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Abstract 

 

The honey bee gut microbiome, crucial for bee health, may be shaped by both environmental and genetic 

factors. While differences in microbiomes exist between honey bee subspecies, it is unclear if genetic 

variation within a population influences this variation. This study estimated the broad-sense heritability of 

gut microbiome traits to explore patriline effects. We analyzed 500 workers from two colonies using 16S 

rRNA sequencing for microbiome characterization and genotyped them at 11 microsatellite loci. Results 

showed that patriline genetics marginally influenced the relative abundance of dominant microbiome taxa 

(18% to 24%) but did not significantly impact presence/absence of bacterial taxa or alpha and beta 

diversity. These findings suggest that environmental factors play a more substantial role in shaping the 

honey bee gut microbiome, indicating that microbiome-based interventions could benefit honey bees 

across populations. 
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Estimating broad-sense heritability of the gut microbiome in Western honey bees (Apis mellifera) 

 

1 Introduction 

 

1.1 Gut microbiome general background 

 

The gut microbiome is a complex symbiotic community of microorganisms found in the gastrointestinal 

tract of a host, and is predominantly of bacteria, as well as archaea, viruses, and fungi.  The importance of 

understanding the various factors that affect and can be affected by the gut microbiome is currently an 

active area of research in biology, due to its increasingly apparent role in influencing overall host health. 

Generally, the gut microbiome has been found to play a role in the regulation of gastrointestinal function 

(Jones et al., 2022; Nayak, 2010; Trompette et al., 2014; Zhu et al., 2014), central nervous system 

function (Mu et al., 2016; Ojeda et al., 2021; Sharon et al., 2016; Suchodolski, 2018), fetal development 

(Sanidad & Zeng, 2020; Vuong et al., 2020), immune system function (Bonilla-Rosso & Engel, 2018; 

Ferguson et al., 2018; Geuking et al., 2014; Kwong et al., 2017; Rooks & Garrett, 2016), and 

psychological health (Chok et al., 2021; Foster et al., 2021; Jiang et al., 2018; Sumich et al., 2022) in a 

diversity of animals. Functional performance of the microbiome depends on the abundance and diversity 

of bacteria found in the typical host population (Benson et al., 2010; Dąbrowska & Witkiewicz, 2016; 

Grieneisen et al., 2021; Kurilshikov et al., 2017; Parks et al., 2013; Ponsuksili et al., 2021). The benefits 

of the gut microbiome to host health can be interrupted by dysbiosis, which is the imbalance of bacterial 

diversity and abundance of the typical host gut. Dysbiosis of the gut microbiome can be caused by dietary 

changes, use of medications, stress, presence of parasites, infections, inflammation of the intestines, 

environmental changes, or host genetics, which in turn can lead to the onset of chronic gastrointestinal 

conditions or increase the severity of existing health issues (Cresci & Bawden, 2015; David et al., 2014; 

Engel et al., 2012; Hacquard et al., 2015; Muegge et al., 2011; Romero et al., 2019; Shanahan et al., 2021; 

Xu & Knight, 2015; Zheng et al., 2018).  



 

 2 

1.2 Gut microbiome of Western honey bees 

 

Western honey bees (Apis mellifera) are not only known for their important role as pollinators (Canada, 

2022; Mockler & Tardif, 2015), but also for their ability to serve as a model organism to study complex 

gut microbiomes (Engel et al., 2016; Wang et al., 2018; Zheng et al., 2018). Recently, honey bee 

populations have been declining due to exposure to multiple-stressors (French et al., 2024) and human 

modified environments (Richardson et al., 2023), making it imperative that we understand the various 

factors that influence honey bee health. One such factor is the state of their own gut microbiome, which 

has been linked to both positive and negative effects on individual and colony-level health (Kešnerová et 

al., 2020; Motta & Moran, 2024; Raymann & Moran, 2018; Ye et al., 2021). A healthy gut microbiome, 

has been shown to have a plethora of benefits to honey bees such as promoting immunity and 

detoxification ability against toxins and toxicants (Dong et al., 2022; Wu et al., 2020), protection against 

polystyrene microplastic exposure (Wang et al., 2021), and protection against bacterial infections 

(Janashia et al., 2016). Unfortunately, the honey bee gut microbiome is susceptible to dysbiosis caused by 

environmental and anthropogenic factors. For example, dysbiosis can be caused by an altered diet 

(Ricigliano et al., 2017; Zheng et al., 2019), infestation of parasites such as Varroa, Nosema, and 

Lotmaria (Abuldahab et al., 2022; Arismendi et al., 2020; Paris et al., 2020), and consequent diseases like 

nosemois and chalkboard (Khan et al., 2020; Paris et al., 2020; Raymann & Moran, 2018). Exposure to 

agrochemicals (Al Naggar et al., 2022; Kakumanu et al., 2016; Motta & Moran, 2020; Rouzé et al., 2019; 

Syromyatnikov et al., 2020; Wu et al., 2022), artificial diets (Powell et al., 2023; Ricigliano et al., 2022), 

and antibiotics (Duan et al., 2021; Motta & Moran, 2020) can also cause dysbiosis.  

 

1.2.1 Acquisition and development of the gut microbiome  

 

The gut microbiome of honey bees changes over the course of their lifetime and routes of acquisition are 

age-dependent. Prior to emergence, the gut microbiome varies drastically at various stages of 
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development (Zheng et al., 2018). At the larval stage, the gut microbiome is sparse and primarily in the 

midgut, and bacteria are acquired from contact with food secreted by their sisters (i.e. nurse bees). 

Abundance of bacterial cells at this stage is very low and often undetectable. At the pupal stage, the entire 

gut microbiome is eliminated due to ecdysis, the shedding of the gut lining during pupation (Zheng et al., 

2019). When they emerge as adults, workers initially have no gut microbiome, but they start feeding 

immediately. Their guts get exponentially colonized by bacteria over the course of a few days. This 

occurs through trophallaxis and social interactions with nurse bees, interacting with fecal matter, and 

interacting with the general hive environment. The gut microbiome structure stabilizes 4-6 days post-

emergence (Powell et al., 2014). Drastic changes in gut microbiome do not tend to occur in adult bees 

from typical behaviours, but dysbiosis by external factors may cause noticeable changes. Following 

emergence, 95% of the gut microbiome is found in the hindgut, which is composed of the rectum and 

ileum (Kwong & Moran, 2016). 

 

1.2.2 Composition and functions of the gut microbiome 

 

The honey bee gut is comprised of a core gut microbe community that are typically found in the guts of 

almost all adult honey bees. These include: Bifidobacterium, Gilliamella, Lactobacillus, and 

Snodgrassella (Martinson et al., 2012). Additionally, there are also other genera that are present at 

relatively lower abundance, namely, Bartonella, Commensalibacter, and Frischella (Botero et al., 2023; 

Dong et al., 2022; Kwong & Moran, 2016).  

 

Gilliamella is a core bacterial genus found in the guts of honey bees and plays a crucial role in the bees' 

ability to metabolize various carbohydrates, including some that can be toxic to them, such as mannose, 

arabinose, xylose, and rhamnose (Zheng et al., 2016). Alongside Gilliamella, Bifidobacterium is also vital 

for helping bees digest tough plant materials like pollen, breaking down complex carbohydrates such as 

pectin and hemicellulose (Zheng et al., 2019). Snodgrassella on the other hand, helps with forming 



 

 4 

biofilms in the honey bee gut, which protects against various pressures from the environment (Motta et 

al., 2024) and protection against pathogens (Horak et al., 2020). Lactobacillus has also shown to 

positively impact neurological processes in honey bees by promoting memory behaviours (Zhang et al., 

2022). Additionally, Lactobacillus also helps protect the host’s immune system via regulating the Toll 

pathway (Lang et al., 2022).  

 

1.3 Relationship between host genetics and the gut microbiome 

 

Despite being a highly active field of research, we still know relatively little about the honey bee gut 

microbiome including how genetics contributes to the diversity and relative abundance of gut microbiome 

within colonies. One study for example, examined the impact of host genetics on the gut microbiome 

using subspecies of honey bees, and found strain-level differences in gut microbiota (Wu et al., 2021). 

These differences however could result from differences in genetics, differences in the environment, or 

both. Furthering our understanding of the role host genetics plays in the community structure of honey 

bee gut microbiome can assist researchers and beekeepers to develop or improve interventions and 

management strategies to enhance honey bee gut health.   

 

1.3.1 Family genetics within honey bee colonies  

 

Quantitative geneticists estimate heritability of traits to examine the degree to which genetics influences 

phenotypic variance (Falconer, 1960; Lynch & Walsh, 1998). Broad-sense heritability and narrow-sense 

heritability are two ways to estimate heritability of traits (Messiaen et al., 2012; Snedden et al., 2007; 

Wang et al., 2013). Broad-sense heritability (H2=Vg/Vp) is defined as the proportion of phenotypic 

variance (Vp) that is influenced by total genetic variance (Vg) (Lynch & Walsh, 1998), while narrow-

sense heritability (h2=Va/Vp) is the proportion of phenotypic variance that is influenced by additive 

genetic variance (Va) (Lynch & Walsh, 1998).  
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Honey bees have several properties that allow researchers to estimate the genetic contribution to 

phenotypic variation. Honey bees are haplodiploid where unfertilized (haploid) eggs result in male 

offspring, known as drones, while fertilized (diploid) eggs often result in female offspring, which develop 

as either workers or queens (Beye et al., 2003; Gempe & Beye, 2011). Queen bees are polyandrous and 

mate with 10 to 20 males on average (Winston, 1991). Workers inherit 100% of their father’s genome and 

50% of their mother’s genome, and so workers sired by the same haploid father are 75% related to each 

other and are called ‘super-sisters’. On the other hand, half-sisters sired by different haploid fathers are 

25% related to each other.  

 

The existence of multiple patriline groups within the same colony, i.e. honey bee workers that experience 

the same maternal and environmental effects but vary with respect to their father’s genetics, has allowed 

honey bee biologists to relatively easily estimate broad-sense heritability for worker phenotypic traits by 

examining the degree to which different patrilines within a colony differ phenotypically. Here, significant 

differences in worker phenotype between patrilines if taken as evidence for heritability. Previous honey 

bee patriline studies have shown that traits such as division of labor among workers (Kolmes et al., 1989), 

foraging behaviours (Mattila & Seeley, 2011), emergency queen rearing (Châline et al., 2003), olfactory 

learning ability (Laloi & Pham-Delegue, 2010), and tolerance to some pesticides (Tsvetkov et al., 2023) 

are influenced to some degree by host genetics.  

 

1.3.2 Study aim and hypothesis 

 

This study aims to investigate broad-sense heritability of the gut microbiome in A. mellifera. To do this, 

we will quantify the gut microbiomes using 16s rRNA gene sequencing of the V4 hypervariable region 

from extracted gut DNA and simultaneously genotype each worker at 11 microsatellite loci to determine 

their patriline genetics. We will then estimate broad-sense heritability to test our hypothesis that gut 
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microbiome properties significantly vary between patrilines. The gut microbiome properties we will 

explore include relative abundance, presence/absence, and alpha diversity (within-community diversity), 

and beta diversity (between-community diversity) of bacteria taxa at the genus and family level. Our 

study aims to provide key knowledge on how genetics influence within-colony variability of the gut 

microbiome, and this knowledge can potentially be leveraged by selective breeding programs and 

beekeepers to monitor and potentially improve the gut health quality of colonies. 

 

 

2 Methodology 

 

2.1 Sample collection and dissections 

 

We used two honey bee colonies with naturally mated queens (Colonies A12 and A18) at York 

University’s research apiary (Toronto, ON, Canada). Two frames with ready-to-emerge brood from both 

colonies were collected and placed in separate incubators at 33°C (Powell et al., 2014; Tsvetkov et al., 

2023; Vernier et al., 2020). These frames were inspected daily, and newly emerged workers were marked 

by gently tapping the thorax with non-toxic enamel paint (Testors) using a soft-bristled paint brush. Bees 

were marked with a unique color representing their specific colony and their specific emergence day. The 

marked bees were re-introduced into their respective colonies after marking. Since it takes 4 to 6 days for 

the gut microbiome to develop post-emergence (Powell et al., 2014), we waited for 6 days before the 

marked bees were collected, freeze-killed in -20°C, and stored in individual 1.5 mL micro-centrifuge 

tubes at -80°C until ready for dissections. A total of 752 workers were found and collected out of 909 

marked bees from Colony A12, and a total of 579 workers were found and collected out of the 768 

marked bees from Colony A18.  
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Each bee was dissected with a pair of blunt and sharp forceps cleaned with Sparkleen 1 detergent 

(Fisherbrand), disinfected with ethanol, and flame sterilized. First, a whole bee was transferred from the 

1.5 μL tube to a sterile Petri dish placed on top of dry ice. Then, the head and abdomen were separated 

from the thorax, and the abdomen was stored in a 1.5 μL tube to thaw on ice. Meanwhile, the wings and 

legs were then separated from the thorax, and a sterile No. 22 surgical blade was used to cut the thorax 

into two halves. One half of the thorax was used for DNA extraction. The thawed abdomen was then 

placed on a new sterile Petri dish. Gripping at the stinger, the gut was gently pulled out from inside the 

abdomen. Lastly, sharp forceps were used to gently cut away the stinger and midgut, leaving the hindgut, 

which was used for DNA extraction.   

 

2.2 DNA extraction 

 

We extracted genomic DNA from both the thorax and hindgut of 250 bees from each colony. The thorax 

DNA was used for patriline assignment, and the hindgut DNA was used for microbial taxonomic 

assessment. For each bee, we placed half of the dissected thorax into a 2 mL bead mill tube (Fisherbrand) 

containing five to six 1.4 mm ceramic beads (Fisherbrand) and the dissected hindgut into a 2 mL bead 

mill tube containing eight to nine 1.4 mm ceramic beads. We added 350 μL of TL Buffer to each bead 

mill tube and homoginized samples in the Bead Mill 24 Homogenizer (Fisherbrand). Each thorax was 

homogenized at 5 m/s for 15 seconds and each hindgut was homogenized at 5 m/s for 30 seconds. We 

used the Mag-Bind Blood & Tissue DNA HDQ 96 Kit (Omega Bio-Tek) and the KingFisher Flex system 

(ThermoFisher Scientific) to conduct automated DNA extraction as published in Tsvetkov et al. (2023) 

with modifications to the incubation temperature, incubation duration, and elution buffer volumes as 

follows. We added 20 μL of Proteinase K, mixed well by pipetting up and down, and incubated samples 

at 55°C for 2 hours. During the incubation period, we prepped 6 deep-well plates with the following 

reagents per well: 2 plates with 600 μL of VHB Buffer, 1 plate with 600 μL of SPM Buffer, 1 plate with 

500 μL of Nuclease-free Water, 1 plate for tip-pickup, and 1 plate for the lysate containing 290 μL of AL 
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Buffer, 400 μL of HDQ Binding Buffer, and 20 μL of Mag-Bind particles HDQ. The prepped plates were 

placed back carefully into their respective packaging to avoid evaporation of reagents until ready for the 

extraction system. Following the incubation period, we centrifuged the samples at 9.0 rcf for 10 minutes, 

transferred 300 μL of clear supernatant to an intermediate set of 1.5 mL micro-centrifuge tubes, and 

centrifuged the samples again at 9.0 rcf for 10 minutes. We then transferred 250 μL of clear supernatant 

into the lysate plate and added 5 μL of RNAse A. We incubated the plate at room temperature for 10 

minutes during which we prepped 1 shallow-well plate with Elusion buffer. We used 80 μL of Elusion 

buffer for thorax DNA extractions and 70 μL of Elusion buffer for hindgut DNA extractions. Following 

the 10-minute incubation, we placed the plates into the KingFisher Flex system in the required order and 

ran extraction protocol. Once the extraction was completed, we transferred the final elute into a final set 

of 1.5 mL micro-centrifuge tubes. We checked DNA quality using gel electrophoresis and then stored 

samples at -80°C. 

 

2.3 Microsatellite genotyping 

 

To investigate paternal relatedness of honey bee workers, we performed genotyping of 11 hypervariable 

microsatellite loci for each of the 250 workers per colony (Shaibi et al., 2008; Tsvetkov et al., 2023). 

Protocols in Tsvetkov et al. (2023) and Shaibi et al. (2008) were followed with PCR conditions optimized 

for our samples as follows. We amplified samples at 11 hypervariable microsatellite loci (Table S1). 

Each PCR reaction contained 0.5 μL of 10 μM forward primer, 0.5 μL of 10 μM reverse primer, 12.5 μL 

of Taq 2X Master Mix (New England Biolabs), and 1.5 μL of sample thorax DNA. Volume of nuclease-

free water and concentration of MgCl2 were optimized for each primer pair (Table S2). We performed 

PCR amplification using the Eppendorf Mastercycler EPGradient Thermal Cycler with the following 

cycler conditions: DNA denaturation at 95°C for 5 minutes; 35 cycles of 90°C for 30 seconds, primer 

annealing at 55°C or 52.8°C for 30 seconds (annealing temperature was optimized separately for each 

primer pair (Table S2), 72°C for 1 minute; primer extension at 72°C for 20 minutes; hold at 4°C. We 
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poolplexed the PCR product into 3 groups (Table S3) and sent to The Center for Applied Genomics at 

The Hospital for Sick Children (Toronto, ON, Canada) for capillary electrophoresis and microsatellite 

fragment analysis using the following products: SeqStudio Flex 22203-040 genetic analyzer, instrument 

software version 1.1.1 (ThermoFisher Scientific), and the GeneScan 500(-250) LIZ size standard 

(ThermoFisher Scientific).  

 

We used the Microsatellite Plugin in Geneious Prime (version 2024.0.2) to call allele peaks (Tsvetkov et 

al., 2023). Since workers are diploid, we set the expected number of allele peaks to 2. For each bee at 

each locus, we called the two peaks with the highest relative fluorescence. We called the peak twice using 

the option to duplicate homozygotes if only one peak was present. We corrected miscalls by adjusting the 

peak to align with the highest point of its relative fluorescence. Locus HB-SEX-02 was removed from 

further analysis for both colonies due to large volume of miscalls that could not be corrected and highly 

variable peaks with no distinct pattern of relative fluorescence within each sample. Post-corrections, we 

generated allele tables for Colony A12 (Table S4) and Colony A18 (Table S5). A total of 18 samples 

from Colony A12 and 10 samples from Colony A18 contained missing allele information at one or more 

microsatellite loci and were excluded prior to assignments. 

 

2.4 Patriline assignment 

 

Patriline assignment was conducted for 232 workers from Colony A12 and 240 workers from Colony 

A18 out of the 500 genotyped workers. We calculated allele frequencies at each locus and inferred the 

queen’s genotype at each locus by (1) determining the two alleles with the highest frequency, and (2) 

checking if each worker possessed at least one of the two alleles with the highest frequency. Every 

individual in Colony A12 was homozygous for the same allele at Locus AC006, which made this locus 

uninformative, and was consequently removed prior to assignments. We used COLONY software version 

2.0.7.1 for Linux (Jones & Wang, 2010) to assign patrilines by grouping workers into full sibship groups 
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(Conflitti et al., 2022) using the following program parameters: (1) female polygamy and male 

monogamy mating system without inbreeding or clone interference, (2) dioecious haplodiploid species, 

(3) medium run length, (4) full-likelihood analysis method, (5) no male genotypes, (6) queen’s inferred 

genotype for candidate female, (7) one known mother and all maternal sibs, (8) no paternity or maternity 

exclusions, and (9) 0% allelic dropout rate. Workers from both colonies were assigned patrilines based on 

COLONY’s best family configuration results. We verified the results by checking if every individual in 

the assigned patriline contained an identical haplotype in both Colony A12 (Table S6) and Colony A18 

(Table S7).  

 

A total of 18 patrilines (P1-P18) were assigned in Colony A12 using 9 informative microsatellite loci, and 

a total of 23 patrilines (P1-P23) were assigned in Colony A18 using 10 informative microsatellite loci. 

The number of found patrilines falls within the typical range of 10 to 20 mates on average for a honey bee 

queen (Brodschneider et al., 2012; Estoup et al., 1994; Withrow & Tarpy, 2018). Only patrilines with 5 or 

more offspring were used for analyses, which were patrilines P1-P14 in Colony A12 and P1-P14 in 

Colony A18. The distribution of genotyped workers into patrilines and the patrilines selected for analyses 

is visually presented in Figure S1. 

 

2.5 16s rRNA gene sequencing  

 

We followed the protocol for Oxford Nanopore Technologies (ONT) sequencing in Hebert et al. (2023) 

and Floyd et al. (2023) with modifications to the number of samples and controls used as follows. We 

amplified the samples at the V4 hypervariable region of the 16s rRNA gene using the 515F and 806R 

primers (Table S8). Each PCR reaction contained 0.5 μL of 10 mM 515F forward primer, 0.5 μL of 10 

mM 806R reverse primer, 3 μL of Multiplex PCR Master Mix (Qaigen), 3 uL of nuclease-free water, and 

2 μL of sample gut DNA. We used 2 μL of nuclease-free water for the negative control and 2 μL of 0.52 

ng/μL microbial community DNA standard (Zymo Research) for the positive control. For multiplexing, 
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we added an 24x8 combination of unique molecular identifiers (UMI) to asymmetrically tag each well in 

3 96-well plates (Table S8), resulting in 250 DNA samples, 18 positive controls, and 18 negative controls 

per colony all uniquely tagged prior to amplification. PCR amplification was performed using the 

Eppendorf Mastercycler EPGradient Thermal Cycler with the following optimized cycler conditions: 

DNA denaturation at 94°C for 3 minutes; 35 cycles of 94°C for 45 seconds, primer annealing at 52.5°C 

for 1 minute, 72°C for 10 minutes; primer extension at 72°C for 10 minutes; hold at 4°C. PCR product 

was stored at -20°C until ready for library preparation. 

 

Two ONT libraries, one per colony, were prepared using the Ligation Sequencing Kit V14 (SQK-

LSK114). Pooling, purification, quantification, adapter ligation, and final clean-up were performed as 

published in Hebert et al. (2023). Two ONT libraries were sequenced using a MinION Mk1B sequencing 

device (MN46811), MinION flow cells (FLO-MIN114), and MinKNOW software version 24.02.6. The 

sequencing parameters were as follows: (1) minimum read length of 20 bp, (2) no real-time basecalling, 

(3) POD5 read output, (4) 72 hours run time. Flow cells used for both colonies consisted of over 800 

pores found for sequencing and were considered fit to proceed with sequencing.  

 

2.6 Microbial taxonomic assessment 

 

We used ONT’s open-source Dorado software (model dna_r10.4.1_e8.2_sup@v4.3.0) to perform 

basecalling of sequence reads into FASTQ files. We used the MiniBar (Krehenwinkel et al., 2019) in 

Python version 3 to demultiplex the ONT sequenced reads into individual sample files using the 

following parameters: (1) barcode edit distance value 4, (2) primer edit distance value 4, (3) no trimming, 

and (4) default option for remaining parameters. Primers and adapters were trimmed in the 5’ to 3’ 

direction, followed by the 3’ to 5’ direction using Cutadapt version 4.8 (Martin, 2011). Reads were size 

filtered down to 240-260 base pair length. Filtered reads were processed through a bioinformatics pipeline 

for microbial taxonomic assessment using Quantitative Insights Into Microbial Ecology 2 version 2021.11 
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(QIIME2). Filtered FASTQ reads were converted to qiime2 artifacts using the import tool. Then, 

sequence reads were dereplicated using VSEARCH. Sequences were clustered into operational taxonomic 

units (OTU) using VSEARCH closed-reference clustering at 98% identity against the SILVA 16s rRNA 

gene database. Clustered OTUs were then classified using the VSEARCH feature classifier at 98% 

identity against the SILVA 16s rRNA gene database. Finally, OTUs were collapsed at two taxa levels: 

genus and family. 

 

2.7 Data filtering and preparation 

 

We filtered and prepped data tables to appropriately estimate heritability for three different gut 

microbiome properties: relative abundance, presence/absence, and community diversity of bacteria 

present. 

 

First, we generated observed OTU count tables for both the genus and family level from the qiime2 

artifacts using the qiime2R package in R version 4.4.1. We then used the 18 negative controls per colony 

to determine mistag frequency and filtered the OTU sample data to remove detections likely caused by 

mistagging using a mistag-filtering program developed for R by Richardson (Richardson, 2022). A few 

samples from both colonies were removed after mistag filtering as there was no observed data across the 

sample. We also found that ‘Mitochondria’ and ‘Chloroplast’ are classified by the reference database as 

bacteria as seen in previously published microbiome research (Bridson et al., 2022). While mitochondria 

and chloroplasts have a complex relationship with ancestral bacteria (Martin et al., 2015), they are not 

considered to be part of families or genera within the bacterial kingdom and were therefore removed from 

the list of OTUs. Unknown bacteria were also removed. We then rarefied our OTU tables down to the 

rarefaction threshold, determined by calculating Good’s coverage, to control for any differences in 

sampling effort and sequencing depth across different samples using the vegan package (Schloss, 2024). 

After rarefaction, we isolated and compared our positive control data to the composition of the original 
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microbial community standard used to verify presence of expected microbes. We converted our tables to 

relative abundance and presence/absence tables. Not all bacteria were suitable to be analyzed for all three 

properties. For heritability of community diversity, all taxa present in a sample were used to calculate 

Shannon diversity index. A total of 38 families and 66 genera were used for community diversity analyses 

(Table S9). Only taxa that were present in at least 15% of the individuals within each colony were 

selected for relative abundance or presence/absence analyses to ensure the data for the assumptions of a 

parametric GLM model. A total of 8 genera and 7 families passed the 15% threshold. Further, the 

distribution of data for each bacterium was visually checked for residual plots and histograms. Bacteria 

that (1) were present in all or nearly all individuals did not quality and (2) had data with gaussian or 

gamma family distribution, were selected for relative abundance heritability analysis. The other bacteria 

had zero inflated data and were selected for presence/absence heritability analyses using binomial family 

distribution.  

 

2.8 Statistical Analyses 

 

We performed all statistical analyses using R version 4.4.1. By utilizing nested generalized linear models 

and the respective model fits, we estimated broad sense heritability (H2) of gut microbiome properties 

examining the phenotypic variance that is explained by patriline relative to the total phenotypic variance 

(Laloi & Pham-Delegue, 2010; Tsvetkov et al., 2023). To estimate the heritability of microbiome 

properties for each bacterium, we first ran two generalized linear models (GLMs). In both GLMs, the 

microbiome property of the bacterium was used as the response variable. In model 1, the first explanatory 

variable was colony, and the second added explanatory variable was patriline nested with the colony. In 

model 2, the explanatory variable was just colony. We then calculated deviance-based R-squared (R2) for 

both models and subtracted R2 for model 2 from R2 for model 1 to determine the deviance explained by 

just the effect of patriline. H2 is twice the patriline variance for haplodiploid organisms. We used the 

p.adjust function from the R stats package to conduct multiple test correction using the Benjamini-
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Hochberg method to estimate the false discovery rate (FDR) at a significance level of 0.05, and reported 

the adjusted p-values. We also assessed gut community structure using Principal Coordinate Analysis 

(PCoA) based on Bray-Curtis dissimilarity to evaluate beta diversity across the 14 patrilines in two honey 

bee colonies. This analysis was performed at both the genus and family levels using the bray method with 

the vegdist function from the vegan package. PCoAs, boxplots, and barcharts were plotted using ggplot2 

package. 

 

 

3 Results 

 

3.1 Honey bee gut microbiome composition and abundance 

 

The gut microbiome of honey bees was profiled across 14 different patrilines in two colonies (A12 and 

A18). We found that 38 bacterial families and 66 bacterial genera were identified across 500 honey bee 

hindguts using 16S rRNA gene sequencing (Table S9). There were 7 to 8 prominent taxa for both family 

and genus level classification (Figure 1). 

 

At the genus level, the core bacterial genera identified were Gilliamella, Lactobacillus, Snodgrassella, 

and Bifidobacterium (Table S10). Gilliamella showed variation in relative abundance ranging from 

28.43% to 48.81%, and 32.18% to 55.49% in Colony A18. Lactobacillus showed variation in relative 

abundance ranging from 19.24% to 27.55% in Colony A12, and 20.10% to 40.16% in Colony A18. 

Snodgrassella had a relative abundance ranging from 15.37% to 34.45% in Colony A12, and 13.15% to 

26.97% in Colony A18. Lastly, Bifidobacterium was found in smaller abundance ranging from 1.12% to 

2.19% in in Colony A12, and 1.04% to 1.60% in Colony A18. 
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At the family level, the core bacterial families identified were Orbaceae, Lactobacillaceae, 

Neisseriaceae, Acetobacteraceae, and Bifidobacteriaceae (Table S11). Relative abundance of Orbaceae 

ranged from 39.14% to 58.44% in Colony A12, and 36.73% to 61.20% In Colony A18. Lactobacillaceae 

showed relative abundance ranging from 19.17% to 27.46% in Colony A12, and 20.07% to 40.08% in 

Colony A18. Neisseriaceae showed relative abundance ranging from 15.45% to 34.58% in Colony A12, 

and 13.21% to 26.67% in Colony A18. Lastly, Bifidobacteriaceae showed smaller relative abundance 

ranging from 1.12% to 2.07% in Colony A12, and 1.05% to 1.60% in Colony A18. 
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Figure 1. The honey bee gut microbiome profiled from different patrilines within two colonies. Stacked 

bar plots represent the average relative abundance of bacterial taxa found in the hindgut of honey bees at 

the genus and family level. Relative abundance of bacteria at the genus level is shown for (A) Colony 

A12 and (B) Colony A18. Relative abundance of bacteria at the family level is shown for (C) Colony A12 

and (D) Colony A18. Each bar represents a different patriline (P1–P14) found within each colony. Taxa 

with average abundance of <1% across all patrilines are presented as a sum of averages in a single group 

at both the genus and family level.  

 

3.2 Heritability of the relative abundance of honey bee gut microbiome taxa 

 

The analysis of relative abundance data revealed some marginally statistically significant effects of 

patriline on the relative abundance of certain bacterial families and genera. At the genus level, some 

bacteria had marginally significant heritability estimates for relative abundance at <10% FDR. For 

example, the broad sense heritability of the relative abundance of Gilliamella, Snodgrassella, 

Bifidobacterium was 18% (H² = 0.18, adjusted p-value = 0.0507), 20% (H² = 0.20, adjusted p-value = 

0.0507), and 24% (H² = 0.24, adjusted p-value = 0.0641), respectively. The relative abundance of 

Lactobacillus, on the other hand, was not significantly heritable (H² = 14%, adjusted p-value = 0.1528). 

 

At the family level, some bacteria had marginally significant heritability estimates for relative abundance 

at <10% FDR. For example, the broad sense heritability of the relative abundance of Orbaceae, 

Neisseriaceae, and Bifidobacteriaceae was 21% (H² = 0.21, adjusted p-value = 0.0148), 20% (H² = 0.20, 

adjusted p-value = 0.0170), and 22% (H² = 0.22, adjusted p-value = 0.0991), respectively. The relative 

abundance of Lactobacillaceae, on the other hand, was not significantly heritable (H² = 14%, adjusted p-

value = 0.1598). 
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Table 1. Broad sense heritability of relative abundance of bacterial genera and families in 500 honey bees 

across two colonies. Generalized linear models were performed to test the significance of colony and 

patriline level effects on the relative abundance of bacteria: Chi-square (Chisq) statistics, degrees of 

freedom (Df), p-values, false discovery rate (FDR) corrected p-value for patriline effect, model fits for H2 

calculations (R2), and broad-sense heritability (H2) are presented. Refer to section 2.8 in Methodology for 

model specifications. 

  Colony effect Patriline effect 
FDR correction for 

patriline effect 

Model 

1  

Model 

2 

Broad-

sense 

Heritability  

Bacteria Chisq Df p value Chisq Df p value adjusted p value R2 R2 H2 

Genera           

Gilliamella 6.42 1 0.0113 41.87 26 0.0253 0.0507* 0.1042 0.0139 0.18 

Snodgrassella 2.54 1 0.1107 46.11 26 0.0089 0.0507* 0.1049 0.0055 0.2 

Lactobacillus 1.54 1 0.2143 34.31 26 0.1274 0.1528 0.0732 0.0031 0.14 

Bifidobacterium 4.18 1 0.0408 39.6 26 0.0427 0.0641* 0.1299 0.0124 0.24 

Families           

Orbaceae 4.88 1 0.0272 49.4 26 0.0037 0.0148* 0.1157 0.0104 0.21 

Neisseriaceae 2.5 1 0.1137 46.27 26 0.0085 0.0170* 0.1052 0.0054 0.2 

Lactobacillaceae 1.39 1 0.2378 33.08 26 0.1598 0.1598 0.0704 0.0028 0.14 

Bifidobacteriaceae 3.06 1 0.0802 37.03 26 0.0743 0.0991* 0.1176 0.009 0.22 

* <10% FDR  

 



 

 18 

 

 



 

 19 

Figure 2. Relative abundance of bacterial families in the honey bee hindgut across patrilines within two 

honey bee colonies. Only bacterial families that showed significant patriline effects at an FDR threshold 

of 10% are presented. Box plots represent the relative abundance for 14 patrilines in each colony. Each 

panel represents the distribution of relative abundance for Orbaceae (A and B), Neisseriaceae (C and D), 

and Bifidobacteriaceae (E and F) across patrilines in Colony A12 (red) and Colony A18 (blue).  

 

3.3 Heritability of the presence/absence of honey bee gut microbiome taxa 

 

The analysis of presence/absence data revealed no significant effect of patriline on the presence/absence 

of certain bacterial families and genera (Table 2). At the genus level, there was no significant heritability 

estimates for presence/absence at <10% FDR for any of the bacteria. For example, the broad sense 

heritability of the presence/absence of Commensalibacter, Brachybacterium, Frischella, and Bartonella 

was 10% (H² = 0.10, adjusted p-value = 0.7642), 8% (H² = 0.08, adjusted p-value = 0.7642), 11% (H² = 

0.11, adjusted p-value = 0.7642), and 10% (H² = 0.10, adjusted p-value = 0.7642), respectively.  

 

At the family level, there was also no significant heritability estimates for presence/absence at <10% FDR 

for any of the bacteria. For example, the broad sense heritability of the presence/absence of 

Acetobacteraceae, Enterobacteriaceae, and Rhizobiaceae was 10% (H² = 0.10, adjusted p-value = 

0.3591), 18% (H² = 0.18, adjusted p-value = 0.1913), and 11% (H² = 0.11, adjusted p-value = 0.3591), 

respectively.  
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Table 2. Broad sense heritability of presence/absence of bacterial genera and families in 500 honey bees 

across two colonies. Generalized linear models were performed to test the significance of colony and 

patriline level effects on the relative abundance of bacteria: Chi-square (Chisq) statistics, degrees of 

freedom (Df), p-values, false discovery rate (FDR) corrected p-value for patriline effect, model fits for H2 

calculations (R2), and broad-sense heritability (H2) are presented. Refer to section 2.8 in Methodology for 

model specifications. 

  Colony effect Patriline effect 
FDR correction for 

patriline effect 

Model 

1 

Model 

2  

Broad-

sense 

Heritability  

Bacteria Chisq Df p value Chisq Df p value adjusted p-value  R2 R2 H2 

Genera           

Commensalibacter 14.67 1 0.0001 30.68 26 0.2403 0.7642 0.0766 0.0248 0.1 

Brachybacterium 30.88 1 2.7 x 10-8 20.56 26 0.7642 0.7642 0.101 0.0606 0.08 

Frischella 0.71 1 0.3989 21.66 26 0.7071 0.7642 0.0579 0.0018 0.11 

Bartonella 0.26 1 0.6069 26.16 26 0.4542 0.7642 0.0511 0.0005 0.1 

Families           

Acetobacteraceae 13.25 1 0.0003 28.94 26 0.314 0.3591 0.0715 0.0225 0.1 

Enterobacteriaceae 10.9 1 0.001 37.76 26 0.0638 0.1913 0.1163 0.0261 0.18 

Rhizobiaceae 0.09 1 0.7637 27.99 26 0.3591 0.3591 0.0538 0.0002 0.11 

* <10% FDR  

 

3.4 Alpha diversity of honey bee gut microbiome  

 

Alpha diversity of the gut microbiome was assessed using the Shannon diversity index across the 14 

patrilines in both colonies (Figure 3). The heritability of Shannon diversity was estimated at both the 

genus and family levels (Table S12). At the genus level, the broad-sense heritability (H²) of the Shannon 

diversity index was estimated to be 12% (H² = 0.12, adjusted p-value = 0.3665) for Colony A12, but 

neither of these were significant, indicating no genetic influence on alpha diversity across patrilines. 

Similarly, in Colony A18, the heritability of genus-level alpha diversity was comparable, though not 
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statistically significant, suggesting that genetic differences among patrilines do not influence the overall 

genus diversity. At the family level, the Shannon diversity index showed a broad-sense heritability 

estimate of 11% (H² = 0.11, adjusted p-value = 0.5549) for Colony A12. This indicates no genetic effect 

on the alpha diversity of bacterial families within the gut microbiome. Colony A18 reflected a similar 

pattern, with no significant patriline effect observed, reinforcing our previous observations that the 

genetic influence on microbiome diversity at both the genus and family levels is limited. 
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Figure 3. Alpha diversity of the honey bee gut microbiome across patrilines in two colonies. Boxplots 

representing the Shannon Diversity Index (H’) of gut microbiome diversity across 14 patrilines in each 

honey bee colony at the (A) genus level and (C) family level for Colony A12; and at the (B) genus level 

and (D) family level for Colony A18. The heritability (H²) estimates for Shannon diversity are shown in 

Table S12. 

 

3.5 Beta diversity of the honey bee gut microbiome  

 

The gut microbiome community structure was assessed using Principal Coordinate Analysis (PCoA) 

based on Bray-Curtis dissimilarity to evaluate beta diversity across the 14 patrilines in two honey bee 

colonies at both the genus and family levels (Figure 4).  

 

In Colony A12, PCoA plots did not reveal distinct clustering of gut microbiome profiles by patriline at 

either the genus (Figure 4A) or family level (Figure 4B). The first principal coordinate (PC1) explained 

0.45% of the variance at the genus level and 0.49% at the family level, while the second principal 

coordinate (PC2) explained 0.38% and 0.37% of the variance, respectively. Similarly, in Colony A18, no 

clear clustering by patriline was observed at the genus (Figure 4C) or family level (Figure 4D). The 

variance explained by the first and second principal coordinates was consistent with Colony A12, with 

PC1 explaining 0.45% of the variance at the genus level and 0.49% at the family level, and PC2 

explaining 0.39% and 0.35% of the variance, respectively.  
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Figure 4. Principal Coordinate Analysis (PCoA) of the gut microbiome community in two honey bee 

colonies based on Bray-Curtis dissimilarity. Panels (A) and (C) represent Colony A12, while panels (B) 

and (D) represent Colony A18. The gut microbiome data are analyzed at the genus and family levels. 

Patrilines are color-coded as indicated in the legend. The percentage of variance explained by the first and 

second principal coordinates is shown on the axes. 
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4 Discussion 

 

We studied the genetics of the honey bee’s gut microbiome by profiling it in 500 workers from 2 colonies 

and asking if gut microbiome properties were influenced by patriline identity. We used 16s rRNA gene 

sequencing to profile the gut microbiome and our analysis uncovered a common suite of bacterial 

lineages previous discovered in other studies (Benson et al., 2010; Moritz & Heisler, 1992; Motta & 

Moran, 2024; Powell et al., 2014; Raymann & Moran, 2018).  

 

Our analysis identified typical bacterial genera such as Gilliamella, Lactobacillus, Bifidobacterium, and 

Snodgrassella within the honeybee hindguts across all different patrilines and colonies. Similarly, the 

significant presence of Orbaceae, Neisseriaceae, Bifidobactereae, and Lactobacillaceae at the family 

level further validate the taxonomic classification results from this study. Additionally, the relative 

abundance of the bacteria we discovered also align with the typical host gut microbiome, with Gilliamella 

and Snodgrassella being amongst the most commonly occurring (Kešnerová et al., 2020), and composing 

almost half the honey bee hindgut. Lactobacillus has also been shown to be highly abundant at 23 – 45%  

(Kwong & Moran, 2016; Moran et al., 2012) but this was not the case for our study, possibly due to 

difference in genetics or the environment. 

 

We hypothesized that if some aspects of the honey bee gut microbiome where heritable, then we would 

observe statistically significant differences in gut microbiome traits between patrilines. We discovered a 

marginal effect (H2 approximately 18% to 24%) of genetics on the relative abundance of several 

dominant bacterial genera and families. For example, Gilliamella, Snodgrassella, and Bifidobacterium all 

showed marginally significant heritability estimates. Similar genetic effects on lineage relative abundance 

have been discovered in mice, humans, and pigs (Doms et al., 2022). For example, the genus 

Enterococcus in humans was shown to have a heritable component of 28%, the family Clostridiacea in 
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humans was shown to have heritability estimate of 30% and 57% in mice, and the family 

Fibrobcteriaceae in pigs has shown to have heritability estimate of 26% in pigs (Doms et al., 2022).  

 

The results above could only be carried out on common gut microbiome lineages whose relative 

abundance could be objectively quantified across the different patrilines and colonies studied (Figure 1; 

Table 1; Table 2). However, we found that a large number of bacterial taxa that inhabit the honey bee gut 

varied greatly in abundance between individuals, making it difficult to perform any quantitative analysis 

on them individually. For some these taxa, we decided to study whether the presence or absence of a 

lineage was influenced by patriline genetics and found no evidence of this, which is consistent with the 

environment playing a major role in influencing the presence of these rare (or uncommon) taxa. Our 

results suggest that the genetic influence on the relative abundance of Lactobacillus is limited compared 

to the relatively more heritable genera like Gilliamella and Bifidobacterium. Genetic influence on the 

relative abundance of Lactobacillaceae is limited compared to the more heritable families like Orbaceae 

and Bifidobacteriaceae. These findings indicate that while some bacterial taxa exhibit a weak genetic 

influence in their relative abundance, the overall influence of patriline on the presence/absence of these 

taxa is limited. We also found that the overall community diversity of the gut microbiome, as measured 

by the Shannon diversity index, was not influenced by patriline (Figure 3). Overall gut microbiome 

composition was similar across all patrilines within each colony. Our PCoA analysis of the gut 

microbiome data from both colonies clearly illustrates this (Figure 4); we observed no obvious clustering 

of gut microbiome samples by patriline, which also indicates a lack of genetic influence at the population 

level. 

 

Overall, our results suggest that the honey bee gut microbiome is largely influenced by the environment 

as our measured gut microbiome traits either had low and marginally significant estimates of H2 (~18 – 

24%) or estimates of H2 that were not significantly different form zero. The honey bee gut microbiome of 

adult workers is established via trophallaxis with other mature bees within the colony and from 
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interacting with hive environment (Powell et al., 2014). Our results are thus consistent with the 

knowledge that workers from specific patrilinies do not preferentially feed or interact with their super-

sisters (Moritz & Heisler, 1992), and so the acquisition of the gut microbiome should be fairly uniform 

across patrilines.  

 

Several possible mechanisms have been proposed to explain how genetics can influence the structure of 

bacterial lineages in the host. The host's immune system plays a crucial role in shaping the gut 

microbiome. Specific genes related to immune response, such as those involved in Toll-like receptor 

(TLR) and interleukin (IL) signaling pathways, are associated with the presence and abundance of certain 

microbial taxa (Tanoue et al., 2010; Zheng et al., 2020); Genome-wide association studies (GWAS) have 

identified various genetic loci associated with the abundance of specific microbial taxa, suggesting a 

polygenic influence on the microbiome (Stankevic et al., 2024; Xu et al., 2020); Genes involved in 

growth and development can affect gut morphology, which in turn influences the composition of the gut 

microbiome (Cohen et al., 2019; Ryu & Davenport, 2022). Variations in gut structure driven by host 

genetics following these mechanisms can create different environments that favor the growth of specific 

microbial communities.  

 

While our sampling sizes were robust (250 workers per colony), as with most studies, we typically lack 

power to detect small genetic effects, and so we cannot fully rule out that genetics may play a relatively 

small but significant role in influencing the gut microbiome of workers.  Further, while we studied two 

honey bee colonies, heritability is a property of a population and not a species, and so it may be possible 

that gut microbiome traits may be heritable in other honey bee populations. For example, if the honey bee 

gut microbiome plays a significant role in colony fitness and host health, then it may be possible that 

beekeepers have been unknowingly selecting colonies with specific microbiome properties that promote 

colony fitness, and this artificial selection may lead to very low and insignificant estimates of H2 because 
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of the reduced additive genetic diversity which is a component of overall genetic variation (Falconer, 

1960; Lynch & Walsh, 1998).  

 

To promote the presence of a typical gut microbiome in honey bees, several targeted interventions can be 

implemented focusing on ensuring stability of the typical honey bee gut microbiome. These include 

optimizing diet by ensuring that bees have access to a diverse range of floral resources, which supports a 

balanced microbial community. Probiotic supplementation with beneficial bacteria, such as Lactobacillus 

and Bifidobacterium strains that are natural components of the honey bee gut, can help maintain microbial 

diversity and resilience. Additionally, reducing exposure to environmental stressors like pesticides and 

antibiotics, which can disrupt the gut microbiome, is crucial. Finally, managing hive conditions to reduce 

stress and disease transmission, including controlling Varroa mites and other pathogens, can further 

support the health and stability of the gut microbiome in honey bee colonies. These interventions 

collectively contribute to maintaining a healthy and functional gut microbiome, essential for the overall 

health and productivity of honey bee populations. 

 

Looking at the big picture, while genetics undoubtedly plays a role in shaping the structure of the gut 

microbiome, its influence on the gut microbiome seems minor compared to that of environmental factors. 

This limited genetic impact, coupled with the challenges in detecting small genetic effects, suggests that 

strategies focusing on enhancing the gut microbiome—regardless of the bee's genetic background—could 

be more promising for improving honey bee health. Such interventions may provide a robust approach to 

bolster bee resilience, transcending the limitations posed by genetic variability.   



 

 28 

References 

 

Abuldahab, F. F., Abd-Elaziz, M. F., El-Sayed, Y. A., Abdallah, M. S., & Mahmoud, S. H. (2022). 
Infestation of Apis mellifera workers and larvae with Varroa destructor affects gut bacterial 
diversity. Journal of Entomological and Acarological Research, 54(2). 
https://doi.org/10.4081/jear.2022.10316  

Al Naggar, Y., Singavarapu, B., Paxton, R. J., & Wubet, T. (2022). Bees under interactive stressors: the 
novel insecticides flupyradifurone and sulfoxaflor along with the fungicide azoxystrobin disrupt 
the gut microbiota of honey bees and increase opportunistic bacterial pathogens. Science of The 
Total Environment, 849, 157941. https://doi.org/10.1016/j.scitotenv.2022.157941  

Arismendi, N., Caro, S., Castro, M. P., Vargas, M., Riveros, G., & Venegas, T. (2020). Impact of Mixed 
Infections of Gut Parasites Lotmaria passim and Nosema ceranae on the Lifespan and Immune-
related Biomarkers in Apis mellifera. Insects, 11(7), 420. https://doi.org/10.3390/insects11070420  

Benson, A. K., Kelly, S. A., Legge, R., Ma, F., Low, S. J., Kim, J., Zhang, M., Oh, P. L., Nehrenberg, D., 
Hua, K., Kachman, S. D., Moriyama, E. N., Walter, J., Peterson, D. A., & Pomp, D. (2010). 
Individuality in gut microbiota composition is a complex polygenic trait shaped by multiple 
environmental and host genetic factors. Proceedings of the National Academy of Sciences, 
107(44), 18933-18938. https://doi.org/10.1073/pnas.1007028107  

Beye, M., Hasselmann, M., Fondrk, M. K., Page, R. E., Jr., & Omholt, S. W. (2003). The Gene 
<em>csd</em> Is the Primary Signal for Sexual Development in the Honeybee and Encodes an 
SR-Type Protein. Cell, 114(4), 419-429. https://doi.org/10.1016/S0092-8674(03)00606-8  

Bonilla-Rosso, G., & Engel, P. (2018). Functional roles and metabolic niches in the honey bee gut 
microbiota. Current Opinion in Microbiology, 43, 69-76. 
https://doi.org/10.1016/j.mib.2017.12.009  

Botero, J., Sombolestani, A. S., Cnockaert, M., Peeters, C., Borremans, W., De Vuyst, L., Vereecken, N. 
J., Michez, D., Smagghe, G., Bonilla-Rosso, G., Engel, P., & Vandamme, P. (2023). A 
phylogenomic and comparative genomic analysis of Commensalibacter, a versatile insect 
symbiont. Animal Microbiome, 5(1). https://doi.org/10.1186/s42523-023-00248-6  

Bridson, C., Vellaniparambil, L., Antwis, R. E., Müller, W., Gilman, R. T., & Rowntree, J. K. (2022). 
Genetic diversity of honeybee colonies predicts gut bacterial diversity of individual colony 
members. Environmental Microbiology, 24(12), 5643-5653. https://doi.org/10.1111/1462-
2920.16150  

Brodschneider, R., Arnold, G., Hrassnigg, N., & Crailsheim, K. (2012). Does Patriline Composition 
Change over a Honey Bee Queen’s Lifetime? Insects, 3(3), 857-869. 
https://doi.org/10.3390/insects3030857  

Canada, A. a. A.-F. (2022, 2022/08/05). The buzz on honey bees. Government of Canada. 
https://agriculture.canada.ca/en/agri-info/buzz-honey-bees 

Châline, N., Ratnieks, F. L. W., Arnold, G., & Papin, C. (2003). Patriline differences in emergency queen 
rearing in the honey bee, Apis mellifera. Insectes Sociaux, 50(3), 234-236. 
https://doi.org/10.1007/s00040-003-0664-6  

Chok, K. C., Ng, K. Y., Koh, R. Y., & Chye, S. M. (2021). Role of the gut microbiome in Alzheimer’s 
disease. Reviews in the Neurosciences, 32(7), 767-789. https://doi.org/10.1515/revneuro-2020-
0122  

Cohen, L. J., Cho, J. H., Gevers, D., & Chu, H. (2019). Genetic Factors and the Intestinal Microbiome 
Guide Development of Microbe-Based Therapies for Inflammatory Bowel Diseases. 
Gastroenterology, 156(8), 2174-2189. https://doi.org/10.1053/j.gastro.2019.03.017  

Conflitti, I. M., Arshad Imrit, M., Morrison, B., Sharma, S., Colla, S. R., & Zayed, A. (2022). Bees in the 
six: Determinants of bumblebee habitat quality in urban landscapes. Ecology and Evolution, 
12(3). https://doi.org/10.1002/ece3.8667  

https://doi.org/10.4081/jear.2022.10316
https://doi.org/10.1016/j.scitotenv.2022.157941
https://doi.org/10.3390/insects11070420
https://doi.org/10.1073/pnas.1007028107
https://doi.org/10.1016/S0092-8674(03)00606-8
https://doi.org/10.1016/j.mib.2017.12.009
https://doi.org/10.1186/s42523-023-00248-6
https://doi.org/10.1111/1462-2920.16150
https://doi.org/10.1111/1462-2920.16150
https://doi.org/10.3390/insects3030857
https://agriculture.canada.ca/en/agri-info/buzz-honey-bees
https://doi.org/10.1007/s00040-003-0664-6
https://doi.org/10.1515/revneuro-2020-0122
https://doi.org/10.1515/revneuro-2020-0122
https://doi.org/10.1053/j.gastro.2019.03.017
https://doi.org/10.1002/ece3.8667


 

 29 

Cresci, G. A., & Bawden, E. (2015). Gut Microbiome: What We Do and Don’t Know. Nutrition in 
Clinical Practice, 30(6), 734-746. https://doi.org/10.1177/0884533615609899  

Dąbrowska, K., & Witkiewicz, W. (2016). Correlations of Host Genetics and Gut Microbiome 
Composition. Frontiers in Microbiology, 7, 1357. https://doi.org/10.3389/fmicb.2016.01357  

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E., Wolfe, B. E., Ling, A. V., 
Devlin, A. S., Varma, Y., Fischbach, M. A., Biddinger, S. B., Dutton, R. J., & Turnbaugh, P. J. 
(2014). Diet rapidly and reproducibly alters the human gut microbiome. Nature, 505(7484), 559-
563. https://doi.org/10.1038/nature12820  

Doms, S., Fokt, H., Rühlemann, M. C., Chung, C. J., Kuenstner, A., Ibrahim, S. M., Franke, A., Turner, 
L. M., & Baines, J. F. (2022). Key features of the genetic architecture and evolution of host-
microbe interactions revealed by high-resolution genetic mapping of the mucosa-associated gut 
microbiome in hybrid mice. eLife, 11, e75419. https://doi.org/10.7554/eLife.75419  

Dong, Z.-X., Tang, Q.-H., Li, W.-L., Wang, Z.-W., Li, X.-J., Fu, C.-M., Li, D., Qian, K., Tian, W.-L., & 
Guo, J. (2022). Honeybee (Apis mellifera) resistance to deltamethrin exposure by Modulating the 
gut microbiota and improving immunity. Environmental Pollution, 314, 120340. 
https://doi.org/10.1016/j.envpol.2022.120340  

Duan, X., Zhao, B. A., Jin, X., Cheng, X., Huang, S., & Li, J. (2021). Antibiotic Treatment Decrease the 
Fitness of Honeybee (Apis mellifera) Larvae. Insects, 12(4), 301. 
https://doi.org/10.3390/insects12040301  

Engel, P., Kwong, W. K., McFrederick, Q., Anderson, K. E., Barribeau, S. M., Chandler, J. A., Cornman, 
R. S., Dainat, J., De Miranda, J. R., Doublet, V., Emery, O., Evans, J. D., Farinelli, L., Flenniken, 
M. L., Granberg, F., Grasis, J. A., Gauthier, L., Hayer, J., Koch, H., . . . Dainat, B. (2016). The 
Bee Microbiome: Impact on Bee Health and Model for Evolution and Ecology of Host-Microbe 
Interactions. mBio, 7(2), e02164-02115. https://doi.org/10.1128/mbio.02164-15  

Engel, P., Martinson, V. G., & Moran, N. A. (2012). Functional diversity within the simple gut 
microbiota of the honey bee. Proceedings of the National Academy of Sciences, 109(27), 11002-
11007. https://doi.org/10.1073/pnas.1202970109  

Estoup, A., Solignac, M., & Cornuet, J.-m. (1994). Precise assessment of the number of patrilines and of 
genetic relatedness in honeybee colonies. Proceedings of the Royal Society of London. Series B: 
Biological Sciences, 258(1351), 1-7. https://doi.org/10.1098/rspb.1994.0133  

Falconer, D. S. (1960). Introduction to Quantitative Genetics. The Ronald Press Company.  
Ferguson, L. V., Dhakal, P., Lebenzon, J. E., Heinrichs, D. E., Bucking, C., & Sinclair, B. J. (2018). 

Seasonal shifts in the insect gut microbiome are concurrent with changes in cold tolerance and 
immunity. Functional Ecology, 32(10), 2357-2368. https://doi.org/10.1111/1365-2435.13153  

Floyd, R., Prosser, S., & Jafarpour, S. (2023). DNA barcoding on Oxford Nanopore: multiplexing up to 
24 x 96-well plates. protocols.io. dx.doi.org/10.17504/protocols.io.rm7vzx6n4gx1/v1  

Foster, J. A., Baker, G. B., & Dursun, S. M. (2021). The Relationship Between the Gut Microbiome-
Immune System-Brain Axis and Major Depressive Disorder. Frontiers in Neurology, 12, 721126. 
https://doi.org/10.3389/fneur.2021.721126  

French, S. K., Pepinelli, M., Conflitti, I. M., Jamieson, A., Higo, H., Common, J., Walsh, E. M., Bixby, 
M., Guarna, M. M., Pernal, S. F., Hoover, S. E., Currie, R. W., Giovenazzo, P., Guzman-Novoa, 
E., Borges, D., Foster, L. J., & Zayed, A. (2024). Honey bee stressor networks are complex and 
dependent on crop and region. Current Biology, 34, 1-11. 
https://doi.org/10.1016/j.cub.2024.03.039  

Gempe, T., & Beye, M. (2011). Function and evolution of sex determination mechanisms, genes and 
pathways in insects. BioEssays, 33(1), 52-60. https://doi.org/10.1002/bies.201000043  

Geuking, M. B., Köller, Y., Rupp, S., & McCoy, K. D. (2014). The interplay between the gut microbiota 
and the immune system. Gut Microbes, 5(3), 411-418. https://doi.org/10.4161/gmic.29330  

Grieneisen, L., Dasari, M., Gould, T. J., Björk, J. R., Grenier, J.-C., Yotova, V., Jansen, D., Gottel, N., 
Gordon, J. B., Learn, N. H., Gesquiere, L. R., Wango, T. L., Mututua, R. S., Warutere, J. K., 
Siodi, L. i., Gilbert, J. A., Barreiro, L. B., Alberts, S. C., Tung, J., . . . Blekhman, R. (2021). Gut 

https://doi.org/10.1177/0884533615609899
https://doi.org/10.3389/fmicb.2016.01357
https://doi.org/10.1038/nature12820
https://doi.org/10.7554/eLife.75419
https://doi.org/10.1016/j.envpol.2022.120340
https://doi.org/10.3390/insects12040301
https://doi.org/10.1128/mbio.02164-15
https://doi.org/10.1073/pnas.1202970109
https://doi.org/10.1098/rspb.1994.0133
https://doi.org/10.1111/1365-2435.13153
https://doi.org/10.3389/fneur.2021.721126
https://doi.org/10.1016/j.cub.2024.03.039
https://doi.org/10.1002/bies.201000043
https://doi.org/10.4161/gmic.29330


 

 30 

microbiome heritability is nearly universal but environmentally contingent. Science, 373(6551), 
181-186. https://doi.org/10.1126/science.aba5483  

Hacquard, S., Garrido-Oter, R., González, A., Spaepen, S., Ackermann, G., Lebeis, S., McHardy, A. C., 
Dangl, J. L., Knight, R., Ley, R., & Schulze-Lefert, P. (2015). Microbiota and Host Nutrition 
across Plant and Animal Kingdoms. Cell Host & Microbe, 17(5), 603-616. 
https://doi.org/10.1016/j.chom.2015.04.009  

Hebert, P. D., Floyd, R., Jafarpour, S., & Prosser, S. W. (2023). Barcode 100K Specimens: In a Single 
Nanopore Run. bioRxiv. https://doi.org/10.1101/2023.11.29.569282  

Horak, R. D., Leonard, S. P., & Moran, N. A. (2020). Symbionts shape host innate immunity in 
honeybees. Proceedings of the Royal Society B: Biological Sciences, 287(1933), 20201184. 
https://doi.org/10.1098/rspb.2020.1184  

Janashia, I., Choiset, Y., Rabesona, H., Hwanhlem, N., Bakuradze, N., Chanishvili, N., & Haertlé, T. 
(2016). Protection of honeybee Apis mellifera by its endogenous and exogenous lactic flora 
against bacterial infections. Annals of Agrarian Science, 14(3), 177-181. 
https://doi.org/10.1016/j.aasci.2016.07.002  

Jiang, H.-y., Zhang, X., Yu, Z.-h., Zhang, Z., Deng, M., Zhao, J.-h., & Ruan, B. (2018). Altered gut 
microbiota profile in patients with generalized anxiety disorder. Journal of Psychiatric Research, 
104, 130-136. https://doi.org/10.1016/j.jpsychires.2018.07.007  

Jones, D. N., Ravelomanantsoa, N. A. F., Yeoman, C. J., Plowright, R. K., & Brook, C. E. (2022). Do 
gastrointestinal microbiomes play a role in bats’ unique viral hosting capacity? Trends in 
Microbiology, 30(7), 632-642. https://doi.org/10.1016/j.tim.2021.12.009  

Jones, O. R., & Wang, J. (2010). COLONY: a program for parentage and sibship inference from 
multilocus genotype data. Molecular Ecology Resources, 10(3), 551-555. 
https://doi.org/10.1111/j.1755-0998.2009.02787.x  

Kakumanu, M. L., Reeves, A. M., Anderson, T. D., Rodrigues, R. R., & Williams, M. A. (2016). Honey 
Bee Gut Microbiome Is Altered by In-Hive Pesticide Exposures. Frontiers in Microbiology, 7, 
1255. https://doi.org/10.3389/fmicb.2016.01255  

Kešnerová, L., Emery, O., Troilo, M., Liberti, J., Erkosar, B., & Engel, P. (2020). Gut microbiota 
structure differs between honeybees in winter and summer. The ISME Journal, 14(3), 801-814. 
https://doi.org/10.1038/s41396-019-0568-8  

Khan, S., Somerville, D., Frese, M., & Nayudu, M. (2020). Environmental gut bacteria in European 
honey bees (Apis mellifera) from Australia and their relationship to the chalkbrood disease. PLOS 
ONE, 15(8), e0238252. https://doi.org/10.1371/journal.pone.0238252  

Kolmes, S. A., Winston, M. L., & Fergusson, L. A. (1989). The Division of Labor among Worker Honey 
Bees (Hymenoptera: Apidae): The Effects of Multiple Patrilines. Journal of the Kansas 
Entomological Society, 62(1), 80-95. https://www.jstor.org/stable/pdf/25085053.pdf  

Krehenwinkel, H., Pomerantz, A., Henderson, J. B., Kennedy, S. R., Lim, J. Y., Swamy, V., Shoobridge, 
J. D., Graham, N., Patel, N. H., Gillespie, R. G., & Prost, S. (2019). Nanopore sequencing of long 
ribosomal DNA amplicons enables portable and simple biodiversity assessments with high 
phylogenetic resolution across broad taxonomic scale. GigaScience, 8(5). 
https://doi.org/10.1093/gigascience/giz006  

Kurilshikov, A., Wijmenga, C., Fu, J., & Zhernakova, A. (2017). Host Genetics and Gut Microbiome: 
Challenges and Perspectives. Trends in Immunology, 38(9), 633-647. 
https://doi.org/10.1016/j.it.2017.06.003  

Kwong, W. K., Mancenido, A. L., & Moran, N. A. (2017). Immune system stimulation by the native gut 
microbiota of honey bees. Royal Society Open Science, 4(2), 170003. 
https://doi.org/10.1098/rsos.170003  

Kwong, W. K., & Moran, N. A. (2016). Gut microbial communities of social bees. Nature Reviews 
Microbiology, 14(6), 374-384. https://doi.org/10.1038/nrmicro.2016.43  

Laloi, D., & Pham-Delegue, M.-H. (2010). Patriline-level variability in olfactory learning in the honey 
bee. Apidologie, 41(4), 436-442. https://doi.org/10.1051/apido/2009080  

https://doi.org/10.1126/science.aba5483
https://doi.org/10.1016/j.chom.2015.04.009
https://doi.org/10.1101/2023.11.29.569282
https://doi.org/10.1098/rspb.2020.1184
https://doi.org/10.1016/j.aasci.2016.07.002
https://doi.org/10.1016/j.jpsychires.2018.07.007
https://doi.org/10.1016/j.tim.2021.12.009
https://doi.org/10.1111/j.1755-0998.2009.02787.x
https://doi.org/10.3389/fmicb.2016.01255
https://doi.org/10.1038/s41396-019-0568-8
https://doi.org/10.1371/journal.pone.0238252
https://www.jstor.org/stable/pdf/25085053.pdf
https://doi.org/10.1093/gigascience/giz006
https://doi.org/10.1016/j.it.2017.06.003
https://doi.org/10.1098/rsos.170003
https://doi.org/10.1038/nrmicro.2016.43
https://doi.org/10.1051/apido/2009080


 

 31 

Lang, H., Duan, H., Wang, J., Zhang, W., Guo, J., Zhang, X., Hu, X., & Zheng, H. (2022). Specific 
Strains of Honeybee Gut <i>Lactobacillus</i> Stimulate Host Immune System to Protect against 
Pathogenic Hafnia alvei. Microbiology Spectrum, 10(1). https://doi.org/10.1128/spectrum.01896-
21  

Lynch, M., & Walsh, B. (1998). Genetics and Analysis of Quantitative Traits Sinauer Sunderland.  
Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. 

EMBnet.journal, 17(1), 10. https://doi.org/10.14806/ej.17.1.200  
Martin, W. F., Garg, S., & Zimorski, V. (2015). Endosymbiotic theories for eukaryote origin. 

Philosophical Transactions of the Royal Society B: Biological Sciences, 370(1678), 20140330. 
https://doi.org/10.1098/rstb.2014.0330  

Martinson, V. G., Moy, J., & Moran, N. A. (2012). Establishment of Characteristic Gut Bacteria during 
Development of the Honeybee Worker. Applied and Environmental Microbiology, 78(8), 2830-
2840. https://doi.org/10.1128/aem.07810-11  

Mattila, H. R., & Seeley, T. D. (2011). Does a polyandrous honeybee queen improve through patriline 
diversity the activity of her colony’s scouting foragers? Behavioral Ecology and Sociobiology, 
65(4), 799-811. https://doi.org/10.1007/s00265-010-1083-0  

Messiaen, M., Janssen, C. R., Thas, O., & De Schamphelaere, K. A. C. (2012). The potential for 
adaptation in a natural Daphnia magna population: broad and narrow-sense heritability of net 
reproductive rate under Cd stress at two temperatures. Ecotoxicology, 21(7), 1899-1910. 
https://doi.org/10.1007/s10646-012-0923-2  

Mockler, P., & Tardif, C. (2015). The Importance of Bee Health to Sustainable Food Production in 
Canada. Ontario: Senate of Canada 

Moran, N. A., Hansen, A. K., Powell, J. E., & Sabree, Z. L. (2012). Distinctive Gut Microbiota of Honey 
Bees Assessed Using Deep Sampling from Individual Worker Bees. PLOS ONE, 7(4), e36393. 
https://doi.org/10.1371/journal.pone.0036393  

Moritz, R. F. A., & Heisler, T. (1992). Super and half-sister discrimination by honey bee workers (Apis 
mellifera L.) in a trophallactic bioassay. Insectes Sociaux, 39(4), 365-372. 
https://doi.org/10.1007/bf01240621  

Motta, E. V. S., De Jong, T. K., Gage, A., Edwards, J. A., & Moran, N. A. (2024). Glyphosate effects on 
growth and biofilm formation in bee gut symbionts and diverse associated bacteria. Applied and 
Environmental Microbiology, 90(8). https://doi.org/10.1128/aem.00515-24  

Motta, E. V. S., & Moran, N. A. (2020). Impact of Glyphosate on the Honey Bee Gut Microbiota: Effects 
of Intensity, Duration, and Timing of Exposure. mSystems, 5(4), e00268-00220. 
https://doi.org/10.1128/mSystems.00268-20  

Motta, E. V. S., & Moran, N. A. (2024). The honeybee microbiota and its impact on health and disease. 
Nature Reviews Microbiology, 22(3), 122-137. https://doi.org/10.1038/s41579-023-00990-3  

Mu, C., Yang, Y., & Zhu, W. (2016). Gut Microbiota: The Brain Peacekeeper. Frontiers in Microbiology, 
7, 345. https://doi.org/10.3389/fmicb.2016.00345  

Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., González, A., Fontana, L., Henrissat, B., 
Knight, R., & Gordon, J. B. (2011). Diet Drives Convergence in GutMicrobiome Functions 
Across Mammalian Phylogeny and Within Humans. Science, 332(6032), 970-974. 
https://doi.org/10.1126/science.1198719  

Nayak, S. K. (2010). Role of gastrointestinal microbiota in fish. Aquaculture Research, 41(11), 1553-
1573. https://doi.org/10.1111/j.1365-2109.2010.02546.x  

Ojeda, J., Ávila, A., & Vidal, P. M. (2021). Gut Microbiota Interaction with the Central Nervous System 
throughout Life. Journal of Clinical Medicine, 10(6), 1299. https://doi.org/10.3390/jcm10061299  

Paris, L., Peghaire, E., Moné, A., Diogon, M., Debroas, D., Delbac, F., & El Alaoui, H. (2020). Honeybee 
gut microbiota dysbiosis in pesticide/parasite co-exposures is mainly induced by. Journal of 
Invertebrate Pathology, 172. https://doi.org/10.1016/j.jip.2020.107348  

Parks, B. W., Nam, E., Org, E., Kostem, E., Norheim, F., Hui, S. T., Pan, C., Civelek, M., Rau, C. D., 
Bennett, B. J., Mehrabian, M., Ursell, L. K., He, A., Castellani, L. W., Zinker, B., Kirby, M., 

https://doi.org/10.1128/spectrum.01896-21
https://doi.org/10.1128/spectrum.01896-21
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1098/rstb.2014.0330
https://doi.org/10.1128/aem.07810-11
https://doi.org/10.1007/s00265-010-1083-0
https://doi.org/10.1007/s10646-012-0923-2
https://doi.org/10.1371/journal.pone.0036393
https://doi.org/10.1007/bf01240621
https://doi.org/10.1128/aem.00515-24
https://doi.org/10.1128/mSystems.00268-20
https://doi.org/10.1038/s41579-023-00990-3
https://doi.org/10.3389/fmicb.2016.00345
https://doi.org/10.1126/science.1198719
https://doi.org/10.1111/j.1365-2109.2010.02546.x
https://doi.org/10.3390/jcm10061299
https://doi.org/10.1016/j.jip.2020.107348


 

 32 

Drake, T. A., Drevon, C. A., Knight, R., . . . Lusis, A. J. (2013). Genetic Control of Obesity and 
Gut Microbiota Composition in Response to High-Fat, High-Sucrose Diet in Mice. Cell 
Metabolism, 17(1), 141-152. https://doi.org/10.1016/j.cmet.2012.12.007  

Ponsuksili, S., Oster, M., Reyer, H., Hadlich, F., Trakooljul, N., Rodehutscord, M., Camarinha-Silva, A., 
Bennewitz, J., & Wimmers, K. (2021). Genetic regulation and heritability of miRNA and mRNA 
expression link to phosphorus utilization and gut microbiome. Open Biology, 11(2), 200182. 
https://doi.org/10.1098/rsob.200182  

Powell, J. E., Lau, P., Rangel, J., Arnott, R., De Jong, T., & Moran, N. A. (2023). The microbiome and 
gene expression of honey bee workers are affected by a diet containing pollen substitutes. PLOS 
ONE, 18(5), e0286070. https://doi.org/10.1371/journal.pone.0286070  

Powell, J. E., Martinson, V. G., Urban-Mead, K., & Moran, N. A. (2014). Routes of Acquisition of the 
Gut Microbiota of the Honey Bee Apis mellifera. Applied and Environmental Microbiology, 
80(23), 7378-7387. https://doi.org/10.1128/aem.01861-14  

Raymann, K., & Moran, N. A. (2018). The role of the gut microbiome in health and disease of adult 
honey bee workers. Current Opinion in Insect Science, 26, 97-104. 
https://doi.org/10.1016/j.cois.2018.02.012  

Richardson, R. T. (2022). Controlling critical mistag‐associated false discoveries in metagenetic data. 
Methods in Ecology and Evolution, 13(5), 938-944. https://doi.org/10.1111/2041-210x.13838  

Richardson, R. T., Conflitti, I. M., Labuschagne, R. S., Hoover, S. E., Currie, R. W., Giovenazzo, P., 
Guarna, M. M., Pernal, S. F., Foster, L. J., & Zayed, A. (2023). Land use changes associated with 
declining honey bee health across temperate North America. Environmental Research Letters, 
18(6), 064042. https://doi.org/10.1088/1748-9326/acd867  

Ricigliano, V. A., Fitz, W., Copeland, D. C., Mott, B. M., Maes, P., Floyd, A. S., Dockstader, A., & 
Anderson, K. E. (2017). The impact of pollen consumption on honey bee (Apis mellifera) 
digestive physiology and carbohydrate metabolism. Archives of Insect Biochemistry and 
Physiology, 96(2), e21406. https://doi.org/10.1002/arch.21406  

Ricigliano, V. A., Williams, S. T., & Oliver, R. (2022). Effects of different artificial diets on commercial 
honey bee colony performance, health biomarkers, and gut microbiota. BMC Veterinary 
Research, 18(1). https://doi.org/10.1186/s12917-022-03151-5  

Romero, S., Nastasa, A., Chapman, A., Kwong, W. K., & Foster, L. J. (2019). The honey bee gut 
microbiota: strategies for study and characterization. Insect Molecular Biology, 28(4), 455-472. 
https://doi.org/10.1111/imb.12567  

Rooks, M. G., & Garrett, W. S. (2016). Gut microbiota, metabolites and host immunity. Nature Reviews 
Immunology, 16(6), 341-352. https://doi.org/10.1038/nri.2016.42  

Rouzé, R., Moné, A., Delbac, F., Belzunces, L., & Blot, N. (2019). The Honeybee Gut Microbiota Is 
Altered after Chronic Exposure to Different Families of Insecticides and Infection by Nosema 
ceranae</i&gt. Microbes and Environments, 34(3), 226-233. 
https://doi.org/10.1264/jsme2.me18169  

Ryu, E. P., & Davenport, E. R. (2022). Host Genetic Determinants of the Microbiome Across Animals: 
From <i>Caenorhabditis elegans</i> to Cattle. Annual Review of Animal Biosciences, 10(1), 203-
226. https://doi.org/10.1146/annurev-animal-020420-032054  

Sanidad, K. Z., & Zeng, M. Y. (2020). Neonatal gut microbiome and immunity. Current Opinion in 
Microbiology, 56, 30-37. https://doi.org/10.1016/j.mib.2020.05.011  

Schloss, P. D. (2024). Rarefaction is currently the best approach to control for uneven sequencing effort 
in amplicon sequence analyses. mSphere, 9(2). https://doi.org/10.1128/msphere.00354-23  

Shaibi, T., Lattorff, H. M. G., & Moritz, R. F. A. (2008). A microsatellite DNA toolkit for studying 
population structure in Apis mellifera. Molecular Ecology Resources, 8(5), 1034-1036. 
https://doi.org/10.1111/j.1755-0998.2008.02146.x  

Shanahan, F., Ghosh, T. S., & O’Toole, P. W. (2021). The Healthy Microbiome—What Is the Definition 
of a Healthy Gut Microbiome? Gastroenterology, 160, 483–494. 
https://doi.org/10.1053/j.gastro.2020.09.057  

https://doi.org/10.1016/j.cmet.2012.12.007
https://doi.org/10.1098/rsob.200182
https://doi.org/10.1371/journal.pone.0286070
https://doi.org/10.1128/aem.01861-14
https://doi.org/10.1016/j.cois.2018.02.012
https://doi.org/10.1111/2041-210x.13838
https://doi.org/10.1088/1748-9326/acd867
https://doi.org/10.1002/arch.21406
https://doi.org/10.1186/s12917-022-03151-5
https://doi.org/10.1111/imb.12567
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1264/jsme2.me18169
https://doi.org/10.1146/annurev-animal-020420-032054
https://doi.org/10.1016/j.mib.2020.05.011
https://doi.org/10.1128/msphere.00354-23
https://doi.org/10.1111/j.1755-0998.2008.02146.x
https://doi.org/10.1053/j.gastro.2020.09.057


 

 33 

Sharon, G., Sampson, T. R., Geschwind, D. H., & Mazmanian, S. K. (2016). The Central Nervous System 
and the Gut Microbiome. Cell, 167(4), 915-932. https://doi.org/10.1016/j.cell.2016.10.027  

Snedden, C. L., Roux, C. Z., & Verryn, S. D. (2007). Broad- and narrow-sense heritabilities in a South 
African cloned open-pollinated Eucalyptus grandis breeding population. Southern Hemisphere 
Forestry Journal, 69(2), 81-90. https://doi.org/10.2989/shfj.2007.69.2.2.288  

Stankevic, E., Kern, T., Borisevich, D., Poulsen, C. S., Madsen, A. L., Hansen, T. H., Jonsson, A., 
Schubert, M., Nygaard, N., Nielsen, T., Belstrøm, D., Ahluwalia, T. S., Witte, D. R., Grarup, N., 
Arumugam, M., Pedersen, O., & Hansen, T. (2024). Genome-wide association study identifies 
host genetic variants influencing oral microbiota diversity and metabolic health. Scientific 
Reports, 14(1). https://doi.org/10.1038/s41598-024-65538-8  

Suchodolski, J. S. (2018). Gut Brain Axis and Its Microbiota Regulation in Mammals and Birds. 
Veterinary Clinics of North America: Exotic Animal Practice, 21(1), 159-167. 
https://doi.org/10.1016/j.cvex.2017.08.007  

Sumich, A., Heym, N., Lenzoni, S., & Hunter, K. (2022). Gut microbiome-brain axis and inflammation in 
temperament, personality and psychopathology. Current Opinion in Behavioral Sciences, 44, 
101101. https://doi.org/10.1016/j.cobeha.2022.101101  

Syromyatnikov, M. Y., Isuwa, M. M., Savinkova, O. V., Derevshchikova, M. I., & Popov, V. N. (2020). 
The Effect of Pesticides on the Microbiome of Animals. Agriculture, 10(3), 79. 
https://doi.org/10.3390/agriculture10030079  

Tanoue, T., Umesaki, Y., & Honda, K. (2010). Immune responses to gut microbiota-commensals and 
pathogens. Gut Microbes, 1(4), 224-233. https://doi.org/10.4161/gmic.1.4.12613  

Trompette, A., Gollwitzer, E. S., Yadava, K., Sichelstiel, A. K., Sprenger, N., Ngom-Bru, C., Blanchard, 
C., Junt, T., Nicod, L. P., Harris, N. L., & Marsland, B. J. (2014). Gut microbiota metabolism of 
dietary fiber influences allergic airway disease and hematopoiesis. Nature Medicine, 20(2), 159-
166. https://doi.org/10.1038/nm.3444  

Tsvetkov, N., Bahia, S., Calla, B., Berenbaum, M. R., & Zayed, A. (2023). Genetics of tolerance in 
honeybees to the neonicotinoid clothianidin. iScience, 26(3), 106084. 
https://doi.org/10.1016/j.isci.2023.106084  

Vernier, C. L., Chin, I. M., Adu-Oppong, B., Krupp, J. J., Levine, J., Dantas, G., & Ben-Shahar, Y. 
(2020). The gut microbiome defines social group membership in honey bee colonies. Science 
Advances, 6(42), eabd3431. https://doi.org/10.1126/sciadv.abd3431  

Vuong, H. E., Pronovost, G. N., Williams, D. W., Coley, E. J. L., Siegler, E. L., Qiu, A., Kazantsev, M., 
Wilson, C. J., Rendon, T., & Hsiao, E. Y. (2020). The maternal microbiome modulates fetal 
neurodevelopment in mice. Nature, 586, 281–286. https://doi.org/10.1038/s41586-020-2745-3  

Wang, K., Li, J., Zhao, L., Mu, X., Wang, C., Wang, M., Xue, X., Qi, S., & Wu, L. (2021). Gut 
microbiota protects honey bees (Apis mellifera L.) against polystyrene microplastics exposure 
risks. Journal of Hazardous Materials, 402, 123828. 
https://doi.org/10.1016/j.jhazmat.2020.123828  

Wang, X., Zhang, X., Zhang, Z., Lang, H., & Zheng, H. (2018). Honey bee as a model organism to study 
gut microbiota and diseases. Drug Discovery Today: Disease Models, 28, 5-42. 
https://doi.org/10.1016/j.ddmod.2019.08.010  

Wang, Y., Vik, J. O., Omholt, S. W., & Gjuvsland, A. B. (2013). Effect of Regulatory Architecture on 
Broad versus Narrow Sense Heritability. PLoS Computational Biology, 9(5), e1003053. 
https://doi.org/10.1371/journal.pcbi.1003053  

Winston, M. L. (1991). The Biology of the Honey Bee  [Book]. First Harvard University Press. 
https://books.google.ca/books?hl=en&lr=&id=-
5iobWHLtAQC&oi=fnd&pg=PA1&ots=KYYwl67cmK&sig=kY1kABesJn73vatvdQP4hX1Ry1
Q&redir_esc=y#v=onepage&q&f=false  

Withrow, J. M., & Tarpy, D. R. (2018). Cryptic “royal” subfamilies in honey bee (Apis mellifera) 
colonies. PLOS ONE, 13(7), e0199124. https://doi.org/10.1371/journal.pone.0199124  

https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.2989/shfj.2007.69.2.2.288
https://doi.org/10.1038/s41598-024-65538-8
https://doi.org/10.1016/j.cvex.2017.08.007
https://doi.org/10.1016/j.cobeha.2022.101101
https://doi.org/10.3390/agriculture10030079
https://doi.org/10.4161/gmic.1.4.12613
https://doi.org/10.1038/nm.3444
https://doi.org/10.1016/j.isci.2023.106084
https://doi.org/10.1126/sciadv.abd3431
https://doi.org/10.1038/s41586-020-2745-3
https://doi.org/10.1016/j.jhazmat.2020.123828
https://doi.org/10.1016/j.ddmod.2019.08.010
https://doi.org/10.1371/journal.pcbi.1003053
https://books.google.ca/books?hl=en&lr=&id=-5iobWHLtAQC&oi=fnd&pg=PA1&ots=KYYwl67cmK&sig=kY1kABesJn73vatvdQP4hX1Ry1Q&redir_esc=y#v=onepage&q&f=false
https://books.google.ca/books?hl=en&lr=&id=-5iobWHLtAQC&oi=fnd&pg=PA1&ots=KYYwl67cmK&sig=kY1kABesJn73vatvdQP4hX1Ry1Q&redir_esc=y#v=onepage&q&f=false
https://books.google.ca/books?hl=en&lr=&id=-5iobWHLtAQC&oi=fnd&pg=PA1&ots=KYYwl67cmK&sig=kY1kABesJn73vatvdQP4hX1Ry1Q&redir_esc=y#v=onepage&q&f=false
https://doi.org/10.1371/journal.pone.0199124


 

 34 

Wu, J., Lang, H., Mu, X., Zhang, Z., Su, Q., Hu, X., & Zheng, H. (2021). Honey bee genetics shape the 
strain-level structure of gut microbiota in social transmission [Journal Article]. Microbiome, 9, 
225. https://doi.org/10.1186/s40168-021-01174-y  

Wu, T., Han, B., Wang, X., Tong, Y., Liu, F., Diao, Q., & Dai, P. (2022). Chlorothalonil alters the gut 
microbiota and reduces the survival of immature honey bees reared in vitro. Pest Management 
Science, 78(5), 1976-1981. https://doi.org/10.1002/ps.6816  

Wu, Y., Zheng, Y., Chen, Y., Wang, S., Chen, Y., Hu, F., & Zheng, H. (2020). Honey bee (Apis 
mellifera) gut microbiota promotes host endogenous detoxification capability via regulation of 
P450 gene expression in the digestive tract. Microbial Biotechnology, 13(4), 1201-1212. 
https://doi.org/10.1111/1751-7915.13579  

Xu, F., Fu, Y., Sun, T.-Y., Jiang, Z., Miao, Z., Shuai, M., Gou, W., Ling, C.-W., Yang, J., Wang, J., 
Chen, Y.-M., & Zheng, J.-S. (2020). The interplay between host genetics and the gut microbiome 
reveals common and distinct microbiome features for complex human diseases. Microbiome, 
8(1). https://doi.org/10.1186/s40168-020-00923-9  

Xu, Z., & Knight, R. (2015). Dietary effects on human gut microbiome diversity. British Journal of 
Nutrition, 113(S1), S1-S5. https://doi.org/10.1017/s0007114514004127  

Ye, M.-H., Fan, S.-H., Li, X.-Y., Tarequl, I. M., Yan, C.-X., Wei, W.-H., Yang, S.-M., & Zhou, B. 
(2021). Microbiota dysbiosis in honeybee (Apis mellifera) larvae infected with brood diseases 
and foraging bees exposed to agrochemicals. Royal Society Open Science, 8(1), 201805. 
https://doi.org/10.1098/rsos.201805  

Zhang, Z., Mu, X., Cao, Q., Shi, Y., Hu, X., & Zheng, H. (2022). Honeybee gut Lactobacillus modulates 
host learning and memory behaviors via regulating tryptophan metabolism. Nature 
Communications, 13(1). https://doi.org/10.1038/s41467-022-29760-0  

Zheng, D., Liwinski, T., & Elinav, E. (2020). Interaction between microbiota and immunity in health and 
disease. Cell Research, 30(6), 492-506. https://doi.org/10.1038/s41422-020-0332-7  

Zheng, H., Nishida, A., Kwong, W. K., Koch, H., Engel, P., Steele, M. I., & Moran, N. A. (2016). 
Metabolism of Toxic Sugars by Strains of the Bee Gut Symbiont Gilliamella apicola. mBio, 7(6), 
e01326-01316. https://doi.org/10.1128/mbio.01326-16  

Zheng, H., Perreau, J., Powell, J. E., Han, B., Zhang, Z., Kwong, W. K., Tringe, S. G., & Moran, N. A. 
(2019). Division of labor in honey bee gut microbiota for plant polysaccharide digestion. 
Proceedings of the National Academy of Sciences, 116(51), 25909-25916. 
https://doi.org/10.1073/pnas.1916224116  

Zheng, H., Steele, M. I., Leonard, S. P., Motta, E. V. S., & Moran, N. A. (2018). Honey bees as models 
for gut microbiota research. Lab Animal, 47(11), 317-325. https://doi.org/10.1038/s41684-018-
0173-x  

Zhu, L., Liu, W., Alkhouri, R., Baker, R. D., Bard, J. E., Quigley, E. M., & Baker, S. S. (2014). Structural 
changes in the gut microbiome of constipated patients. Physiological Genomics, 46(18), 679-686. 
https://doi.org/10.1152/physiolgenomics.00082.2014  

 

  

https://doi.org/10.1186/s40168-021-01174-y
https://doi.org/10.1002/ps.6816
https://doi.org/10.1111/1751-7915.13579
https://doi.org/10.1186/s40168-020-00923-9
https://doi.org/10.1017/s0007114514004127
https://doi.org/10.1098/rsos.201805
https://doi.org/10.1038/s41467-022-29760-0
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1128/mbio.01326-16
https://doi.org/10.1073/pnas.1916224116
https://doi.org/10.1038/s41684-018-0173-x
https://doi.org/10.1038/s41684-018-0173-x
https://doi.org/10.1152/physiolgenomics.00082.2014


 

 35 

Appendix A: List of Supplementary Tables 

 

All supplementary tables are available in the additional Supplementary Materials file.  

 

Table S1. List of primers and sequences used for microsatellite genotyping at 11 loci for patriline 

assignment. 

Table S2. Optimized PCR reaction conditions for amplification of target microsatellite loci. 

Table S3. Poolplex volumes for microsatellite PCR product. 

Table S4. Allele table for 250 diploid honey bee workers in Colony A12 determined by fragment analysis 

at 10 microsatellite loci. 

Table S5. Allele table for 250 diploid honey bee workers in Colony A18 determined by fragment analysis 

at 10 microsatellite loci. 

Table S6. Haplotype distribution across offspring for 18 paternal lineages in Colony A12. 

Table S7. Haplotype distribution across offspring for 23 paternal lineages in Colony A18. 

Table S8. List of primers and unique molecular identifiers (UMIs) used of V4 amplification and 

multiplexing of 250 honey bee workers per colony for 16s rRNA gene sequencing. 

Table S9. List of 38 bacterial families and 66 bacterial genera identified across 500 honey bee hindguts 

from 16s rRNA gene sequencing. 

Table S10. Average relative abundance of bacterial genera in 28 patrilines across 2 colonies. 

Table S11. Average relative abundance of bacterial families in 28 patrilines across 2 colonies. 

Table S12. Broad sense heritability of Shannon diversity of bacterial genera and families in honey bees 

from two colonies. 
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Appendix B: List of Supplementary Figures 

 

All supplementary figures are available in the additional Supplementary Materials file.  

 

Figure S1. Offspring distribution of 500 genotyped worker bees across patrilines in two honey bee 

colonies. 

 


