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Simple Summary: The honeybee is an important pollinator and is key in maintaining ecological
balance. Insecticides, especially neonicotinoids, are considered as critical factors in colony collapse
disorder. However, the question of how to reduce the toxic effect of pesticides on bees has not been
comprehensively answered. Probiotics are an important and valid way to combat stress and have
the benefit of maintaining healthy honeybees. Our study found that Apilactobacillus kunkeei, which
was isolated from beebread, can reduce the mortality effect of acetamiprid on honeybees. However,
the mechanism is not clear, and we attempted to elaborate on it, based on the symbiotic honeybee
microbiota. We found that some opportunistic and pathogenic bacteria invaded the intestinal regions
of honeybees under acetamiprid exportation. Meanwhile, the community richness and diversity of
symbiotic microbiota were decreased, and the community structure of intestinal bacteria was changed
and differentiated. However, with the supplementation of A. kunkeei, the community richness and
diversity of symbiotic microbiota showed an upward trend, and the community structure was
stabilized. These data suggest that A. kunkeei may be beneficial to a stabilized community structure
which reduces the toxic effects of acetamiprid on honeybees. Our results offer important insights into
the application of probiotics and potential probiotics in beekeeping.

Abstract: Nowadays, colony collapse disorder extensively affects honeybees. Insecticides, including
acetamiprid, are considered as critical factors. As prevalent probiotics, we speculated that supplemen-
tation with lactic acid bacteria (LAB) could alleviate acetamiprid-induced health injuries in honeybees.
Apilactobacillus kunkeei was isolated from beebread; it significantly increased the survival of honeybees
under acetamiprid exportation (from 84% to 92%). Based on 16S rRNA pyrosequencing, information
on the intestinal bacteria of honeybees was acquired. The results showed that supplementation with
A. kunkeei significantly increased survival and decreased pollen consumption by honeybees under
acetamiprid exportation. Under acetamiprid exportation, some opportunistic and pathogenic bacteria
invaded the intestinal regions. Subsequently, the community richness and diversity of symbiotic
microbiota were decreased. The community structure of intestinal bacteria was changed and differen-
tiated. However, with the supplementation of A. kunkeei, the community richness and community
diversity of symbiotic microbiota showed an upward trend, and the community structure was sta-
bilized. Our results showed that A. kunkeei alleviated acetamiprid-induced symbiotic microbiota
dysregulation and mortality in honeybees. This demonstrates the importance of symbiotic microbiota
in honeybees and supports the application of Apilactobacillus kunkeei as probiotics in beekeeping.

Keywords: probiotics; insecticide; symbiotic microbiota; survival; 16S rRNA

1. Introduction

As an important kind of pollinator, the western honeybee (Apis mellifera L.) plays
an essential role in maintaining ecological balance and provides huge commercial value.
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Meanwhile, honeybees help to chart environmental health maps by collecting pollen,
water, nectar, and gum [1]. However, colony collapse disorder (CCD) has destroyed many
honeybee colonies in recent years [2]. Honeybees are often exposed to persistent biotic
and abiotic stresses that lead to CCD, including environmental pollution, drastic changes
in climate, pathogens, parasites, and habitat losses [2,3]. Pesticides are considered as one
of the critical contributing factors in CCD. Various types of residual pesticides, such as
fungicides, acaricides, insecticides, insect growth regulators, and herbicides, are remained
in pollen, beebread, and honey samples [4-6].

Neonicotinoids, such as acetamiprid, are some of the most widely applied insecticides
in the world. Neonicotinoids are usually applied via foliar sprays, soil drenches, and trunk
injections; these lead to high levels of residuals in pollen and nectar. Honeybees are exposed
to sub-lethal doses of neonicotinoids and their health is affected. As an integral part of
the colony, the quality and quantity of workers directly reflects a colony’s strength. After
exposure to neonicotinoids, foragers spend more time grooming and lose flying postural
control [7,8]. Meanwhile, neonicotinoids and pathogen synergistic interactions increase
individual mortality and negatively decrease lifespan [8,9]. With a decreased number of
workers, the colony is less able to collect resources and nurse larvae, which reduces the
colony’s capacity to resist extreme environments in winter and summer.

For the improvement of animal health, humans may add probiotics to an animal diet.
This also applies to honeybees. Common animal probiotics include lactic acid bacteria
(LAB) and Bifidobacterium. LAB are widely distributed in nature and in the digestive
tracts of animals. They can increase the nutrition of beebread through fermentation [10]
and can increase immunocompetence by stimulating the immune response of the honey-
bee. Under Nosema ceranae infection, significantly increased survival was observed for
honeybees after feeding with LAB [11] due to a decreased infection rate [12]. In vivo, it
was reported that LAB decreased the mortality and number of honeybee larvae infected
by Paenibacillus larvae [13,14]. Besides being beneficial to the individual, LAB positively
influenced the colony, leading to an increased number of adult honeybees [15]. In the
colony, more than 50 species of LAB were isolated from honey, beebread, bee pollen, and
honeybees, such as Apilactobacillus kunkeei, Lactobacillus johnsonii, Lactobacillus plantarum,
Lactobacillus apis, and Lactobacillus alvei [12,16,17]. A variety of LAB may be beneficial
to maintaining the environmental stability of the hive. Depending on their metabolism
(lactic acid, vitamins, short-chain fatty acids, antimicrobial peptide, etc.), A. kunkeei plays a
crucial role in host health, making it a potential probiotic [18,19]. Gut microbiota imbalance
following exposure to the antibiotic oxytetracycline was rescued by LAB supplementation,
including A. kunkeei [20]. An intestinal microbial community is essential for honeybees.
As with other insects, symbiotic microorganisms in honeybees play a critical role in a
variety of metabolic and defense functions, including the metabolism of secondary plant
metabolites, the modulation of glucose, the regulation of energy, the provision of vitamins,
the prevention the infection, and the management of the host immune system and immune
responses [21-23]. However, some exogenous stresses lead to intestinal microbial disor-
ders and effect the functions of symbiotic microorganisms; these include insecticides and
pathogens [24,25]. Exposure to insecticides affects the balance of the intestinal ecosystem,
decreases the abundance of core bacteria, and improves the conditions for environmental
opportunistic microorganisms [23].

In recent years, research on LAB has mainly focused on how to improve growth status,
prevent pathogenic infection, regulate the immune system, enhance intestinal metabolism,
and maintain a balanced intestinal microbiota and antioxidant mechanism [20,26-28]. In
insects, LAB have shown potential advantages to sequester and degrade, and even to
metabolize, pesticides. They can degrade pesticides and gut cells that are associated
with decreased digestive tract absorption. They can also decrease pesticide toxicity and
mitigate mortality [29]. In honeybees, LAB are mainly used for their antimicrobial and
antipathogenic activities. The present work aims to explore the potential of decreasing
acetamiprid toxicity with LAB. The experimental hypothesis is that LAB can decrease
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acetamiprid toxicity and mortality, as well as attenuating acetamiprid-induced microbiota
dysregulation, in honeybees.

2. Materials and Methods
2.1. Honeybee Rearing

Brood frames were collected from two healthy colonies in the Beekeeping Research
Institute, Anhui Agricultural University, Hefei, China. The Varroa destructor population
was controlled using Amitraz one month prior to starting the experiment. Late-stage pupae
were removed from the colonies and placed into growth chambers at 33 £ 1 °C in darkness
and high humidity (relatively humidity 60%), which simulated colony conditions. The
honeybees were fostered using a previously described method [30,31].

2.2. Culture Conditions of the Bacterial Strain

The LAB strain used in this study was A. kunkeei BB1 (GenBank accession number:
SUB10515234 Apilactobacillus OM755697), which was isolated from beebread. Unless
otherwise stated, the routine culturing of this strain was performed under aerobic con-
ditions at 37 4= 1 °C using a constant temperature shaking table (Tianjin, Honour). The
culture medium was MRS normal medium supplemented with 10 g/L D-fructose. The
final experimental concentration of Lactobacillus cells was 10* CFU/mL.

2.3. Experimental Design

Acetamiprid (99%, DR) was dissolved in acetone to prepare a stock solution (20,000 mg/L).
The acute toxicity of acetamiprid was determined. Based on the results of the pre-experiment,
the following concentrations were prepared to determine the LCsy: 400 mg/L, 300 mg/L,
250 mg/L, 200 mg/L, 150 mg/L, and 0 mg/L. A total of 360 newly emerged honeybees
were collected and separated into six groups. They were placed into cages in darkness for
four days and fed with freshly prepared mature workers gut homogenate. Then, different
concentrations of acetamiprid were added to their diets. The experiment results were
recorded at 48 h, and the 48 h LCsy was calculated. The procedures and methods for the
determination of the oral LCsy were based on previous reports [32]. One-tenth of the LCs
was selected as the concentration for the following experiment (the results of the acute
toxicity of acetamiprid were summarized in the pre- experiment; the LCsy value was found
to be 259.25 mg/L). Meanwhile, our pre-experiment showed that A. kunkeei did not directly
depredate acetamiprid in vivo.

Newly emerged honeybees were fed with freshly prepared mature workers gut ho-
mogenate in addition to their food (50% sucrose syrup) for four days; the food was replaced
every two days [33,34]. This simulated social behavior and ensured that the guts of the
newly emerged honeybees established a complete set of symbiotic microorganisms [34,35].
A total of 600 honeybees were collected and separated into 20 cages (into four groups; each
group included five experimental replicates). The four groups were designed as shown
in Table 1. All honeybees were maintained in an incubator for seven days, and five from
each cage were collected on day 11 of the experiment. To study the effects of A. kunkeei and
acetamiprid exposure (in sucrose and pollen consumption, and in their gut microbiome) on
honeybee survival, data were gathered and analyzed for each group.

Table 1. Experimental design of the four study groups.

Group Sterile Sucrose Syrup Sterile Pollen Acetamiprid A. kunkeei
CK + +
+ + +
L + + +
AL + + + +
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Acetamiprid was added into sterile sucrose syrup, and A. kunkeei was added to sterile
pollen.

2.4. Nucleic Acid Extraction and Illumina Sequencing

On day 11 of the experiment, five honeybees from 12 cages were sampled for gut micro-
biota studies (three replicates were randomly selected out of every five experimental repli-
cates). Each honeybee’s whole gut was carefully collected on a clean bench environment and
placed in a sterile centrifuge tube (1.5 mL). The gut samples were frozen using liquid nitro-
gen and stored at —80 °C until use. Microbial community genomic DNA was extracted us-
ing the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according to the man-
ufacturer’s instructions. With the primer pair 338F (5'-ACTCCTACGGGAGGCAGCAG-3’)
and 806R (5’-GGACTACHVGGGTWTCTAAT-3’), the hypervariable region V3-V4 of the
bacterial 165 rRNA gene was amplified. The PCR product was extracted from 2% agarose
gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, NJ, USA). DNA sequencing was performed on an Illumina NovaSeq PE250 platform
(Ilumina, San Diego, CA, USA) by Shanghai Major Biotechnology.

2.5. Quantitative Polymerase Chain Reaction (gPCR)

Universal 16S rRNA gene primers Eub338 (5- ACTCCTACGGGAGGCAGCAG-3)
and 355R (5- GGACTACHVGGGTWTCTAAT -3) were used to amplify the total copies of
thel6S rRNA genes in the samples with a StepOne Plus Real-Time PCR system (Applied
Biosystems, USA). The primers (5- AGCAGTAGGGAATCTTCCA -3) and (5- CACCGCTA-
CACATGGAG -3) were used to amplify the total copies of A. kunkeei in the samples. The
standard curves of total microbial community and A. kunkeei quantification were based on
the amplification of the cloned target sequence in the plasmid vector. The quantification of
each simple microbial community was estimated based on standard curves and the ChamQ
SYBR Color qPCR Master Mix (Vazyme, Nanjing, China), according to the manufacturer’s
instructions.

2.6. Statistical Analyses

Operational taxonomic units (OTUs) with 97% similarity cut-off were clustered in
UPARSE version 7.1, and chimeric sequences were identified and removed [36,37]. The
taxonomy of each OTU representative sequence was analyzed using RDP Classifier version
2.2 against the 165 rRNA database (e.g., Silva v138), applying a confidence threshold
of 0.7 [38]. All alpha and beta diversities were calculated using Quantitative Insights
Into Microbial Ecology (QIIME2) [39], and the graphs of the analysis results were drawn
using the R package, GraphPad Prism 9 (GraphPad Inc., La Jolla, CA, USA), and Adobe
Mustrator CS6.

3. Results

Under the applied culture conditions, the reduction in survival in the control group
(96%) represented the natural deaths of honeybees in a colony without acetamiprid stress or
supplementation with probiotic A. kunkeei. The treatment experiment (Figure 1a) showed
that the survival of the honeybees decreased following acetamiprid exposure (84% com-
pared to the control). Supplementation with probiotic A. kunkeei did not lead to an increase
or decrease in the mortalities of the honeybees. However, it significantly increased the
survival of the honeybees under acetamiprid exportation, from 84% to 92%. To assess the
influence of food consumption under acetamiprid exportation and supplementation with
A. kunkeei, the pollen and sucrose consumption of honeybees were recorded and statistically
analyzed (Figure 1b). The results showed that the pollen and sucrose consumption of hon-
eybees were not affected under acetamiprid exportation. Following supplementation with
A. kunkeei, the sucrose consumption of honeybees did not change, but pollen consumption
decreased. The combination with acetamiprid exportation showed similar results.
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Figure 1. The effect of survival and food consumption under acetamiprid exportation and A. kunkeei
addition for honeybees. (a) The survival of honeybees under acetamiprid exportation and A. kunkeei
addition. (b) Consumption of food for a total of six days under acetamiprid exportation and A. kunkeei
addition. (c) Impact of acute oral exposure to acetamiprid and of A. kunkeei addition. “*’ represents a
statistically significant difference between the two groups at p < 0.05. “**’ represents a statistically
significant difference between two groups at p < 0.01.

Compared with the impact of acute oral exposure to acetamiprid supplementation
with A. kunkeei (Figure 1c), the LC50 value of the AL group (489 mg/L) was higher than that
of the A group (250.3 mg/L). This indicated that the toxicity of acetamiprid was reduced in
honeybees. To investigate the influence of intestinal bacteria under acetamiprid exportation
and supplementation with A. kunkeei, four groups and 12 samples were collected. Based
on 165 rRNA pyrosequencing, information on the intestinal bacteria of honeybees was
acquired. As shown in Figure 2, 374 OTUs were common to all groups. Most OTUs were
found in the CK group, while the fewest were found in the A group. Following feeding
A. kunkeei, the OTUs in the L group were fewer than in the CK group, but there were more
in the AL group than in the A group.
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Figure 2. Composition of operational taxonomic units of the intestinal bacteria of honeybees. The
number demonstrates the number of OTU, and different colors represent different groups.

As expected, our microbiota composition analysis showed clear differences between
the four groups at the genus level (Figure 3). The core genus (Lactobacillus, Snodgrassella,
Frischella, Gilliamella, Bartonella, and Bifidobacterium) in honeybee was detected in all samples
and its abundance was over 87%, except for in group A, where it was 58%. The abundance
of Lactobacillus was the highest in all treatments (i.e., 45%, 30%, 53%, and 47% in the CK,
A, L, and AL groups, respectively). Under acetamiprid exportation, some opportunistic
bacteria and pathogens invaded the intestinal regions of honeybees, including Paenibacillus
lautus, Paenibacillus sp. The colonization of these bacteria would compress the living area of
the core bacteria and reduce the abundance thereof. However, comparing the AL group and
the A group, the abundance of core bacteria was higher in the former (94%). The presented
work estimated the absolute (via qPCR) abundances of intestinal bacterial species in the
gut compartments of honeybees, based on a standard curve. The total 165 rRNA gene and
A. kunkeei copies of the intestinal bacteria were collected in four groups (Figure 4). The
results showed that the total 165 rRNA gene copies of the intestinal bacteria in the AL, A,
and L groups were not significantly differentiated from those of the CK group. The copies
of A. kunkeei in the AL and L groups were significantly increased compared to those of the
CK group.

Next, to determine how acetamiprid and A. kunkeei influence the abundances of intesti-
nal bacteria on the species level, the presented work screened different species based on the
165 rRNA database and analyzed the difference using Student’s t-test (Figure 5). The results
showed that the abundances of Lactobacillus helsingborgensis (0.25%) and Lactobacillus sp.
(0.13%) in the CK group were higher than the A group (Figure 5a). In the L group, the
abundance of Lactobacillus apis (0.15%) was higher than in the CK group, but the abundance
of Lactobacillus sp. (0.02%) was lower than in the CK group (Figure 5b). Comparing
the A and AL groups, the different species were Bifidobacterium sp. and Snodgrassella alvi
(Figure 5¢). The abundances thereof in the AL group were higher than in the A group.
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The biological diversity of intestinal bacteria is an important criterion for assessing
intestinal stability and health. The presented work evaluated the influence of intestinal
biological diversity under acetamiprid exportation and supplementation with A. kunkeei on
the a-diversity (Figure 6) and B-diversity (Figure 7). Based on statistical data and software,
the presented work obtained some diversity indexes (Student’s t-test). The observed species
(Sobs) index is regarded as a measurement of community richness in terms of biological
diversity. The results of the Sobs index (Figure 6a) showed that the A group had the
lowest community richness among all groups. The community richness in the CK and L
groups was significantly higher than that of the A group. In the AL group, the community
richness was also observed to be higher than in the A group, although this was not
statistically significant. The Shannon evenness index (SEI) measures community evenness.
The obtained index (Figure 6b) showed that no significant differences existed among groups.
The community evenness of the A group fluctuated greatly. The status and queues in the
cluster (Qstat) index is usually used to measure community diversity. The obtained Qstat
index (Figure 6¢) showed that the A group had the lowest community diversity among all
groups. The community diversity in the CK and L groups was significantly higher than that
of the A group. In the AL group, the community diversity was also observed to be higher
than in the A group, although this was not statistically significant. Phylogenetic diversity
(PD) was also measured. The results (Figure 6d) showed that the AL group had the lowest
community phylogenetic diversity among all of the groups. The community phylogenetic
diversity in the CK and L groups was significantly higher than in the AL group. For a
more accurate estimation of the biological diversity or the community structure of the
intestinal bacteria in all groups, the beta diversity was assessed using principal component
analysis (PCA, Figure 7a), principal coordinate analysis (PCoA, Figure 7b), and nonmetric
multidimensional scaling (NMDS, Figure 7c). As a common method of dimensionality
reduction, PCA visualizes multidimensional data using scatter diagrams. Based on the
graphic, we found a variety of intestinal bacteria community structures in the A group. In
the AL group, the community structure was clearly stabilized. Similar results were found
when complex microbiota information was analyzed using PCoA and NMDS. Overall,
compared with the CK group, the community structure of intestinal bacteria had changed,
and and the newly differentiated structure had stabilized in AL group compared with the
A group. There was little difference between the L groups compared with the CK group
regarding the structure of the intestinal bacteria community.
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Figure 6. Biological diversity of intestinal bacteria in honeybees at the « level. The level of intestinal
bacteria diversity was determined by comparing: the observed species index (a); the Shannon
evenness index (b); the status and queues in the cluster index (c); and the phylogenetic diversity
index (d). ¥’ represents a statistically significant difference between two groups (independent-sample
t test, p < 0.05). ' represents a statistically extremely significant difference between two groups
(independent-sample ¢ test, p < 0.01).
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4. Discussion

Neonicotinoids and acetamiprid are widely applied to control pests in agricultural
and in domestic and public health activities. In agriculture, these compounds have been
used to control aphids, hemipterans, lepidopterans, and other pests via foliar sprays, soil
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drenches, trunk injections, and seed soaks [40,41]. Following its application, residual levels
of acetamiprid may occur in pollen, nectar, and water, with sublethal effects, and even
mortality, on honeybees. As a widely applied insecticide, acetamiprid is considered to
be slightly toxic or practically non-toxic to mammals compared to organophosphorus
and carbamate insecticides; however, it has a very distinct toxicity toward pollinating
insects (such as honeybees). In our study, we found that sublethal doses of acetamiprid
exhibit toxicity on honeybees, significantly decreasing survival rate. This phenomenon
was also observed under semi-field conditions [42]. Acetamiprid is a neurotoxin which
also reduces sucrose sensitivity, interferes with memory function, and impacts on foraging
and learning abilities [43]. Exposure to sublethal levels of acetamiprid also leads to a
decrease in the honeybee’s weight and affects its development from larva to adult [44].
Continuous exposure to can lead to death. Therefore, acetamiprid can have adverse effects
on honeybee health and colony productivity. In the present study, during exposure to
sublethal levels of acetamiprid, sucrose and pollen consumption by honeybees were not
significantly different when compared to the control treatments, suggesting that food
consumption by honeybees is not influenced by acetamiprid exposure. A previous study
showed that sucrose consumption by honeybees decreased significantly following exposure
to very high concentrations of thiacloprid, but that it did not change significantly following
exposure to low concentrations [45]. We speculated that the characteristics of acetamiprid
are similar to those of thiacloprid; both are cyano-substituted neonicotinoids which are
moderately toxic to honeybees [43]. Exposure to a high concentration of acetamiprid could
induce escape behavior responses of honeybees.

LAB has been widely administered as a probiotic to improve the health of humans and
animals. As a common LAB, A. kunkeei is widely distributed in the colony environment,
including bee pollen, beebread, and combs [46]. Honeybees acquire it through trophallaxis
with companions or through the consumption of bee pollen and beebread. A. kunkeei was
also isolated from the honey crops of nine Apis species and three stingless bee species [47].
This suggests that A. kunkeei is safe for hosts and is globally present in bees. A previous
study showed that the microbiota associated with maternally provisioned host pollen
perform critical functions in bee larval nutrition and survival [48]. Meanwhile, metabolic
pathways with phenolic acids allow A. kunkeei to contribute to the degradation of sec-
ondary plant metabolite phenolic acids in pollen, to reduce the toxicity of phenolic acids in
pollen [49]. It has both technological and functional beneficial attributes. This suggests that
A. kunkeei may play an important role in the development and growth of honeybees. It has
great probiotic potential. In our research, supplementation with A. kunkeei as a potential
probiotic in pollen did not induce the escape behavior response, and food consumption
did not decrease during the experiment. It also did not increase the mortality of honeybees
when compared to the control treatment. Moreover, pollen consumption by honeybees
decreased when A. kunkeei was added, in comparison with the acetamiprid-exposed and
control groups. The reason for this may be that the quality and nutrition of pollen increased
after supplementation with A. kunkeei, i.e., the litter pollen could provide enough nutrients
for development and growth. The decrease in the pollen consumption of the colony fol-
lowing A. kunkeei treatment manifested in a significant increase in the quantity of reserve
pollen in the colony [50]. As a probiotic, A. kunkeei has been applied for the treatment of
major honeybee microbial infections, such as P. larvae [13], Melissococcus plutonius [47], and
N. ceranae [12]. However, few studies have been conducted to explore the relationship
between honeybees, probiotics, and pesticides. Our study shows that supplementation
with A. kunkeei significantly improved the survival of honeybees following acetamiprid
exposure. In order to clarify the mechanism for this, the presented work obtained and
analyzed information about the intestinal microorganisms in sample honeybees.

Intestinal microorganisms play an important role in the development of insects based
on their secondary metabolites. Intestinal microorganisms positively impact the growth,
development, and reproduction of insects via the advanced metabolism of the host [51].
Stable intestinal symbiotic bacteria are beneficial to host health. Meanwhile, intestinal
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microorganisms enhance the ability of the host to cope with stress from the environment.
Our previous research showed that honeybees maintained a stable intestinal bacteria envi-
ronment during overwintering, and that an abundance of Lactobacillus may help the host
to successfully survive the extreme coldness of winter [52]. As an intestinal microorganism,
A. kunkeei supplementation for honeybees did not have an influence on the diversity and
ecological structure of the intestinal bacteria of the host. However, it likely decreased
the abundance of Lactobacillus sp. and increased the abundance of L. apis. This was
similar to previous reported results [50]. This may be contrary to the supplementation
with A. kunkeei, where sublethal acetamiprid exposure seriously changed the diversity
and ecological structure of intestinal bacteria. This was, again, consistent with previous
studies [53]. However, the difference in terms of the gut microbiome richness was that the
alpha diversity decreased after acetamiprid treatment compared to that of the control. The
apparent differences could be partially caused by different doses and lab environments.
Other neonicotinoid pesticides, such as thiacloprid [45], thiamethoxam [54], and imidaclo-
prid [54], also cause imbalances in honeybee gut microbiomes. However, there were no
significant differences in the diversity and richness of intestinal bacteria after exposure to
1.0 mg/L amitraz [55]. The apparent differences could be partially caused by differences
in the pesticide type, i.e., acetamiprid and amitraz. Amitraz has been used globally to
control Varroa mites in beekeeping due to its reduced toxicity to honeybees compared to ac-
etamiprid. Some opportunistic and pathogenic bacteria were detected following sublethal
acetamiprid exposure. Odoribacter has been proven to be an important pathogenic bacteria
in humans and cattle [56]. Although the pathogenicity of Odoribacter on honeybees has not
been determined, it is also a potential pathogen and may impact the health of honeybees.
Paenibacillus is an important pathogen, causing American foulbrood of honeybee larva;
therefore, it is a major hazard to beekeeping. Interestingly, honeybees that were damaged
by acetamiprid were shown to significantly improve in health after supplementation with
A. kunkeei. This suggests that A. kunkeei could enhance the pesticide resistance of the host
through the maintenance a stable ecosystem, or by increasing the diversity of the intestinal
bacteria [57]. As a core genus, the abundance of Bifidobacterium was increased; this was
beneficial to the host. Bifidobacterium was mainly involved in the degradation of the toxic
substance trehalose and in the absorption of some carbohydrates [15]. When dealing with
the stress of toxicity, the host needs energy and nutrients. The increase of Bifidobacterium
could effectively enhance the energy intake of the host and assist in efficiently responding
to acetamiprid stress. As for other core bacteria, S. alvi distributed in the ileum can form an
oxygen pressure environment through respiration. The increase in S. alvi could inhibit the
passage of opportunistic and pathogenic bacteria. This bacterium enhances the stability and
persistence of the characteristic honeybee intestinal bacteria. Meanwhile, the redundant
fermentation products of Bifidobacterium may be taken up and oxidized by S. alvi for
energy and carbon [23]. A previous study demonstrated that the gut microbiota may influ-
ence detoxification gene expression in the honeybee digestive tract [58]. Overall, A. kunkeei
can reduce the acetamiprid toxicity of honeybees by increasing microbial diversity and
maintaining the ecological structure of intestinal bacteria. These findings were reported in
a previous study [59].

Author Contributions: Conceptualization, P.L. and ].N.; methodology, P.L. and J.N.; software, Y.Z.
and Z.L.; validation, L.Y. (Liang Ye); formal analysis, ].N. and Y.Z.; investigation, P.L.; resources,
L.Y. (Linsheng Yu); data curation, L.Y. (Liang Ye) and T.S.; writing—original draft preparation, P.L.;
writing—review and editing, J.N., Y.Z., Z.L,, LY. (Liang Ye), H.C., T.S. and L.Y. (Linsheng Yu);
visualization, H.C.; supervision, H.C. and L.Y. (Linsheng Yu); project administration, P.L.; unding
acquisition, T.S. and L.Y. (Linsheng Yu). All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Earmarked Fund for China Agriculture Research System
(No. CARS-45-KXJ10) by Linsheng Yu, National Natural Science Foundation of China (No. 32102604)
by Tengfei Shi and Institutions of Higher Learning Natural Science Foundation of Anhui Province
(No. KJ2020A0122) by Tengfei Shi.



Insects 2022, 13, 1167 12 of 14

Data Availability Statement: All data generated or analysed during this study are included in this
published article. The datasets of microbial community genomic for this study can be found in the
SRA database (BioProject ID: PRINA820132).

Acknowledgments: We acknowledge Silin Li and MDPI English Editor for proofreading some
grammatical errors in paper. We acknowledge Shanghai Major Biotechnology Co., Ltd. for providing
some technical information. Additionally, we acknowledge Zhiping Yin, Yujie Zhu, Qibao He for
providing technical and support regarding beekeeping.

Conflicts of Interest: We declare that we do not have any commercial or associative interest that
represents a conflict of interest in connection with the work submitted.

References

1. Celli, G.; Maccagnani, B. Honey bees as bioindicators of environmental pollution. Bull. Insectology 2003, 56, 137-139.

2. Vanengelsdorp, D.; Evans, ].D.; Saegerman, C.; Mullin, C.; Haubruge, E.; Nguyen, B.K,; Frazier, M.; Frazier, J.; Cox-Foster, D.;
Chen, Y,; et al. Colony collapse disorder: A descriptive study. PLoS ONE 2009, 4, e6481.

3. Stankus, T. Reviews of science for science librarians: An update on honeybee colony collapse disorder. Sci. Technol. Libr. 2014, 33,
228-260. [CrossRef]

4. Tong, Z.; Duan, J.; Wu, Y,; Liu, Q.; He, Q.; Shi, Y.; Yu, L.; Cao, H. A survey of multiple pesticide residues in pollen and beebread
collected in China. Sci. Total Environ. 2018, 640, 1578-1586. [CrossRef]

5. Bargariska, 7.; Slebioda, M.; Namiesnik, J. Pesticide residues levels in honey from apiaries located of Northern Poland. Food
Control 2013, 31, 196-201. [CrossRef]

6. Tong, Z.; Wu, Y.-C,; Liu, Q.-Q.; Shi, Y.-H.; Zhou, L.-J.; Liu, Z.-Y,; Yu, L.-S.; Cao, H.-Q. Multi-residue analysis of pesticide residues
in crude pollens by UPLC-MS/MS. Molecules 2016, 21, 1652. [CrossRef]

7. Williamson, S.M.; Willis, S.J.; Wright, G.A. Exposure to neonicotinoids influences the motor function of adult worker honeybees.
Ecotoxicology 2014, 23, 1409-1418. [CrossRef]

8. Shi,]; Yang, H,; Yu, L.; Liao, C; Liu, Y,; Jin, M.; Yan, W.; Wu, X.B. Sublethal acetamiprid doses negatively affect the lifespans and
foraging behaviors of honey bee (Apis mellifera L.) workers. Sci. Total Environ. 2020, 738, 139924. [CrossRef]

9.  Doublet, V.; Labarussias, M.; de Miranda, J.R.; Moritz, R.F,; Paxton, R.J. Bees under stress: Sublethal doses of a neonicotinoid
pesticide and pathogens interact to elevate honey bee mortality across the life cycle. Environ. Microbiol. 2015, 17, 969-983.
[CrossRef]

10. Muck, R.E. Silage microbiology and its control through additives. Rev. Bras. De Zootec. 2010, 39, 183-191. [CrossRef]

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

12. Baffoni, L.; Gaggia, F; Alberoni, D.; Cabbri, R.; Nanetti, A.; Biavati, B.; Di Gioia, D. Effect of dietary supplementation of
Bifidobacterium and Lactobacillus strains in Apis mellifera L. against Nosema ceranae. Benef. Microbes 2016, 7, 45-51. [CrossRef]

13. Forsgren, E.; Olofsson, T.C.; Vaasquez, A; Fries, I. Novel lactic acid bacteria inhibiting Paenibacillus larvae in honey bee larvae.
Apidologie 2010, 41, 99-108. [CrossRef]

14. Al-Ghamdi, A.; Khan, K.A.; Ansari, M.].; Almasaudi, S.B.; Al-Kahtani, S. Effect of gut bacterial isolates from Apis mellifera
jemenitica on Paenibacillus larvae infected bee larvae. Saudi J. Biol. Sci. 2018, 25, 383-387. [CrossRef] [PubMed]

15.  Alberoni, D.; Gaggia, F; Baffoni, L.; Di Gioia, D. Beneficial microorganisms for honey bees: Problems and progresses. Appl. Micro-
biol. Biotechnol. 2016, 100, 9469-9482. [CrossRef]

16. Asama, T.; Arima, T.H.; Gomi, T.; Keishi, T.; Tani, H.; Kimura, Y.; Tatefuji, T.; Hashimoto, K. Lactobacillus kunkeei YB38 from
honeybee products enhances IgA production in healthy adults. J. Appl. Microbiol. 2015, 119, 818-826. [CrossRef]

17. Killer, J.; Dubna, S.; Sedlacek, L; Svec, P. Lactobacillus apis sp. nov., from the stomach of honeybees (Apis mellifera), having an
in vitro inhibitory effect on the causative agents of American and European foulbrood. Int. J. Syst. Evol. Microbiol. 2014, 64,
152-157. [CrossRef]

18.  Den Besten, G.; Van Eunen, K.; Groen, A.K.; Venema, K,; Reijngoud, D.-].; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325-2340. [CrossRef]

19. Tamarit, D.; Ellegaard, K.M.; Wikander, J.; Olofsson, T.; Vasquez, A.; Andersson, S.G. Functionally structured genomes in
Lactobacillus kunkeei colonizing the honey crop and food products of honeybees and stingless bees. Genome Biol. Evol. 2015, 7,
1455-1473. [CrossRef]

20. Daisley, B.A; Pitek, A.P; Chmiel, ].A.; Gibbons, S.; Chernyshova, A.M.; Al, K.EF,; Faragalla, K.M.; Burton, J.P.; Thompson, G.J.;
Reid, G. Lactobacillus spp. attenuate antibiotic-induced immune and microbiota dysregulation in honey bees. Commun. Biol. 2020,
3, 534. [CrossRef]

21. Engel, P; Moran, N.A. The gut microbiota of insects-diversity in structure and function. FEMS Microbiol. Rev. 2013, 37, 699-735.
[CrossRef] [PubMed]

22. Tauber, J.P; Nguyen, V.; Lopez, D.; Evans, ].D. Effects of a resident yeast from the honeybee gut on immunity, microbiota, and

Nosema disease. Insects 2019, 10, 296. [CrossRef] [PubMed]


http://doi.org/10.1080/0194262X.2014.912573
http://doi.org/10.1016/j.scitotenv.2018.04.424
http://doi.org/10.1016/j.foodcont.2012.09.049
http://doi.org/10.3390/molecules21121652
http://doi.org/10.1007/s10646-014-1283-x
http://doi.org/10.1016/j.scitotenv.2020.139924
http://doi.org/10.1111/1462-2920.12426
http://doi.org/10.1590/S1516-35982010001300021
http://doi.org/10.1016/j.pestbp.2019.11.006
http://www.ncbi.nlm.nih.gov/pubmed/31973850
http://doi.org/10.3920/BM2015.0085
http://doi.org/10.1051/apido/2009065
http://doi.org/10.1016/j.sjbs.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/29472795
http://doi.org/10.1007/s00253-016-7870-4
http://doi.org/10.1111/jam.12889
http://doi.org/10.1099/ijs.0.053033-0
http://doi.org/10.1194/jlr.R036012
http://doi.org/10.1093/gbe/evv079
http://doi.org/10.1038/s42003-020-01259-8
http://doi.org/10.1111/1574-6976.12025
http://www.ncbi.nlm.nih.gov/pubmed/23692388
http://doi.org/10.3390/insects10090296
http://www.ncbi.nlm.nih.gov/pubmed/31540209

Insects 2022, 13, 1167 13 of 14

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Kwong, W.K.; Moran, N.A. Gut microbial communities of social bees. Nat. Rev. Microbiol. 2016, 14, 374-384. [CrossRef]
Alberoni, D.; Favaro, R.; Baffoni, L.; Angeli, S.; Di Gioia, D. Neonicotinoids in the agroecosystem: In-field long-term assessment
on honeybee colony strength and microbiome. Sci. Total Environ. 2021, 762, 144116. [CrossRef] [PubMed]

Panjad, P.; Yongsawas, R.; Sinpoo, C.; Pakwan, C.; Subta, P.; Krongdang, S.; In-On, A.; Chomdej, S.; Chantawannakul, P;
Disayathanoowat, T. Impact of Nosema disease and American foulbrood on gut bacterial communities of honeybees Apis mellifera.
Insects 2021, 12, 525. [CrossRef]

Lin, C.-F; Lin, M.-Y;; Lin, C.-N.; Chiou, M.-T.; Chen, J.-W.; Yang, K.-C.; Wu, M.-C. Potential probiotic of Lactobacillus strains
isolated from the intestinal tracts of pigs and feces of dogs with antibacterial activity against multidrug-resistant pathogenic
bacteria. Arch. Microbiol. 2020, 202, 1849-1860. [CrossRef]

Partrick, K.A.; Rosenhauer, A.M.; Auger, J.; Arnold, A.R.; Ronczkowski, N.M.; Jackson, L.M.; Lord, M.N.; Abdulla, S.M.;
Chassaing, B.; Huhman, K.L. Ingestion of probiotic (Lactobacillus helveticus and Bifidobacterium longum) alters intestinal microbial
structure and behavioral expression following social defeat stress. Sci. Rep. 2021, 11, 3763. [CrossRef]

Dowarah, R.; Verma, A K.; Agarwal, N.; Singh, P,; Singh, B.R. Selection and characterization of probiotic lactic acid bacteria
and its impact on growth, nutrient digestibility, health and antioxidant status in weaned piglets. PLoS ONE 2018, 13, e0192978.
[CrossRef]

Trinder, M.; McDowell, TW.; Daisley, B.A.; Ali, S.N.; Leong, H.S.; Sumarah, M.W.; Reid, G. Lactobacillus rhamnosus reduces
organophosphate pesticide absorption and toxicity to Drosophila melanogaster. Appl. Environ. Microbiol. 2016, 82, 6204—-6213.
[CrossRef]

Ye, L.; Liu, P; Shi, T.; Wang, A.; Zhu, Y; Li, L.; Yu, L. Transcriptomic analysis to elucidate the response of honeybees (Hymenoptera:
Apidae) to amitraz treatment. PLoS ONE 2020, 15, €0228933. [CrossRef]

Shi, T.-E; Wang, Y.-E; Liu, F; Qi, L.; Yu, L.-S. Sublethal effects of the neonicotinoid insecticide thiamethoxam on the transcriptome
of the honey bees (Hymenoptera: Apidae). J. Econ. Entomol. 2017, 110, 2283-2289. [CrossRef] [PubMed]

Medrzycki, P,; Giffard, H.; Aupinel, P.; Belzunces, L.P.; Chauzat, M.-P,; ClaBen, C.; Colin, M.E.; Dupont, T.; Girolami, V.; Johnson,
R. Standard methods for toxicology research in Apis mellifera. |. Apic. Res. 2013, 52, 1-60. [CrossRef]

Motta, E.V.; Raymann, K.; Moran, N.A. Glyphosate perturbs the gut microbiota of honey bees. Proc. Natl. Acad. Sci. USA 2018,
115, 10305-10310. [CrossRef] [PubMed]

Powell, J.E.; Martinson, V.G.; Urban-Mead, K.; Moran, N.A. Routes of acquisition of the gut microbiota of the honey bee Apis
mellifera. Appl. Environ. Microbiol. 2014, 80, 7378-7387. [CrossRef]

Ellegaard, K.M.; Engel, P. Genomic diversity landscape of the honey bee gut microbiota. Nat. Commun. 2019, 10, 1-13. [CrossRef]
Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996-998. [CrossRef]
Stackebrandt, E.; Goebel, B.M. Taxonomic note: A place for DNA-DNA reassociation and 16S rRNA sequence analysis in the
present species definition in bacteriology. Int. J. Syst. Evol. Microbiol. 1994, 44, 846-849. [CrossRef]

Wang, Q.; Garrity, G.M.; Tiedje, ].M.; Cole, J.R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microbiol. 2007, 73, 5261-5267. [CrossRef]

Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37,
852-857. [CrossRef]

Kong, D.; Zhang, J.; Hou, X.; Zhang, S.; Tan, J.; Chen, Y.; Yang, W.; Zeng, J.; Han, Y.; Liu, X. Acetamiprid inhibits testosterone
synthesis by affecting the mitochondrial function and cytoplasmic adenosine triphosphate production in rat Leydig cells. Biol.
Reprod. 2017, 96, 254-265. [CrossRef]

Ullah, F; Gul, H.; Tariq, K.; Desneux, N.; Gao, X.; Song, D. Acetamiprid resistance and fitness costs of melon aphid, Aphis gossypii:
An age-stage, two-sex life table study. Pestic. Biochem. Physiol. 2021, 171, 104729. [CrossRef] [PubMed]

Chen, L,; Yan, Q.; Zhang, J.; Yuan, S.; Liu, X. Joint toxicity of acetamiprid and co-applied pesticide adjuvants on honeybees under
semifield and laboratory conditions. Environ. Toxicol. Chem. 2019, 38, 1940-1946. [CrossRef]

Hopwood, J.; Code, A.; Vaughan, M.; Biddinger, D.; Shepherd, M.; Black, S.H.; Lee-Mader, E.; Mazzacano, C. How Neonicotinoids
Can Kill Bees: The Science Behind the Role These Insecticides Play in Harming Bees, 2nd ed.; In Integrated Pest and Pollinator
Management in Tree Fruit Orchards, Xerces Society for Invertebrate Conservation: Portland, OR, USA, 2016; p. 76.

Shi, ].; Zhang, R.; Pei, Y.; Liao, C.; Wu, X. Exposure to acetamiprid influences the development and survival ability of worker bees
(Apis mellifera L.) from larvae to adults. Environ. Pollut. 2020, 266, 115345. [CrossRef]

Liu, Y.-J.; Qiao, N.-H.; Diao, Q.-Y;; Jing, Z.; Vukanti, R.; Dai, P-L.; Ge, Y. Thiacloprid exposure perturbs the gut microbiota and
reduces the survival status in honeybees. |. Hazard. Mater. 2019, 389, 121818. [CrossRef]

Vasquez, A.; Olofsson, T.C. The lactic acid bacteria involved in the production of bee pollen and bee bread. J. Apic. Res. 2009, 48,
189-195. [CrossRef]

Vasquez, A.; Forsgren, E.; Fries, I.; Paxton, R.J.; Flaberg, E.; Szekely, L.; Olofsson, T.C. Symbionts as major modulators of insect
health: Lactic acid bacteria and honeybees. PLoS ONE 2012, 7, e33188. [CrossRef]

Dharampal, P.S.; Hetherington, M.C.; Steffan, S.A. Microbes make the meal: Oligolectic bees require microbes within their host
pollen to thrive. Ecol. Entomol. 2020, 45, 1418-1427. [CrossRef]

Filannino, P; Di Cagno, R.; Addante, R.; Pontonio, E.; Gobbetti, M. Metabolism of fructophilic lactic acid bacteria isolated from
the Apis mellifera L. bee gut: Phenolic acids as external electron acceptors. Appl. Environ. Microbiol. 2016, 82, 6899-6911. [CrossRef]


http://doi.org/10.1038/nrmicro.2016.43
http://doi.org/10.1016/j.scitotenv.2020.144116
http://www.ncbi.nlm.nih.gov/pubmed/33383302
http://doi.org/10.3390/insects12060525
http://doi.org/10.1007/s00203-020-01908-w
http://doi.org/10.1038/s41598-021-83284-z
http://doi.org/10.1371/journal.pone.0192978
http://doi.org/10.1128/AEM.01510-16
http://doi.org/10.1371/journal.pone.0228933
http://doi.org/10.1093/jee/tox262
http://www.ncbi.nlm.nih.gov/pubmed/29040619
http://doi.org/10.3896/IBRA.1.52.4.14
http://doi.org/10.1073/pnas.1803880115
http://www.ncbi.nlm.nih.gov/pubmed/30249635
http://doi.org/10.1128/AEM.01861-14
http://doi.org/10.1038/s41467-019-08303-0
http://doi.org/10.1038/nmeth.2604
http://doi.org/10.1099/00207713-44-4-846
http://doi.org/10.1128/AEM.00062-07
http://doi.org/10.1038/s41587-019-0209-9
http://doi.org/10.1093/biolre/iox007
http://doi.org/10.1016/j.pestbp.2020.104729
http://www.ncbi.nlm.nih.gov/pubmed/33357551
http://doi.org/10.1002/etc.4515
http://doi.org/10.1016/j.envpol.2020.115345
http://doi.org/10.1016/j.jhazmat.2019.121818
http://doi.org/10.3896/IBRA.1.48.3.07
http://doi.org/10.1371/annotation/3ac2b867-c013-4504-9e06-bebf3fa039d1
http://doi.org/10.1111/een.12926
http://doi.org/10.1128/AEM.02194-16

Insects 2022, 13, 1167 14 of 14

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Alberoni, D.; Baffoni, L.; Gaggia, F; Ryan, P.; Murphy, K.; Ross, P.,; Stanton, C.; Di Gioia, D. Impact of beneficial bacteria
supplementation on the gut microbiota, colony development and productivity of Apis mellifera L. Benef. Microbes 2018, 9, 269-278.
[CrossRef]

Wang, S.; Wang, L.; Fan, X,; Yu, C.; Feng, L.; Yi, L. An insight into diversity and functionalities of gut microbiota in insects.
Curr. Microbiol. 2020, 77, 1976-1986. [CrossRef]

Liu, P; Zhu, Y.; Ye, L.; Shi, T.; Li, L.; Cao, H.; Yu, L. Overwintering honeybees maintained dynamic and stable intestinal bacteria.
Sci. Rep. 2021, 11, 22233. [CrossRef] [PubMed]

Cuesta-Maté, A.; Renelies-Hamilton, J.; Kryger, P.; Jensen, A.B.; Sinotte, V.M.; Poulsen, M. Resistance and vulnerability of
honeybee (Apis mellifera) gut bacteria to commonly used pesticides. Front. Microbiol. 2021, 12, 2428. [CrossRef] [PubMed]
Rouze, R.; Mone, A.; Delbac, F.; Belzunces, L.; Blot, N. The honeybee gut microbiota is altered after chronic exposure to different
families of insecticides and infection by Nosema ceranae. Microbes Environ. 2019, 34, 226-233. [CrossRef] [PubMed]

Yang, Y.; Ma, S.; Yan, Z; Liu, F,; Diao, Q.; Dai, P. Effects of three common pesticides on survival, food consumption and midgut
bacterial communities of adult workers Apis cerana and Apis mellifera. Environ. Pollut. 2019, 249, 860-867. [CrossRef] [PubMed]
Hardham, ].M.; King, K.W.; Dreier, K.; Wong, J.; Strietzel, C.; Eversole, R.R.; Sfintescu, C.; Evans, R.T. Transfer of Bacteroides
splanchnicus to Odoribacter gen. nov. as Odoribacter splanchnicus comb. nov., and description of Odoribacter denticanis sp. nov.,
isolated from the crevicular spaces of canine periodontitis patients. Int. J. Syst. Evol. Microbiol. 2008, 58, 103-109. [CrossRef]
Wang, H.; Zhang, C.; Cheng, P.; Wang, Y.; Liu, H.; Wang, H.; Wang, H.; Gong, M. Differences in the intestinal microbiota between
insecticide-resistant and-sensitive Aedes albopictus based on full-length 165 rRNA sequencing. Microbiol. Open 2021, 10, e1177.
[CrossRef]

Wu, Y;; Zheng, Y.; Chen, Y.; Wang, S.; Chen, Y.; Hu, F; Zheng, H. Honey bee (Apis mellifera) gut microbiota promotes host
endogenous detoxification capability via regulation of P450 gene expression in the digestive tract. Microb. Biotechnol. 2020, 13,
1201-1212. [CrossRef]

Rokop, Z.; Horton, M.; Newton, I. Interactions between cooccurring lactic acid bacteria in honey bee hives. Appl. Environ.
Microbiol. 2015, 81, 7261-7270. [CrossRef]


http://doi.org/10.3920/BM2017.0061
http://doi.org/10.1007/s00284-020-02084-2
http://doi.org/10.1038/s41598-021-01204-7
http://www.ncbi.nlm.nih.gov/pubmed/34782655
http://doi.org/10.3389/fmicb.2021.717990
http://www.ncbi.nlm.nih.gov/pubmed/34539609
http://doi.org/10.1264/jsme2.ME18169
http://www.ncbi.nlm.nih.gov/pubmed/31378758
http://doi.org/10.1016/j.envpol.2019.03.077
http://www.ncbi.nlm.nih.gov/pubmed/30954834
http://doi.org/10.1099/ijs.0.63458-0
http://doi.org/10.1002/mbo3.1177
http://doi.org/10.1111/1751-7915.13579
http://doi.org/10.1128/AEM.01259-15

	Introduction 
	Materials and Methods 
	Honeybee Rearing 
	Culture Conditions of the Bacterial Strain 
	Experimental Design 
	Nucleic Acid Extraction and Illumina Sequencing 
	Quantitative Polymerase Chain Reaction (qPCR) 
	Statistical Analyses 

	Results 
	Discussion 
	References

