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ABSTRACT Honey bees are vulnerable to various pathogens and pests, and ectopara-
sitic Varroa destructor has become the main cause of population decline of western
honey bees (Apis mellifera) worldwide. Currently, chemical acaricides are the primary
methods for controlling Varroa mites (V. destructor), and developing non-chemical
control technique is urgently needed for beekeeping industry. We aimed to evaluate
if the symbiont gut bacteria from bee colonies were attributed to Varroa tolerance and
could be developed as a control agent. We sequenced 16S rDNA of gut microbiota
between surviving colonies at a non-acaricide treated apiary (i.e, anti-mite colonies,
AMCGs) and conventional mite-susceptibility colonies (CMSCs) at an apiary with routine
acaricide treatment. We found that AMCs harbor higher abundance of Frischella. By
supplementing CMSCs with F. perrara in the field, we found decreased Varroa infestation
intensity with more fallen phoretic Varroa and more injured pupae to be removed
(an indicator of hygienic behavior). By supplementing honey bees with F. perrara in
laboratory, we found increased proboscis extension reflex frequency and expression of
odor-binding proteins in their antennae (OBP 11, 12, 16, and 21), indicating a poten-
tial molecular mechanism of enhanced hygienic behavior. This study suggests a novel
function of the gut symbiont F. perrara in mitigating Varroa parasitism, implying its
potential to serve as a new method to control Varroa mites through enhancing bees’
olfactory sensitivity.

IMPORTANCE The parasitic mite of honey bees, Varroa destructor, is the major chal-
lenge of beekeeping industry across the world. We propose a practical control method,
applying a gut symbiont bacterium (F. perrara) to bee colonies to address this global
challenge without the side effects of using chemical treatment methods. We found F.
perrara treatment can lead to a higher number of fallen mites from adult bees’ body.
The potential mechanism is to improve honey bees’ hygienic behavior to clean mites
through promoting their olfactory sensitivity, increasing the chances to detect mites.
Varroa control by administrating F. perrara does not harm honey bee health and avoid
product contamination and pesticide resistance to mites. This method may provide a
sustainable Varroa control tool in realistic beekeeping industry.

KEYWORDS gut microflora, honey bee, Frischella perrara, Varroa destructor, hygiene
behavior, olfaction

he widespread ectoparasitic Varroa mite (V. destructor) has become the most severe

pest of western honey bees (A. mellifera) across the world. The original host of Varroa
mite was eastern honey bees (Apis cerana), and this pest was transferred to western
honey bees when it was introduced into Asia, ultimately causing spread throughout the
world (1). Eastern honey bees have developed high tolerance to Varroa mites through
intensive hygienic behavior during the long co-evolution history, making this pest less
lethal. However, western honey bees have not developed hygienic behavior as strong
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as eastern honey bees to mitigate Varroa mite damage in the short co-evolutionary
history (2). Without acaricidal treatments, western honey bee colonies can hardly survive
beyond 2-3 years (3, 4). Beekeepers usually rely on chemical acaricides to control Varroa
mites to prevent colony failure; however, acaricide use reduces Varroa pressure on honey
bee colonies, slowing down the development of Varroa resistance. In contrast, acaricides
can make Varroa rapidly develop resistance to acaricides (5). At the same time, acaricide
use causes drug residues in colony components and bee products, affecting bee health
and food safety.

In addition to Varroa control through acaricides, discovering honey bees with
increased tolerance to Varroa mite and breeding these Varroa-tolerant linages is a
common, friendly approach for sustainable Varroa control. Western honey bees have
shown the development of Varroa tolerance across the world, including specific regions
in Europe, Africa, and North America and South America (6-11). The most common
mechanisms of tolerance of honey bees to Varroa mites include more active grooming
and hygienic behaviors of adult bees (10, 12-14) and adaption of larvae or pupae
through suppression of mite reproduction (15).

Gut bacterial symbionts have been found to increase honey bees’ tolerance to Varroa;
however, the previous studies only cover limited number of bacteria species (16-18).
And, it remains unclear how those bacteria regulate honey bees’ behavior to enhance
tolerance to Varroa at the molecular level. Honey bees harbor a gut bacterial community
comprising about eight major phylotypes, including Gilliamella apicola (Gamma-1), F.
perrara (Gamma-2), Snodgrassella alvi (Beta), Bartonella apis (Alpha-1), Commensalibacter
(Alpha 2.1), Parasaccharibacter and Bombella (Alpha 2.2), Bifidobacterium and Lactobacil-
lus (Firm-4, Firm-5) (19-21). Those core phylotypes maintain nutrition digestion and
absorption and parasite defense (16, 22, 23). Parasitic infestation intensity (ectoparasitic
V. destructor and endoparasitic Nosema apis and Nosema ceranae) affects honey bee gut
bacterial community (24, 25). And conversely, gut bacteria may have potential to change
parasitic infestation intensity. For example, the bacteria, Lactobacillus johnsonii CRL1647
isolated from the intestinal tract of worker bees, has been shown to lower the infestation
intensity of Varroa mites (26). In addition, the bacteria residing on honey bees’ cuticle,
including Lactobacillus kunkeei, Bacillus thuringiensis, and Bifidobacterium asteroids, cause
95%-100% mite mortality within 3 days (27). Those studies indicated a potential role of
honey bee symbiotic bacteria as natural antagonists of Varroa mites.

By investigating the gut symbionts of surviving colonies from our acaricide-free
apiary and colonies from acaracide-treated colonies, our study will answer three
questions: (i) if gut bacterial community of untreated surviving bees differ from
Varroa-susceptible bees using 16S rDNA sequencing, and which key taxa drive the
bacteria community change; (ii) if supplementing Varroa-susceptible colonies with a
bacterium being found in higher abundance in untreated surviving colonies in our study
can enhance their tolerance to Varroa; and (iii) how this key taxa may enhance honey
bees’ Varroa tolerance through changing hygienic gene expression. By evaluating the
effects of the symbiont bacteria on enhancing honey bees’ tolerance to Varroa and
clarifying the underlying mechanisms, we aim to suggest a sustainable pest control
strategy to resolve Varroa challenge for beekeeping industry.

MATERIALS AND METHODS

Characterization of Varroa infection rate and gut bacteria community of
untreated surviving colonies

Honey bee colony management and Varroa infection rate assessment

Honey bee colonies (Apis mellifera Ligustica) used in this study were from two apiaries
(named as A and B) 5 km apart and were both originally from sister queens. During 2021
and 2022, apiary A did not apply acaricides, while apiary B applied acaricides (twice a
year in May and September). Other feeding and management conditions were similar
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between two apiaries. After 2 years (i.e., in 2023), six colonies survived and showed
normal colony population and vitality. All six untreated surviving colonies from apiary
A are named as anti-mite colonies (AMC), and five colonies from apiaries B with routine
treatments are named as conventional mite-susceptible colonies (CMSC).

To test if the surviving colonies from apiary A had increased tolerance to Varroa mite
than Apiary B, the infection rate of Varroa mites of all six surviving colonies from apiary
A and five colonies from apiary B was determined in August in 2023 (28). Three hundred
adult honey bees were randomly selected from each colony and placed into a large jar.
Ethanol (75%) was added to the jar to fully submerge the bees, and the jar was shaken
for 20 s to dislodge phoretic mites (28). Bees and ethanol were then poured over a
6-mesh sieve (aperture: 3.35 mm) to separate the bees and mites, while a second jar
was positioned beneath the sieve to collect the ethanol with the dislodged mites. The
ethanol from the second jar was subsequently poured over a 40-mesh sieve (aperture:
0.38 mm) to obtain mites. This procedure was repeated until no mites were detected on
the 40-mesh sieve in three consecutive trials. The number of bees and the number of
mites (NOM) were counted to calculate the mite infection rate in adult honey bees using
the following equation. Above procedure was repeated three times for each colony, and
the average of the three measurements was used as the mite infection rate calculation.

Themitesinfectionratesinadultbees = % X 100%

Adult bee sampling for genomic sequencing

Honey bee guts were collected from 7-day-old adult bees of six AMCs and five CMSCs
to compare gut bacteria community by sequencing 16S rDNA. The queen of each
colony was first confined on an empty comb for 5 h using a queen spawning controller
(Changge Jihong Beekeeping Equipment Co., He’'nan, China) to lay eggs. The comb with
laid eggs was then transferred to the top hive box, and the queen was kept in the bottom
hive box, with a queen excluder between two boxes. When the confined brood grew to
the pupal stage, the sealed brood comb was located in a meshed cage (Changge Jihong
Beekeeping Equipment Co. He’nan, China) which can separate the newly emerged
worker bees from other bees. At the 21st day, the newly emerged worker bees (1 day
old) were labeled by painting their thorax using Yu's method (29). The labeled bees were
released back to corresponding hives and collected at the seven day (i.e., 7 days old).
The 30 bees at 7 days old were then washed in 75% ethanol and kept on ice before
dissection. The entire intestine of 30 individual bees was dissected and combined into a
pooled sample for extracting gut bacterial DNA under aseptic conditions (30).

Gut microflora DNA extraction and 16S rDNA sequencing

The gut microbial DNA was extracted using QlAamp 96 PowerFecal QlAcube HT kit
(QIAGEN, Germany) according to the manufacturer’s protocols. The DNA concentration,
purity, and integrity were verified using a NanoDrop 2000 (Thermo, USA) (the ratio of
A260/A280 being between 1.8 and 2.0) and 1% agarose gels. The full length of 16S rDNA
of the ribosomal RNA genes was amplified via PCR using primers 27F (5- AGRGTTTGA-
TYNTGGCTCAG-3’) and 1492R (5-TASGGHTACCTTGTTASGACTT-3’). Amplified products
were extracted from 2% agarose gels and purified according to the manufacturer’s
instructions using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City,
CA, USA). The purified DNA was then quantified using the ABI Step One Plus Real-Time
PCR System (Life Technologies, Foster City, CA, USA). The SMRT Bell Template Prep Kit
(PacBio) was used for damage repair, terminal repair, and joint connection of the PCR
products, which were purified and recovered by AMpure PB beads to obtain library.
Sequencing was performed on PacBio Sequel Il platform. Circular consensus
sequencing (CCS) was obtained using the smrtlink tool provided by Pacbio. Raw CCS
sequences were then preprocessed using q2-dada2-CCS software to detect and cut off
the adapter. After trimming, the qualified raw CCS sequences were further filtered and
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denoised, and the chimera reads were cutoff to obtain the representative reads and the
ASV abundance table. The representative read of each ASV was selected using QIIME2
package. All representative reads were annotated and blasted against Silva database
(Version 138) using q2-feature-classifier with the default parameters.

Assessment of the mite-tolerance property of susceptible bees fed with F.
perrara in the field

Ten conventional mite-susceptible colonies of equal population were randomly divided
into two groups, with five colonies in each group. One group was fed a 50% sucrose
solution, serving as the control group; while, the other group was administered 1 x
10° cfu/mL solution of F. perrara (Leibniz Institute DSMZ) in 50% sucrose at a dosage of
300 mL every 2 days for 6 months. F. perrara was directly mixed with 50% sucrose before
feeding. All other management practice remained consistent between two groups.

The mite infection rates in adult bees and the proportion of the fallen mites

The mite infection rate (MIRA) in adult bees was measured using the same method in
the Characterization of Varroa infection rate and gut bacteria community of untreated
surviving colonies section at a frequency of once a week in August. White acrylic sheets
coated with Vaseline were placed at the bottom of the hives for a consecutive 7-day
period to collect fallen Varroa mites (FV). The sheets were collected on the seventh
day and immediately replaced with new ones for the next collection. Two rounds of
assessment of fallen mites were conducted. During the same time, the colony population
(CP) of adult bees were assessed. Each frame in each colony was photographed, and
the area covered by adult bees on the surface of the frame was measured using Image)J
software. If a frame was completely covered, the population was recorded as 1 frame of
bees; if half of the frame was covered, it was recorded as 0.5 frame. The proportion of
dropped mites due to grooming (PDMG), as an indicator of assessing grooming behavior,
was calculated using the following equation. The average of PDMG in two assessment
trials from each colony was used for statistical analysis.

__ Th bersof FV
ThePDMG = —“F5pra — X 100%

The mite infection rates in sealed broods

A number of 100 sealed broods per colony were uncovered 9 days after capping to
assess V. destructor infection rate (%). This procedure was repeated three times for each
colony, and average number of sealed broods infected with Varroa (SBIV) was used to
calculate the mite infection rate in sealed broods according the below equation. The
infection rate measurement was conducted two times in August.

Themiteinfectionratesinsealedbroods = ThenumbersofSBIV 1 q

Reproductive property of maternal mite

The reproductive capacity of maternal mite was evaluated by analyzing the progeny of
individual mother mites in sealed cells during the late pupal stage (31). Three hundred
sealed cells per colony, covered for 220 h, were artificially opened, and the number
of cells infected by a single mother mite (CISM) as well as the number of cells with
fertile mother mites (CFM) were recorded. A mother mite was considered fertile when it
co-exists with one viable adult female progeny; otherwise, it was classified as infertile.
This procedure was repeated three times for each colony, and the average number was
used for analysis. The sterility rate of female mites was expressed using the following
formula.
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Therateofmothermiteswithlivingoffsprings = (1 - M) X 100%

Thenumbersof CISM

Hygienic behavior

The hygienic behavior was assessed by the pinhold-test (32). About 100 sealed broods
were deliberately pricked by a needle. Twenty-four hours later, the numbers of punc-
tured cells with injured larvae emptied by adult bees (PCO) were recorded. This
procedure was repeated three times, and the average value was used for statistical
analysis. Hygienic behavior was expressed as the proportion of injured larvae that were
cleaned using the following formula.

Thenumbersof PCO
Thenumbersofpuncturedcells X 100%

Hygienichehavior =

Laboratory assessment of underlying mechanisms of F. perrara to increase
honey bee’s resistance to Varroa

Proboscis extension reflex (PER) test

A number of 400 worker bees at 1 day old from the same colony were randomly assigned
to four sterile wooden cages (10 cm x 7 cm x 8 cm), with 100 bees per group, in the
laboratory. The cages were maintained in a sterile incubator at 32°C £ 1°C and 57% =+
10% relative humidity, under dark conditions. The control group (CK) was fed a sterile
50% sucrose solution. The FP group was fed 50% sucrose solution with 1 x 10° cfu/mL
F. perrara. The VM group was inoculated with Varroa mites at an infective level of 10%
(i.e., 10 mites per cage) and fed a sterile 50% sucrose solution. The “VM + FP” group was
inoculated with Varroa mites at an infective level of 10% and fed 50% sucrose solution
with 1 x 10° cfu/mL F. perrara. Bees from all the treatment groups can feed Ad libitum for
7 days.

A number of 20 worker bees at 7 days old from either control or each treatment
group (FP, VM, and VM + FP) were used for measuring the sensitivity of their olfaction
by proboscis extension reflex (PER) test. Each bee was fixed in a PE tube with strips of
tape so that only the two forelegs and head were free to move. After the 30-min resting
period, antennae were exposed to 2 pL sucrose with three concentrations (3%, 10%,
and 30% [wt/vol] in deionized water) consequentially and recorded whether the bee
extended its proboscis or not. Between trials of testing different sucrose concentrations,
the antennae were washed with deionized water and the bees were allowed to rest for
5 min before next concentration stimulation. The numbers of bees that responded to
the same concentration sucrose were recorded. Above procedures were repeated three
times for each control and treatment group.

Assay of the relative expression levels of odorant binding proteins in
antennae

Another batch of bees was reared using above methods for analyzing gene expression
of OBPs that affect honey bees’ olfactory function (33, 34). At the seventh day, the
antennae from 60 worker bees per group were used for RNA extraction by Trizol method
(20 antenae per sample and 6 samples per group). The total RNA was immediately
reverse-transcribed into cDNA using a reverse transcription Kit (TaKaRa, Dalian, China).
Real-time PCR was performed using the LightCycler 480 SYBR Green RT-PCR Kit (Roche,
Switzerland). The following cycling conditions were employed, including 5 min at 95°C
(pre-incubation), 10 s at 95°C (denaturation), 20 s at 60°C (annealing), as well as 30 s at
72°C (extension). The primers were listed in Table 1. Relative expression levels of genes
were obtained using the 272“ method.
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TABLE 1 Primer sequences for RT-qPCR

Genes Primer sequences

OBP1-F ATTGCTTGTTGGAGGCGTTC
OBP1-R AATTATCGGAGCCGGAGGTTG
OBP2-F GAACACCCTCGTCACCGTTACTTG
OBP2-R TCGTCGGCGCATGGCATTATATC
OBP4-F CAGGCTTCGATCTTTCCGAT
OBP4-R CTCCGTAAAGTCGTCGGGTG
OBP6-F TTGCGTTGCTGCTCGTCCTATTAG
OBP6-R GGTGTCGTTCTTCTTGCTGCAAAC
OBP8-F GCGAAACGATCGAAGAAGCAAA
OBP8-R CGCCCTTCCAGTATTTCTATACAC
OBP11-F CTCGTTTATGGGGAAATCAGCG
OBP11-R TCCGTATTCCGTAGCTTCGAC
OBP12-F AATGGCTCCGAATTGAGCAC
OBP12-R GTCGTTCACGTGCAAAAACTTC
OBP16-F GCGTTGGTGCAATGACACA
OBP16-R TTGACTAGTGCCAGTTTCGC
OBP21-F GCTGTGATACCAGTTTGTAGGA
OBP21-R TCCACCATCGTCATAAGCATTG
B-actin-F CCGTGATTTGACTGACTACCT
B-actin-R AGTTGCCATTTCCTGTTC

Statistical analysis and software

Statistical comparisons between two groups were analyzed using unpaired two-tailed
Student’s t-tests in GraphPad Prism 10.1. Statistical comparisons among four treatment
groups (CK, FP, VM, and FP + VM) were analyzed using ANOVA with Tukey’s multiple
comparisons (GraphPad Prism 10.1.). The data are presented as the mean + SEM.
Statistical significance was determined when P < 0.05. Principal coordinates analysis
(PCoA) of the Bray-Curtis distances was performed using the R project Vegan pack-
age (version 2.5.3) to determine significant differences between AMC and CMSC gut
microbial communities.

RESULTS

Different Varroa infection rates and gut microbial profiles between AMC and
CMSC

We found that the infection rate of Varroa mite in AMC (0.52%) was significantly lower
than that in CMSC (8.04%) (P = 0.0017, Fig. TA). We obtained 7,539-8,017 clean tags from
the 11 samples (5 AMC and 6 CMSC) after filtering. Tag assembly and quality control
yielded an average of 6,253-7,054 valid tags per sample. The average length of valid
tags was 1,452.47-1,461.95 bp. Those tags were clustered into 20 OTUs. Those OTUs
were mainly classified into three phyla (Proteobacteria, Firmicutes, and Actinobacteria),
which accounted for more than 99.9% of all the gut bacteria (Fig. 1C). The dominant gut
bacterial taxa at the genus level for AMC and CMSC included Gilliamella, Snodgrassella,
Frischella, Commensalibacter, and Lactobacillus.

Despite the similar dominant bacterial taxa, PCoA analysis based on Bray-Curtis
showed evident differences in gut bacterial community between AMC and CMSC when
considering both taxonomic type and abundance (PCO1 axis representing 61.97% of
overall variation) (Fig. 1B). The relative abundance of dominant gut bacterial taxa was
different between AMC and CMSC. At phylum, bee guts from AMC were colonized with
higher abundance of Firmicutes (P = 0.022) and Actinobacteria (P = 0.019) but less
Proteobacteria compared with CMSC (P = 0.020, Fig. 1D). At genus, the higher abundance
of Frischella (P = 0.020), Lactobacillus (P = 0.022), and Bifidobacterium (P = 0.019) was
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FIG 1 The differences in Varroa mite infection rates and gut bacterial taxa composition between AMC and CMSC. (A) Varroa mite infection rates in adult bees; (B)

Principal coordinate analysis (PCoA) plot based on Bray-Curtis similarity; (C) The gut bacterial taxa of AMC (inner circle) and CMSC (outer circle). From left to right,

bacteria are identified to phylum, genus, and species. (D) The differences in gut microflora between AMC and CMSC. AMC, anti-mite honey bee colonies. CMSC,

conventional mites-susceptible honey bee colonies.

detected in AMC, but abundance of Gilliamella (P = 0.006, Fig. 1D) was higher in CMSC. At
the species, AMC possessed higher abundance of F. perrara (P = 0.020), Lactobacillus
bombi (P =0.011), and uncultured Lactobacillus spp. (P = 0.048), but lower Gilliamella (P =
0.007) than CMSC (Fig. 1D).

Improved Varroa-tolerance traits of susceptible colonies fed with F. perrara in
field experiments

Since F. perrara has not been tested for its effect in Varroa tolerance in any other previous
studies, this bacterium was assessed in our study. Feeding F. perrara did not reduce the
Varroa infection rate of adult bees (Fig. 2A), but significantly increased the proportion of
the dropped Varroa mite (P = 0.001) (Fig. 2B). Administration of F. perrara did not change
brood and adult bee population (Fig. 2C). Feeding F. perrara did not significantly reduce
the infection rate of Varroa mites in sealed brood (P = 0.332, Fig. 2D) or the rate of living
offsprings (P = 0.547, Fig. 2E); however, this bacterial treatment increased honey bees’
activity to clean injured pupae (P = 0.012) (Fig. 2F).

Improved the olfactory ability of work bees fed with F. perrara in lab experi-
ments

The effects of F. perrara on the olfactory sensitivity of bees to different concentrations of
sugar solution were evaluated by proboscis extension reflex (PER) test (Fig. 3). Compared
with control bees or bees infected with Varroa mite, those fed with F. perrara can
significantly increase PER frequency of honey bees to 30% sugar solution (P = 0.02, Tukey
multiple comparisons, Fig. 3A). When fed with 10% and 3% syrup, F. perrara did not
significantly change PER frequency (10% syrup: P = 0.94; 3% syrup: P = 0.94). Feeding F.
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perrara can significantly upregulate the expression of four odorant binding protein
(including OBP11, OBP12, OBP16, and OBP21; P < 0.0001 with Tukey multiple compari-
sons) (Fig. 3B).

DISCUSSION

In our study, the lower Varroa infection rate of AMC surviving from the acaracide-free
apiary suggests elevated Varroa-tolerance. We found significant increases in the propor-
tion of Frischella, Lactobacillus, and Bifidobacterium when comparing the gut bacteria
between untreated surviving honey bees (AMC) and treated conventional Varroa-
susceptible honey bees (CMSC). The changes in the abundance of those gut symbiotic
bacteria suggest potential active involvement of symbiotic bacteria in Varroa suppres-
sion. The naturally resident bacterial community in the gastrointestinal tract is found to
affect host health such parasitic or disease infection for various insects except for honey
bees. For example, a maternally transmitted bacterium, Spiroplasma spp., protects fruit
flies against parasitic nematodes, in both the laboratory and field conditions (35).
Colonization of the mosquito midgut by symbiotic bacteria Serratia marcescens renders
the mosquito resistance to Plasmodium berghei infection through activation of the
mosquito immune system (36). Socially transmitted gut bacteria protect bumblebees
against a widespread and highly virulent intestinal parasites (Crithidia bombi) (17). A
healthy gut bacterial community in honey bees protects them from infectious bacteria
(Serratia marcescens) and fungus (Beauveria bassiana and Aspergillus flavus) (37, 38).
Among those bacteria genera being significantly different between AMC and CMSC
in our study, Lactobacillus and Bifidobacterium have been proven to be effective in
reducing Varroa infestation (26, 27). So, we did not choose to test the effects of feeding
Lactobacillus and Bifidobacterium to colonies in our study again. The correlation of
Frischella with lower Varroa infestation was validated in our study, confirming their true
impact on Varroa control. We chose to test our hypothesis that F. perrara is responsible
for developing tolerance to Varroa. F. perrara has been found to enhance honey bees’
immunity to diseases by its involvement in melanization (39, 40). When administering F.
perrara to Varroa-susceptible colonies in the field, the increasing number of fallen Varroa
as well as more injured pupae to be removed provides evidence of bees developing
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FIG 3 Effects of F. perrara on bees’ olfaction sensitivity through PER tests and OBP gene expression. Bees were reared in four groups (CK, FP, VM, and VM + FP)
before PER tests to assess bees’ responses to sugar solutions of three concentrations. CK, control bees fed with 50% sucrose. FP, experimental bees fed with 1
x 10° cfu/mL F. perrara in 50% sucrose. VM, bees inoculated with Varroa mites at an infective level of 10% and fed sterile 50% sucrose solution. VM + FP, bees
inoculated with Varroa mites at an infective level of 10% and fed 1 x 10° cfu/mL F. perrara in 50% sucrose solution. Bars with different lowercase letters represent
significant differences (P < 0.05).

tolerance to Varroa. However, F. perrara cannot compromise Varroa health in capped
brood, and Varroa may successfully camouflage through their chemical mimicry to brood
(41). Our field results suggest F. perrara may regulate bees’ hygienic and grooming
behavior to increase their ability to remove phoretic Varroa, which two behaviors are
major characteristics of Varroa tolerance (42-44). Although we found more dropped
mites on the bottom board, the phoretic mites as well as reproductive mites in cap-
ped brood did not decrease potentially due to too short monitoring time to observe
treatment effects.

The mechanism of symbionts to suppress parasitic infections remains unclear (23).
Gut microbes can act as a chemo-olfactory recognition signal to change an animal’s
behavior (45). We hypothesized that F. perrara may enhance honey bees’ olfaction
function. The laboratory PER experiment showed that F. perrara did improve bees’
olfactory sensitivity, which may be driven by increased expression of OBPs (OBP11,
OPB12, OBP16, and OPB21). However, the other study did not find elevated expression
of OBPs in bee’s head when they were collected from Varroa-tolerant colonies (46). Since
the experimental designs are different between the previous and the current study,
the reason to observe different trends of OBP gene expression remains unclear. The
molecular mechanism of F. perrara to affect bees’ olfactory and tolerance to Varroa
requires further exploration beyond our work.

In summary, our genetic sequencing and gene expression study indicated that
Vorroa-tolerant trait of western honey bees is correlated with physiological factors, i.e.,
intestinal microbial community. Through the bacterial feeding experiments in the field
and lab, we found solid causal evidence that F. perrara can strengthen honey bees’
tolerance to Varroa. We suggest the underlying mechanisms are to enhance hygiene
and grooming behaviors by elevating bees’ olfactory sensitivity. However, F. perrara did
not change all hygienic parameters, and the efficacy of F. perrara treatment in fields
should be further improved before this method can become an effective Varroa control
technique. One limitation of our study is that we did not test if the bacterial community
as a whole affects Varroa tolerance, which is an important question to answer in future.
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