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Social corbiculate bees are major pollinators. They have characteristic
bacterial microbiomes associated with their hives and their guts. In honey-
bees and bumblebees, worker guts contain a microbiome composed of
distinctive bacterial taxa shown to benefit hosts. These benefits include sti-
mulating immune and metabolic pathways, digesting or detoxifying food,
and defending against pathogens and parasites. Stressors including toxins
and poor nutrition disrupt the microbiome and increase susceptibility to
opportunistic pathogens. Administering probiotic bacterial strains may
improve the health of individual bees and of hives, and several commercial
probiotics are available for bees. However, evidence for probiotic benefits is
lacking or mixed. Most bacterial species used in commercial probiotics are
not native to bee guts. We present new experimental results showing that
cultured strains of native bee gut bacteria colonize robustly while bacteria
in a commercial probiotic do not establish in bee guts. A defined community
of native bee gut bacteria resembles unperturbed native gut communities in
its activation of genes for immunity and metabolism in worker bees.
Although many questions remain unanswered, the development of natural
probiotics for honeybees, or for commercially managed bumblebees, is a
promising direction for protecting the health of managed bee colonies.

This article is part of the theme issue ‘Natural processes influencing
pollinator health: from chemistry to landscapes’.

Animal-associated microbial communities often benefit their hosts, and hosts
therefore benefit from efforts to protect microbiomes, by limiting adverse
impacts of toxins or poor nutrition. In addition to protecting native micro-
biomes, host health might be enhanced through the application of beneficial,
live microorganisms, that is, probiotics [1]. In this article, we explore using pro-
biotics to bolster the health of managed colonies of honeybees and bumblebees.
We first review work on the naturally occurring microbial communities associ-
ated with social bees, including the considerable evidence on beneficial effects
of the native adult gut microbiota. We then summarize investigations on the
potential for probiotics in honeybees, with emphasis on probiotics composed
of bacterial strains native to honeybee guts. A major unanswered question is
whether probiotics establish and persist in recipient hosts. We present new
experimental results showing that non-native bacterial strains from a commer-
cial probiotic product fail to establish in the worker bee gut, but a mixture of
native gut bacterial strains colonizes robustly and resembles a natural micro-
biota in eliciting expression of bee genes related to immunity and
metabolism. Finally, we discuss future prospects for probiotics in managed
bee colonies, including natural strains isolated from bees and natural strains
genetically engineered to protect bees.

Recent research has revealed that naturally occurring microbiomes of social cor-
biculate bees which include honeybees (genus Apis), stingless bees (tribe
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Meliponini) and bumblebees (genus Bombus) are distinctive,
have evolved long term with hosts and play positive roles
in host health. We summarize these studies and refer readers
to other reviews for more details [2—4].

(a) Adult worker gut microbiomes

Most work has focused on the distinctive communities in
guts of workers of the western honeybee Apis mellifera.
These communities are dominated by five to eight bee-
restricted bacterial lineages [5,6]. Bumblebees and stingless
bees harbour communities composed of closely related bac-
terial lineages, with some exceptions in stingless bee groups
that have lost particular gut bacterial lineages [6,7].

In Apis and Bombus, the main bacterial gut symbionts are
acquired via social contact within colonies. Apis mellifera
workers are colonized soon after emergence as adults,
through contact with other workers [8]. The transmitted bac-
teria grow to a stable community, with a characteristic
composition and size, of about 108 cells per worker [9],
with similar numbers in bumblebees [6]. Each bacterial
species has a characteristic distribution in the ileum or
rectum of the hindgut [5,9] (figure 1).

For both honeybees and bumblebees, native gut commu-
nities have been shown to support adult worker development
and health [2,3]. In experiments that compared workers with
or without a normal gut microbiota, the former enjoy a range
of benefits that include protection against bacterial, viral, and
eukaryotic pathogens [10,11], digestion of components of
pollen cell walls [12,13], microbial detoxification of certain
sugars [14], stimulation of insulin signalling, appetite, gut
development, and weight gain [15] and enhanced production
of bee-encoded P450 enzymes that can neutralize dietary
toxins [16], although the gut microbiota does not protect
against widely used insecticides [17]. In bumblebees, the
gut microbiota appears to protect against selenate toxicity
[18]. Most experiments in bumblebees (Bombus terrestris and
Bombus impatiens) have focused on protection against para-
sites and have repeatedly shown that the gut microbiota
can defend against trypanosomatid parasites [19-21].

The most widely documented benefit of the adult gut
microbiota is protection against invasion by pathogens and
parasites. Such protection called ‘colonization resistance’ is
a feature of mammalian gut communities [22]. This protective
effect may partly reflect enhanced bee immune responses, as
the gut microbiota stimulates immune pathways [11,23,24].
However, direct microbe-microbe interactions also appear
to contribute, as individual strains vary in protective capacity
[20] and possess varying mechanisms for inter-bacterial
antagonism [25]. The establishment of biofilms within bee
guts also may impose a physical barrier to pathogenic
invasion [26,27].

While most evidence for beneficial effects of the bee micro-
biota comes from laboratory-based studies, experimental and
observational evidence supports similar effects in field colo-
nies and populations. In bumblebee populations, microbiota-
conferred protection against parasites is supported by lower
parasite incidence in individuals with an intact gut microbiota
[27]. In honeybees, exposure to antibiotic chemicals disrupts
the microbiota and lowers worker survivorship both within
hives and following laboratory challenge with opportunistic
bacterial or eukaryotic pathogens [16,28-31].

(b) Queen, larval and hive-associated microbiomes
Honeybee queens have gut communities drastically different
from those of workers; they lack the core species present in
workers, are more erratic in composition and size, and largely
consist of environmentally widespread bacterial species
[32-34]. By contrast, bumblebee queens have a gut microbiota
similar to that of workers and dominated by the characteristic
bacterial lineages found in guts of adult corbiculate bees
broadly [35].

Microbial communities are also associated with larvae,
food reserves and hive surfaces, and these may also affect
vigour of the overall colony. In honeybees, all of these com-
munities differ dramatically from those found in adult
worker guts [36]. One of the most abundant bacterial species
associated with honeybee larvae is a cluster of Acetobactera-
ceae initially recovered at very low abundance from adult
workers [37,38] and later found to be frequent in larval
guts and queen guts [32-34,39]. It was initially called
‘Alpha 2.2’, then described as Parasaccharibacter apium [36]
and more recently placed in its own genus as Bombella apis
[40]. Several strains isolated from larvae are able to persist
in larvae, royal jelly, hypopharyngeal glands and nurse
crops [36].

Host-associated communities also can include organisms
that are deleterious for hosts [41]. In honeybees, these include
viruses such as deformed wing vrus and others [42], bacterial
pathogens of larvae such as American and European foul-
brood (Paenibacillus larvae and Melissococcus plutonius) [43],
microsporidians in the genus Nosema [44], trypanosomatids
including Crithidia [45] and Lotmaria [45], fungal pathogens
such as chalkbrood (Ascosphaera apis) [46] and opportunistic
bacterial pathogens such as Serratia marcescens [47,48]. These
deleterious organisms tend to be invasive and sporadic, but
when they dominate, their harmful effects can overpower
any benefits of the usual community.

(c) Threats to bee microbiomes

The gut microbiota is key to honeybee health, but it is subject
to disruption. For example, the gut community composition
is drastically affected by exposure to antibiotics [29,49] or to
some herbicides [28,30,50]. Bee gut communities can be
impacted by diet, including nutrient quantity, nutrient com-
position and phytochemicals present in nectar, pollen and
propolis [51], and by temperature [52,53]. In honeybees, per-
turbed gut communities are more susceptible to invasion by
pathogens, as observed in challenge experiments with S. mar-
cescens [28] and Nosema [10,54]. Honeybee workers with
dysbiosis, defined as unhealthy disruption of the normal
microbiota, have higher mortality rates within hives [28,29].
Bumblebees also are subject to gut dysbiosis [27,55], which
can increase their susceptibility to pathogens [21].

3. Approaches and challenges for probiotic
treatments

The mounting evidence that the native microbiota is key to
bee health but vulnerable to disruption raises the question
of whether managed colonies of these insects might be
strengthened through probiotic treatments that deliver ben-
eficial bacteria. Such treatments might prevent, or cure
dysbiosis. One type of probiotic consists of bacteria that are
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Figure 1. Microorganisms associated with honeybees and their hives. Distinct microbial communities occupy different niches, including a distinct community in
hindguts of adult worker bees and a set of microbes exchanged between hive surfaces, food reserves, larval guts, queen guts and worker foreguts. These com-
munities have been shown to confer benefits for bees and hives, but they also include pathogens of larvae and/or adults. Some of these microbes are acquired from

or exchanged at environmental sources including nectar and plant surfaces.

intended to promote health and a stable microbiome without
themselves persisting in the host [1]. Much of the human pro-
biotic industry is based on ingesting organisms such as
Lactobacillus or Bifidobacterium used in fermenting food;
these do not colonize guts but may still promote a healthy
microbiome although evidence for this is mixed [56].

A second probiotic strategy involves inoculation with
microbial strains that are themselves native to the host gut
and that could establish and persist long term in the host.
For example, hosts experiencing dysbiosis can be treated
through the direct transfer of native microbial communities
from healthy individuals. In humans, such treatments,
called faecal microbiota transplants, have shown efficacy for
the treatment of some bowel disorders.

Both approaches are potentially beneficial in bees. Most
commercial probiotics currently contain only non-native bac-
teria from the food industry as in human probiotic mixtures;
however, some incorporate a mixture of non-native and native
bacteria [57]. Published analyses of persistence in bee guts are
not available. However, experimental work has shown that
transfers of native gut bacteria between worker honeybees,
accomplished by providing homogenate from donor guts to
recipient bees, result in stable colonization, typical community
composition and host benefits (e.g. [15]). However, direct trans-
fers between hosts carry the risk of introducing pathogenic
organisms, potentially causing more harm than benefit, as
occasionally observed in human faecal transfers (e.g. [58]).

Below we summarize studies of bee probiotics (electronic
supplementary material, table S1). A recent publication
provides an exhaustive compilation [57].

(a) Probiotics for larvae, queen and hive health

The most evident bee pathogens affect larvae, a vulnerable
stage of development for honeybees and the stage most vis-
ible to beekeepers, since affected bees die in the hive.
Larval parasites and pathogens include Varroa mites, the bac-
teria P. larvae and M. plutonius [43], the chalkbrood fungus
As. apis and several RNA viruses.

Several investigators have sought to directly protect
larvae with probiotics. A strain of Bombella apis enhanced
larval survival in vitro and was investigated as a probiotic
hive supplement, delivered in custom-made pollen patties
[59]. However, Bombella apis had no effect on colony-level
measures of brood area, food storage or foraging rate. Bees
from hives supplemented with Bombella apis appeared to
resist Nosema infection better, as fewer Nosema spores were
present after an in vitro challenge. Later tests of whether Bom-
bella apis inoculation could protect larvae against M. plutonius
did not reveal protective effects [60]. Miller et al. [61] recently
demonstrated that some Bombella apis strains produce a
metabolite that inhibits fungal growth both in vitro and in
vivo. Nosema is a microsporidian, a group closely related to
fungi, so potentially the same mechanism underlies this
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fungal suppression and the reduced Noserma loads in treated
colonies. These experiments were performed in the labora-
tory, so it remains to be tested if providing these strains as
probiotics to hives will be beneficial.

Recently, researchers have also tested commercially
available probiotic formulations at the hive scale. Daisley
et al. [62] focused on hive supplementation with a mixture
of two non-bee-associated Lactobacillus strains (Lactobacillus
plantarum and Lactobacillus rhamnosus) and one hive-associ-
ated strain: Apilactobacillus kunkeei. They found that
supplementation helped hives resist P. larvae. By contrast,
Stephan et al. [63] provided a probiotic mixture of several
hive- and gut-associated strains of Lactobacillus and Bifido-
bacterium to hives infected with P. larvae and treated or
not with antibiotics, but found no improvements in
colony fitness. Differences in the design and execution of
these experiments, or in the status of the study hives, can
explain the different outcomes. These two studies illustrate
the persistent issues of reproducibility that face honeybee
probiotics research.

Queens remain in the hive and are vital to hive health,
and queen longevity and productivity have declined recently,
potentially owing in part to hive treatments for mites [64].
The queen’s own gut microbiome may influence her health
and productivity, but studies of queen microbiomes have
not addressed links to fecundity or colony productivity
[32,34]. Some probiotic applications appear to improve egg-
laying in hives [65,66], potentially owing to impacts on the
queen microbiome. Further work is needed to determine if
microbiota manipulations in queens can improve hive health.

(b) Probiotics for adult workers

Workers comprise the vast majority of individuals in hives and
are responsible for all hive-level functions except for egg-
laying. Colony declines, particularly those associated with
classic colony collapse disorder, are often associated with the
disappearance of workers from a colony [67]. Since sick
workers tend to leave the hive to avoid the spread of disease
[68,69], they are less obvious to beekeepers than are sick
larvae. Thus, opportunistic pathogens of adult workers are
probably underappreciated as factors in overall colony health
[48].

Many recent studies indicate that the native worker gut
microbiota is perturbed by agrochemicals, such as antibiotics
that are used in hives to treat larval infections and in fields to
control crop pathogens, and other pesticides, sprayed in areas
near colonies. These perturbations are linked to increased
susceptibility of workers to infections by opportunistic patho-
gens [28,29,31,50,54]. For example, workers are more likely to
die from S. marcescens strains present in hives following
microbiota perturbation by antibiotics or glyphosate [28,47].
Potentially, probiotic treatment with natural gut strains from
the native microbiota could replenish perturbed gut commu-
nities. Recent experimental studies have shown that bees
mono-colonized with single or multiple strains of native gut
bacteria can control the overproliferation of S. marcescens in
the bee gut [11,70]. Similar overproliferation is observed in
microbiota-deprived bees or antibiotic-treated bees [70].

To date, almost all studies on the use of probiotics to con-
trol infections in workers have investigated non-native strains
[71,72] In one such study, Daisley et al. [62] saw shifts in
microbial composition in the guts of worker bees and

found that probiotic supplementation, besides increasing [ 4 |

the expression of bee immunity genes, such as defensin-1,
had a negative correlation with the abundance in guts of
Commensalibacter, Frischella and P. larvae, but did not change
overall bacterial loads. A follow-up study [73] reported that
antibiotic-induced dysbiosis in workers could be countered
by providing the same probiotic mixture to hives, and that
the probiotic bacterial strains were detected in workers
post-supplementation.

Native gut probiotics, consisting of isolates from bee guts,
could potentially replenish perturbed gut communities and
provide sustained protection against pathogens and parasites
of workers. Powell et al. [31] found that hive treatment with
recommended levels of tylosin (antibiotic used against
P. larvae) results in severe disruption of worker gut commu-
nities and in higher mortality when challenged with
S. marcescens. This increased susceptibility was lessened by
treatment with a probiotic mixture of strains of native gut
bacteria, suggesting that native gut probiotics can replenish
perturbed worker gut communities and thereby reduce
pathogenic infections.

Nosema also takes advantage of microbial perturbations
induced by antibiotics to cause disease in adult workers
[54] and can itself perturb the native worker microbiota
[74-76]. Many recent probiotic studies in adult honeybees
have focused on Nosema and have supplemented caged
bees or hives with mixtures of bacteria originating from
sources other than the native bee microbiota (see
the electronic supplementary material, table S1). While
some of these experiments reported beneficial effects, such
as reduction in Nosema spore counts and/or higher survival
rates of bees [71,72,77-79], others reported a completely
opposite outcome, with increases in spore counts and/or
lower survival rates of bees after supplementation [80-82].
A few studies have investigated the effects of probiotics in
the control of Varroa, showing a reduction in Varroa in sup-
plemented hives [66,72,83]. However, these studies did not
investigate whether these non-native bacteria persist in the
bee gut or affect the native microbiota. To date, clear evidence
that probiotics protect workers is lacking.

(c) What should bee probiotics look like?

Most probiotic efforts in honeybees have not verified the
basic mechanisms that contribute to probiotic usefulness.
Do probiotic strains establish in bee guts? Also, do probiotics
have sustained effects on bee physiology and immune
responses?

Native probiotic mixtures should be standardized to con-
tain only a beneficial community, eliminating the risk of
introducing harmful entities while including the necessary
community diversity to restore a stable, healthy community.
Powell et al. [31] provided preliminary evidence that a
defined community consisting of native gut bacteria can
help to ameliorate microbiota perturbation and pathogen
susceptibility.

4. New experimental results

We performed experiments aimed at addressing questions
regarding probiotics for worker gut communities. We tested
a defined community of native gut bacteria to examine the
ability to establish and persist in the bee gut, comparing
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this to a commercial probiotic currently in use in apiculture.
We also examined the ability of this defined community to
stimulate changes in gene expression that are typically
induced by the native gut community.

(a) Natural gut bacteria, but not commercial probiotics,
robustly colonize bee guts

To explore the ability of probiotic strains to persist in the bee
gut, we placed newly emerged adults directly in sterile cup
cages with sugar syrup and sterile pollen. We divided
workers into four treatments (approx. 15 bees cup™'): no
microbial exposure (NF, no probiotic), inoculation with a
commercial probiotic (ProB), inoculation with a defined com-
munity of co-cultured bee gut microbiota members (DC) or
inoculation with a mixture of commercial probiotic with the
defined community (ProB + DC). After 5 days, we extracted
total gut RNA to produce complementary DNA; thus, dead
cells in the gut do not contribute to our assays. We estimated
the total load of metabolically active bacteria using quantitat-
ive polymerase chain reaction (qPCR) and the taxonomic
composition using sequencing of 16S ribosomal RNA
(rRNA) amplicons. Detailed methods are included in the
electronic supplementary material, methods.

Bees in all of the treatments achieved similar bacterial
loads (figure 2a). The presence of high levels of bacteria in
the NP group suggests inoculation from frame surfaces as
the young bees emerged, as previously observed [8]. Com-
munities from bees in the NP group and the ProB group
have a very similar taxonomic composition (figure 2b). Both
groups had large components of Enterobacteriaceae, includ-
ing genera that are opportunistic pathogens. An evaluation
of bacteria by probable source (environment/commercial
probiotic/native bee gut community) showed that the NP
and ProB conditions were dominated by environmentally
acquired bacteria (figure 2c). In the ProB treatment, the com-
ponent probiotic taxa were present at less than 1% on
average. Thus, bacteria from a non-bee gut origin establish
poorly in the gut, enabling increases in opportunistic envir-
onmentally acquired taxa, largely Enterobacteriaceae. By
contrast, in both treatments where native gut bacteria were
used (ProB+DC and DC), native gut strains dominated
(greater than 93% on average) and limited proliferation of
environmentally acquired bacteria. Native strains dominated
at 5 days when bees were harvested and the experiment ter-
minated. Previous experiments showed persistence for at
least 10 days following inoculation of microbiota-free bees
with bee gut homogenates and further showed that the
characteristic bee gut microbiota persists for the life of the
adult worker under natural conditions [3,8,9]. Thus, the DC
community is probably stable for longer periods.

(b) Defined native probiotics mimic effects of natural
communities on host gene expression

Natural gut communities have been shown to modulate the
expression of honeybee genes, including key genes involved
in immunity, metabolism and development, and bees lacking
a normal gut community have abnormal immune function,
metabolism and weight gain [10,11,15,16]. We thus investi-
gated if a defined community of native gut bacteria
resembles complex natural gut communities in effects on
host gene expression.

Late-stage pupae were removed from a frame and placed [ 5 |

in plastic chambers in incubators as in [8], allowed to eclose
as adults, then placed in cup cages with sugar syrup and ster-
ile pollen. Previous work shows that this yields bees devoid
or nearly devoid of gut bacteria [3,8]. We divided bees into
three sets. One set (MD, microbiota deprived) was not
exposed to bacteria, one set (DC, defined community of
native strains) was fed a mixture of native gut strains,
and one set (GH, gut homogenate) was fed fresh gut hom-
ogenate from hive workers, containing the full natural gut
community. We measured expression of genes previously
shown to be induced by colonization with the full gut com-
munity, including genes involved in development [15] and
immunity [11,23]. In one experiment, we assayed genes for
several antimicrobial peptides (apidaecin, abaecin, defensin
and hymenoptaecin) known to be expressed in specific tis-
sues. In a second experiment, we assayed genes involved in
hormonal signalling (vitellogenin, insulin receptors and
insulin-like peptides) and expected to be expressed
throughout the body. We also assayed bacterial loads using
qPCR.

DC and GH bees achieved similar bacterial loads, which
were far higher than those of MD bees (figure 3a,e). The
higher loads correspond to pronounced activation of key
bee genes in abdomen samples (higher expression of genes
encoding abaecin, apidaecin and hymenoptaecin in DC and
GH bees than in MD bees) (figure 3b—d) and in whole-body
samples (higher expression of genes encoding defensin-2,
vitellogenin, and insulin receptors 1 and 2 in DC and GH
bees, and insulin-like peptide 1 in GH bees) (figure 3f-k).
Thus, the defined community mimics the native full micro-
biota in inducing the expression of bee genes involved in
immunity and metabolism.

5. Engineered probiotics in bees

Native gut bacteria could also be genetically engineered to
better enhance bee health. Synthetic biologists have engin-
eered probiotic bacteria to perform additional functions and
express new traits, and these engineered probiotics represent
the newest frontier for manipulating microbiomes. Because
bee gut bacteria can be grown in the laboratory and geneti-
cally manipulated, researchers have begun to create and
test engineered probiotics [84-86]. Engineered bee probiotics
could be enhanced to perform a new function (degradation of
pesticides or other harmful xenobiotic compounds), gain
resistance to a specific stressor (resistance to pesticides), or
even manipulate bee behaviour and immunity. Engineered
strains would then be reintroduced into honeybees and
hives where they would coexist with natural strains and per-
form their desired function. This approach mirrors recent
efforts to engineer the human microbiome by modifying
commensal bacteria from human guts to fight pathogens
and treat disease [87-89], and similar efforts are underway
to modify gut communities associated with other insects
[90], plants and other animals [91].

While microbiome engineering to improve bee health
remains in its infancy, a recent study demonstrated the feasi-
bility of this approach [92]. In this study, researchers
engineered the symbiotic bee gut bacterium S. alvi to express
double-stranded RNA in the gut of honeybees which then
triggers the bee RNA-interference immune response. In
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DC. All conditions have similar bacterial loads (p > 0.05, Kruskal-Wallis). (b) Relative abundances of bacterial lineages as determined by 16S V4 sequencing.
Abbreviations: A1, Bartonella apis; A2.1, Commensalibacter spp.; A2.2, Bombella apis; S, Snodgrassella alvi; B, Bifidobacterium spp.; F4, Bombilactobacillus spp.;
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available online in the electronic supplementary material.

laboratory experiments, this approach successfully altered
bee gene expression and limited damage from deformed
wing virus and Varroa mites.

The feasibility and effectiveness of the approach has not
been tested under field conditions, and it is not yet known
if engineered strains would persist in an actual hive, and
whether genetic constructs would stably function or need
to be periodically reintroduced. Another unknown is how
engineered strains might affect the natural ecosystem and
bacterial community in bees. Appropriate risk assessments
would be required to assess potential for negative impact.
While no engineered bacteria have been used in bumblebees
or other social bees, similar approaches to those used in
honeybees are plausible.

6. Future prospects for honeybee probiotics

Despite efforts to develop honeybee probiotics, no probiotic for-
mulations have been demonstrated to be reliably effective in
honeybees. Currently available probiotic formulations for
bees include strains of Lactobacillus and Bifidobacterium used in
fermenting dairy products and incorporated into human pro-
biotic formulations; these are foreign to bee guts. Results
presented here, and general surveys of bee gut microbiota, indi-
cate that these bacteria do not establish to high titers or persist in
bee guts. Even Apilactobacillus strains that are associated with
diverse bees, honey or nectar, may not stably colonize guts of
Apis or Bombus species. Potentially, probiotics can provide
benefits without establishing in hosts, but robust evidence is
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Figure 3. Expression of genes underlying immunity and hormonal signalling in bees lacking a native microbiota (MD), colonized with a defined community of native
bee gut strains (DC), or colonized with gut homogenate from a donor bee (GH). (a) Bacterial load estimated as bacterial 165 rRNA copies and (b—d) relative
transcript levels of genes encoding abaecin (b), apidaecin () and hymenoptaecin (d) in bee abdomens across groups (n =11 per group). (e) Bacterial 165
rRNA copies and (f-k) relative transcript levels of genes encoding defensin 2 (f), vitellogenin (g), insulin-like peptides 1 (h) and 2 (i), and insulin receptors
1(j) and 2 (k) in whole bee bodies across groups (n = 10 per group). The linear regression ‘Im” option in the pcr package in R was applied to estimate differences
between groups. ***p < 0.001, **p < 0.01, *p < 0.05. Data are available online in the electronic supplementary material. (Online version in colour.)

not available. Ingesting substantial quantities of live bacteria
that do not occur naturally in hosts has the potential to do
harm, so rigorous experiments that evaluate effects are needed.

We found that naturally occurring strains of bee gut bac-
teria can be administered as a defined community to bees
where they re-establish and persist, whereas a commercial
probiotic formulation composed of non-native bacteria does
not establish in bee hosts (figure 2). Furthermore, the commu-
nities established by native strains resemble natural bee gut
communities in composition and in their activation of bee
genes related to immunity and development (figure 3).
These results are consistent with preliminary trials showing
that the administration of natural isolates can restore micro-
biota disrupted by antibiotics and can defend against
infection by opportunistic bacterial pathogens [31,70].
Although promising, establishment does not imply efficacy
in promoting host health, and the benefits of native bee gut
strains remain untested at the hive level. The use of natural
gut isolate strains would also require methods to grow
these bacteria at scale, combine them into communities and
deliver them to hives. Since even closely related strains may
vary in their metabolic capabilities, and related bee gut
strains vary in responses to chemical stressors such as

antibiotics and glyphosate, it also would be useful to identify
the specific strains that maximize benefits to bees.

Though some questions are unanswered, the future of
probiotics for honeybees is bright. It may be possible to
design specific communities of natural gut isolates that
stably replenish gut communities disrupted by the many
stressors bees face and that are economical and efficient for
use in apiaries.
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Supplemental Methods

Experiments to measure engraftment of bacteria from a commercial probiotic versus a
defined community of native bee gut bacteria.

We obtained a frame from a hive on the University of Texas at Austin campus
that contained late-stage pupae and placed it in a frame cage in an incubator overnight
at 35°C and ~90% relative humidity (RH). The following morning, we collected emerged
bees and placed them into 4 treatment groups. Previous work shows that this results in
an abnormal microbiota composition, with colonization only by a subset of core
microbiota strains and by environmental bacteria [2]. We used ~15 bees per cup cage.
The treatments were no microbial exposure (NP = no probiotic), inoculation with a
commercial probiotic (ProB), inoculation with a defined community of co-cultured bee
gut microbiota members (DC = defined community of native strains), or inoculation with
a mixture of commercial probiotic with the defined community (ProB+DC). We obtained
the commercial probiotic (ProDFM) from Mann-Lake Beekeeping Supply (USA).
According to product documentation, this supplement contains isolates of Lactobacillus
acidophilus, Lactobacillus plantarum, Bacillus subtilis, Bacillus licheniformis, Bacillus
pumilis, Enterococcus faecium, Bifidobacterium bifidum and Saccharomyces cerevisiae.
We resuspended 100 mg in 500 uL PBS and placed it over the pollen in the cup cage of
the two ProB exposed groups. The defined community of native gut bacteria contained
isolates of Snodgrassella alvi wkB2, Gilliamella apicola wkB1, G. apicola wkB7),
Bifidobacterium asteroides LCep5, Lactobacillus nr. meliventris strains wkB8 and
wkB10 (L. meliventris was formerly called “Firm-5"). We enriched the cultures
individually and then as a co-cultured community as described in [1], scraped co-
cultured plates into PBS to an OD600 of ~1 and placed 100 uL over the pollen in
appropriate cup cages. For control bees exposed to neither (NP), sterile PBS was put
on the pollen. We placed the cup cages in incubators at 35°C and ~90% RH for 5 days
(sufficient time for establishment of the gut microbiota [2]). All groups were fed sterilized
pollen and sugar syrup throughout the experiment.

After this period, we immobilized the bees with CO2 and aseptically dissected
whole abdomens. We then extracted RNA from using a Quick RNA Isolation Kit (Zymo
Research, USA) using the supplier’s protocol with an added 1 minute bead beating step
during lysis using 500 uL 0.7 mm diameter silica zirconia beads (Biospec, USA). We
eluted RNA in 50 puL of RNAse free water and quantified concentrations using a
Nanodrop spectrophotometer (Thermo Fisher, USA).

We generated cDNA using 50 ng RNA from 6 samples per condition with the
Takara PrimeScript RT Kit (Takara Bio Inc., Japan). We quantified the total number of
16S rRNA transcripts in each sample by using a 1 to 10 dilution to perform gPCR as


https://paperpile.com/c/CD3Vt3/9ESY
https://paperpile.com/c/CD3Vt3/T6R3

described in [1]. This technique consists of using universal 16S primers (see Table S2)
along with an iTAQ SYBR green master mix (Bio-Rad, USA) and serial dilutions of a
standard bearing plasmid in order to quantify the absolute copy number of 16S
transcripts. The final copy number was calculated by adjusting for dilutions and
normalizing based on 100 ng of template. A Kruskal Wallis test was performed in R [3]
to look for statistical differences and we generated a plot using ggplot2 [4] in R.

We also generated microbial community profiles by performing 16S rRNA
metabarcoding and analysis as detailed in [1]. In this procedure we amplified cDNA
template with a pair of universal 16S primers (see Table S2) and then performed a
second PCR with barcoded primers that also contained lllumina specific adapters. We
used magnetic beads (Ampure, USA) to clean amplicon between and after these PCR
rounds, quantified amplicon using a Qubit fluorometer (Thermo Fisher, USA). We then
combined equimolar amounts and sequenced this pool on an iseq100 (lllumina, USA).

We analyzed the resultant reads by using a Deblur [5] based analysis with R1
files in Qiime2 [6]. We used the SILVA 132-99-515-806-nb database with the feature-
classifier plugin to assign taxonomy and removed unassigned, mitochondrial,
chloroplast and singleton reads. We combined ASVs within species groups and used a
BLAST based binning strategy for the more complex lineages like Lactobacillus and
then produced taxonomic barplots with ggplot2 in R. We did not examine eukaryotic
profiles and so cannot evaluate the presence of yeast in the gut.

Experiments to measure effects of defined native communities on expression of
host genes for development and immunity.

We collected another frame with capped brood from the same location. Instead
of allowing worker adults to emerge on their own as in the previous experiment, we
carefully removed late-stage pupae to obtain newly emerged workers (NEWSs) lacking a
microbiota. Based on previous studies, this approach yields workers that are nearly
devoid of bacteria whereas allowing workers to emerge on the frame results in
colonization by a subset of the usual microbiota [2]. Pupae were placed on sterile plastic
bins and incubated at 35°C and ~90% RH until emerging as adults. After that, NEWs
were collected and placed into 3 treatment groups. We used ~10 bees per cup cage, 5
cup cages per treatment. The treatments were no microbial exposure (MD = microbiota
deprived), inoculation with a defined community of native bee gut bacterial strains (DC),
or inoculation with a gut homogenate containing native microbiota from a donor (GH). In
view of the failure of the ProB strains to colonize in the previous experiment, we did not
include a ProB treatment. The DC treatment contained isolates of Snodgrassella alvi
wkB2, Gilliamella apicola wkB1, Gilliamella apis M1-2G, Lactobacillus nr. melliventris
wkB8 and wkB10, Bombilactobacillus mellis Bin4N and Bifidobacterium asteroides
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LCepl0. Each bacterial strain was cultured individually on heart infusion agar with 5%
blood for 3 days, then colonies were transferred to liquid medium (InsectaGro broth for
wkB2, wkB1 and M1-2G; MRS broth for wkB8, wkB10 and LCepl10). Bacterial cells from
overnight cultures were washed with PBS and OD was adjusted to 1. Equal volumes of
each culture were mixed together and transferred (200 pL) to the sterile pollen provided
to each cup cage in the DC group. For the GH treatment, guts were aseptically pulled
out from 12 healthy workers from the same hive, homogenized with 1.1 PBS-sterile
sucrose syrup (6 mL total volume), and transferred (200 pL) to the sterile pollen
provided to each cup cage in the GH group. For the MD treatment, sterile PBS was put
on the pollen. Cup cages were placed in an incubator at 35°C and ~90% RH for 5 days.
All groups were fed sterilized pollen and sugar syrup throughout the experiment. After
this period, bees were sampled and frozen at -80°C until further analysis. This
experiment was performed in duplicate and samples from each experiment were
processed as follows.

For the first experiment, RNA was extracted from bee abdomens (11 bees per
group, 2-3 bees per cup cage). For the second experiment, RNA was extracted from
whole bee bodies (10 bees per group, 2 bees per cup cage). In both cases, RNA was
extracted and quantified as described above. Final RNA samples were dissolved in 50
ML of water and stored at —80°C. cDNA was synthesized from 800 ng of RNA sample
using a qScript cDNA synthesis kit (Quantabio, USA) following the manufacturer’s
instructions, and stored at —20°C. cDNA samples were 10-fold diluted and used to
quantify total number of 16S rRNA transcripts, as described above, and to measure
changes in relative expression for the genes abaecin, apidaecin and hymenoptaecin in
abdomen samples from the first experiment, as well as defensin-2, vitellogenin, insulin
receptors 1 and 2, and insulin-like peptides 1 and 2 in whole bee body samples from the
second experiment (see Table S2 for primer sets). For these measures, 10 pL reactions
were carried out on 384-well plates on a Thermo Fisher ViiA7 instrument using 5 L of
iTag Universal SYBR Green Supermix (Bio-Rad Inc.), 0.05 uL of each forward and
reverse 100 uM primer, 3.9 pL of H20, and 1.0 pL of template cDNA. The cycling

conditions consisted of an initial cycle of 50°C for 2 min and 95°C for 2 min, followed by

40 cycles of a two-step PCR of 95°C for 15 s and 60°C for 1 min. Expression levels



were measured in triplicate for each biological replicate and normalized against the

housekeeping gene rps5[7]. Relative expression was measured by means of the AACt

method, and differences in expression between control and treatment groups were
investigated using the linear regression ‘Im’ test in the pcr package [8] in R version 3.5.2
[3]. P values lower than 0.05 were considered statistically significant.
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Table S1. Recent efforts to use probiotics to improve bee resistance to natural enemies.

Nosema spores in bees
from supplemented hives

Host stage | Pathogen or Probiotic approach Delivery Findings References
of life parasite method
Honeybee Paenibacillus Fructobacillus fructosus KY027123; | Mixture of Reduced risk of death 9]
larvae larvae Proteus mirabilis KY027132; royal jelly, due to P. larvae in
Bacillus licheniformis KY027142; sugar laboratory-reared larvae
Apilactobacillus kunkeei KY027158; | solution and
Bacillus subtilis KY027169; yeast extract
Enterobacter kobei KY027178; or
Morganella morganii KY027186
Four Apilactobacillus kunkeei Artificial diet | Decreased mortality of [10]
strains laboratory-reared larvae
due to P. larvae infection
Lactobacillus plantarum Lp39, Nutrient Reduced loads of P. [11,12]
Lactobacillus rhamnosus GR-1, patty larvae in larvae from
Apilactobacillus kunkeei BR-1 supplemented hives
(treated or not with
antibiotics) and increased
survival of laboratory-
reared larvae
Apilactobacillus kunkeei Fhon2, Mixture of Reduced number of [13]
Bombilactobacillus spp. (Hon2, royal jelly laboratory-reared larvae
Hma2, Bin4), Lactobacillus nr. and sugar infected with P. larvae
melliventris Biut2, Bma5, Hmas8, solution
Hmall), Bifidobacterium spp. (B.
asteroides Hmag3, Bin7 and Bin2, B.
coryneforme Bma6)
Adult Paenibacillus Lactobacillus plantarum Lp39, Nutrient Reduced loads of P. [12]
honeybees | larvae Lactobacillus rhamnosus GR-1, patty larvae in bees from hives
Apilactobacillus kunkeei BR-1 treated with tetracycline
then supplemented with
probiotics
Lactobacillus brevis, Lactobacillus Pollen No viable counts of P. [14]
plantarum solution larvae in bees from
supplemented hives
Apilactobacillus spp. (A. kunkeei Sugar No effects on P. larvae [15,16]
Fhon2N, A. apinorum Fhon13N), solution spore levels in bee honey
Bombilactobacillus spp. (Hon2N, crops from supplemented
Bin4N), Lactobacillus nr. hives
melliventris (Biut2, Bma5, Hmas,
Hmall), and Bifidobacterium spp.
(B. asteroides Bin2N, Bin7N and
Hma3N, B. coryneforme Bma6N)
Nosema apis Four Apilactobacillus kunkeei Artificial diet | Reduced counts of [10]
and Nosema strains Nosema spores in nurses
ceranae
Lactobacillus spp. (L. casei, L. Sugar Increased counts of [17]
plantarum) Saccharomyces solution Nosema spores in caged
cerevisiae, Rhodopseudomonas bees
palustris
Bombella apis C6 Pollen patty Reduced counts of [18]
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Pediococcus acidilactici or Sugar Higher survival rates for [19]
Saccharomyces cerevisiae solution supplemented bees
boulardii or
Parasaccharibacter apium PC1 or
Bacillus sp. PC2
Enterococcus faecium Sugar Reduced Nosema [20]
solution infection and increased
survival rates of caged
bees
Enterococcus faecium Sugar Reduced Nosema [21]
solution or infection, and increased
protein patty | bee populations in
supplemented hives
Pediococcus acidilactici Sugar Reduced Nosema [22]
solution infection, and increased
survival of caged bees
Lactobacillus rhamnosus Sugar Increased susceptibility to | [23,24]
solution Nosema infection and
reduced lifespan of caged
bees
Varroa Lactobacillus salivarius A3iob Sugar Overall reduction in the [25]
destructor solution infestation levels of both
Nosema and Varroa in
supplemented hives
Bacillus subtilis subsp. subtilis Sugar Reduced counts of [26]
Mori2 solution Nosema and Varroa in
supplemented hives than
in control hives
Lactobacillus johnsonii CRL1647 Sugar Reduction of Varroa [27]
solution incidence in bees from
supplemented hives
Serratia Cocktail of native gut bacteria Pollen Increased survival of [1]
marcescens (Snodgrassella alvi wkB2, caged bees
Gilliamella apicola wkB1 and wkB?7,
Bifidobacterium asteroides LCep5,
Lactobacillus nr. melliventris wkB8
and wkB10)
Adult Crithidia Mixture of fresh feces from healthy Sugar Reduced number of [28]
bumble bombi individuals of the same colony solution Crithidia cells in feces of

bees

treated bumblebees
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Table S2. PCR primers used in this study

Purpose/
Reference Forward (5’-3’) Reverse (5-3’)
16S V4 PCR Hyb515F rRNA TCGTC Hyb806R_rRNA | GTCTCGTGGGC
Round 1[29] GGCAGCGTCA TCGGAGATGTGT
GATGTGTATA ATAAGAGACAG
AGAGACAGGT GGACTACHVGG
GYCAGCMGCC GTWTCTAAT
GCGGTA
Barcoding primers Hyb_Fnn_i5 AATGATACGG Hyb_Rnn_i7 CAAGCAGAAGA
(Nextera Round 2) CGACCACCGA CGGCATACGAG
GATCTACACN AT NNNNNNNN G
NNNNNNN TCG TCTCGTGGGCT
TCGGCAGCGT CGG
C
16S quantitative 27F AGAGTTTGAT 355R CTGCTGCCTCC
PCR [30] CCTGGCTCAG CGTAGGAGT
Abaecin [31] Aba-F ATCTTCGCAC Aba-R TCGGATTGAATG
TACTCGCCAC GTCCCTGA
Apidaecin [32] Api-F TTTTGCCTTAG Api-R GTAGGTCGAGT
CAATTCTTGTT AGGCGGATCT
G
Defensin 2 [33] Def2-F GGGTAACGTG Def2-R GCAACTACCGC
CGACGTTTTA CTTTACGTC
Hymenoptaecin Hym1-F CGCCTATGGT Hym1-R CAGGACCACGT
GGACTAAACA TGAACTTCA
Vitellogenin [34] Vg-F GTTGGAGAGC Vg-R TCGATCCATTCC
AACATGCAGA TTGATGGT
Insulin receptor 1 AmInR-1F GGATCTGGTG AmInR-1R ATCCCCACGTC
[34] TGGGACAGTT GAGTATCTG
Insulin receptor 2 AmInR-2F GGGAAGAACA AmInR-2R CATCACGAGCA
[34] TCGTGAAGGA GCGTGTACT
Insulin-like peptide AmILP-1F CGATAGTCCT AmILP-1R CAAGCTGAGCAT
1[34] GGTCGGTTTG AGCTGCAC
Insulin-like peptide AmILP-2F TTCCAGAAAT AmILP-2R TAGGAGCGCAA
2 [34] GGAGATGGAT CTCCTCTGT
G
Ribosomal protein rpss-F AATTATTTGGT rps5-R TAACGTCCAGCA
S5 (rpsb) [33] CGCTGGAATT GAATGTGGTA
G



https://paperpile.com/c/CD3Vt3/6HcU
https://paperpile.com/c/CD3Vt3/mZW7
https://paperpile.com/c/CD3Vt3/LZJL
https://paperpile.com/c/CD3Vt3/Dpch
https://paperpile.com/c/CD3Vt3/eMej
https://paperpile.com/c/CD3Vt3/2XBc
https://paperpile.com/c/CD3Vt3/2XBc
https://paperpile.com/c/CD3Vt3/2XBc
https://paperpile.com/c/CD3Vt3/2XBc
https://paperpile.com/c/CD3Vt3/2XBc
https://paperpile.com/c/CD3Vt3/eMej

Supplemental References

1.

10.

11.

12.

13.

14.

15.

Powell JE, Carver Z, Leonard SP, Moran NA. 2021 Field-realistic tylosin exposure impacts
honey bee microbiota and pathogen susceptibility, which is ameliorated by native gut
probiotics. Microbiol Spectr 9, e0010321.

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, 7378-7387.

R Core Team. 2013 R: A language and environment for statistical computing. Vienna,
Austria.

Wickham H. 2009 ggplot2 Elegant Graphics for Data Analysis. New York, USA: Springer-
Verlag.

Amir A et al. 2017 Deblur rapidly resolves single nucleotide community sequence patterns.
Abstr. Gen. Meet. Am. Soc. Microbiol. 2, 1-7.

Bolyen E et al. 2019 Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat. Biotechnol. 37, 852—-857.

Jeon JH, Moon K, Kim Y, Kim YH. 2020 Reference gene selection for gRT-PCR analysis of
season- and tissue-specific gene expression profiles in the honey bee Apis mellifera.
Scientific Reports 10, 13935.

Ahmed M, Kim DR. 2018 pcr: an R package for quality assessment, analysis and testing of
gPCR data. PeerJ 6, e4473.

Al-Ghamdi A, Ali Khan K, Javed Ansari M, Almasaudi SB, Al-Kahtani S. 2018 Effect of gut
bacterial isolates from Apis mellifera jemenitica on Paenibacillus larvae infected bee larvae.
Saudi J. Biol. Sci. 25, 383-387.

Arredondo D, Castelli L, Porrini MP, Garrido PM, Eguaras MJ, Zunino P, Antinez K. 2018
Lactobacillus kunkeei strains decreased the infection by honey bee pathogens
Paenibacillus larvae and Nosema ceranae. Benef. Microbes 9, 279-290.

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, 476-491.

Daisley BA et al. 2020 Lactobacillus spp. attenuate antibiotic-induced immune and
microbiota dysregulation in honey bees. Commun Biol 3, 534.

Forsgren E, Olofsson TC, Vaasquez A, Fries I. 2010 Novel lactic acid bacteria inhibiting
Paenibacillus larvae in honey bee larvae. Apidologie 41, 99-108.

Kuzys$inova K, Mudrofiova D, Molnar L, Toporc¢ak J, Others. 2012 In vivo testing of the
efficacy of bee probiotic lactobacilli. Folia Vet. 56, 14-16.

Lamei S, Stephan JG, Nilson B, Sieuwerts S, Riesbeck K, de Miranda JR, Forsgren E.

2020 Feeding honeybee colonies with honeybee-specific lactic acid bacteria (Hbs-LAB)
does not affect colony-level Hbs-LAB composition or Paenibacillus larvae spore levels,
although American Foulbrood affected colonies harbor a more diverse Hbs-LAB


http://paperpile.com/b/CD3Vt3/9ESY
http://paperpile.com/b/CD3Vt3/9ESY
http://paperpile.com/b/CD3Vt3/9ESY
http://paperpile.com/b/CD3Vt3/9ESY
http://paperpile.com/b/CD3Vt3/9ESY
http://paperpile.com/b/CD3Vt3/9ESY
http://paperpile.com/b/CD3Vt3/9ESY
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/T6R3
http://paperpile.com/b/CD3Vt3/EHhv
http://paperpile.com/b/CD3Vt3/EHhv
http://paperpile.com/b/CD3Vt3/EHhv
http://paperpile.com/b/CD3Vt3/EHhv
http://paperpile.com/b/CD3Vt3/oppU
http://paperpile.com/b/CD3Vt3/oppU
http://paperpile.com/b/CD3Vt3/oppU
http://paperpile.com/b/CD3Vt3/oppU
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/biBC
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/JFit
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/4COO
http://paperpile.com/b/CD3Vt3/fZmz
http://paperpile.com/b/CD3Vt3/fZmz
http://paperpile.com/b/CD3Vt3/fZmz
http://paperpile.com/b/CD3Vt3/fZmz
http://paperpile.com/b/CD3Vt3/fZmz
http://paperpile.com/b/CD3Vt3/fZmz
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/8TzyW
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/XHB4s
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/kPNUj
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/Swi0A
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/kg1sP
http://paperpile.com/b/CD3Vt3/pdXrX
http://paperpile.com/b/CD3Vt3/pdXrX
http://paperpile.com/b/CD3Vt3/pdXrX
http://paperpile.com/b/CD3Vt3/pdXrX
http://paperpile.com/b/CD3Vt3/pdXrX
http://paperpile.com/b/CD3Vt3/pdXrX
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

community. Microb. Ecol. 79, 743—755.

Stephan JG, Lamei S, Pettis JS, Riesbeck K, de Miranda JR, Forsgren E. 2019 Honeybee-
specific lactic acid bacterium supplements have no effect on American Foulbrood-infected
honeybee colonies. Appl. Environ. Microbiol. 85, e0060619.

Andrearczyk S, Kadhim MJ, Knaga S. 2014 Influence of a probiotic on the mortality, sugar
syrup ingestion and infection of honeybees with Nosema spp. under laboratory
assessment. Med. Weter. 70, 762—765.

Corby-Harris V, Snyder L, Meador CAD, Naldo R, Mott B, Anderson KE. 2016
Parasaccharibacter apium, gen. nov., sp. nov., improves honey bee (Hymenoptera: Apidae)
resistance to Nosema. J. Econ. Entomol. 109, 537-543.

El Khoury S et al. 2018 Deleterious interaction between honeybees (Apis mellifera) and its
microsporidian intracellular parasite Nosema ceranae was mitigated by administrating
either endogenous or allochthonous gut microbiota strains. Front. Ecol. Evol. 6, e58.

Borges D, Guzman-Novoa E, Goodwin PH. 2021 Effects of prebiotics and probiotics on
honey bees (Apis mellifera) infected with the microsporidian parasite Nosema ceranae.
Microorganisms. 9, 481. (doi:10.3390/microorganisms9030481)

Klassen SS, VanBlyderveen W, Eccles L, Kelly PG, Borges D, Goodwin PH, Petukhova T,
Wang Q, Guzman-Novoa E. 2021 Nosema ceranae infections in honey bees (Apis
mellifera) treated with pre/probiotics and impacts on colonies in the field. Vet. Sci. China 8,
107.

Peghaire E, Moné A, Delbac F, Debroas D, Chaucheyras-Durand F, El Alaoui H. 2020 A
Pediococcus strain to rescue honeybees by decreasing Nosema ceranae- and pesticide-
induced adverse effects. Pestic. Biochem. Physiol. 163, 138-146.

Ptaszynska AA, Borsuk G, Zdybicka-Barabas A, CytryAska M, Matek W. 2016 Are
commercial probiotics and prebiotics effective in the treatment and prevention of honeybee
nosemosis C? Parasitol. Res. 115, 397-406.

Ptaszynska AA, Borsuk G, Mutenko W, Wilk J. 2016 Impact of vertebrate probiotics on
honeybee yeast microbiota and on the course of nosemosis. Med. Weter. 72, 430-434.

Tejerina MR, Benitez-Ahrendts MR, Audisio MC. 2020 Lactobacillus salivarius A3iob
reduces the incidence of Varroa destructor and Nosema spp. in commercial apiaries
located in the northwest of Argentina. Probiotics Antimicrob. Proteins 12, 1360-1369.

Sabaté DC, Cruz MS, Benitez-Ahrendts MR, Audisio MC. 2012 Beneficial effects of
Bacillus subtilis subsp. subtilis Mori2, a honey-associated strain, on honeybee colony
performance. Probiotics Antimicrob. Proteins 4, 39-46.

Audisio MC, Sabaté DC, Benitez-Ahrendts MR. 2015 Effect of Lactobacillus johnsonii
CRL1647 on different parameters of honeybee colonies and bacterial populations of the
bee gut. Beneficial Microbes. 6, 687—695. (d0i:10.3920/bm2014.0155)

Koch H, Schmid-Hempel P. 2011 Socially transmitted gut microbiota protect bumble bees
against an intestinal parasite. Proc. Natl. Acad. Sci. U. S. A. 108, 19288-19292.

10


http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/7Pkax
http://paperpile.com/b/CD3Vt3/83hny
http://paperpile.com/b/CD3Vt3/83hny
http://paperpile.com/b/CD3Vt3/83hny
http://paperpile.com/b/CD3Vt3/83hny
http://paperpile.com/b/CD3Vt3/83hny
http://paperpile.com/b/CD3Vt3/83hny
http://paperpile.com/b/CD3Vt3/83hny
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/wPdxS
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/dzqgF
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/Jud6N
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PsZoe
http://dx.doi.org/10.3390/microorganisms9030481
http://paperpile.com/b/CD3Vt3/PsZoe
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/PolGk
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/1Z9vW
http://paperpile.com/b/CD3Vt3/820Go
http://paperpile.com/b/CD3Vt3/820Go
http://paperpile.com/b/CD3Vt3/820Go
http://paperpile.com/b/CD3Vt3/820Go
http://paperpile.com/b/CD3Vt3/820Go
http://paperpile.com/b/CD3Vt3/820Go
http://paperpile.com/b/CD3Vt3/820Go
http://paperpile.com/b/CD3Vt3/BbopA
http://paperpile.com/b/CD3Vt3/BbopA
http://paperpile.com/b/CD3Vt3/BbopA
http://paperpile.com/b/CD3Vt3/BbopA
http://paperpile.com/b/CD3Vt3/BbopA
http://paperpile.com/b/CD3Vt3/BbopA
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/0E1z8
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/3e1iY
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/ejapF
http://dx.doi.org/10.3920/bm2014.0155
http://paperpile.com/b/CD3Vt3/ejapF
http://paperpile.com/b/CD3Vt3/LwQkP
http://paperpile.com/b/CD3Vt3/LwQkP
http://paperpile.com/b/CD3Vt3/LwQkP
http://paperpile.com/b/CD3Vt3/LwQkP
http://paperpile.com/b/CD3Vt3/LwQkP
http://paperpile.com/b/CD3Vt3/LwQkP

29.

30.

31.

32.

33.

34.

Wang Y, Qian PY. 2009 Conservative fragments in bacterial 16S rRNA genes and primer
design for 16S ribosomal DNA amplicons in metagenomic studies. PLoS One 4.
(doi:10.1371/journal.pone.0007401)

Castillo M, Martin-Orie SM, Manzanilla EG, Badiola I, Martin M, Gasa J. 2006
Quantification of total bacteria, enterobacteria and lactobacilli populations in pig digesta by
real-time PCR. Vet. Microbiol. 114, 165-170.

Zhao Y et al. 2019 The dynamics of Deformed Wing Virus concentration and host defensive
gene expression after Varroa mite parasitism in honey bees, Apis mellifera. Insects 10, 16.

Simone M, Evans JD, Spivak M. 2009 Resin collection and social immunity in honey bees.
Evolution 63, 3016-3022.

Evans JD. 2006 Beepath: an ordered quantitative-PCR array for exploring honey bee
immunity and disease. J. Invertebr. Pathol. 93, 135-139.

Azevedo SV de, de Azevedo SV, Hartfelder K. 2008 The insulin signaling pathway in honey
bee (Apis mellifera) caste development — differential expression of insulin-like peptides
and insulin receptors in queen and worker larvae. J. Insect Physiol. 54, 1064-1071.

11


http://paperpile.com/b/CD3Vt3/6HcU
http://paperpile.com/b/CD3Vt3/6HcU
http://paperpile.com/b/CD3Vt3/6HcU
http://paperpile.com/b/CD3Vt3/6HcU
http://paperpile.com/b/CD3Vt3/6HcU
http://paperpile.com/b/CD3Vt3/6HcU
http://paperpile.com/b/CD3Vt3/6HcU
http://dx.doi.org/10.1371/journal.pone.0007401
http://paperpile.com/b/CD3Vt3/6HcU
http://paperpile.com/b/CD3Vt3/mZW7
http://paperpile.com/b/CD3Vt3/mZW7
http://paperpile.com/b/CD3Vt3/mZW7
http://paperpile.com/b/CD3Vt3/mZW7
http://paperpile.com/b/CD3Vt3/mZW7
http://paperpile.com/b/CD3Vt3/mZW7
http://paperpile.com/b/CD3Vt3/mZW7
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/LZJL
http://paperpile.com/b/CD3Vt3/Dpch
http://paperpile.com/b/CD3Vt3/Dpch
http://paperpile.com/b/CD3Vt3/Dpch
http://paperpile.com/b/CD3Vt3/Dpch
http://paperpile.com/b/CD3Vt3/Dpch
http://paperpile.com/b/CD3Vt3/Dpch
http://paperpile.com/b/CD3Vt3/eMej
http://paperpile.com/b/CD3Vt3/eMej
http://paperpile.com/b/CD3Vt3/eMej
http://paperpile.com/b/CD3Vt3/eMej
http://paperpile.com/b/CD3Vt3/eMej
http://paperpile.com/b/CD3Vt3/eMej
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc
http://paperpile.com/b/CD3Vt3/2XBc

	Prospects for probiotics in social bees
	Introduction
	Background on microbiomes of social corbiculate bees
	Adult worker gut microbiomes
	Queen, larval and hive-associated microbiomes
	Threats to bee microbiomes

	Approaches and challenges for probiotic treatments
	Probiotics for larvae, queen and hive health
	Probiotics for adult workers
	What should bee probiotics look like?

	New experimental results
	Natural gut bacteria, but not commercial probiotics, robustly colonize bee guts
	Defined native probiotics mimic effects of natural communities on host gene expression

	Engineered probiotics in bees
	Future prospects for honeybee probiotics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


