intensification and climate change.

The Functional Roles of Gut Commensals
in Metabolism

The diet of adult honeybee workers is relatively simple, con-
sisting primarily of honey and beebread which serve as the
main sources of carbohydrates and protein [39, 40]. Recent
studies have shown that a diverse and high-quality pollen
diet can enhance both bee physiology and immunity [41,
42] and that time-of-year affects the quantity and diversity
of foraged pollen [43]. Research is now exploring the com-
plex role that the gut microbiome plays in the metabolism of
pollen, and the influence of diet on microbiome composition
[19, 23, 35, 44, 45]. As summarised graphically in Fig. 1,
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these data indicate that the members of the core microbi-
ome primarily contribute to the metabolism of indigestible
carbohydrates and the fermentation of resulting products [8,
10, 22, 46-48]. This metabolic activity has a positive effect
on honeybee physiology, primarily by promoting whole
body growth and weight gain by contributing to host nutri-
tion [26]. Here, we summarise the current understanding of
how gut microbiota contribute to host digestion through the
metabolism of indigestible compounds, niche specialisation
within this community and its role in detoxifying potentially
harmful sugars.

Core Taxa of the Microbiome Metabolise Complex
Carbohydrates and Pollen Derivatives

The predominant expression of genes for carbohydrate
metabolism and transport systems within several of the
core taxa [8, 17, 48, 49], suggests that the honeybee gut
is colonised by bacteria which are well-adapted to their
environment. The processing of pollen into beebread and
its digestion by worker bees involves the breakdown of com-
plex carbohydrates by glycoside hydrolases, secreted by the
hypopharyngeal glands in the worker head [45]. The result-
ing simple sugars such as glucose and fructose are absorbed
in the midgut [50], with undegraded dietary compounds,
namely, components of the pollen cell wall, passing to the
hindgut where they are metabolised by gut microbiota [46,
48].

Metagenomic, metatranscriptomic, and experimental col-
onisation studies show that members of the core microbiome
(Lactobacilli, Bombilactobacilli, Bifidobacteria, and Gillia-
mella) have significant fermentative capabilities within the
honeybee gut, producing short-chain fatty acids (SCFA) lac-
tate, succinate, formate, and acetate [8, 46, 48, 49]. The core
taxa metabolise complex carbohydrates and components of
the pollen wall by secreting glycoside hydrolases, pectinases
and polysaccharide lyases [47, 51]. Saccharolytic fermenta-
tion is understood to be the predominant metabolic activity
of the gut microbiota [26, 48] and its products (SCFAs) are
utilised by both the host and other microbiota and associated
with hindgut physiochemical conditions [26].

Specialisation in Metabolic Activity Within the Gut
Microbiome Community

While there is overlap in the metabolic function of mem-
bers of the gut microbiota [48], certain taxa have unique
roles and niche specialisation, depending on their enzymatic
capabilities and location within the hindgut [8, 47, 48, 51].
For example, specific Gilliamella apicola strains degrade
pectin from pollen cell walls by the production of pectinases
[47], whereas certain honeybee-associated Bifidobacterium
strains display an enriched repertoire of glycoside hydrolase
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Fig. 1 Locations and metabolic functions of the honeybee gut micro-
biome. A The honeybee digestive tract, with the typical locations of
core and non-core taxa of the gut microbiome indicated. B The role

genes, including GH43, enabling them to metabolise hemi-
cellulose [47]. Furthermore, Lactobacillus strains within a
species show extensive inter-strain variation in genes encod-
ing phosphotransferase systems and glucose hydrolases [51],
displaying niche specialisation within the honeybee gut by
metabolising different pollen-derived substrates [46].

Degradation of Toxic Compounds and Metabolism
of Plant Secondary Metabolites

The gut microbiota can metabolise sugars which are toxic
to the honeybee host such as xylose, arabinose and man-
nose [23, 45, 51, 52]. In particular, Gilliamella apicola
strains possess a variety of genes for metabolising toxic
dietary carbohydrates [23], and Lactobacillus and Bifi-
dobacterium contain clusters of gene associated with the
transport and fermentation of mannose [51, 53]. A recent
study also describes how Bifidobacterium, Bombilac-
tobacillus, and Giliamella strains degrade amygdalin, a
secondary metabolite from almond pollen which, without
degradation by gut microbiota, accumulates as prunasin

of core gut taxa in metabolism of indigestible carbohydrates, toxic
sugars, and plant secondary metabolites

in the midgut and hindgut [52]. Similarly, non-core taxa
Bartonella apis and Apilactobacillus kunkeei have recently
been shown to improve resistance to toxic nectar sources
[54]. While the underlying mechanism is unclear, it is
hypothesised that these non-core taxa improve resistance
through the upregulation of pleiotropic honeybee-associ-
ated immune genes.

Other recent studies have identified members of the gut
microbiome that are capable of utilising and degrading plant
secondary metabolites found in nectar and pollen [46, 48,
55]. In particular, Lactobacillus and Bombilactobacillus can
metabolise plant secondary metabolites such as flavonoids,
located in the outer pollen coat [46, 48], contributing to the
breakdown of undigested pollen. Non-core taxa such as
Bartonella are also capable of degrading plant secondary
metabolites [54] and have a wider range of energy pathways
[56] which could explain their ability to thrive in stress-
ful conditions such as overwintering [56] or drought [57].
However, the beneficial effects of the degradation of plant
secondary metabolites by members of the gut microbiome
are not yet fully clear and require further investigation.
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Overall, these studies highlight one of the key functional
roles of the honeybee gut microbiome: the metabolism of
dietary compounds which otherwise could not be utilised
by the honeybee host or microbiota (Fig. 1). Through the
production of SCFAs, monosaccharides, and degradation
of potentially toxic sugars, the microbiome contributes to
overall host health and physiology. While the community
of microorganisms within the gut is relatively small, niche
specialisation allows these taxa to co-exist. This community
is, however, vulnerable to compositional shifts induced by
changes in the honeybee diet. In the following section, we
will discuss how suboptimal and nutritionally deficient hon-
eybee diets can have a significant effect on the composition
of the microbiome and lead to dysbiosis.

Variation in Pollen Diet and How It Interacts
with the Microbiome

The importance of nutrition in honeybee health has been
extensively studied and recently reviewed [58], emphasis-
ing that a diverse pollen diet supports overall health and
pathogen resistance [40, 59, 60]. Given the role of the gut
microbiome in metabolism, it is logical to hypothesise that
there could be an interaction between changes in diet and the
composition and functional roles of the microbiome. Recent
studies have begun to examine this interaction in honeybees
[19, 61-65] and other social and solitary bees [66]. Collec-
tively, they indicate that variation in the quality and type of
pollen can influence microbiome composition, bee health,
and pathogen resistance.

Pollen Abundance and Quality Affect Microbiome
Composition

In general, honeybees appear to have a preference for fresh
pollen over older, stored pollen [117], and it has been shown
that the age and quality of pollen also has a significant role
in shaping the gut microbiome of developing workers [19].
In this study [19], young bees consuming a diet of aged
pollen developed a dysbiotic microbiome characterised
by the proliferation of opportunistic non-core microbiota
Frischella perrara and Bombella apis (formerly Parasac-
charibacter apium) and a reduction in proportional abun-
dance of Snodgrassella alvi. This diet also correlated with
higher Nosema spp. spore counts, indicating a vulnerability
to pathogenic infection. Interestingly, in this study, bees fed
a commercial pollen substitute (of undefined composition)
showed no significant alterations in microbiome composi-
tion compared to those fed fresh or aged pollen. This con-
trasts with a recent study [62] which tested the effect of a
diet designed to mimic the macronutrient profile of Brassica
rapa pollen mixed with sucrose, cellulose, and vitamins on
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the microbiome. This study concluded that the pollen-sub-
stitute diet reduced microbiome alpha-diversity and impaired
the host’s ability to supress opportunistic pathogens. How-
ever, they also note that the core taxa of the microbiome
remained relatively stable when bees fed upon pollen-substi-
tute diets and the shift in alpha-diversity was primarily due
to alterations in the abundance of non-core taxa.

Pollen starvation also disrupts microbiome composition
and metabolic function [65], whereby pollen-deprived bees
exhibit significant reductions in the abundance of core taxa,
Lactobacillus, Bombilactobacillus, Bifidobacterium, Gillia-
mella, and Snodgrassella. This is accompanied by a reduc-
tion in the expression of fermentative enzymes, highlighting
a compromised metabolic capacity.

A Diverse Pollen Diet Is Vital for Honeybee Health
and Microbiome Stability

Pollen diversity (polyfloral/monofloral diet) has a signifi-
cant effect on the composition of the gut microbiome [64].
In a comparison of polyfloral pollen diet versus monofloral
(Eucalyptus grandis) pollen, a monofloral diet resulted in
lower proportional abundance of Lactobacillus, Bombilac-
tobacillus, and Bifidobacterium alongside an increase in
the abundance of Bartonella apis. Consistent with previ-
ous studies [19], the monofloral diet resulted in increased
prevalence of Nosema spores. Monofloral pollen diets have
previously been shown to have detrimental effects on over-
all honeybee health, specifically in their ability to combat
pathogenic infection [42, 67]. This highlights the complex
relationship between diet, health, and microbiome compo-
sition in honeybees—a lack of diversity in foraged pollen
appears to drive dysbiosis [64] and given the role of the
microbiome in honeybee immunity [25] and reduces the host
ability to supress infection.

These studies collectively explain how variation in pol-
len diet can disrupt the composition of the honeybee gut
microbiome, leading to declines in the abundance of core
microbial taxa and the proliferation of opportunistic colon-
isers. Diets of aged or monofloral pollen and pollen starva-
tion all have detrimental effects on the composition of the
gut microbiome and, thus, negative consequences for host
health. As outlined by Dolezal and Toth [58], the interplay
between diet, disease, and the microbiome is complex; dis-
ruptions in one of these variables can initiate a feedback loop
with cascading negative effects on honeybee heath. Their
review clearly outlines the nutritional stresses that honey-
bees face as a result of human-mediated landscape changes.
However, relatively few studies have focused on the specific
interaction between pollen diets and microbiome in honey-
bees. Considering the growing pressures from agricultural
intensification and widespread monoculture practices [68], a
better understanding of this interaction is needed to mitigate
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the challenges facing honeybee colonies. In the following
section, we will review the effect of seasonal change and
anthropized ecosystems on honeybee health and microbiome
composition.

Ecosystem and Seasonal Change Affect
Forage Availability and Microbiome
Composition

The composition of the local ecosystem and seasonal change
influence the availability of pollen and nectar to honeybees
which impacts their diet and thus the composition of their
microbiome. As colonies transition from summer to winter,
their microbiome also changes [18]. Usually, these changes
are characterised by a shift in the abundance of core taxa and
the proliferation of certain non-core taxa such as Bartonella
[56]. It is likely that this shift in microbiome composition is
a response to the winter dietary change, and it also marks a
period of time where colonies are more vulnerable to patho-
genic infection [69]. Additionally, recent studies are now
highlighting the detrimental effect that anthropized land-
scapes have on the availability of nutritional resources [68]
and the composition of the honeybee gut microbiome [21].
While this is a relatively new area of research, trends are
emerging which suggest that honeybee colonies located in
areas of intensive monoculture or urbanised ecosystems are
more prone to disease [41] and have an atypical microbiome
composition [37]. In this section, we discuss how both sea-
sonal change and local ecosystem can affect the composition
of the gut microbiome and colony health.

The Composition of the Gut Microbiome Changes
with Season

Between seasonal change and local ecosystem, the effect
of the former on the microbiome is better understood, with
many studies identifying a change in the relative abundance
of core taxa [18, 36, 56, 70] and total bacterial abundance
[18] as colonies progress through the honey season and enter
the overwintering period. The overwintering shift is primar-
ily characterised by a decrease in alpha diversity [18] and
increased abundance of certain core taxa such as Gilliamella
and Snodgrassella [18, 71] and non-core taxa such as Bar-
tonella and Frischella [18, 56, 69]. These changes are likely
driven by a combination of altered diet, temperature change,
and the emergence of longer-living overwintering bees in the
hive. In particular, the proliferation of Bartonella during this
period may be associated with dietary changes, as its wider
range of energy pathways allows it to circumvent the reduced
availability of pollen and utilise metabolic waste products
for energy [56].

It is a common practice for beekeepers to provide sup-
plemental feed for their colonies during the overwintering
period, usually in the form of commercial sugar fondant or
syrup solutions, and this can affect the composition of their
microbiome [72, 73]. In this case, core taxa typically remain
stable but their relative abundance is affected by feed type.
Notably, there is an increase in the relative abundance of
Bartonella and Bifidobacteria when fed with specific syrup
solutions [71-73]. An increase in abundance of these taxa is
not indicative of dysbiosis and actually appears to increase
the likelihood of a colony surviving the overwintering
period [69, 72].

The composition of the overwintering microbiome is also
a predictor of colony survival during this period [69]. Core-
taxa Gilliamella and Snodgrassella are positively associated
with survival, and colonies which survive the overwintering
period typically have a higher total abundance of bacteria
in their gut. Interestingly, non-core taxa including Com-
mensalibacter, Bartonella, Bombella, and Frischella, some-
times considered opportunistic colonisers, are also present
in greater abundance in colonies which survive the winter.
The proliferation of these non-core taxa could be linked to
dietary changes, namely, the consumption of older, stored
beebread, as has previously been noted for bees fed a diet
of aged pollen [19]. Interestingly, Snodgrasella abundance
in the overwintering microbiome shows inconsistent results
across studies, with some reporting an increase in its abun-
dance [69, 71] while others describe a decrease in abundance
[18, 73]. Commensalibacter has previously been associated
with thriving colonies [2] and an increase in its abundance
has been observed in the overwintering microbiome in other
studies [18], though it is not usually considered a member
of the core microbiome. Thus, there are some contradictory
findings on this topic, probably due to unrecognised local
factors or confounders.

Seasonal changes may also allow opportunistic patho-
gens to proliferate in the microbiome, with the transition
to the overwintering period being a particularly vulnerable
period for colonies. For example, two separate studies [36,
71] observed an increase in Arsenophonus abundance dur-
ing the early wintering period. While the exact effect of this
genus on honeybee health is unclear, studies have shown that
its presence in the honeybee microbiome is associated with
V. destructor infestation [118] and an increased abundance
of the genus has been linked to dysbiosis [7] and Colony
Collapse Disorder [74].

The overwintering period brings about significant change
for honeybee colonies with the emergence of longer-living
bees, a dietary shift to stored pollen and/or supplemental
feed, and a period of dormancy when bees rarely leave the
hive. It now appears that seasonal change also has a sig-
nificant effect on the composition of the microbiome. While
the core taxa are retained, their abundance can change as
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non-core taxa such as Frischella, Commensalibacter, and
Bartonella proliferate [18, 56, 69]. This microbiome, which
is significantly different on a compositional level from the
summer gut microbiome [18], likely has a role in honeybee
health and survival during this time period [69]. It should
be noted that, in addition to changes in overwintering bee
physiology, these alterations in bacterial abundance could be
driven by a range of factors including dietary supplementa-
tion, temperature change, emergence of long-living bees,
or their state of dormancy. Future studies should focus on
elucidating exactly which variables are driving the prolif-
eration of specific species, perhaps facilitated by studying
(non-supplemented) wild honeybee hives.

PRISTINE LANDSCAPE

OWER POLLEN
DIVERSITY IN
AREAS OF
MONOCULTURE
FARMING

LOWER ABUNDANCE OF GUT PATHOGENS
(Varimorpha, Hafnia, Serratia, etc) RELATIVE TO
AGRICULTURAL/URBAN ENVIRONMENTS.

AGRICULTURAL LANDSCAPE

Anthropized Ecosystems Significantly Influence
Forage Availability and Diet and Are Detrimental
to Honeybee Health

Understanding the effect that the surrounding ecosystem has
on the honeybee microbiome is a more challenging task.
Anthropized changes to the landscape have an impact on the
health of honeybee colonies, particularly agricultural areas
and urbanised centres (as summarised graphically in Fig. 2).
Agricultural landscapes affect the availability and diversity
of pollen and nectar for honeybees [75, 76], impacting the
quality of their diet [41, 77] and the nutritional composition
of beebread [68]. Additionally, agricultural landscapes can
expose honeybee colonies to a variety of pesticides such as
imidacloprid, thiamethoxam, clothianidin, and acetamiprid,
which have significant impacts on honeybee microbiome, as
recently reviewed [31, 33, 78]. Forager flight range is also
affected by the surrounding landscape, primarily determined
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Fig.2 The effects of different landscape types on honeybee health and gut microbiome stability
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by the occurrence and diversity of flowering plants in their
vicinity [43, 79, 80].

In contrast, honeybee colonies located in urban or subur-
ban settings have more diverse foraging options compared
to those in agricultural landscapes [81], often foraging from
a variety of plant species including non-native taxa [82, 83].
This is likely due to lower overall plant availability, resulting
in bees foraging from urban gardens/parks and making for-
aging a more challenging and energy intensive task (Fig. 2).
Notably, a recent study [84] found that, when located adja-
cent to both urban and agricultural landscapes, foragers will
preferentially collect pollen from the agricultural area.

A recent investigation [85] which compared colony
strength and levels of Nosema infection between colonies
located in urban and agricultural landscapes concluded that
colonies located in urban environments were stronger and
had lower levels of Nosema infection compared to those in
agricultural environments. A diverse pollen diet is report-
edly linked to healthier colonies [67], a stable microbiome
and lower Nosema infection [64]. However, these results are
contradicted by the findings of another investigation [37]
which found that colonies located in urbanised environments
harboured more pathogenic bacteria and fungi compared to
those in natural or agricultural environments. These conflict-
ing outcomes could be explained by variation in the floral
composition and pollen availability between these urbanised
settings.

Honeybee Gut Microbiome Composition May Be
Detrimentally Affected by Anthropized Landscapes

Currently, few studies have examined the direct effect of the
surrounding landscape on the microbiome, making it chal-
lenging to draw conclusions on how colony location impacts
microbiome structure. In general, the honeybee microbiome
is understood to be highly conserved across geographical
locations [6, 11, 86] and some microbiome studies which
have examined this have found only marginal differences
[87] or no variation [36] in microbiome composition across
geography. However, recent studies which have investigated
anthropized/non-anthropized landscapes and their effect on
the honeybee microbiome have found that the relative abun-
dance of core and non-core taxa can differ depending on
their surrounding ecosystem [21, 37, 38, 88, 89].

At present, research in this area has predominantly focused
on the effect of agricultural landscapes on the composition of
the microbiome [21, 38, 88, 89]. These studies have primar-
ily concluded that anthropized agricultural areas have a detri-
mental effect on the microbiome and are associated with the
proliferation of opportunistic taxa and diminished abundance
of core taxa. The microbiomes of colonies located in agricul-
tural landscapes tend to have higher alpha-diversity compared
to those located in pristine or natural environments [21, 89],

primarily due to a greater abundance of these non-core taxa.
Notable amongst these are Bartonella [21, 38] and Enterobac-
teraceae [89] which are more abundant in these agricultural
landscapes, while core taxa such as Lactobacillus, Snodgras-
sella, and Gilliamella are enriched in pristine/natural habitats
[21, 89]. While the majority of these studies did not measure
colony strength or the levels of known pathogens, the findings
correlate with previously mentioned studies into the effect of
monofloral diets on the honeybee microbiome [64] and suggest
that colonies in these agricultural landscapes could be more
vulnerable to pathogenic infection.

There has been little research conducted into the effect of
urbanised landscapes on the honeybee microbiome. One study
which investigated the effect of oxalic acid (a common treat-
ment for Varroa destructor) on Apis m. iberiensis colonies
located in agricultural, mountainous, and urbanised landscapes
found that, before any treatment was applied, microbiome
composition was significantly different in the urbanised land-
scape compared to agricultural or mountainous [37]. This dif-
ference was primarily attributed to the enrichment of non-core
and pathogenic taxa (Bartonella, Hafnia alvei, and Serratia) in
urbanised colonies, resulting in overall higher alpha-diversity.
Additionally, higher levels of Nosema were detected in these
colonies which, along with the presence of other pathogenic
taxa (Hafnia alvei and Serratia), suggests a state of dysbiosis
that was not observed in rural or mountainous locations. Inter-
estingly, this contradicts previously mentioned investigations
[85] which found that Nosema spores were less abundant in
urbanised landscapes compared to agricultural, though differ-
ences in the exact composition of the urbanised landscape in
both studies could be a likely contributor to the differences in
results. Notably, the least anthropized landscape in this study
(mountainous) had the lowest abundance of pathogens, pos-
sibly attributable to a combination of diverse natural forage
and stable microbiome.

Despite the relatively small number of studies which
have investigated the effect of landscape on the microbiome,
trends are emerging which suggest that in anthropized land-
scapes, the honeybee microbiome is perturbed, with higher
abundance of non-core taxa and diminished abundance of
core taxa (Fig. 2). The exact impact of this compositional
shift on the overall health of the honeybee is not yet fully
clear. Future studies should focus on a combined analysis
of microbiome composition and colony strength/health,
examining how they vary between agricultural, natural, and
urbanised landscapes.

Dietary Supplementation for Honeybees
Honeybee colonies are often provided with dietary supple-

ments by beekeepers at the beginning of the overwintering
period or during periods of pollen shortage. In areas where
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honeybee colonies are used to pollinate early-season crops,
supplementation is also provided during winter in order to
strengthen colonies before deployment to pollination service
[63, 90]. Dietary supplements are typically intended to pro-
vide a source of either carbohydrates or protein to a colony
in the absence of nectar or pollen. Many studies have investi-
gated their effects on colony strength [63, 91, 92] and health
[93], with recent reviews highlighting key findings [40, 58,
90]. These provide a particularly comprehensive overview
of the benefits and disadvantages of dietary supplements,
highlighting that while there is some discrepancy between
different studies, supplements generally increase brood and
worker population but are less effective when environmental
pollen and nectar are plentiful. This underscores the fact
that, while dietary supplementation can benefit a colony dur-
ing challenging environmental conditions, natural pollen is
superior to supplementation. There is inherent complexity
involved with carrying out studies on the effect of dietary
supplementation on colonies, namely, discrepancies between
caged and field trials, differences in supplement composi-
tion, the effect of landscape/available forage and low sam-
ple sizes. The following section of this review presents an
overview on emerging research concerning the effect of such
dietary supplements on the honeybee microbiome.

Dietary Supplements Can Cause Slight Changes
in the Composition of the Gut Microbiome
Community

Until recently, there has been a lack of research which has
examined the effect of dietary supplements on the honeybee
microbiome. However, in the last 5 years, there has been an
increased number of studies which have investigated possi-
ble interactions between these supplements and gut micro-
biome composition [55, 62, 63, 72, 94-98]. These studies
primarily conclude that the application of dietary supple-
ments does not alter the presence of core commensals in
the gut, though their abundance can be affected [55, 72, 95,
98]. Additionally, non-core taxa which are normally present
in low abundance can proliferate as a result of dietary sup-
plementation [96, 98].

Shifts in the abundance of gut taxa after dietary sup-
plementation may be subtle [63, 96] and depend on the
type of supplementation applied. Thus far, studies have
mainly focused on the effects of commercial supplements
designed to mimic the nutritional profile of a natural diet
[63, 96], and carbohydrate supplements which are usu-
ally applied in a syrup solution [72, 98] or pollen substi-
tutes [62]. Sucrose supplementation, commonly applied to
colonies during overwintering or dearth periods, results
in an increase in the abundance of Bifidobacteria, Bar-
tonellaceae, and Lactobacillus [72, 73, 98]. Given the
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fermentative capabilities of these taxa [48], it is logical
that they would proliferate with a diet rich in simple sug-
ars. Supplements designed to mimic the macronutrient
profile of pollen appear to have a negative impact on the
composition of the microbiome, reducing its diversity and
evenness and reducing its ability to resist pathogenic infec-
tion [62]. Commercial supplements differ greatly in their
nutritional content [63] and so it is impossible to broadly
define their impact on the gut microbiome. However, the
few studies which have examined these commercial alter-
natives and their effect on the microbiome have so far
found that they have little impact on its composition [63,
96]. Notably different to these, one study investigated the
effects of phytochemical supplementation on the microbi-
ome, reporting that it had a positive effect on composition,
increasing the abundance of Snodgrassella, Commensali-
bacter, and Lactobacillus spp. [55].

Difference in experimental design between these stud-
ies is an important consideration when interpreting these
results. As mentioned above and highlighted in previous
reviews [90], confounding variables such as surrounding
landscape can obscure the effect that dietary supplementa-
tion has on colony performance and microbiome compo-
sition. These effects must be considered in field studies,
because experimental colonies will be exposed to variables
such as pathogenic infection, differing management prac-
tices and landscape/seasonal influence. Notably, recent
research concluded that landscape has more of an impact
on gut microbiome composition than does supplementa-
tion [63], highlighting the relative effect that different vari-
ables have on the gut microbiome. Seasonal influence and
changes in climate must also be considered, particularly
as the composition of the gut microbiome varies between
winter and summer [18]. Notably, dietary supplementation
appears to have little effect on the gut microbiome when
applied during the foraging period [96] but a significant
impact when applied during the overwintering period [72].

Similarly, comparisons between studies can be difficult
to make if they differ in design between cage trials [55, 62,
94, 98] and field studies [63, 72, 96]. Laboratory studies
remove the influence of additional variables and allow for
the examination of a single factor such as dietary sup-
plementation, but recent work has shown that these caged
experiments themselves effect honeybee immune function
and microbiome composition [99, 100] and are not repre-
sentative of in-hive environments. Ideally, studies should
combine caged and field trials when examining the effect
of dietary supplements [91] but this is not always possible.
Therefore, a cautionary approach should be taken when
drawing comparisons between multiple studies that vary
between cage and field trials.
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Probiotics for Honeybee Colonies—Differences
Between Native and Non-native Candidates

Finally, dietary supplementation with ‘probiotic’ taxa is
emerging as a particularly interesting area of research and
has been comprehensively reviewed in several recent pub-
lications [101-104]. Many probiotics currently available to
beekeepers are a combination of bacterial taxa which are not
native to the honeybee gut [101]. Reports on the efficacy of
these probiotics do not always concur [105, 106], with recent
studies highlighting minimal or no beneficial effects for col-
onies treated with non-native probiotics [107, 108]. In some
cases, they even reduce colony ability to combat infection
and increase mortality [109]. Conversely, other studies have
reported positive outcomes when colonies have been treated
with commercial or non-native probiotics, such as a reduc-
tion in Nosema spore numbers [119, 120], increased capacity
to combat American Foulbrood [105], increased honeybee
lifespan [121] and ability to recover from antibiotic-induced
dysbiosis [122]. Additionally, recent studies have begun to
explore the concept of applying native gut taxa as probiotic
agents, suggesting that formulations comprised of these taxa
can have beneficial effects [110-113]. This emergent area
of research shows potential, though more work is needed
to evaluate the effect of these probiotic candidates in field
trials, which do not always mirror laboratory results [114].
In particular, while laboratory cage trials often demonstrate
reduced pathogen loads following the application of probi-
otic treatments, low-level infection can still persist, which
could partially explain discrepancies in results between cage
and field trials. The method for delivery of probiotic treat-
ments to colonies is also an important consideration which
must be factored into any field trial which seeks to evaluate
the efficacy of native taxa as probiotic candidates [115, 116].

Conclusion

This review highlights the complex interactions between
honeybee diet, local ecosystems, microbiome composi-
tion, and colony health. Over the past decade, substantial
advances have been made in understanding the composition
of the honeybee gut microbiome and its symbiotic relation-
ship with the host. A critical function of this highly con-
served microbial community is the metabolism of dietary
compounds indigestible by the honeybee, including complex
carbohydrates and pollen cell wall components. The niche
specialisation of gut commensals has resulted in a stable and
highly adapted microbial consortium, despite the relatively
limited diet of the honeybee.

Recent research has turned towards establishing meth-
ods to alleviate the pressures of anthropized ecosystems,
where agricultural and urban landscapes negatively impact

honeybee health and microbiome composition. While evi-
dence suggests these detrimental effects are primarily driven
by the availability and diversity of forage, the specific factors
which lead to microbial dysbiosis remain poorly understood.
Nutritional stress likely plays a pivotal role, and disruptions
in diet can create feedback loops that increase vulnerability
to pathogens and other stressors.

Dietary supplementations, including pollen substitutes
and probiotics, offer a promising alternative to conven-
tional feeds and antibiotics, to alleviate environmental and
pathogenic pressures. However, current research in this area
remains inconclusive as to the efficacy of such treatments.
Continued efforts are needed to refine supplementation
strategies that stabilise or enhance microbiome function
and improve colony performance/health under environmen-
tal stress. Additionally, studies that identify pollen sources
associated with healthy colonies could inform sustainable
development initiatives and guide the planting of pollinator-
friendly vegetation. These approaches collectively hold the
potential to mitigate the challenges posed by agricultural
intensification and urbanisation, supporting the long-term
resilience of honeybee populations.

Acknowledgements This publication has emanated from research con-
ducted with the financial support of Taighde Eireann- Research Ireland
under Grant number GOIPG/2024/5035. Work in PWOTs laboratory
is supported by Science Foundation Ireland through a Centre Award
to APC Microbiome Ireland (12/RC/2273_P2).

Author Contributions PWO'T conceptualised and designed the review
structure. DM conducted the literature search and compiled the review
studies. DM wrote the initial manuscript draft and prepared the figures.
PWO'T critically revised the work. All authors contributed to the final
manuscript version and approved the submitted version.

Funding Open Access funding provided by the IReL Consortium. This
publication has emanated from research conducted with the financial
support of Taighde Eircann—Research Ireland under grant number
GOIPG/2024/5035. Work in PWOTSs laboratory is supported by Sci-
ence Foundation Ireland through a Centre Award to APC Microbiome
Ireland (12/RC/2273_P2).

Data Availability No datasets were generated or analysed during the
current study.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright

@ Springer



54

Page 10 of 14

D. E. Meehan, P.W. O'Toole

holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

. Motta EV, Moran NA (2024) The honeybee microbiota and its

impact on health and disease. Nat Rev Microbiol 22(3):122—137.
https://doi.org/10.1038/s41579-023-00990-3

C. Ribiére, C. Hegarty, H. Stephenson, P. Whelan and P. W.
O’Toole, “Gut and whole-body microbiota of the honey bee
separate thriving and non-thriving hives.,” Microb Ecol., pp.
195-205, 2019. https://doi.org/10.1007/s00248-018-1287-9

K. Raymann and N. A. Moran, “The role of the gut microbiome
in health and disease of adult honey bee workers.,” Curr Opin
Insect Sci, pp. 97-104, 2018. https://doi.org/10.1016/j.cois.2018.
02.012

G. Bonilla-Rosso and P. Engel, “Functional roles and metabolic
niches in the honey bee gut microbiota.,” Curr. Opin. Microbiol.,
pp. 69-76, 2018. https://doi.org/10.1016/j.mib.2017.12.009

J. C. Jones, C. Fruciano, J. Marchant, F. Hildebrand, S. Forslund,
P. Bork, P. Engel and W. O. Hughes, “The gut microbiome is
associated with behavioural task in honey bees.,” Insectes Soc..,
pp- 419-429, 2018. https://doi.org/10.1007/s00040-018-0624-9
W. K. Kwong, L. A. Medina, H. Koch, K. W. Sing, E. J. Soh,
J. S. Ascher, R. Jaffé and N. A. Moran, “ Dynamic microbiome
evolution in social bees.,” Sci Adv, p. 1600513, 2017.https://doi.
org/10.1126/sciadv.1600513

W. K. Kwong and N. A. Moran, “Gut microbial communities of
social bees.,” Nat. Rev. Microbiol, pp. 374-384, 2016. https://
doi.org/10.1038/nrmicro.2016.43

F. J. Lee, D. B. Rusch, F. J. Stewart, H. R. Mattila and 1. L.
Newton, “Saccharide breakdown and fermentation by the
honey bee gut microbiome.,” Environ. Microbiol., pp. 796-815,
2015.https://doi.org/10.1111/1462-2920.12526

K. M. Kapheim, V. D. Rao, C. J. Yeoman, B. A. Wilson, B. A.
White, N. Goldenfeld and G. E. Robinson, “Caste-specific dif-
ferences in hindgut microbial communities of honey bees (Apis
mellifera).,” PloS one., p. €0123911, 2015. https://doi.org/10.
1371/journal.pone.0123911

P. Engel, V. G. Martinson and N. A. Moran, “Functional diversity
within the simple gut microbiota of the honey bee.,” Proc. Natl.
Acad. Sci., pp. 11002-11007, 2012. https://doi.org/10.1073/pnas.
1202970109

N. A. Moran, C. K. Hansen, J. E. Powell and Z. L. Sabree, “Dis-
tinctive gut microbiota of honey bees assessed using deep sam-
pling from individual worker bees.,” PloS one., p. €36393, 2012.
https://doi.org/10.1371/journal.pone.0036393

C. Hamdi, A. Balloi, J. Essanaa, E. Crotti, E. Gonella, N.
Raddadi, I. Ricci, A. Boudabous, S. Borin, A. Manino and C.
Bandi, “ Gut microbiome dysbiosis and honeybee health.,” J.
Appl. Entomol., pp. 524-533, 2011. https://doi.org/10.1111/j.
1439-0418.2010.01609.x

Tarpy DR, Mattila HR, Newton IL (2015) Development of the
honey bee gut microbiome throughout the queen-rearing pro-
cess. Appl Environ Microbiol 81(9):3182-3191. https://doi.org/
10.1128/AEM.00307-15

Copeland DC, Maes PW, Mott BM, Anderson KE (2022)
Changes in gut microbiota and metabolism associated with phe-
notypic plasticity in the honey bee Apis mellifera. Front Micro-
biol 13:1059001. https://doi.org/10.3389/fmicb.2022.1059001
Kowallik V, Mikheyev AS (2021) Honey bee larval and
adult microbiome life stages are effectively decoupled with

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

vertical transmission overcoming early life perturbations. MBio
12(6):202966-e3021. https://doi.org/10.1128/mBi0.02966-21
Powell JE, Martinson VG, Urban-Mead K, Moran NA (2014)
Routes of acquisition of the gut microbiota of the honey bee Apis
mellifera. Appl Environ Microbiol 80(23):7378-7387. https://
doi.org/10.1128/AEM.01861-14

N. A. Moran, “Genomics of the honey bee microbiome.,” Curr.
Opin. Insect Sci.., pp. 22-28, 2015. https://doi.org/10.1016/j.cois.
2015.04.003

Kesnerova L, Emery O, Troilo M, Liberti J, Erkosar B, Engel P
(2020) Gut microbiota structure differs between honeybees in
winter and summer. ISME J 1(14):801-814. https://doi.org/10.
1038/541396-019-0568-8

Maes PW, Rodrigues PA, Oliver R, Mott BM, Anderson KE
(2016) Diet-related gut bacterial dysbiosis correlates with
impaired development, increased mortality and Nosema disease
in the honeybee (Apis mellifera). Mol Ecol 25(21):5439-5450.
https://doi.org/10.1111/mec.13862

Paris L, Peghaire E, Moné A, Diogon M, Debroas D, Delbac F, El
Alaoui H (2020) Honeybee gut microbiota dysbiosis in pesticide/
parasite co-exposures is mainly induced by Nosema ceranae. J
Invertebr Pathol 172:107348. https://doi.org/10.1016/j.jip.2020.
107348

Lazarova S, Lozanova L, Neov B, Shumkova R, Balkanska R,
Palova N, Salkova D, Radoslavov G, Hristov P (2023) Composi-
tion and diversity of bacterial communities associated with honey
bee foragers from two contrasting environments. Bull Entomol
Res 113(5):693-702. https://doi.org/10.1017/S00074853230003
78

F. J. Lee, K. I. Miller, J. B. McKinlay and I. L. Newton, “Dif-
ferential carbohydrate utilization and organic acid production by
honey bee symbionts.,” FEMS Microbiol. Ecol., vol. 94, no. 8, p.
113, 2018. https://doi.org/10.1093/femsec/fiy113

Zheng H, Nishida A, Kwong WK, Koch H, Engel P, Steele MI,
Moran NA (2016) Metabolism of toxic sugars by strains of the
bee gut symbiont Gilliamella apicola. MBio 7(6):10-1128.
https://doi.org/10.1128/mBi0.01326-16

R. D. Horak, S. P. Leonard and N. A. Moran, “Symbionts shape
host innate immunity in honeybees.,” Proc. R. Soc. B., vol. 287,
no. 1933, p. 20201184, 2020. https://doi.org/10.1098/rspb.2020.
1184

W. K. Kwong, A. L. Mancenido and N. A. Moran, “Immune
system stimulation by the native gut microbiota of honey bees.,”
R. Soc. Open Sci.., vol. 4, no. 2, p. 170003, 2017. https://doi.org/
10.1098/rs0s.170003

Zheng H, Powell JH, Steele MI, Dietrich C, Moran NA (2017)
Honeybee gut microbiota promotes host weight gain via bac-
terial metabolism and hormonal signaling. Proc Natl Acad Sci
114(18):4775-4780. https://doi.org/10.1073/pnas. 1701819114
M. L. Steele, E. V. Motta, T. Gattu, D. Martinez and N. A. Moran,
“The gut microbiota protects bees from invasion by a bacterial
pathogen.,” Microbiol. Spectr., vol. 9, no. 2, p. e00394, 2021.
https://doi.org/10.1128/Spectrum.00394-21

Miller DL, Smith EA, Newton IL (2021) A bacterial symbiont
protects honey bees from fungal disease. MBio 12(3):10-1128.
https://doi.org/10.1128/mBio.00503-21

Wu'Y, Zheng Y, Chen Y, Wang S, Chen Y, Hu F, Zheng H (2020)
Honey bee (Apis mellifera) gut microbiota promotes host endoge-
nous detoxification capability via regulation of P450 gene expres-
sion in the digestive tract. Microb Biotechnol 13(4):1201-1212.
https://doi.org/10.1111/1751-7915.13579

T. Erban, O. Ledvinka, M. Kamler, M. Nesvorna, B. Hortova,
J. Tyl, D. Titera, M. Markovic and J. Hubert, “Honeybee (Apis
mellifera)-associated bacterial community affected by Ameri-
can foulbrood: detection of Paenibacillus larvae via microbiome


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41579-023-00990-3
https://doi.org/10.1007/s00248-018-1287-9
https://doi.org/10.1016/j.cois.2018.02.012
https://doi.org/10.1016/j.cois.2018.02.012
https://doi.org/10.1016/j.mib.2017.12.009
https://doi.org/10.1007/s00040-018-0624-9
https://doi.org/10.1126/sciadv.1600513
https://doi.org/10.1126/sciadv.1600513
https://doi.org/10.1038/nrmicro.2016.43
https://doi.org/10.1038/nrmicro.2016.43
https://doi.org/10.1111/1462-2920.12526
https://doi.org/10.1371/journal.pone.0123911
https://doi.org/10.1371/journal.pone.0123911
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1371/journal.pone.0036393
https://doi.org/10.1111/j.1439-0418.2010.01609.x
https://doi.org/10.1111/j.1439-0418.2010.01609.x
https://doi.org/10.1128/AEM.00307-15
https://doi.org/10.1128/AEM.00307-15
https://doi.org/10.3389/fmicb.2022.1059001
https://doi.org/10.1128/mBio.02966-21
https://doi.org/10.1128/AEM.01861-14
https://doi.org/10.1128/AEM.01861-14
https://doi.org/10.1016/j.cois.2015.04.003
https://doi.org/10.1016/j.cois.2015.04.003
https://doi.org/10.1038/s41396-019-0568-8
https://doi.org/10.1038/s41396-019-0568-8
https://doi.org/10.1111/mec.13862
https://doi.org/10.1016/j.jip.2020.107348
https://doi.org/10.1016/j.jip.2020.107348
https://doi.org/10.1017/S0007485323000378
https://doi.org/10.1017/S0007485323000378
https://doi.org/10.1093/femsec/fiy113
https://doi.org/10.1128/mBio.01326-16
https://doi.org/10.1098/rspb.2020.1184
https://doi.org/10.1098/rspb.2020.1184
https://doi.org/10.1098/rsos.170003
https://doi.org/10.1098/rsos.170003
https://doi.org/10.1073/pnas.1701819114
https://doi.org/10.1128/Spectrum.00394-21
https://doi.org/10.1128/mBio.00503-21
https://doi.org/10.1111/1751-7915.13579

A Review of Diet and Foraged Pollen Interactions with the Honeybee Gut Microbiome

Page110f 14 54

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

analysis.,” Sci. Rep., vol. 7, no. 1, p. 5084, 2017. https://doi.org/
10.1038/s41598-017-05207-7

Kakumanu ML, Reeves AM, Anderson TD, Rodrigues RR, Wil-
liams MA (2016) Honey bee gut microbiome is altered by in-hive
pesticide exposures. Front Microbiol 7:1255. https://doi.org/10.
3389/fmicb.2016.01255

K. Raymann, Z. Shaffer and N. A. Moran, “Antibiotic exposure
perturbs the gut microbiota and elevates mortality in honey-
bees.,” PLoS biology., vol. 15, no. 3, p. €2001861, 2017. https://
doi.org/10.1371/journal.pbio.2001861

M. Z. Hotchkiss, A. J. Poulain and J. R. Forrest, “Pesticide-
induced disturbances of bee gut microbiotas.,” FEMS Microbiol.
Rev.., vol. 46, no. 2, p. fuab056, 2022. https://doi.org/10.1093/
femsre/fuab056

Anderson KE, Ricigliano VA (2017) Honey bee gut dysbio-
sis: a novel context of disease ecology. Curr Opin Insect Sci
1(22):125-132. https://doi.org/10.1016/j.cois.2017.06.014
Huang SK, Ye KT, Huang WF, Ying BH, Su X, Lin LH, Li
JH, Chen YP, Li JL, Bao XL, Hu JZ (2018) Influence of feed-
ing type and Nosema ceranae infection on the gut microbiota of
Apis cerana workers. Msystems 3(6):10-1128. https://doi.org/
10.1128/mSystems.00177-18

Almeida EL, Ribiere C, Frei W, Kenny D, Coffey MF, O’Toole
PW (2023) Geographical and seasonal analysis of the honeybee
microbiome. Microb Ecol 85(2):765-778. https://doi.org/10.
1007/500248-022-01986-x

J. Gorrochategui-Ortega, M. Mufioz-Colmenero, E. Galartza , A.
Estonba and 1. Zarraonaindia , “‘Colonies under dysbiosis benefit
from oxalic acid application: the role of landscape and beekeep-
ing practices in microbiota response to treatment.,” J. Pest Sci.,
pp. 1-15, 2024. https://doi.org/10.1007/s10340-024-01829-3

J. C. Jones, C. Fruciano, F. Hildebrand, H. Al Toufalilia, N. J.
Balfour, P. Bork, P. Engel, F. L. Ratnieks and W. O. Hughes,
“Gut microbiota composition is associated with environmental
landscape in honey bees.,” Ecol. Evol., vol. 8, no. 1, pp. 441-451,
2018. https://doi.org/10.1002/ece3.3597

Wright GA, Nicolson SW, Shafir S (2018) Nutritional physiology
and ecology of honey bees. Annu Rev Entomol 63(1):327-344.
https://doi.org/10.1146/annurev-ento-020117-043423
Brodschneider R, Crailsheim K (2010) Nutrition and health in
honey bees. Apidologie 41(3):278-294. https://doi.org/10.1051/
apido/2010012

G. Di Pasquale, C. Alaux, Y. Le Conte, J. F. Odoux, M. Pioz,
B. E. Vaissiere, L. P. Belzunces and A. Decourtye, “Variations
in the availability of pollen resources affect honey bee health.,”
PloS one., vol. 11, no. 9, p. e0162818, 2016. https://doi.org/10.
1371/journal.pone.0162818

Di Pasquale G, Salignon M, Le Conte Y, Belzunces LP,
Decourtye A, Kretzschmar A, Suchail S, Brunet JL, Alaux C
(2013) Influence of pollen nutrition on honey bee health: do pol-
len quality and diversity matter? PLoS ONE 8(8):¢72016. https://
doi.org/10.1371/journal.pone.0072016

N. Danner, A. Keller, S. Hirtel and I. Steffan-Dewenter, “Honey
bee foraging ecology: season but not landscape diversity shapes
the amount and diversity of collected pollen.,” PloS one., vol. 12,
no. 8, p. e0183716, 2017. https://doi.org/10.1371/journal.pone.
0183716

J.Li, M. C. Heerman , J. D. Evans , R. Rose , W. Li, C. Rod-
riguez-Garcia, G. DeGrandi-Hoffman, Y. Zhao , S. Huang , Z. Li
and M. Hamilton , “Pollen reverses decreased lifespan, altered
nutritional metabolism and suppressed immunity in honey bees
(Apis mellifera) treated with antibiotics.,” J. Exp. Biol., vol. 222,
no. 7, p. jeb202077, 2019. https://doi.org/10.1242/jeb.202077
V. A. Ricigliano, W. Fitz, D. C. Copeland, B. M. Mott, P. Maes,
A. S. Floyd, A. Dockstader and K. E. Anderson, “The impact
of pollen consumption on honey bee (Apis mellifera) digestive

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

physiology and carbohydrate metabolism.,” Arch. Insect Bio-
chem. Physiol.., vol. 96, no. 2, p. €21406, 2017. https://doi.org/
10.1002/arch.21406

S. Brochet, A. Quinn, R. A. Mars, N. Neuschwander, U. Sauer
and P. Engel, “Niche partitioning facilitates coexistence of
closely related honey bee gut bacteria,” elife, vol. 10, p. e68583,
2021. https://doi.org/10.7554/eLife.68583

Zheng H, Perreau J, Powell JE, Han B, Zhang Z, Kwong WK,
Tringe SG, Moran NA (2019) Division of labor in honey bee gut
microbiota for plant polysaccharide digestion. Proc Natl Acad Sci
116(51):25909-25916. https://doi.org/10.1073/pnas.1916224116
L. KeSnerova, R. A. Mars, K. M. Ellegaard, M. Troilo, U. Sauer
and P. Engel, “Disentangling metabolic functions of bacteria in
the honey bee gut.,” PLoS biology., vol. 15, no. 12, p. €2003467,
2017. https://doi.org/10.1371/journal.pbio.2003467

Engel P, Moran NA (2013) Functional and evolutionary insights
into the simple yet specific gut microbiota of the honey bee from
metagenomic analysis. Gut Microbes 4(1):60-65. https://doi.org/
10.4161/gmic.22517

Crailsheim K (1988) Intestinal transport of sugars in the honey-
bee (Apis mellifera L.). J Insect Physiol 34(9):839-845. https://
doi.org/10.1016/0022-1910(88)90117-5

Ellegaard KM, Brochet S, Bonilla-Rosso G, Emery O, Glover
N, Hadadi N, Jaron KS, van der Meer JR, Robinson-Rechavi M,
Sentchilo V, Tagini F (2019) Genomic changes underlying host
specialization in the bee gut symbiont Lactobacillus Firm5. Mol
Ecol 28(9):2224-2237. https://doi.org/10.1111/mec.15075
Motta EV, Gage A, Smith TE, Blake KJ, Kwong WK, Riddington
IM, Moran N (2022) Host-microbiome metabolism of a plant
toxin in bees. Elife 11:€82595. https://doi.org/10.7554/¢eLife.
82595

Ellegaard KM, Tamarit D, Javelind E, Olofsson TC, Anders-
son SG, Véasquez A (2015) Extensive intra-phylotype diversity
in lactobacilli and bifidobacteria from the honeybee gut. BMC
Genomics 16:1-22. https://doi.org/10.1186/s12864-015-1476-6
Tang Q, Li W, Wang Z, Dong Z, Li X, Li J, Huang Q, Cao
Z, Gong W, Zhao Y, Wang M (2023) Gut microbiome helps
honeybee (Apis mellifera) resist the stress of toxic nectar plant
(Bidens pilosa) exposure: Evidence for survival and immunity.
Environ Microbiol 25(10):2020-2031. https://doi.org/10.1111/
1462-2920.16436

C. Geldert , Z. Abdo , J. E. Stewart and A. HS , “Dietary sup-
plementation with phytochemicals improves diversity and abun-
dance of honey bee gut microbiota.,” J. Appl. Microbiol., vol.
130, no. 5, pp. 1705-1720, 2021. https://doi.org/10.1111/jam.
14897

Li C, Tang M, Li X, Zhou X (2022) Community dynamics in
structure and function of honey bee gut bacteria in response to
winter dietary shift. MBio 13(5):e01131-e1222. https://doi.org/
10.1128/mbio.01131-22

Gaggia F, Jakobsen RR, Alberoni D, Baffoni L, Cutajar S, Mifsud
D, Nielsen DS, Di Gioia D (2023) Environment or genetic isola-
tion? An atypical intestinal microbiota in the Maltese honey bee
Apis mellifera spp. ruttneri. Front Microbiol 14:1127717. https://
doi.org/10.3389/fmicb.2023.1127717

Dolezal AG, Toth AL (2018) Feedbacks between nutrition and
disease in honey bee health. Curr Opin Insect Sci 26:114-119.
https://doi.org/10.1016/j.cois.2018.02.006

C. Alaux, F. Allier, A. Decourtye, J. F. Odoux, T. Tamic, M.
Chabirand, E. Delestra, F. Decugis, Y. Le Conte and M. A.
Henry, “A ‘Landscape physiology’approach for assessing bee
health highlights the benefits of floral landscape enrichment and
semi-natural habitats.,” Sci. Rep, vol. 7, no. 1, p. 40568, 2017.
https://doi.org/10.1038/srep40568

DeGrandi-Hoffman G, Chen Y, Rivera R, Carroll M, Chambers
M, Hidalgo G, de Jong EW (2016) Honey bee colonies provided

@ Springer


https://doi.org/10.1038/s41598-017-05207-7
https://doi.org/10.1038/s41598-017-05207-7
https://doi.org/10.3389/fmicb.2016.01255
https://doi.org/10.3389/fmicb.2016.01255
https://doi.org/10.1371/journal.pbio.2001861
https://doi.org/10.1371/journal.pbio.2001861
https://doi.org/10.1093/femsre/fuab056
https://doi.org/10.1093/femsre/fuab056
https://doi.org/10.1016/j.cois.2017.06.014
https://doi.org/10.1128/mSystems.00177-18
https://doi.org/10.1128/mSystems.00177-18
https://doi.org/10.1007/s00248-022-01986-x
https://doi.org/10.1007/s00248-022-01986-x
https://doi.org/10.1007/s10340-024-01829-3
https://doi.org/10.1002/ece3.3597
https://doi.org/10.1146/annurev-ento-020117-043423
https://doi.org/10.1051/apido/2010012
https://doi.org/10.1051/apido/2010012
https://doi.org/10.1371/journal.pone.0162818
https://doi.org/10.1371/journal.pone.0162818
https://doi.org/10.1371/journal.pone.0072016
https://doi.org/10.1371/journal.pone.0072016
https://doi.org/10.1371/journal.pone.0183716
https://doi.org/10.1371/journal.pone.0183716
https://doi.org/10.1242/jeb.202077
https://doi.org/10.1002/arch.21406
https://doi.org/10.1002/arch.21406
https://doi.org/10.7554/eLife.68583
https://doi.org/10.1073/pnas.1916224116
https://doi.org/10.1371/journal.pbio.2003467
https://doi.org/10.4161/gmic.22517
https://doi.org/10.4161/gmic.22517
https://doi.org/10.1016/0022-1910(88)90117-5
https://doi.org/10.1016/0022-1910(88)90117-5
https://doi.org/10.1111/mec.15075
https://doi.org/10.7554/eLife.82595
https://doi.org/10.7554/eLife.82595
https://doi.org/10.1186/s12864-015-1476-6
https://doi.org/10.1111/1462-2920.16436
https://doi.org/10.1111/1462-2920.16436
https://doi.org/10.1111/jam.14897
https://doi.org/10.1111/jam.14897
https://doi.org/10.1128/mbio.01131-22
https://doi.org/10.1128/mbio.01131-22
https://doi.org/10.3389/fmicb.2023.1127717
https://doi.org/10.3389/fmicb.2023.1127717
https://doi.org/10.1016/j.cois.2018.02.006
https://doi.org/10.1038/srep40568

Page 12 of 14

D. E. Meehan, P.W. O'Toole

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

with natural forage have lower pathogen loads and higher over-
winter survival than those fed protein supplements. Apidologie
47:186-196. https://doi.org/10.1007/s13592-015-0386-6

A. Zumkhawala-Cook, P. Gallagher and K. Raymann, “Diet
affects reproductive development and microbiota composition
in honey bees.,” Anim. Microbiome, vol. 6, no. 1, p. 64, 2024.
https://doi.org/10.1186/s42523-024-00350-3

J. E. Powell, P. Lau, J. Rangel, R. Arnott, T. De Jong and N.
A. Moran, “The microbiome and gene expression of honey bee
workers are affected by a diet containing pollen substitutes.,”
PLoS One., vol. 18, no. 5, p. e0286070, 2023. https://doi.org/10.
1371/journal.pone.0286070

V. A. Ricigliano, S. T. Williams and R. Oliver , “Effects of differ-
ent artificial diets on commercial honey bee colony performance,
health biomarkers, and gut microbiota.,” BMC Vet. Res., vol. 18,
no. 1, p. 52, 2022. https://doi.org/10.1186/s12917-022-03151-5
Castelli L, Branchiccela B, Garrido M, Invernizzi C, Porrini M,
Romero H, Santos E, Zunino P, Antinez K (2020) Impact of
nutritional stress on honeybee gut microbiota, immunity, and
Nosema ceranae infection. Microb Ecol 80:908-919. https://doi.
org/10.1007/s00248-020-01538-1

V. A. Ricigliano and K. E. Anderson , “Probing the honey bee
diet-microbiota-host axis using pollen restriction and organic
acid feeding.,” Insects, vol. 11, no. 5, p. 291, 2020. https://doi.
org/10.3390/insects 11050291

A. E. Fowler, Q. S. McFrederick and L. S. Adler, “Pollen diet
diversity does not affect gut bacterial communities or melaniza-
tion in a social and solitary bee species.,” Microb. Ecol., vol. 87,
no. 1, p. 25, 2024. https://doi.org/10.1007/s00248-023-02323-6
B. Branchiccela , L. Castelli , M. Corona , S. Diaz-Cetti, C.
Invernizzi , G. Martinez De La Escalera, Y. Mendoza , E. San-
tos, C. Silva, P. Zunino and K. Antinez, “Impact of nutritional
stress on the honeybee colony health.,” Sci. Rep., vol. 9, no. 1, p.
10156, 2019. https://doi.org/10.1038/s41598-019-46453-9
Donkersley P, Rhodes G, Pickup RW, Jones KC, Wilson K (2014)
Honeybee nutrition is linked to landscape composition. Ecol Evol
4(21):4195-4206. https://doi.org/10.1002/ece3.1293

D. B. Carlini, S. K. Winslow, K. Cloppenborg-Schmidt and J. F.
Baines, “Quantitative microbiome profiling of honey bee (Apis
mellifera) guts is predictive of winter colony loss in northern Vir-
ginia (USA).,” Sci. Rep., vol. 14, no. 1, p. 11021, 2024. https://
doi.org/10.1038/s41598-024-61199-9

Ludvigsen J, Rangberg A, Avershina E, Sekelja M, Kreibich C,
Amdam G, Rudi K (2015) Shifts in the midgut/pyloric micro-
biota composition within a honey bee apiary throughout a season.
Microbes Environ 30(3):235-244. https://doi.org/10.1264/jsme?2.
ME15019

N. Bleau, S. Bouslama, P. Giovenazzo and N. Derome, “Dynam-
ics of the honeybee (Apis mellifera) gut microbiota throughout
the overwintering period in Canada.,” Microorganisms, vol. 8,
no. 8, p. 1146, 2020. https://doi.org/10.3390/microorganisms8
081146

Wang H, Liu C, Liu Z, Wang Y, Ma L, Xu B (2020) The different
dietary sugars modulate the composition of the gut microbiota
in honeybee during overwintering. BMC microb 20:1-4. https://
doi.org/10.1186/512866-020-01726-6

D’alvise P, Bohme F, Codrea MC, Seitz A, Nahnsen S, Binzer M,
Rosenkranz P, Hasselmann M (2018) The impact of winter feed
type on intestinal microbiota and parasites in honey bees. Apid-
ologie 49:252-264. https://doi.org/10.1007/s13592-017-0551-1
R. S. Cornman, D. R. Tarpy, Y. Chen, L. Jeffreys, D. Lopez, J.
S. Pettis, D. Vanengelsdorp and J. D. Evans, “Pathogen webs
in collapsing honey bee colonies.,” Plos One, p. €43562, 2012.
https://doi.org/10.1371/journal.pone.0043562

A. Satta, M. Lezzeri, G. Brundu, I. Floris, N. Palmieri, R. A.
Pantaleoni, P. Theodorou and M. Pusceddu, “How seasonality,

@ Springer

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

semi-natural habitat cover and compositional landscape hetero-
geneity affect pollen collection and development of Apis mel-
lifera colonies in Mediterranean agro-sylvo-pastoral systems.,”
Landsc. Ecol., vol. 39, no. 2, p. 26, 2024. https://doi.org/10.
1007/s10980-024-01826-y

Alburaki M, Gregorc A, Adamczyk J, Stewart SD (2018)
Insights on pollen diversity of honey bee (Apis mellifera L.)
colonies located in various agricultural landscapes. Southw
Nat 63(1):49-58. https://doi.org/10.1894/0038-4909.63.49
Malagnini V, Cappellari A, Marini L, Zanotelli L, Zorer R,
Angeli G, Ioriatti C, Fontana P (2022) Seasonality and land-
scape composition drive the diversity of pollen collected by
managed honey bees. Front Sustain Food Syst 6:865368.
https://doi.org/10.3389/fsufs.2022.865368

S. Pradeep, J. YS, S. Angappan, S. Murugaiyan, S. V.
Ramasamy and N. M. Boopathi, “Lactic acid bacteria: a pro-
biotic to mitigate pesticide stress in honey bee.,” Probiotics
Antimicrob. Proteins., pp. 1-15, 2025. https://doi.org/10.1007/
$12602-025-10507-4

Danner N, Molitor AM, Schiele S, Hirtel S, Steffan-Dewenter 1
(2016) Season and landscape composition affect pollen foraging
distances and habitat use of honey bees. Ecol Appl 26(6):1920—
1929. https://doi.org/10.1890/15-1840.1

Steffan-Dewenter I, Kuhn A (2003) Honeybee foraging in differ-
entially structured landscapes. Proc R Soc B 270(1515):569-575.
https://doi.org/10.1098/rspb.2002.2292

Richardson RT, Eaton TD, Lin CH, Cherry G, Johnson RM,
Sponsler DB (2021) Application of plant metabarcoding to iden-
tify diverse honeybee pollen forage along an urban—agricultural
gradient. Mol Ecol 30(1):310-323. https://doi.org/10.1111/mec.
15704

Davey ML, Blaalid R, Dahle S, Stange EE, Barton DN, Rusch
GM (2024) Seasonal variation in urban pollen resource use by
north temperate European honeybees. Urban Ecosyst 27(2):515—
529. https://doi.org/10.1007/s11252-023-01458-1

G. Fox, L. R. Vellaniparambil, L. Ros, J. Sammy, R. F. Preziosi
and J. K. Rowntree, “Complex urban environments provide Apis
mellifera with a richer plant forage than suburban and more rural
landscapes.,” Ecol. Evol., vol. 12, no. 11, p. €9490, 2022. https://
doi.org/10.1002/ece3.9490

D. B. Sponsler, E. G. Matcham, C. H. Lin, J. L. Lanterman and R.
M. Johnson, “Spatial and taxonomic patterns of honey bee forag-
ing: a choice test between urban and agricultural landscapes.,”
J. Urban Ecol., vol. 3, no. 1, p. juw008, 2017. https://doi.org/10.
1093/jue/juw008

Samuelson AE, Gill RJ, Leadbeater E (2020) Urbanisa-
tion is associated with reduced Nosema sp. infection, higher
colony strength and higher richness of foraged pollen in hon-
eybees. Apidologie 51(5):746-762. https://doi.org/10.1007/
$13592-020-00758-1

Z. L. Sabree , A. K. Hansen and N. A. Moran , “Independent
studies using deep sequencing resolve the same set of core bacte-
rial species dominating gut communities of honey bees.,” PloS
one, vol. 7, no. 7, p. 41250, 2012. https://doi.org/10.1371/journ
al.pone.0041250

Bridson C, Vellaniparambil L, Antwis RE, Miiller W, Gilman
RT, Rowntree JK (2022) Genetic diversity of honeybee colonies
predicts gut bacterial diversity of individual colony members.
Environ Microbiol 24(12):5643-5653. https://doi.org/10.1111/
1462-2920.16150

J. Gorrochategui-Ortega, M. Mufioz-Colmenero, M. Kovaci¢ ,
J. Filipi , Z. Puskadija , N. Kezi¢ , M. Parejo , R. Biichler , A.
Estonba and I. Zarraonaindia , “ A short exposure to a semi-
natural habitat alleviates the honey bee hive microbial imbalance
caused by agricultural stress.,” Sci. Rep., vol. 12, no. 1, p. 18832,
2022. https://doi.org/10.1038/541598-022-25981-x


https://doi.org/10.1007/s13592-015-0386-6
https://doi.org/10.1186/s42523-024-00350-3
https://doi.org/10.1371/journal.pone.0286070
https://doi.org/10.1371/journal.pone.0286070
https://doi.org/10.1186/s12917-022-03151-5
https://doi.org/10.1007/s00248-020-01538-1
https://doi.org/10.1007/s00248-020-01538-1
https://doi.org/10.3390/insects11050291
https://doi.org/10.3390/insects11050291
https://doi.org/10.1007/s00248-023-02323-6
https://doi.org/10.1038/s41598-019-46453-9
https://doi.org/10.1002/ece3.1293
https://doi.org/10.1038/s41598-024-61199-9
https://doi.org/10.1038/s41598-024-61199-9
https://doi.org/10.1264/jsme2.ME15019
https://doi.org/10.1264/jsme2.ME15019
https://doi.org/10.3390/microorganisms8081146
https://doi.org/10.3390/microorganisms8081146
https://doi.org/10.1186/s12866-020-01726-6
https://doi.org/10.1186/s12866-020-01726-6
https://doi.org/10.1007/s13592-017-0551-1
https://doi.org/10.1371/journal.pone.0043562
https://doi.org/10.1007/s10980-024-01826-y
https://doi.org/10.1007/s10980-024-01826-y
https://doi.org/10.1894/0038-4909.63.49
https://doi.org/10.3389/fsufs.2022.865368
https://doi.org/10.1007/s12602-025-10507-4
https://doi.org/10.1007/s12602-025-10507-4
https://doi.org/10.1890/15-1840.1
https://doi.org/10.1098/rspb.2002.2292
https://doi.org/10.1111/mec.15704
https://doi.org/10.1111/mec.15704
https://doi.org/10.1007/s11252-023-01458-1
https://doi.org/10.1002/ece3.9490
https://doi.org/10.1002/ece3.9490
https://doi.org/10.1093/jue/juw008
https://doi.org/10.1093/jue/juw008
https://doi.org/10.1007/s13592-020-00758-1
https://doi.org/10.1007/s13592-020-00758-1
https://doi.org/10.1371/journal.pone.0041250
https://doi.org/10.1371/journal.pone.0041250
https://doi.org/10.1111/1462-2920.16150
https://doi.org/10.1111/1462-2920.16150
https://doi.org/10.1038/s41598-022-25981-x

A Review of Diet and Foraged Pollen Interactions with the Honeybee Gut Microbiome

Page130f 14 54

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Muifioz-Colmenero M, Baroja-Careaga I, Kovaci¢ M, Filipi
J, Puskadija Z, Kezi¢ N, Estonba A, Biichler R, Zarraonain-
dia I (2020) Differences in honey bee bacterial diversity and
composition in agricultural and pristine environments—a field
study. Apidologie 51:1018-1037. https://doi.org/10.1007/
$13592-020-00779-w

Noordyke ER, Ellis JD (2021) Reviewing the efficacy of pol-
len substitutes as a management tool for improving the health
and productivity of western honey bee (Apis mellifera) colonies.
Front Sustain Food Syst 5:772897. https://doi.org/10.3389/fsufs.
2021.772897

H. Kim, O. Frunze, J. H. Lee and H. W. Kwon, “Enhancing honey
bee health: evaluating pollen substitute diets in field and cage
experiments.,” Insects, vol. 15, no. 5, p. 361, 2024. https://doi.
org/10.3390/insects 15050361

Lamontagne-Drolet M, Samson-Robert O, Giovenazzo P,
Fournier V (2019) The impacts of two protein supplements on
commercial honey bee (Apis mellifera L.) colonies. J Apic Res
58(5):800-813. https://doi.org/10.1080/00218839.2019.1644938
Frizzera D, Del Fabbro S, Ortis G, Zanni V, Bortolomeazzi R,
Nazzi F, Annoscia D (2020) Possible side effects of sugar supple-
mentary nutrition on honey bee health. Apidologie 51:594-608.
https://doi.org/10.1007/s13592-020-00745-6

H. Kim, A. Y. Maigoro, J. H. Lee , O. Frunze and H. W. Kwon ,
“The improving effects of probiotic-added pollen substitute diets
on the gut microbiota and individual health of honey bee (Apis
mellifera L.).,” Microorganisms, vol. 12, no. 8, p. 1567, 2024.
https://doi.org/10.3390/microorganisms 12081567

H.J. Kim, A. Y. Maigoro, J. H. Lee , O. Frunze , M. Bilal and
H. W. Kwon, “Different diets modulate the gut microbiome com-
positions and promote the health of Apis mellifera.,” bioRxiv, pp.
2023-11, 2023. https://doi.org/10.1186/540659-024-00533-x
Alberoni D, Baffoni L, Braglia C, Gaggia F, Di Gioia D (2021)
Honeybees exposure to natural feed additives: how is the gut
microbiota affected? Microorganisms 9(5):1009. https://doi.org/
10.3390/microorganisms9051009

Ricigliano VA, Simone-Finstrom M (2020) Nutritional and prebi-
otic efficacy of the microalga Arthrospira platensis (spirulina) in
honey bees. Apidologie 51(5):898-910. https://doi.org/10.1007/
$13592-020-00770-5

M. A. Taylor, A. W. Robertson , P. J. Biggs , K. K. Richards , D.
F. Jones and S. G. Parkar , “The effect of carbohydrate sources:
sucrose, invert sugar and components of manuka honey, on core
bacteria in the digestive tract of adult honey bees (Apis mellif-
era).,” PLoS One, vol. 14, no. 12, p. €0225845, 2019. https://doi.
org/10.1371/journal.pone.0225845

Alberoni D, Di Gioia D, Baffoni L (2023) Alterations in the
microbiota of caged honeybees in the presence of Nosema cera-
nae infection and related changes in functionality. Microb Ecol
86(1):601-616. https://doi.org/10.1007/s00248-022-02050-4
C. L. Gregory, R. D. Fell, L. K. Belden and J. B. Walke, “Classic
hoarding cages increase gut bacterial abundance and reduce the
individual immune response of honey bee (Apis mellifera) work-
ers.,” J. Insect Sci., vol. 22, no. 2, p. 6, 2022. https://doi.org/10.
1093/jisesa/ieac016

Smriti, A. Rana, G. Singh and G. Gupta, “Prospects of probiotics
in beekeeping: a review for sustainable approach to boost hon-
eybee health.,” Arch. Microbiol., vol. 206, no. 5, p. 205, 2024.
https://doi.org/10.1007/s00203-024-03926-4

M. A. Rodriguez, L. A. Fernandez, B. A. Daisley, F. J. Reynaldi,
E. Allen-Vercoe and G. J. Thompson, “Probiotics and in-hive
fermentation as a source of beneficial microbes to support the
gut microbial health of honey bees.,” J. Insect Sci., vol. 23, no.
6, p. 19, 2023. https://doi.org/10.1093/jisesa/iead093

K. Abdi, M. Ben Said, E. Crotti, A. S. Masmoudi and A. Cherif,
“The promise of probiotics in honeybee health and disease

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

management.,” Arch. Microbiol., vol. 205, no. 2, p. 73, 2023.
https://doi.org/10.1007/s00203-023-03416-z

Alberoni D, Gaggia F, Baffoni L, Di Gioia D (2016) Beneficial
microorganisms for honey bees: problems and progresses. Appl
Microbiol Biotechnol 100:9469-9482. https://doi.org/10.1007/
$00253-016-7870-4

Daisley BA, Pitek AP, Chmiel JA, Al KF, Chernyshova AM,
Faragalla KM, Burton JP, Thompson GJ, Reid G (2020) Novel
probiotic approach to counter Paenibacillus larvae infection in
honey bees. ISME J 14(2):476-491. https://doi.org/10.1038/
$41396-019-0541-6

Stephan JG, Lamei S, Pettis JS, Riesbeck K, de Miranda JR, For-
sgren E (2019) Honeybee-specific lactic acid bacterium supple-
ments have no effect on American foulbrood-infected honeybee
colonies. Appl Environ Microbiol 85(13):e00606-e619. https://
doi.org/10.1128/AEM.01321-19

K. E. Anderson, N. O. Allen, D. C. Copeland, O. L. Kortenkamp,
R. Erickson, B. M. Mott and R. Oliver, “A longitudinal field
study of commercial honey bees shows that non-native probiotics
do not rescue antibiotic treatment, and are generally not benefi-
cial.,” Sci. Rep., vol. 14, no. 1, p. 1954, 2024. https://doi.org/10.
1038/s41598-024-52118-z

M. E. Damico, B. Beasley, D. Greenstein and K. Raymann,
“Testing the effectiveness of a commercially sold probiotic on
restoring the gut microbiota of honey bees: a field study.,” Pro-
biotics Antimicrob. Proteins., pp. 1-10, 2023. https://doi.org/10.
1007/$12602-023-10203-1

Ptaszyriska AA, Borsuk G, Zdybicka-Barabas A, Cytrynska
M, Matek W (2016) Are commercial probiotics and prebiot-
ics effective in the treatment and prevention of honeybee nose-
mosis C? Parasitol Res 115:397-406. https://doi.org/10.1007/
s00436-015-4761-z

P. Robino, L. Galosi, A. Bellato, S. Vincenzetti, E. Gonella, 1.
Ferrocino, E. Serri, L. Biagini, A. Roncarati, P. Nebbia and C.
Menzio, “Effects of a supplemented diet containing 7 probiotic
strains (Honeybeeotic) on honeybee physiology and immune
response: analysis of hemolymph cytology, phenoloxidase activ-
ity, and gut microbiome.,” Biol. Res., vol. 57, no. 1, p. 50, 2024.
https://doi.org/10.1186/540659-024-00533-x

N. Roy, S. Moon, C. Kim, J. M. Kim, K. S. Lee, Y. Shin, G. Shan-
mugam and K. Choi, “Probiotic potential of Bacillus Subtilis
strain 13: antagonistic activity against chalkbrood pathogen and
pesticide degradation for enhancing honeybee health.,” Probiot-
ics Antimicrob. Proteins, pp. 1-11, 2024. https://doi.org/10.1007/
$12602-024-10248-w

A.T. Truong, J. E. Kang, M. S. Yoo, T. T. Nguyen, S. Y. Youn,
S. S. Yoon and Y. S. Cho, “Probiotic candidates for controlling
Paenibacillus larvae, a causative agent of American foulbrood
disease in honey bee.,” BMC microbiol., vol. 23, no. 1, p. 150,
2023. https://doi.org/10.1186/s12866-023-02902-0

Powell JE, Carver Z, Leonard SP, Moran NA (2021) Field-real-
istic tylosin exposure impacts honey bee microbiota and patho-
gen susceptibility, which is ameliorated by native gut probiotics.
Microbiol Spectr 9(1):10-1128. https://doi.org/10.1128/Spect
rum.00103-21

Arredondo D, Afién G, Campa J, Harriet J, Castelli L, Zunino P,
Antinez K (2023) Supplementation of honey bee production col-
onies with a native beneficial microbe mixture. Benef Microbes
1:1-6. https://doi.org/10.1163/18762891-20220099

Daisley BA, Pitek AP, Torres C, Lowery R, Adair BA, Al
KF, Nifio B, Burton JP, Allen-Vercoe E, Thompson GJ, Reid
G (2023) Delivery mechanism can enhance probiotic activity
against honey bee pathogens. ISME J 17(9):1382-1395. https://
doi.org/10.1038/s41396-023-01422-z

Chmiel JA, Daisley BA, Pitek AP, Thompson GJ, Reid G (2020)
Understanding the effects of sublethal pesticide exposure on

@ Springer


https://doi.org/10.1007/s13592-020-00779-w
https://doi.org/10.1007/s13592-020-00779-w
https://doi.org/10.3389/fsufs.2021.772897
https://doi.org/10.3389/fsufs.2021.772897
https://doi.org/10.3390/insects15050361
https://doi.org/10.3390/insects15050361
https://doi.org/10.1080/00218839.2019.1644938
https://doi.org/10.1007/s13592-020-00745-6
https://doi.org/10.3390/microorganisms12081567
https://doi.org/10.1186/s40659-024-00533-x
https://doi.org/10.3390/microorganisms9051009
https://doi.org/10.3390/microorganisms9051009
https://doi.org/10.1007/s13592-020-00770-5
https://doi.org/10.1007/s13592-020-00770-5
https://doi.org/10.1371/journal.pone.0225845
https://doi.org/10.1371/journal.pone.0225845
https://doi.org/10.1007/s00248-022-02050-4
https://doi.org/10.1093/jisesa/ieac016
https://doi.org/10.1093/jisesa/ieac016
https://doi.org/10.1007/s00203-024-03926-4
https://doi.org/10.1093/jisesa/iead093
https://doi.org/10.1007/s00203-023-03416-z
https://doi.org/10.1007/s00253-016-7870-4
https://doi.org/10.1007/s00253-016-7870-4
https://doi.org/10.1038/s41396-019-0541-6
https://doi.org/10.1038/s41396-019-0541-6
https://doi.org/10.1128/AEM.01321-19
https://doi.org/10.1128/AEM.01321-19
https://doi.org/10.1038/s41598-024-52118-z
https://doi.org/10.1038/s41598-024-52118-z
https://doi.org/10.1007/s12602-023-10203-1
https://doi.org/10.1007/s12602-023-10203-1
https://doi.org/10.1007/s00436-015-4761-z
https://doi.org/10.1007/s00436-015-4761-z
https://doi.org/10.1186/s40659-024-00533-x
https://doi.org/10.1007/s12602-024-10248-w
https://doi.org/10.1007/s12602-024-10248-w
https://doi.org/10.1186/s12866-023-02902-0
https://doi.org/10.1128/Spectrum.00103-21
https://doi.org/10.1128/Spectrum.00103-21
https://doi.org/10.1163/18762891-20220099
https://doi.org/10.1038/s41396-023-01422-z
https://doi.org/10.1038/s41396-023-01422-z

Page 14 of 14

D. E. Meehan, P.W. O'Toole

117.

118.

119.

120.

honey bees: a role for probiotics as mediators of environmental
stress. Front Ecol Evol 8:22. https://doi.org/10.3389/fevo.2020.
00022

M. J. Carroll, N. Brown, C. Goodall, A. M. Downs, T. H. Sheenan
and K. E. Anderson, “ Honey bees preferentially consume
freshly-stored pollen.,” PloS one, vol. 12, no. 4, p. e0175933,
2017. https://doi.org/10.1371/journal.pone.0249458

Hubert J, Kamler M, Nesvorna M, Ledvinka O, Kopecky J, Erban
T (2016) Comparison of Varroa destructor and worker honeybee
microbiota within hives indicates shared bacteria. Microb Ecol
72:448-459. https://doi.org/10.1007/s00248-016-0776-y

D. Borges, E. Guzman-Novoa and P. H. Goodwin, “Effects of
prebiotics and probiotics on honey bees (Apis mellifera) infected
with the microsporidian parasite Nosema ceranae.,” Microorgan-
isms, vol. 9, no. 3, p. 481, 2021.

S. S. Klassen, W. VanBlyderveen, L. Eccles, P. G. Kelly, D.
Borges, P. H. Goodwin, T. Petukhova, Q. Wang and E. Guz-
man-Novoa, “Nosema ceranae infections in honey bees (Apis

@ Springer

121.

122.

mellifera) treated with pre/probiotics and impacts on colonies in
the field.,” Vet. Sci., vol. 8, no. 6, p. 107, 2021.

Lakhman AR, Galatiuk OY, Romanishina TA, Chirta-Sinelnyk
KO, Behas VL, Zilko OY (2021) Effect of “EM® PROBIOTIC
FOR BEES” on the dynamics viability of bee in an entomo-
logical cage experiment. Sci Mess LNU Vet Med Biotechnol
23(103):27-34

B. A. Daisley, A. P. Pitek, J. A. Chmiel, S. Gibbons, A. M.
Chernyshova, K. F. Al, K. M. Faragalla, J. P. Burton, G. J.
Thompson and G. Reid, “Lactobacillus spp. attenuate antibiotic-
induced immune and microbiota dysregulation in honey bees.,”
Commun. Biol., vol. 3, no. 1, p. 534, 2020.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3389/fevo.2020.00022
https://doi.org/10.3389/fevo.2020.00022
https://doi.org/10.1371/journal.pone.0249458
https://doi.org/10.1007/s00248-016-0776-y

	A Review of Diet and Foraged Pollen Interactions with the Honeybee Gut Microbiome
	Abstract
	Introduction
	The Functional Roles of Gut Commensals in Metabolism
	Core Taxa of the Microbiome Metabolise Complex Carbohydrates and Pollen Derivatives
	Specialisation in Metabolic Activity Within the Gut Microbiome Community
	Degradation of Toxic Compounds and Metabolism of Plant Secondary Metabolites

	Variation in Pollen Diet and How It Interacts with the Microbiome
	Pollen Abundance and Quality Affect Microbiome Composition
	A Diverse Pollen Diet Is Vital for Honeybee Health and Microbiome Stability

	Ecosystem and Seasonal Change Affect Forage Availability and Microbiome Composition
	The Composition of the Gut Microbiome Changes with Season
	Anthropized Ecosystems Significantly Influence Forage Availability and Diet and Are Detrimental to Honeybee Health
	Honeybee Gut Microbiome Composition May Be Detrimentally Affected by Anthropized Landscapes

	Dietary Supplementation for Honeybees
	Dietary Supplements Can Cause Slight Changes in the Composition of the Gut Microbiome Community
	Probiotics for Honeybee Colonies—Differences Between Native and Non-native Candidates

	Conclusion
	Acknowledgements 
	References


