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Abstract 

The western honeybee, Apis mellifera, depends heavily on proper nutrition during 

overwintering, when colonies survive entirely on stored food resources. Many beekeepers 

replace natural honey with sugar-based feeds, but the effects of these diets on the honeybee gut 

microbiome are still not fully understood. This study investigated how different overwintering 

diets, including honey, sugar syrup, and a mixed honey-sugar diet, affect the gut microbiome 

of worker honeybees, with a special focus on the ileum, an important but understudied gut 

region. Worker bees were collected from three dietary treatment groups in Västra Götaland, 

Sweden, during early spring 2025. Ileal samples were dissected under sterile conditions, and 

full-length 16S rRNA gene sequencing was performed using Oxford Nanopore MinION 

technology to improve bacterial identification. Microbial diversity and bacterial composition 

were analyzed using taxonomic and statistical approaches. The results showed that core 

bacterial genera such as Gilliamella, Lactobacillus, and Snodgrassella were present in all 

dietary groups, indicating that the honeybee gut microbiome remained generally stable during 

overwintering. Bees fed with honey showed slightly higher microbial diversity compared with 

bees fed sugar or mixed diets. Some differences in the abundance of certain bacterial taxa were 

also observed between dietary treatments. Comparisons between the ileum and rectum revealed 

similar dominant bacterial groups, although the rectum contained greater bacterial abundance 

and variation. Overall, the study suggests that the overwintering diet can influence the balance 

and diversity of gut bacteria, while the core microbiome of honeybees remains relatively 

resilient under different feeding conditions. 
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Popular scientific summary 

Honeybees are very important for nature and farming because they help pollinate flowers, fruits, 

and crops. Many plants depend on honeybees to grow and reproduce, which makes bees 

essential for food production and biodiversity. During winter, honeybees cannot collect nectar 

and pollen from flowers because of the cold weather. Instead, they survive by eating food stored 

inside the hive. Normally, this food is honey, which contains not only sugar for energy but also 

vitamins, minerals, antioxidants, and other natural compounds that may help keep bees healthy. 

However, many beekeepers replace honey with sugar syrup after harvesting honey from the 

hive. Although sugar syrup provides energy, it does not contain the same nutrients as natural 

honey. Scientists are therefore interested in understanding how these different winter diets 

affect honeybee health. 

One important part of honeybee health is the gut microbiome. The gut microbiome is a group 

of bacteria living inside the digestive system of bees. These bacteria help bees digest food, 

absorb nutrients, fight harmful microbes, and support their immune system. Previous research 

has shown that diet can affect these bacteria, but most studies focused on the whole gut or the 

rectum. Very little research has examined the ileum, another important part of the bee gut where 

many helpful bacteria live. 

This study aimed to investigate how different winter diets affect the gut bacteria of worker 

honeybees, especially in the ileum. The study compared three feeding groups: bees fed natural 

honey, bees fed sugar syrup, and bees fed a mixture of honey and sugar syrup. Worker bees 

were collected in spring 2025 from bee colonies in Västra Götaland, Sweden. The ileum and 

rectum were carefully removed in the laboratory, and the bacterial DNA was analyzed using a 

modern sequencing method called Oxford Nanopore sequencing. This method allows scientists 

to identify bacteria more accurately than older methods. 

The results showed that the main types of gut bacteria remained similar in all feeding groups. 

Important bacteria such as Gilliamella, Lactobacillus, and Snodgrassella were found in bees 

from all diets. This suggests that the honeybee gut microbiome is quite stable and can resist 

major changes even when bees are fed different foods during winter. However, some smaller 

differences were observed. Bees that were fed honey had slightly higher bacterial diversity, 

meaning they had a wider variety of gut bacteria compared with bees fed sugar syrup or mixed 

diets. This may be because honey contains more natural nutrients that support bacterial growth. 

The study also compared bacteria in the ileum and rectum. Both gut regions contained many of 

the same important bacteria, but the rectum generally had more bacteria and greater variation 

between bees. Bees fed the mixed diet showed some changes in bacterial balance, but these 

changes were not large enough to strongly disturb the overall microbiome. 

Overall, this study shows that a winter diet can influence the balance and diversity of bacteria 

inside honeybees, even though the main gut microbiome stays relatively stable. The findings 

improve our understanding of how bee nutrition affects gut health and may help beekeepers 

choose better feeding strategies to support healthy colonies during winter. 
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Background 

1. Introduction 
Pollinators play a crucial role in ecosystems and agricultural systems worldwide. Among these 
organisms, Apis mellifera, commonly referred to as the western honeybee, along with its 
subspecies, is considered one of the most important pollinating species. The pollination services 
provided by Apis mellifera are essential for maintaining many natural ecosystems and supporting 
agricultural productivity. Without these services, both ecosystems and the agricultural sector 
would experience significant negative impacts (Lamei et al., 2017). 
 
Apis mellifera has significant economic importance worldwide. Throughout history and in modern 
times, numerous products have been produced either directly from honeybees or with their 
assistance. Although honey is the product most commonly associated with honeybees and 
represents a major economic output, their role in pollination is even more critical for the 
agricultural sector. The economic value of Apis mellifera can be illustrated by estimates from the 
United States, where their pollination services contribute approximately 15 billion USD annually 
to agriculture (Lamei et al., 2017; Zheng et al., 2018). Honeybee colonies in temperate climates 
undergo a challenging annual cycle, with the winter period posing perhaps the greatest threat to 
colony survival. As temperatures drop and flowers disappear, bees cease foraging, brood rearing 
halts, and the colony becomes a closed system depending exclusively on stored resources (Döke 
et al., 2015; Mattila & Otis, 2006). Under natural conditions, these resources consist primarily of 
honey, a complex mixture of sugars, micronutrients, antioxidants, enzymes, and plant-derived 
bioactive compounds that support immune function, antioxidant defence, and general metabolic 
health (Brudzynski, 2013; Taha, 2015). 
 
However, many beekeepers harvest honey and substitute it with sucrose syrup, inverted syrup, 
or other processed sugar feeds. While these substitutes meet basic energy needs, they lack the 
nutritional complexity of natural honey. Prior research draws attention to the potential impacts 
of such dietary substitutions on bee physiology, immunity, and long-term colony success 
(Brodschneider & Crailsheim, 2010; Colwell et al., 2021). Early colonization of the gut microbiota 
can further influence immunity and disease susceptibility, demonstrating that interactions 
between diet, gut microbes, and host physiology begin early in development and have lasting 
effects (Schwarz et al., 2016). 
 
Given that overwintering success is a key determinant of colony viability and that nutrition is one 
of the few variables under direct beekeeper control, understanding how overwintering diets 
influence bee health and particularly the gut microbiome is of high importance. Previous research 
has shown that vitellogenin, a yolk precursor protein whose expression is closely linked to 
nutritional status, also plays a role in regulating immune responses and longevity in honeybees 
(Amdam et al., 2004). Furthermore, dietary composition has been shown to influence honeybee 
immunocompetence, with nutritionally diverse diets supporting stronger immune responses 
compared to more limited diets (Alaux et al., 2010). These findings suggest that nutritional inputs 
can influence physiological and immune-related traits that are relevant for honeybee survival, 
providing background context for studies investigating the effects of overwintering diets on bee 
health. 

2. The Honeybee Gut Microbiome 
2.1 Core Gut Flora and Their Functions 

The gut microbiome of the western honeybee (Apis mellifera) is remarkably simple compared 
with many other insects or mammals, yet highly specialized. It consists of relatively few, 
conserved bacterial taxa among them Gilliamella, Snodgrassella alvi, phylotypes from 
Lactobacillus Firm-4 and Firm-5, Bifidobacterium, Commensalibacter, and a few accessory taxa 
(Engel et al., 2012; Kwong & Moran, 2016). Despite its low taxonomic richness, this community 



6 
 

serves vital biological roles: digestion of complex polysaccharides, detoxification, immune 
modulation, protection against pathogens, and production of essential metabolites that contribute 
to host physiology (Lee et al., 2015; Raymann & Moran, 2018). 

 
2.2 Seasonal and Environmental Influences 
Although the honeybee gut microbiome is generally consistent across different locations and 
colonies, it remains responsive to environmental influences, with factors like diet, seasonal 
changes, and the colony’s condition causing notable variations (Maes et al., 2016). Specifically, as 
bees transition from the active foraging season into overwintering, their diet changes dramatically 
from frequent pollen and nectar consumption to reliance on stored honey or sugar syrup and their 
behavior shifts to cluster thermoregulation and minimal exit flights. Seasonal changes have been 
shown to influence the composition of the honeybee gut microbiota within colonies. Longitudinal 
studies conducted at the apiary level indicate that bacterial communities in the midgut and pyloric 
regions can shift over the course of a foraging season, reflecting changes in diet, environment, and 
colony activity (Ludvigsen et al., 2015). 
 
Recent research indicates that as bees enter the overwintering period, both the composition of 
their gut microbial communities and their associated metabolite profiles undergo coordinated 
changes. This suggests that shifts in diet may alter microbial metabolic pathways, which in turn 
could influence the bees’ physiological functions during winter (Rothman et al., 2023). 
 

A landmark study demonstrated that winter bees harbour significantly higher total bacterial loads 
than summer foragers or nurse bees, accompanied by a marked decrease in α‑diversity and a 
community dominated by Bartonella and Commensalibacter, with reduced representation of 
opportunistic and transient taxa (Kešnerová et al., 2019). These findings reveal a seasonal 
re‑structuring of the gut microbiome that likely reflects the unique physiological demands of 
winter. Other research indicates that the conditions associated with overwintering, including low 
temperatures, prolonged hive confinement, changes in defecation behavior, and reduced 
nutritional diversity led to pronounced alterations in the honeybee gut microbial community 
(Bleau et al., 2020). These findings highlight the importance of considering seasonal context when 
investigating gut microbiota composition, particularly during the overwintering phase. 

3. Dietary Effects on Microbiome and Bee Health 
3.1 Nutritional Quality: Honey vs. Sugar Syrups 

Natural honey offers far more than easily metabolizable sugars. It contains antioxidants, 
antimicrobial compounds, minor minerals, organic acids, and plant-derived secondary 
metabolites that may support immunity and gut health (Brudzynski, 2013; Taha, 2015). In 
contrast, sucrose syrup or high-fructose corn syrup (HFCS) provide predominantly simple sugars 
and lack the diversity of molecules found in honey. 

The long-term reliance on these processed diets, especially during overwintering, raises concerns 
about nutritional adequacy and the broader physiological consequences for bees (Brodschneider 
& Crailsheim, 2010; Colwell et al., 2021). Indeed, studies report that sugar-based diets can 
influence brood rearing, queen health, royal jelly composition, and stored food quality (Chen et 
al., 2022). 

 

3.2 Effects of Sugar Type on Gut Microbial Composition 

Empirical evidence supports the idea that diet composition influences gut microbiome structure. 
In one controlled study, overwintering bees fed different carbohydrates (honey, sucrose, and 
HFCS) displayed significant differences in the relative abundance of major bacterial groups 
(midgut and hindgut combined) (Wang et al., 2020). Specifically, sucrose feeding increased 
Actinobacteria (e.g., Bifidobacterium), while honey feeding enriched Gammaproteobacteria 
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(Pasteurellales) in the hindgut; HFCS elevated certain Betaproteobacteria in the midgut. These 
results indicate that not only does sugar type influence gut bacteria, but the effect varies along the 
gut axis. 

Core gut bacteria have been shown to promote host weight gain through microbial 

metabolism and interactions with host hormonal signaling pathways, demonstrating an active 

role of the microbiome in regulating bee physiology (Zheng et al., 2017).  

 

Alterations in the gut microbiota, whether from changes in diet, environmental pressures, or 

antibiotic exposure, can negatively affect honeybee health. Raymann et al. (2017) demonstrated 

that these disturbances decrease the abundance of essential beneficial bacteria, which in turn 

disrupts digestion, nutrient uptake, and immune function. Moreover, artificial diets may affect 
not just microbial composition but also host physiology. For example, a study found that 
supplementation of honey-based diets with β-glucans increased immune enzyme (phenoloxidase) 
activity, while syrup-based diets did not show this effect (Sagona et al., 2021). Such findings imply 
that diet composition can modify the interaction between gut microbes and host immunity. At the 
colony level, feeding sugar syrup rather than honey has been linked to subtle but significant 
changes in stored food composition, worker physiology, and colony performance (Ricigliano & 
Simone-Finstrom, 2020). Although not always dramatic, these effects can accumulate over time 
and influence overwintering success. 

 

4. Gut Region Specificity: Why the Ileum Matters 

To date, relatively few studies have examined gut‑region‑specific microbial responses to diet or 
season. This is a significant gap: without such data, conclusions drawn from rectum-only or whole-
gut analyses may overlook important compartment-specific dynamics. However, the honeybee 
digestive tract is composed of several distinct compartments (Figure 1) crop, mid-gut, ileum, and 
rectum each performing specialized physiological functions.  

The crop primarily serves as a temporary food storage organ, whereas the mid-gut is involved in 
enzymatic digestion and nutrient absorption. The ileum and rectum, in contrast, are key sites for 
microbial colonization, fermentation, and waste processing (Callegari et al., 2021). This 
compartmentalisation has important implications for interpreting microbiome studies, as 
analyses that rely solely on whole-gut homogenates or rectum samples may overlook critical 
functional dynamics occurring in other regions. 

The ileum is particularly noteworthy because it hosts many core bacterial taxa, including 
Snodgrassella alvi and Gilliamella apicola, which form biofilms along the gut epithelium (Powell et 
al., 2014). These microbes contribute to nitrogen metabolism, digestion of complex 
carbohydrates, immune modulation, and maintenance of the gut barrier (Martinson et al., 2012). 
Biofilm formation in the ileum provides a structured microbial habitat that may enhance microbial 
stability and resilience, particularly during periods of dietary change or environmental stress such 
as overwintering. In contrast, the rectum is dominated by Lactobacillus Firm‑4/Firm‑5 and 
Bifidobacterium asteroides, which are more involved in the fermentation of residual 
carbohydrates, processing of waste products, and production of short-chain fatty acids that can 
influence host energy metabolism (Kwong & Moran, 2016). Together, these compartment-specific 
microbial communities form a cooperative network that supports overall bee health, but their 
functional contributions vary according to gut region. 
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Figure 1. Posterior region of the digestive system of the honeybee (Apis mellifera), showing the principal 
anatomical structures: (A) sting apparatus, (B) rectum, (C) ileum, and (D) midgut (Kiran et al., 2022). 

The ileum exhibits intermediate oxygen levels and specific nutrient profiles that favour 
colonization by aerobic or microaerophilic taxa, whereas the rectum is largely anaerobic, 
supporting fermentative microbes (Callegari et al., 2021; Raymann & Moran, 2018).  

Understanding these regionally resolved microbiomes can provide insights into colony resilience, 
inform feeding strategies, and help elucidate the mechanisms by which diet and environmental 
factors influence bee health at both the individual and colony levels (Powell et al., 2014; Suenami 
et al., 2023). 

5. Methodological Advances: Need for Full-Length 16S Sequencing 
5.1 Limitations of Short-Read 16S Approaches 

Many existing studies rely on short-read 16S rRNA gene sequencing (e.g., Illumina MiSeq of V3–
V4 or V4 regions). While useful for broad taxonomic surveys, this method lacks the resolution 
needed to reliably distinguish closely related species within major honeybee gut genera (Johnson 
et al., 2019; Pollock et al., 2018). Given the functional diversity (metabolic, pathogenic, symbiotic) 
that exists even within the same genus, species-level resolution is essential to understand how 
diet influences microbiome function and, ultimately, bee health. 

5.2 Opportunities with Long-Read/Full-Length 16S Sequencing 

Full-length 16S rRNA sequencing (e.g., via Oxford Nanopore Technologies, PacBio) offers 
improved taxonomic resolution and has been successfully applied to insect and environmental 
microbiomes (Benítez-Páez & Sanz, 2017; Krehenwinkel et al., 2022). Recent methodological 
advances (better flow cells, improved base‑calling) greatly enhance read accuracy and reliability 
(Sanderson et al., 2023). Moreover, long-read sequencing facilitates more precise phylogenetic 
placement, detection of strain-level variation, and a better understanding of community structure, 
capabilities that are crucial when investigating diet- or season-driven shifts in compartments like 
the ileum. Given these advances, applying full-length 16S sequencing to overwintering honeybee 
ileum samples is a powerful and timely approach to resolve longstanding gaps in our 
understanding. 
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6. Overwintering Gut Microbiome and Colony Survival: Recent Evidence 
Recent landscape-scale research shows that honeybee gut microbiome composition is influenced 
by environmental context in addition to season and diet. Jones et al. (2021) found that colonies in 
flower-rich, heterogeneous landscapes harboured more stable microbiomes dominated by core 
taxa such as Snodgrassella, Gilliamella, and Lactobacillus, whereas colonies in simplified 
agricultural environments showed altered community structures. These findings suggest that 
dietary diversity shapes gut microbiome stability, and that during overwintering, when colonies 
rely entirely on stored or provided food dietary interventions may have amplified effects on 
microbiome composition and colony resilience.  
The establishment and maintenance of the honeybee gut microbiome are actively regulated by 
the host, starting early in worker development. This process leads to the formation of stable core 
bacterial communities, primarily composed of Snodgrassella and Gilliamella (Martinson et al., 
2012). These results indicate that gut microbiome composition is precisely controlled and 
biologically important, offering a basis for investigating how seasonal stressors, such as 
overwintering, can affect microbial community structure and overall colony resilience.  

7. Gaps in Knowledge 

Summarising the literature, several gaps emerge: 

1. While seasonal shifts in gut microbiota have been documented, most studies focus on whole 
gut or hindgut (rectum) only, not the ileum, which is physiologically important but 
understudied (e.g., Ludvigsen et al., 2021; Lee et al., 2015). 

2. Few studies systematically compare the effects of varied overwintering diets, e.g., natural 
honey, sucrose syrup, or mixed diets, on gut microbiota. The limited work that exists (e.g., 
Wang et al., 2020) uses short‑read sequencing and may lack resolution. 

3. Because of technical limitations (short-reads, gut homogenates), species‑level microbial 
changes and compartment-specific patterns remain largely unexplored. 

4. There is emerging evidence linking gut microbiome composition to colony overwinter 
survival, but these studies are rare, and mechanisms remain unclear (e.g., Lee et al., 2015). 

Thus, a study that combines: controlled feeding of different overwinter diets (honey, sucrose, 
mixed), gut-region–specific sampling (ileum and rectum), full-length 16S rRNA Nanopore 
sequencing, and statistical analyses at both individual bee and colony level, holds strong potential 
to fill critical gaps enhancing our understanding of how winter nutrition shapes microbiome 
structure, and how microbiome structure may influence colony resilience. 

Aim 

This study aims to examine how different overwintering feeding strategies influence the gut 
microbiome of worker honeybees (Apis mellifera), with particular emphasis on the ileum. 
Although the impact of winter diets on honeybee gut bacteria has been previously investigated, 
most studies have focused on the rectum or the entire gut and have used short-read sequencing 
techniques that limit taxonomic resolution. 

This project introduces a novel approach by applying full-length 16S rRNA gene sequencing using 
Oxford Nanopore technology (third-generation sequencing) to characterise the ileum microbiome 
of overwintered honeybees. This sequencing strategy allows improved species-level identification 
of bacterial taxa and provides a more detailed view of diet-associated microbial patterns. 
Furthermore, by targeting the ileum as a distinct gut compartment, the study addresses an 
intestinal region that has received limited attention in overwintering microbiome research. 

The study has two specific and unique objectives: 



10 
 

1. To assess how overwintering on honey, sugar syrup, or a mixed honey sugar diet affects 
the diversity, composition, and consistency of bacterial communities in the ileum of worker 
honeybees. 

2. To evaluate differences between ileum and rectum microbiome profiles within the same 
individual bees, thereby identifying gut compartment-specific responses to overwintering diet. 

Through the combination of a compartment-focused sampling strategy and long-read sequencing 
technology, this thesis aims to generate new insights into how overwintering diets shape 
honeybee gut microbial communities. These findings will contribute original knowledge to 
ongoing research on nutritional management and its role in maintaining honeybee health and 
winter survival. 

Methods 

Study Design and Sampling Framework 
 
The study included approximately 54 worker bees collected during the spring sampling period on 
4 March 2025 from a bee yard in Forshälla-Röd, Uddevalla Municipality, located on the west coast 
of Västra Götaland, Sweden. All sampled bees belonged to Apis mellifera X (Buckfast strain), a 
managed hybrid lineage derived from multiple honeybee subspecies. 
 
The samples represented three dietary groups: honey, sugar, and a mixed diet consisting of both 
honey and sugar. Each dietary treatment was represented by a single colony, with approximately 
15–25 worker bees collected per colony, resulting in a total sample size of approximately 54 
individuals. Since each feeding treatment corresponded to only one colony, colony identity and 
diet were not independent factors. Therefore, differences observed in gut microbial composition 
may reflect both dietary conditions and colony-specific characteristics, as colony-level factors are 
known to influence honeybee microbiome structure (Moran, 2015; Zheng et al., 2018). The 
findings should therefore be interpreted as exploratory, providing insights into potential 
associations between feeding regime and gut microbial composition rather than definitive 
evidence of dietary effects. 
 

Bee Collection and Ileum Dissection 

Worker bees were sampled in early March, a period in Sweden that corresponds to the transition 
from late overwintering to early spring, when prior dietary conditions are expected to strongly 
influence gut microbial communities (Kešnerová et al., 2020). The ileum was carefully isolated 
from the hindgut under sterile conditions. Before dissection, bees and instruments were 
decontaminated using sodium hypochlorite solutions (1% for honeybees and 2.7% for tools) to 
minimise external contamination. The hindgut was then dissected, and the ileum was specifically 
collected for downstream analysis. 

DNA Extraction 
Dissected honeybee ileum samples were placed into ZR BashingBead™ Lysis Tubes (Zymo 
Research), and genomic DNA was extracted using the ZymoBIOMICS DNA Miniprep Kit (Zymo 
Research) following the manufacturer’s protocol. Mechanical lysis was carried out using a 
Disruptor Genie (Scientific Industries) for 40 minutes to ensure effective disruption of microbial 
cells. 
DNA was eluted from the column using ZymoBIOMICS™ DNase/RNase-free water. In this step, the 
protocol was slightly modified by incubating the column for 3 minutes instead of the 
recommended 1 minute before centrifugation to improve DNA recovery. The extracted DNA 
concentration was determined using a Qubit 4 Fluorometer together with the Qubit 1X dsDNA 
High Sensitivity Assay Kit, with 2 µL of sample analysed per quantification. 
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16S rRNA Gene Amplification 
The Oxford Nanopore Technologies 16S Barcoding Kit protocol (SQK-16S114.24) was carried out 
with slight modifications. In step 20, the amount of freshly prepared 80% ethanol was increased 
from 2 mL to 3 mL. In step 29, the Rapid Adapter (RA) dilution was prepared at half the 
recommended total volume (2.5 µL instead of 5 µL), while maintaining the same reagent ratios. 
These changes did not affect the overall procedure. This marker gene approach enabled 
taxonomic profiling of gut microbiota and supported direct comparisons between dietary 
treatments. The use of full-length 16S rRNA amplicons improved taxonomic resolution relative to 
short-variable-region sequencing and was therefore well suited for species-level analyses of 
honeybee gut bacteria (Johnson et al., 2019). This technique represented a well-established 
molecular method and constituted the core of the microbial community characterisation 
component of the project. 
After PCR, the quantity of the amplified DNA was measured using a Qubit 4 Fluorometer with the 
Qubit 1X dsDNA High Sensitivity (HS) Assay Kit, using 2 µL of DNA for each measurement. The 
size and integrity of the PCR products were assessed by gel electrophoresis using a 1% agarose 
gel, targeting an approximate fragment length of 1,500 bp to confirm successful amplification. 
All samples within each experimental group were pooled at equimolar concentrations and 
purified using magnetic beads (Agencourt AMPure XP) following the 16S barcoding kit protocol. 
The purified pooled DNA was subsequently re-quantified using a Qubit 4 Fluorometer with the 
Qubit 1X dsDNA High Sensitivity (HS) Assay Kit, using 2 µL of DNA per measurement to confirm 
suitability for downstream sequencing applications. 
 

Rectum Microbiome Analysis 

Rectum samples from Apis mellifera individuals subjected to three dietary treatments, including 
sugar-fed (16), mixed-diet (10) and honey-fed (21) samples, were analysed using an existing 
microbiome dataset. Genomic DNA was extracted from dissected rectum samples using the 
ZymoBIOMICS DNA Miniprep Kit following mechanical disruption of microbial cells through bead 
beating. Full-length 16S rRNA genes were amplified using the Oxford Nanopore Technologies 16S 
Barcoding Kit with minor protocol modifications. PCR products were quantified using a Qubit 4 
Fluorometer, assessed by 1% agarose gel electrophoresis targeting ~1,500 bp amplicons, pooled 
at equimolar concentrations, purified using AMPure XP magnetic beads, and prepared for 
sequencing on the MinION platform (Oxford Nanopore Technologies). This workflow enabled 
high-resolution taxonomic profiling and comparative characterisation of rectum-associated gut 
microbial communities across the different dietary treatments. 

Nanopore Sequencing 
Sequencing was conducted using the MinION platform (Oxford Nanopore Technologies) with an 
R10 flow cell (FLO-MIN114). Library preparation was carried out using the 16S Barcoding Kit 
(SQK-16S114.24) in accordance with the manufacturer’s protocol, with minor adjustments as 
outlined above. These specifications are provided to ensure clarity and enable reproducibility of 
the experimental workflow. 
Long-read sequencing was employed to generate complete 16S rRNA gene sequences, enabling 
more accurate species-level classification of gut bacterial taxa. This approach was part of the data 
generation stage of the project and reflected a widely adopted modern sequencing strategy for 
microbiome studies.  
 

Bioinformatic Processing and Taxonomic Assignment 

All bioinformatic analyses were performed on a Linux-based system running Ubuntu 24.04.4 LTS 
(Noble Numbat). Raw sequencing reads were processed in FASTQ format and assessed prior to 
downstream analysis to confirm that the sequencing data were suitable for taxonomic 
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classification. Quality assessment was performed to evaluate the overall quality and 
characteristics of the sequencing reads before further processing. 

Taxonomic classification was carried out using Kraken2 (version 2.1.3) with the standard 
Kraken2 database (k2_standard_8GB, release 2021-05-17), generating classification reports and 
tab-delimited output files. Further data processing, statistical analysis, and visualization were 
conducted in R (version 4.4.1). Stacked bar plots were generated to illustrate the relative 
abundance (%) of bacterial genera across samples. 

 

Statistical and Systems Biology Analyses 

Microbial diversity within samples (alpha diversity) was evaluated using Shannon (sensitive to 
rare species) and Simpson (sensitive to common/dominant species) indices. To further explore 
diet-related shifts in microbial community composition, Dirichlet regression and mixture 
modeling were employed, enabling the gut microbiota to be analyzed as a compositional and 
interdependent system rather than as independent taxa (Bleau et al., 2020; Faust & Raes, 2012; 
Gloor et al., 2017). These methods integrated conventional statistical approaches with a systems 
biology perspective, facilitating the interpretation of complex, diet-driven changes in microbial 
community structure. 

 

Results 

DNA Extraction and PCR Performance 

DNA extraction from honeybee ileum samples showed considerable variation in yield among 
individuals and dietary treatment groups, with concentrations ranging from 0.02 to 10.3 ng/µL. 
Higher DNA yields were generally observed in the sugar-fed group (3S4). In contrast, the mixed 
diet group (3M9) included several samples with very low concentrations, and the honey-fed group 
(3H3) displayed intermediate values Table S1 Despite these concentration differences, 
amplification of the full-length 16S rRNA gene was successful for most of the samples. Post-PCR 
DNA concentrations varied widely, from 0.27 to 37.8 ng/µL, (Table S1) reflecting differences in 
amplification efficiency but demonstrating that even low-yield samples could be effectively 
amplified. Gel electrophoresis (Figure 2) confirmed successful amplification in the majority of 
cases, with 40 out of 51 samples (94.4%) producing strong bands of the expected size (~1,500 
bp). Overall, the results indicate that the extraction and PCR procedures were reliable and 
produced DNA of sufficient quality for subsequent sequencing analyses. 

 

Figure 2. Agarose gel electrophoresis image illustrating successful PCR amplification of the 16S rRNA gene. 
DNA ladders (Quick-Load Purple 1 kb Plus, New England Biolabs) were loaded in lanes 1 and 15. Lanes 2 
through 14 represent individual samples from the respective diet groups. Band size references (bp) were 
shown on the left. 

Nanopore Sequencing Output 

Nanopore sequencing produced usable FASTQ data for all samples included in the study. 
Sequencing output was evaluated across the dietary treatment groups (Honey, Mix, and Sugar) to 
examine differences in read distribution (Table 1). The Honey group (n = 22) generated a total of 
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2,581 reads, corresponding to an average of approximately 117 reads per sample. The Mix group 
(n = 11) produced 1,885 reads, with a mean of around 171 reads per sample. The Sugar group (n 
= 18) yielded the highest total number of reads (3,081), with an average of approximately 171 
reads per sample. These findings demonstrate variation in sequencing depth among the dietary 
treatments. While the Sugar group contributed the greatest overall number of reads, the average 
read count per sample was comparable between the Mix and Sugar groups. Despite these 
differences, all samples generated sufficient sequencing data for downstream taxonomic 
classification using Kraken2. 

Table 1. Summary of Nanopore sequencing output across dietary treatment groups (Honey, Mix, and 
Sugar), including total number of reads and mean read depth per sample. 

Diet Sequenced 
Samples (n) 

Total Number of 
Reads 

Mean Number of 
Reads 

Honey 12 2,581 117 

Sugar 18 3,081 171 

Mixed 11 1,885 171 

Taxonomic Classification of the Gut Microbiota 

The composition of the ileum microbiota varied across dietary treatments, although dominant 
bacterial taxa were consistently observed in all groups. Core genera such as Gilliamella and 
Lactobacillus accounted for the majority of the community in honey-, mixed-, and sugar-fed 
individuals (Figure 2A). While relative abundances differed slightly among diets, the overall 
structure remained broadly similar, with no major shifts in dominant taxa. 

The alpha diversity analysis using both Shannon and Simpson diversity indices (Figure 3B&C) 
demonstrated clear differences among the Honey, Mix, and Sugar diet groups. The Honey group 
exhibited the highest Shannon diversity value (1.72), followed by Sugar (1.56) and Mix (1.45), 
suggesting that the Honey diet supported a more diverse and potentially more complex microbial 
community with greater taxa richness and a more balanced distribution of microorganisms. 
Similarly, the Simpson diversity index showed the highest value in the Honey group (0.75), 
followed by Sugar (0.71) and Mix (0.66), indicating that the microbial community in the Honey 
treatment was less dominated by only a few abundant taxa and displayed greater evenness among 
dominant organisms. In contrast, the lower diversity values observed in the Mix group suggest 
reduced richness and stronger dominance by fewer taxa. Overall, both indices consistently 
indicated that the Honey diet promoted the highest alpha diversity, although the Shannon index 
primarily reflected greater richness and community complexity, whereas the Simpson index 
emphasized higher evenness and lower dominance within the microbial community. 
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Figure 3. Gut microbiome composition and alpha diversity of honeybee ileum samples across dietary 
groups. (A) Relative abundance of bacterial genera detected in honeybee ileum microbiomes from honey, 
mixed, and sugar diet groups. (B) Shannon diversity index across dietary groups, showing the mean 
diversity values for each treatment. (C) Simpson diversity index across dietary groups, showing the mean 
diversity values for each treatment. The honey group showed the highest mean Shannon (1.72) and 
Simpson (0.75) values, followed by the sugar (Shannon: 1.56; Simpson: 0.71) and mixed diet groups 
(Shannon: 1.45; Simpson: 0.66). 

Diet-associated variation in gut microbial composition 

The Dirichlet regression heatmap (Figure 4A) showed clear differences in the relative abundance 
of the top 20 bacterial taxa among the Honey, Mix, and Sugar diet groups. The color gradient 
ranged from blue, indicating lower abundance, to red, indicating higher abundance, thereby 
illustrating variation in microbial composition across treatments. Hierarchical clustering analysis 
revealed distinct grouping patterns among samples, suggesting that dietary treatments influenced 
the bacterial community structure. The Mix diet group was characterized by relatively greater 
abundances of taxa such as Micrococcus, Desulfobulbus, Lawsonia, Ruthenibacterium, Nocardioides, 
and Fibrobacter, whereas taxa including Buchnera, Streptococcus, Lactiplantibacillus, 
Leminacobacillus, and Snodgrassella were comparatively reduced. The Honey and Sugar diet 
groups displayed more comparable abundance patterns for several bacterial genera, although 
some treatment-specific differences were still evident. Comparable clustering patterns were also 
observed in the supplementary heatmap (Figure S1), where dominant genera such as Gilliamella, 
Lactobacillus, Snodgrassella, and Frischella consistently exhibited higher abundance across 
multiple samples, suggesting their role as core microbiome constituents. In contrast, several other 
taxa remained at low abundance levels throughout the treatments, indicating their limited 
occurrence within the microbial community. Overall, the findings demonstrate that dietary 
composition plays an important role in shaping microbial diversity and taxonomic distribution. 

To further investigate patterns of co-occurrence and community structure, mixture modelling was 
applied. The Principal Coordinates Analysis (PCoA) (Figure 4B) based on Bray–Curtis 
dissimilarity revealed differences in microbial community composition among the Honey, Mix, 
and Sugar diet groups. The first principal coordinate (PCoA1) explained 26.8% of the total 
variation, while the second principal coordinate (PCoA2) accounted for 15.6% of the variation in 
microbial community structure. In the ordination plot, each point corresponds to an individual 
sample, and the distance between points reflects the level of similarity or dissimilarity in bacterial 
community structure. Samples located closer together shared more similar microbial profiles, 
whereas those positioned farther apart exhibited greater compositional variation. Although some 
overlap was observed among the dietary treatments, the distribution of samples indicated that 
diet had an influence on microbial community composition. Similar clustering and overlap 
patterns were also observed in the ileum microbiota PCoA analysis presented in Figure S2, 
suggesting modest diet-associated variation in microbial communities. The Dirichlet Multinomial 
Mixture (DMM) clustering analysis (Figure S3) further grouped samples according to similarities 
in their microbial assemblages. The presence of a single cluster color in the DMM plot indicates 
that all samples were assigned to one dominant community type, suggesting that the overall 
microbial composition among samples was relatively similar despite dietary differences. 
Nevertheless, minor variations observed in the PCoA analysis imply that diet may still contribute 
to subtle shifts in bacterial community structure. Overall, the combined analyses indicate that 
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dietary treatments influence microbiome composition, although the microbial communities 
largely shared a common structural pattern. 

 

 

 

 

 

Figure 4. A. Dirichlet regression heatmap showing the relative abundance of the top 20 bacterial taxa among 
the Honey, Mix, and Sugar diet groups, where blue indicates low abundance and red indicates high 
abundance. Hierarchical clustering revealed diet-associated differences in microbial community 
composition and taxonomic distribution across treatments. B. Principal Coordinates Analysis (PCoA) based 
on Bray–Curtis dissimilarity showing variation in overall microbial community composition among 
samples. Each point represents an individual sample, and the distance between points reflects differences 
in microbial community structure. Colors indicate dietary groups. 

Comparison of the rectum with the ileum microbiome 

The figure (5A) illustrates the relative abundance of the top 10 bacterial taxa in the ileum and 
rectum of honeybees under three dietary treatments: Honey, Mixed, and Sugar diets. In both gut 
compartments, the microbiota was dominated by core bacterial groups, including Gilliamella, 
Proteobacteria, Gammaproteobacteria, Firmicutes, and Orbaceae, indicating that the essential gut 
microbial community remained stable across all treatments. In the ileum, bees fed the mixed diet 
showed slightly higher abundances of several bacterial taxa, particularly Gilliamella and 
Proteobacteria, compared to bees fed only honey or sugar diets. The sugar diet group generally 
exhibited lower relative abundances of some bacterial groups, suggesting that a simple 
carbohydrate diet may provide less support for microbial diversity. Honey-fed bees showed 
intermediate microbial abundance between the mixed and sugar diet groups. 

A similar trend was observed in the rectum, where the mixed diet again supported relatively 
higher bacterial abundance compared to the other diets. Overall microbial abundance in the 
rectum appeared slightly greater than in the ileum, which may be related to the rectum’s role in 
digestion and fermentation. The consistent presence of Gilliamella apicola across all treatments 
and gut compartments highlights its importance as a key symbiotic bacterium in honeybee gut 
health and carbohydrate metabolism. Overall, the results suggest that although the core gut 
microbiota remained conserved, dietary composition moderately influenced the abundance and 
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distribution of bacterial taxa, with the mixed diet supporting a comparatively more balanced 
microbial community. 

The figure (5B) presents a comparison of alpha diversity (Shannon diversity index) in the gut 
microbiota of honeybee ileum and rectum under Honey, Mixed, and Sugar dietary treatments. In 
the ileum, bees fed the honey diet showed the highest microbial diversity (3.18), followed by the 
sugar diet (3.12), whereas the mixed diet recorded the lowest value (3.02). A similar pattern was 
observed in the rectum, where the honey diet again showed the greatest diversity (3.18), while 
the mixed (3.10) and sugar diets (3.07) displayed slightly lower diversity values. Compared to the 
ileum, the rectum exhibited a wider variation among samples. Overall, microbial diversity 
remained relatively consistent across both gut compartments, indicating that diet had only a slight 
influence on gut bacterial diversity, although the honey diet appeared to support a comparatively 
more diverse microbial community. 

The results presented in Figure 4 provide a detailed overview of how dietary treatments influence 
both the composition and diversity of honeybee gut microbiota across the ileum and rectum. 
Overall, the findings demonstrate that while the honeybee gut maintains a stable core microbiome 
across all diets, dietary composition still causes moderate shifts in bacterial abundance and 
diversity patterns. In terms of microbial composition (Figure 4A), both the ileum and rectum were 
consistently dominated by core bacterial groups such as Gilliamella, Proteobacteria, 
Gammaproteobacteria, Firmicutes, and Orbaceae. Although the core microbiota remained stable, 
variation in relative abundance was observed among diet groups. In the ileum, bees fed the mixed 
diet showed slightly higher abundances of Gilliamella and Proteobacteria compared to the honey 
and sugar groups. This suggests that a more nutritionally complex diet may enhance microbial 
activity or favor the expansion of certain bacterial populations.  

The alpha diversity results (Figure 4B), measured using the Shannon index, showed relatively 
small but consistent differences among dietary treatments. In the ileum, honey-fed bees exhibited 
the highest diversity, followed closely by the sugar group, while the mixed diet group showed 
slightly lower diversity. A similar trend was observed in the rectum, where honey again supported 
the highest diversity values.  
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Figure 5. A Relative abundance of the top 10 bacterial taxa in the ileum and rectum of honeybees under 
Honey, Mixed, and Sugar dietary treatments. The x-axis represents the gut compartments and dietary 
groups, while the y-axis indicates the mean relative abundance of bacterial taxa shown in the stacked bar 
plots. B. Alpha diversity (Shannon diversity index) of gut microbial communities in the ileum and rectum of 
honeybees under Honey, Mixed, and Sugar dietary treatments. The x-axis represents dietary groups within 
each gut compartment, while the y-axis shows Shannon diversity index values. 

Discussion 

The present study demonstrated that the DNA extraction, PCR amplification, and Nanopore 
sequencing workflow used for honeybee ileum samples was effective and suitable for microbiome 
analysis. Although DNA concentration varied among individual samples and dietary treatment 
groups, successful amplification of the full-length 16S rRNA gene was achieved in the majority of 
samples, as confirmed by the clear ~1,500 bp bands observed during gel electrophoresis (Figure 
2). Variation in DNA yield is common in insect gut microbiome studies because microbial 
abundance can be influenced by factors such as diet, gut condition, and sample handling (Romero 
et al., 2019). 

In this study, the sugar-fed group generally produced higher DNA concentrations, whereas some 
mixed-diet samples yielded lower concentrations, suggesting that diet may influence bacterial 
biomass within the honeybee ileum. Nevertheless, the successful amplification of low-yield 
samples indicates that the PCR conditions were sufficiently sensitive for downstream sequencing 
applications. The generation of usable FASTQ files for all samples further confirmed the reliability 
of the sequencing workflow across all dietary treatments. Although sequencing depth varied 
among groups (Table 1), all samples produced sufficient reads for downstream taxonomic 
classification using Kraken2. Such variation is expected in Nanopore-based studies because 
sequencing efficiency can be affected by DNA quality, amplification efficiency, and library 
preparation methods (Acheampong et al., 2024). The use of full-length 16S rRNA sequencing also 
provided improved taxonomic resolution compared with shorter sequencing regions, enabling 
more accurate bacterial identification at the genus and species levels. 
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The taxonomic classification results showed that the honeybee ileum microbiota was consistently 
dominated by core bacterial genera including Gilliamella, Lactobacillus, and Snodgrassella across 
all dietary treatments (Figure 3A). This stability across all dietary groups reflects the highly 
specialized and evolutionarily conserved structure of the honeybee gut microbiome (Kwong & 
Moran, 2016; Moran et al., 2012). Recent studies have similarly emphasized that the honeybee gut 
microbiome is a highly conserved and host-regulated microbial system that remains relatively 
stable under environmental and nutritional stress (Motta & Moran, 2024; Baud et al., 2023). These 
bacterial taxa are known to play essential roles in carbohydrate metabolism, fermentation 
processes, and host immune regulation, which likely explains their persistence despite dietary 
variation. Core gut bacteria have also been shown to contribute to intestinal stability and 
metabolic regulation in honeybees, reinforcing their importance for host physiological 
homeostasis (Su et al., 2024). 

The consistent presence of Gilliamella apicola across all treatments further highlights its 
importance in honeybee gut metabolism, particularly in carbohydrate breakdown and energy 
production (Engel et al., 2016). Although the dominant bacterial taxa remained relatively stable 
among groups, differences in their relative abundance were observed across diets. As shown in 
the heatmap analysis (Figure 4A), the Honey and Sugar diet groups displayed relatively similar 
abundance patterns for several dominant bacterial genera, whereas the Mix diet group showed 
more noticeable shifts in microbial composition. 

The Mix diet group was characterized by relatively higher abundances of taxa such as 
Micrococcus, Desulfobulbus, Lawsonia, and Fibrobacter, while beneficial core bacteria including 
Snodgrassella and Lactiplantibacillus appeared reduced. These findings suggest that mixed dietary 
conditions may alter nutrient availability and microbial competition within the gut ecosystem, 
thereby favoring the proliferation of less dominant bacterial taxa. Similar observations have been 
reported in previous studies demonstrating that dietary diversity can influence microbial 
abundance through changes in nutrient availability and ecological competition (Kešnerová et al., 
2019; Daisley et al., 2020). Comparable diet-associated shifts in gut bacterial composition have 
also been observed in studies examining the effects of dietary carbohydrates and nutritional 
diversity on honeybee microbiota (Wang et al., 2023; Kim et al., 2023). 

In contrast, bees fed the sugar-only diet generally exhibited lower abundances of several bacterial 
taxa, indicating that simplified carbohydrate diets may provide limited support for microbial 
proliferation and functional diversity. The reduction of Snodgrassella in the Mix group may have 
important biological implications because this bacterium contributes to biofilm formation, gut 
barrier maintenance, and inhibition of pathogenic microorganisms. Recent work further 
demonstrated that successful colonization of Snodgrassella alvi depends on host-derived 
metabolic conditions within the gut environment (Quinn et al., 2024). Likewise, lower abundances 
of Lactiplantibacillus may reduce the production of beneficial metabolites such as lactic acid, 
potentially affecting microbial balance and gut homeostasis. 

The alpha diversity analyses based on Shannon and Simpson diversity indices further 
demonstrated that dietary composition influenced microbial diversity patterns (Figure 3B&C). 
The Honey group consistently exhibited the highest diversity values, indicating a richer and more 
evenly distributed microbial community compared with the Sugar and Mix groups. Because the 
Shannon index is more sensitive to species richness and community complexity, the higher 
Shannon value observed in the Honey group suggests the presence of a broader range of microbial 
taxa and a more balanced microbial ecosystem. Similarly, the higher Simpson diversity value 
indicates lower dominance by only a few abundant taxa and greater evenness among dominant 
organisms. These findings suggest that although diet did not dramatically restructure microbial 
diversity, it still influenced community balance and richness. The higher diversity observed in 
honey-fed bees may be associated with the complex biochemical composition of honey, which 
contains a variety of sugars, amino acids, phenolic compounds, and antimicrobial substances 
capable of supporting a wider range of microbial niches (Alaux et al., 2010; Anderson et al., 2013). 
In contrast, sugar-based diets are nutritionally simpler and may therefore support comparatively 
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lower microbial diversity. Previous research has likewise demonstrated that simplified artificial 
diets can reduce microbial diversity and alter the balance of beneficial gut bacteria in honeybees 
(Li et al., 2022; Chen et al., 2024). The Mix diet group showed the lowest diversity values, which 
may reflect increased microbial competition under variable nutrient conditions. 

The microbial community analyses further demonstrated that dietary treatments influenced 
bacterial composition while maintaining an overall conserved microbiome structure. The 
Dirichlet regression heatmap (Figure 4A) revealed clustering patterns among dietary groups, 
suggesting that diet acted as a selective environmental factor influencing the relative abundance 
of specific bacterial taxa. However, substantial overlap among groups indicated that dietary 
effects were relatively moderate. Similar findings have been reported in previous honeybee 
microbiome studies, where dietary changes altered bacterial abundance without completely 
disrupting the conserved core microbiome structure (Engel et al., 2012; Huang et al., 2023). 

The PCoA analysis based on Bray–Curtis dissimilarity (Figure 4B) further supported these 
observations. The first principal coordinate explained 26.8% of the total variation, while the 
second coordinate explained 15.6% of the variation in microbial community structure. Although 
partial separation among dietary groups was observed, considerable overlap remained between 
samples, indicating that diet caused subtle compositional shifts rather than major restructuring 
of the microbiome. Similar clustering patterns were also observed in the supplementary PCoA 
analysis (Figure S2). The DMM clustering analysis (Figure S3) further demonstrated that all 
samples were grouped into a single dominant community type, supporting the conclusion that the 
honeybee ileum microbiota remained structurally stable despite dietary variation. These findings 
suggest that the honeybee gut microbiome possesses a high degree of resilience, likely due to 
strong host–microbe interactions and long-term evolutionary adaptation. Similar conclusions 
regarding microbiome resilience and stability under changing environmental conditions have 
been reported in recent honeybee microbiome studies (Baud et al., 2023; Motta & Moran, 2024). 

Comparison of the ileum and rectum microbiota further demonstrated that the honeybee gut 
maintained a relatively stable core microbial community across different gut compartments and 
dietary treatments (Figure 5A). In both the ileum and rectum, dominant bacterial groups such as 
Gilliamella, Proteobacteria, Gammaproteobacteria, Firmicutes, and Orbaceae remained 
consistently abundant, indicating conservation of the core microbiome throughout the gut. 
However, some variation in bacterial abundance was observed between compartments and diets. 
In the ileum, bees fed the mixed diet showed slightly higher abundances of Gilliamella and 
Proteobacteria compared with the Honey and Sugar groups. A similar trend was observed in the 
rectum, where the mixed diet also supported relatively greater bacterial abundance. Interestingly, 
microbial abundance appeared slightly higher in the rectum than in the ileum, which may be 
associated with the rectum’s physiological role as a site for nutrient retention, fermentation, and 
microbial stabilization. The rectum provides a more stable and anaerobic environment that may 
support higher microbial density compared with the ileum (Zheng et al., 2018). 

The alpha diversity comparison between gut compartments (Figure 5B) showed relatively small 
but consistent differences among dietary treatments. In both the ileum and rectum, honey-fed 
bees exhibited the highest Shannon diversity values, whereas the mixed and sugar diet groups 
showed slightly lower diversity. These findings indicate that diet had only a moderate influence 
on microbial diversity across gut compartments, although the honey diet appeared to support a 
comparatively richer microbial community. Overall, the consistency of dominant bacterial taxa 
across both the ileum and rectum further supports the idea that the honeybee gut microbiome is 
highly conserved and resilient to dietary disturbances. 

Future research should extend beyond taxonomic profiling by integrating multi-omics 
approaches to better capture the functional significance of diet-driven changes in the honeybee 
gut microbiome. While the present study provides insight into compositional stability and 
variation, combining full-length 16S rRNA sequencing with shotgun metagenomics and 
metabolomic profiling would allow for a more comprehensive understanding of microbial 
functional potential and metabolic activity, particularly in relation to carbohydrate processing, 



20 
 

short-chain fatty acid production, and host–microbe metabolic exchange. Such approaches would 
improve functional interpretation of microbial communities beyond taxonomic composition 
alone and provide greater insight into microbial metabolic interactions and ecosystem dynamics.  

Future research should also incorporate colony-level replication by including multiple 
independent hives within each dietary treatment. While this study analyzed several individual 
worker bees, samples originating from the same colony cannot be treated as independent 
biological replicates due to the strong influence of colony-specific factors on honeybee gut 
microbiome composition. Consequently, the absence of replicated colonies limits the ability to 
distinguish dietary effects from inherent differences among hives and reduces the robustness of 
conclusions regarding the impact of diet on microbial communities. 

Including several independent colonies per treatment would enable variation between colonies 
to be properly accounted for and would strengthen inferences about diet-related microbiome 
shifts. In addition, future studies would benefit from conducting experiments under field 
conditions and incorporating more natural feeding regimes, such as pollen and nectar-based diets, 
to better reflect ecological reality and minimize artefacts associated with simplified laboratory 
diets. Long-term or repeated sampling across different developmental stages and environmental 
conditions would also help determine whether observed microbial patterns are consistent over 
time or subject to temporal fluctuation. Furthermore, integrating microbiome data with host 
physiological traits such as immune function, disease resistance, and colony productivity would 
provide valuable insight into the biological relevance of diet-induced microbial variation in 
honeybee–microbiome interactions. 

In conclusion, this work offers an initial exploration of how diet composition may be associated 
with variation in the relative abundance and diversity of honeybee gut microbiota. Key bacterial 
genera such as Gilliamella, Lactobacillus, and Snodgrassella were consistently detected across all 
dietary groups, indicating the presence of a stable core microbiome. Bees fed the Honey diet 
showed higher average values of microbial diversity and evenness compared with those in the 
Sugar and Mix groups, while the Mix group exhibited greater variability in community 
composition and taxonomic abundance. Nevertheless, overall community profiles overlapped 
considerably among treatments in the PCoA analysis, suggesting broadly similar microbiome 
structures across groups. It is important to note that each dietary treatment was linked to a single 
colony, meaning that dietary effects cannot be clearly separated from colony-specific influences. 
As a result, the observed patterns may be driven by both feeding regime and inherent differences 
between hives. These findings should therefore be considered preliminary and interpreted with 
caution rather than as definitive evidence of diet-driven changes. Future studies including 
multiple independent colonies per treatment are necessary to validate these patterns and to 
better resolve the factors shaping honeybee gut microbiome composition. 
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Ethical aspects 

This master’s thesis involves research on the honeybee (Apis mellifera), an invertebrate species 
that is not subject to ethical approval requirements under Swedish or European Union legislation 
governing animal experimentation. Therefore, no formal approval from an animal ethics 
committee is required for the planned sampling, dissection, and microbiome analyses. 
Nevertheless, the study has been designed in accordance with general ethical principles for 
responsible biological research. 

All bees included in the study was collected from managed colonies maintained under standard 
beekeeping practices. The number of individuals sampled has been kept to the minimum 
necessary to achieve robust statistical analyses, thereby limiting the impact on colonies. Sampling 
was conducted at the end of the overwintering period to avoid unnecessary disturbance during 
sensitive phases of colony development. Dissection procedures was performed efficiently and 
under sterile conditions to minimize handling time and biological waste. 

Honeybees are ecologically important pollinators, and environmental responsibility has therefore 
been a central consideration. The study does not involve the introduction of pathogens, toxic 
substances, or genetic manipulation, and no experimental treatments will negatively affect colony 
survival or long-term health. Laboratory waste and biological material were disposed of in 
accordance with institutional biosafety and environmental regulations. Finally, ethical research 
conduct was ensured through transparent data handling, accurate reporting of results, and proper 
citation of all scientific sources, thereby upholding standards of scientific integrity and 
reproducibility. 

Beyond ethical considerations, this study has potential relevance for society through its 
contribution to improved honeybee health management and the protection of pollination 
services. Honeybees are important pollinators that support biodiversity and agricultural 
production, and maintaining healthy colonies is essential for ecosystem stability and food 
security. By investigating how different overwintering diets influence the honeybee gut 
microbiome, this research may provide valuable knowledge about nutritional strategies that 
support microbial balance and colony resilience during periods of nutritional stress. 

The findings from this study may contribute to future recommendations for beekeeping practices 
by improving understanding of how diet composition affects beneficial gut bacteria associated 
with honeybee health. A better understanding of the relationship between nutrition, microbiome 
composition, and colony survival could help beekeepers develop more effective feeding strategies, 
particularly during overwintering when natural food resources are limited. In the long term, this 
knowledge may support approaches to reduce colony losses and maintain stronger pollinator 
populations. Furthermore, the use of full-length 16S rRNA sequencing provides detailed 
information about honeybee-associated microbial communities and may contribute to future 
research aimed at identifying microbial indicators of colony health. Such advances could support 
early detection of nutritional stress or microbiome disruption, enabling more sustainable 
management of honeybee colonies and helping preserve pollination services that benefit both 
natural ecosystems and human food production. 
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Appendix 
Table S1: Quantification of extracted DNA (ng/µL), PCR amplicon concentration (ng/µL), and gel 
electrophoresis assessment of ileum samples obtained from honeybees maintained under different dietary 
treatments, including honey (3H3), mixed diet (3M9), and sugar diet (3S4). Amplification quality was 
evaluated based on gel band intensity and classified as strong, weak, or nil. 

Colony Samples 
IDs 

DNA 
Concentrations 

ng/μl) 

DNA Concentration 
ng/μl) after PCR 

Gel Results 

3S4 1 2.72 13.3 strong 
3S4 2 0.26 1.01 strong 
3S4 3 3.2 1.6 strong 
3S4 4 2.19 2.94 strong 
3S4 7 1.72 7.54 strong 
3S4 8 2.29 32 strong 
3S4 11 5.03 1.07 strong 
3S4 12 1.13 21.3 strong 
3S4 15 1.14 1.94 strong 
3S4 16 10.3 4.83 strong 
3S4 17 1.77 1.67 strong 
3S4 18 0.69 3.2 strong 
3S4 20 0.38 15.6 strong 
3S4 22 0.47 7.09 strong 
3S4 23 0.51 0.27 Nil 
3S4 24 2.52 3.27 strong 
3M9 1 6.02 1.43 strong 
3M9 2 1.05 2.96 strong 
3M9 4 0.02 2.94 strong 
3M9 7 0.02 3.32 strong 
3M9 14 0.15 2.09 weak 
3M9 16 0.27 12.7 strong 
3M9 17 3.6 9.84 strong 
3M9 19 0.5 1.92 strong 
3M9 20 0.6 1.71 strong 
3M9 24 0.33 4.29 strong 
3M9 25 0.09 4.1 strong 
3H3 1 4.09 13.3 strong 
3H3 2 1.66 3.33 strong 
3H3 3 0.51 0.67 strong 
3H3 4 0.31 10 strong 
3H3 5 0.45 1.49 strong 
3H3 6 0.07 9.12 strong 
3H3 7 0.26 14.1 strong 
3H3 8 2.11 5.24 strong 
3H3 9 0.33 37.8 strong 
3H3 10 0.29 5.76 strong 
3H3 11 0.45 1.64 strong 
3H3 13 0.32 4.41 strong 
3H3 14 2.33 1.81 strong 
3H3 16 1.54 2.09 strong 
3H3 17 0.49 2.33 strong 
3H3 18 0.33 0.67 strong 
3H3 19 0.2 3.12 strong 
3H3 20 0.35 0.68 weak 
3H3 24 0.05 3.4 strong 
3H3 27 0.87 13.2 strong 
3H3 28 0.37 2.05 strong 
3H3 29 1.79 16.1 strong 
3H3 31 0.22 3.21 strong 
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Figure S1. Clustered heatmap representing the relative abundance patterns of bacterial genera 
across samples exposed to honey, mixed, and sugar dietary treatments.  
The color gradient ranges from blue to red, indicating low to high abundance levels, respectively. 
Hierarchical clustering analysis of both samples and bacterial taxa revealed clear differences in microbial 
community composition associated with dietary variation. Core bacterial genera, including Gilliamella, 
Lactobacillus, Snodgrassella, and Frischella, displayed comparatively higher abundance across multiple 
samples, suggesting their dominant role within the microbiome. Samples sharing similar microbial profiles 
were grouped together, indicating the influence of diet on bacterial community structure. In contrast, 
several taxa remained consistently low in abundance across treatments, reflecting their limited occurrence 
within the analyzed populations. Overall, the heatmap demonstrates that dietary composition plays an 
important role in shaping microbiome diversity and bacterial distribution patterns. 

 

Figure S2. Principal Coordinates Analysis (PCoA) of ileum microbiota composition among Honey, 
Mix, and Sugar dietary treatment groups based on Bray–Curtis dissimilarity. 

Each point represents an individual sample, while colors indicate dietary treatments: Honey (blue), Mix 
(green), andSugar (red). Shaded convex hulls illustrate the distribution and variability of samples within 
each treatment group. Overlapping clusters suggest that the microbial communities shared broadly similar 
compositions across diets, although minor separation patterns indicate subtle diet-associated differences 
in ileum bacterial community structure. Figure presents the PCoA ordination of ileum microbial 
communities from the three dietary treatment groups. Samples positioned closer together indicate more 
similar bacterial compositions, whereas greater distances reflect higher compositional differences. 
Considerable overlap among the Honey, Mix, and Sugar groups was observed, suggesting that the overall 
ileum microbiota structure remained relatively similar among treatments. However, slight dispersion and 
separation of some samples imply that dietary interventions may have contributed to modest shifts in 
microbial community composition. 
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Figure S3. Dirichlet–Multinomial Mixture (DMM) clustering analysis of ileum microbiota showingthe 
distribution of Honey, Mix, and Sugar diet samples within a single dominant microbial community 
cluster. 
The DMM clustering plot demonstrates that samples from all dietary treatment groups were assigned to 
one major microbial cluster, indicating a broadly similar ileum microbiota structure across diets. Although 
samples were dispersed across the PCoA space, the absence of distinct cluster separation suggests that 
dietary treatments induced only subtle variations in bacterial community composition rather than major 
shifts in overall microbial community structure. 

 

 

 

 

 

 

  


