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Abstract

Honeybees (Apis mellifera) are one of the most important pollinators in the ecosystem and
agriculture, insect pollination helps with more than 35% of the global food supply. Their health
is directly linked to a stable gut microbiota, supporting digestion, immune system, and
protection against pathogens.

Melissococcus plutonius, is a pathogen that can cause a bacterial disease that threatens honeybee
colony health globally called European Foulbrood (EFB). The aim of this study is to identify the
bacterial flora associated with A. mellifera gut through sequencing the 16s rRNA gene and
comparing the bacterial composition between samples with and without M. plutonius. 48
specimens collected from two hives in Uddevalla, Sweden, were dissected and analysed using
16S rRNA and ITS amplicon sequencing on the Oxford Nanopore MinlON, followed by RT-qPCR
for targeted pathogen detection. The 16S sequencing produced consistent high

classification rates. It showed that Bartonella was the dominant genus in all groups, likely due to
seasonal changes. A reduction in Bifidobacterium in the infected bees shows that

M. plutonius infection is linked with general disruption of the microbial community. Database
limitation has led to unsuccessful classification of the fungal community. The study findings
suggested that RT-qPCR is more sensitive than 16S sequencing for pathogen detection and could
successfully differentiate between infected and non-infected samples.

Future studies are recommended to use other ITS bioinformatics tools, use appropriate internal
controls in qPCR assays, and expand sample sizes to further investigate the relationship
between M. plutonius infection and gut microbiota composition in A. mellifera.



Scientific Summary

Honeybees, or as introduced in their scientific term Apis mellifera, are one of the most important
insects on the planet. They pollinate over the third of the food we eat, and play a crucial role in
maintaining the ecosystem. Although, honeybees are facing a threat against a bacteria called
Melissococcus plutonius, that infects they honeybees with the European Foulbrood disease. This
disease kills the larvae of bee colonies before they fully develop. This study was constructed to
understand how this infection affects the internal biology of honeybees. Like every human, every
bee has a gut, which includes a complex bacterial community, often referred to as the gut
microbiome. Hence, a healthy gut microbiome is important for the bee’s digestion, immune system
and overall health. If and when this community is disrupted, bees become more prone to disease.

In this study, we collected honeybees from Uddevalla, Sweden during the winter of 2026. Some
bees came from an infected hive by M. plutonius, while others came from another healthy hive. We
then disinfected the bees and dissected them, followed by extracting their DNA to identify which
bacteria were found in their gut tissues. To do this, we used two methods; Oxford Nanopore
Sequencing, which reads all the genetical material of all bacteria at once. Second one is qPCR,
which is a more sensitive method used specifically to target the disease-causing bacteria, M.
plutonius.

Our results showed that both the infected and non-infected honeybees had very similar types of
bacteria in their gut, including well-known beneficial bacterium like Lactobacillus and
Bifidobacterium. However, infected bees had low levels of Bifidobacterium, a bacteria known to
protect bees from infection. This therefore shows that M. plutonius does not harm the larvae
directly, but it disrupts the protective bacterial community inside adult worker bees. We also
discovered that qPCR method was better at detecting M. plutonius rather than the sequencing
method, which struggled to pick up bacterium when it was present in low amounts. Overall, this
study highlights the importance for using the correct methods when investigating honeybee-
related diseases, and future studies should develop new strategies to protect honeybee colonies.



List of abbreviations

Abbreviation Definition

16S rRNA 16S ribosomal ribonucleic acid

ITS Internal Transcribed Spacer

PCR Polymerase Chain Reaction

qPCR Quantitative Polymerase Chain Reaction

RT-qPCR Real-Time Quantitative Polymerase Chain Reaction
DNA Deoxyribonucleic acid

gDNA Genomic Deoxyribonucleic acid

NTC No Template Control

bp Base pairs

ng Nanogram

ag Attogram

nM Nanomolar

wul Microlitre

Cq Quantification Cycle

AR Delta fluorescence

R? Coefficient of determination

EPI2ME Oxford Nanopore Technologies cloud analysis platform
MinION Oxford Nanopore Technologies sequencing device
MinKNOW MinION sequencing software

SQK-MAB114.24
wf-16s

UNITE

PCA
PC1,PC2,PC3

IQR

Microbial Amplicon Barcoding Sequencing Kit
Workflow 16S (EPI2ZME analysis pipeline)
Universal Fungal ITS database

Principal Component Analysis

Principal Component 1, 2, 3

Interquartile Range



EFB

AFB

TCA
A260/280
A260/230
HS

DS-11

Al

KLARA

European Foulbrood

American Foulbrood

Tricarboxylic Acid cycle

Absorbance ratio at 260 and 280 nanometres
Absorbance ratio at 260 and 230 nanometres
High Sensitivity

DeNovix spectrophotometer model

Volts

Artificial Intelligence

Swedish chemical risk assessment system
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1 Introduction

Apis mellifera (honeybees) are known for one of the agricultures’ largest pollinators within the
natural ecosystem, producing honey and wax for human consumption. Estimates suggest that
more that 35% of the human population depends on insect pollinators in regards to food
consumption. Moreover, crops rely on pollination with 70% according to estimation, illustrating
these insects’ crucial role within agriculture (Papa et al.,, 2022). Healthy honeybees have a gut
microbiome, a microbiota which includes a lineage of bacterial species. The bacteria present in
the honey bees include Bifidobacterium, Bombilactobacillus, Gilliamella, Lactobacillus,
Snodgrassella, which together forms a stable gut community. According to research, a heathy gut
microbiome is associated with a healthy honeybee as it helps with digestion, detoxification of food
components. In addition, the gut microbiome activates the immune system and provides
protection against pathogenic organisms, as well as endocrine signalling involved in appetite
regulation and weight gain, and pathways including learning and memory formation (Motta et al.,
2023). The previously mentioned bacteria are not found in young bees, and are instead acquired
orally through contact with other honeybees and the hive. Furthermore, Callegari et al. (2021),
highlighted the presence of different bacterial cell morphologies in the honeybee’s gut, including
rod- and coccus-shaped bacteria that were colonizing the gut cell, while Snodgrassella, Gilliamella,
and Frischella colonized the midgut and ileum.

Beyond the core bacterial community, the honeybee gut also harbours a number of non-core
bacterial species whose presence varies considerably between individuals. Though, as they are
found in low numbers, they are not members of a healthy gut. Other bacteria, for example
Apilactobacillus kunkeei and Bombella apis are mostly linked to bee larvae, queens, or hive
materials rather than adult worker bees. There are also several proteobacteria present in the
honeybees’ microbial gut community, such as Frischella perrara, Bartonella apis, and
Parasaccharibacter apium, along with a Gluconobacter-associated clade referred to as Alpha2.1.
These proteobacteria’s occur at a lower relative, though still contribute to the overall structure of
the dominant gut microbiota in honeybees (Sbaghdi et al., 2024).

Additional non-core microorganisms that colonize the gut microbiota of the honeybees are linked
to a honeybees’ physiological stress or increased exposure to the environmental microbial
invaders. As honeybees are holobiont, it is subjected to various biotic and abiotic stressors that
both play a crucial role in host health and gut microbial structure. A highly prevalent ubiquitous
parasite known as the microsporidian Nosema ceranae, is among the biotic stressors, which
disrupts the gut microbiota composition. N. ceranae is transmitted between bees via spores
through the fecal-oral route during bees cleaning activities and/or when different bees species
visit the same flower during pollination. Honeybees infected with N. ceranae demonstrated a
significant increase in the relative abundance of Gilliamella apicola and Snodgrassella alvi, while
reducing levels of Alphaproteobacteria, Bifidobacterium spp., and Lactobacillus spp. Such
microbiota imbalance may increase honey bee susceptibility to opportunistic pathogens (Sbaghdi
etal,, 2024).

In addition to bacterial pathogens and parasites, the honeybee gut may also harbour non-bacterial
organisms. According to Yun et al. (2018), symbiotic bacteria are known to serve as a food source
for several species within the Hymenoptera genus. An example of that is the Scaptotrigona depilis
(Brazilian stingless bee) active cultivation of Monascus sp. (fungi), where the fungus gets
consumed by the larvae in its brood cells. These fungal cultivators are protected from pathogens
by symbiotic bacteria. Though, within other bees, for example the Megachile genus, researchers
have suggested that bacteria and fungi in the gut interact and may help control the balance of the
gut microbial community. Although fungi are known to associate with many hymenopteran
insects and are commonly present in bee bread and nectar, little is currently known about which



fungal species inhabit the honey bee gut or how they influence the health and fitness of the host
(Tejerina et al.,, 2023).

While the fungal community still remains unknown in A. mellifera, the bacterial community in the
honeybees’ gut microbiota can be disrupted by infectious agents. Among the infectious bacteria
that are threat to honeybees is Melissococcus plutonius, a gram-positive bacteria causing European
Foulbrood disease (EFB). EFB is a disease that primarily affecting honey bee larvae (Erban et al,,
2017). This pathogen infects the midgut of the larvae, to compete for nutrients thus disrupting the
normal development of the young larvae, leading of larval death before the cell is capped. It is
suggested by (Welch et al.,, 2021) that clinical signs of EFB include twisted, yellow to brown
discoloration, and melted-down larvae within open brood cells and a sour odour. The disease is
transmitted between colonies through contaminated food, infected combs, and foraging bees that
visit flowers previously visited by bees from infected colonies. Although EFB does not result in
immediate colony collapse, it can still weaken colonies hence reducing their productivity. M.
plutonius has been detected in adult worker bees from healthy colonies, illustrating that adult bee
workers might act as vectors that transmit the disease within and between apiaries (Erban et al,,
2020). The detection and quantification of M. plutonius therefore requires a more sensitive
method, as conventional clinical assessment is insufficient to identify sub-clinical infections.

To investigate the bacterial communities of A. mellifera gut, molecular sequencing approaches are
required, which target specific genetic markers. The 16S rRNA gene is a highly conserved gene
present in all prokaryotes and has been used as the primary molecular marker for bacterial
identification and community profiling. Its conserved regions are allowing the design for universal
primers that allows the amplification of wide bacterial DNA simultaneously. Furthermore, 16S
rRNA gene has nine hypervariable regions providing sufficient sequence diversity to differentiate
between bacterial taxa at genus and species level (Janda & Abbott, 2007). This study used the
Microbial Amplicon Barcoding Sequencing kit (SQK-MAB114.24, Oxford Nanopore Technologies),
arecently updated sequencing protocol to enable simultaneous sequencing of the 16S rRNA gene
on the MinlION device. Third generation sequencing technologies like Nanopore sequencing have
advanced, where 16S rRNA can be sequenced within a single read, conquering the limitations of
earlier short-term reads capturing partial gene sequencies (Johnson et al., 2019).

A. mellifera play a crucial role as pollinators in natural ecosystems and agriculture, thus relying on
a stable gut microbiome for their health. This microbiome is predominantly composed of a core
group of bacterial species that assist with digestion, detoxification, immune activation, and
protection against pathogens. However, the balance of the gut microbial community can be
disrupted by environmental stressors and infectious agents, such as the bacterium Melissococcus
plutonius, which causes European foulbrood, a disease affecting honey bee larvae. The aim of this
project is to identify the bacterial flora associated with honeybees, and investigating the effect of
M. plutonius infection in the gut microbial community through 16S rRNA sequencing and qPCR
approach. The project further aims to screen bacterial strains for the presence of M. plutonius
through quantification and sequencing and to compare the community composition between
samples with and without M. plutonius.

2 Aims and objectives

The overall aim of this project is to characterize the bacterial flora of the honey bee gut and
investigate its relationship with the presence of the pathogenic bacterium M. plutonius.

Objectives of the project:
e To determine which bacteria, constitute the normal microbial flora of A. mellifera gut

tissues in infected and non-infected samples using 16S rRNA amplicon sequencing



e To detect and quantify M. plutonius in infected and non-infected A. mellifera gut tissue
samples using RT-qPCR, and to differentiate between active infection and sub-clinical
pathogen levels based on Cq values

e To evaluate the performance of the updated SQK-MAB114.24 Nanopore sequencing
protocol for microbial community profiling in comparison to previously used sequencing

protocols
3 Methods
3.1 Dissection and disinfection

A. mellifera specimens were collected from two different hives located in Uddevalla, Sweden, on
the 28th of February 2026. A total of 48 specimens were collected, including 24 infected and 24
non-infected individuals, each sourced from separate hives. Following collection, all specimens

were stored at -20°C until further processing.

Prior to dissection, the specimens were removed from the freezer and thawed at room
temperature for approximately 45 minutes. The tools essential for dissection were submerged
into a 2.7% sodium hydrochloride solution for 10 minutes. Surface disinfection of the specimens
was then performed by placing them individually in falcon tubes containing a 1% sodium
hypochlorite solution, and later vortexing at low speed for 2 minutes. Thereafter, the specimens
were then transferred sequentially through three separate tubes containing Milli-Q water, where
they were gently inverted by rocking for approximately 30 seconds per tube. Following this, the
specimens were transferred to clean microcentrifuge tubes in preparation for dissection.

Dissection was performed by securing each specimen in an inverted position using a scalpel
applied to the head region in order to prepare for decapitation. To extract the gut tissue, a small
incision was made at the anal region of the specimen, and the gut was carefully pulled out using
sterilized dissection tools. The dissected gut tissues were then placed in labeled microcentrifuge
tubes and stored at -20°C until further analysis.

3.2 DNA Extraction

The procedure of isolating microbial DNA was conducted according to the ZymoBIOMICS DNA
Miniprep Kit (Zymo Research) protocol, with slight alterations. Samples included 24 infected
specimens, 24 non-infected specimens and 6 control samples (Snodgrassella alvi, Lactobacillus
kimbladii, Gilliamella apicola, Bartonella apis, Lactobacillus melliventus and a Microbial Standard
Community). The bacterial control strains were included to validate the sequencing methodology
by confirming that the EPI2ZME wf-16s workflow could accurately classify known bacterial
species. The ZymoBIOMICS Microbial Community Standard was included as a positive sequencing
control to assess the reliability of the sequencing run and detect potential cross-contamination
between barcodes.

All samples were run in ZR BashingBead™ Lysis Tubes (Zymo Research) for 40 minutes using a
Disruptor Genie (Scientific Industries) according to appendix D in the manufacture’s protocol.
Moreover, during the elution step, the DNase/RNase solution was heated to 60°C immediately
before usage following the troubleshooting guide in the protocol (Zymo Research) to generate a
higher DNA yield. After the generated eluted DNA, all samples were quantified using Qubit™ 1X
dsDNA High Sensitivity (HS) kit in Qubit 3 fluorometer (Thermo Fisher Scientific) and DNA purity
of A230/260 and A260/280 values were measured using Nanodrop (Denovix).



3.3 16S barcoding

All DNA samples were amplified using PCR according to the Microbial Amplicon Barcoding
Sequencing for 16S and ITS (SQK-MAB114.24 (Nanopore technologies), where extracted gut
tissue samples and the bacterial controls followed both the 16S primer. Thereafter, 1.2% agarose
gel electrophoresis was performed to confirm that the PCR worked and produced the correct DNA
fragment. Subsequently, all samples were quantified with Qubit™ 1X dsDNA High Sensitivity (HS)
kit using Qubit 3 fluorometer (Thermo Fisher Scientific).

34 DNA Purification

The bee samples were then purified according to the Microbial Amplicon Barcoding Sequencing
for 16S and ITS (SQK-MAB114.24 (Nanopore technologies). DNA samples were pooled and later
cleaned up using AMPure bead, followed by quantification with Qubit 3 fluorometer (Thermo
Fisher Scientific). Thereafter, the barcoded samples were prepared for sequencing using the
MinION.

3.5 Nanopore Sequencing

The final library preparation was conducted using the Microbial Amplicon Barcoding Sequencing
for 16S and ITS (SQK-MAB114.24 (Nanopore technologies) protocol, and loaded in a R10.4.1 flow
cell and sequenced on a MinlON sequencing device using the MinKNOW software. The MinION is
used for full-length sequencing of 16S rRNA for bacterial profiling. The downstream analysis was
conducted using EPI2ZME 16S workflow (wf-16s) to identify 16S.

After all gut tissue samples were amplified, 16s sequencing of samples was performed following
the supplied Microbial Amplicon Barcoding Sequencing for 16S and ITS (SQK-MAB114.24
(Nanopore technologies) protocol. The samples were run in two separate batches; where batch 1
included noninfected gut tissue samples (barcodes 01-09), control groups (barcodes 10-15), and
infected gut tissue samples (barcodes 16-24), and batch 2 included non-infected gut tissue
samples (barcodes 01-12) and infected gut tissue samples (barcodes 13-24). Thereafter, raw data
was loaded into the EPIZME software to carry out sequencing analysis results, which are shown
in Appendix III. Due to time constraints, the final 3 samples from each group (infected and non-
infected), were not processed, resulting in a final samples size of n=21 for the non-infected group
and n=18 for the infected group, rather than the originally collected 24 individuals per group.

3.6 gPCR optimization and RT-qPCR

gPCR optimization was initially performed using both genomic DNA (gDNA) and amplified DNA
from M. plutonius strains to determine the optimal concentrations of primers and probe following
supplied protocols (Sigma-Aldrich, 2024). The final concentrations of both forward and reverse
primers were set to 600nM, and 100nM for the probe. For each reaction, 5ul of template DNA was
added, with a total reaction volume of 20pul. Moreover, all reactions were performed in duplicates,
and a no-template control (NTC) in each run to monitor for reagent contamination.

gPCR reactions were set up in 96 well reactions following conditions (95°C/10 min, 40 cycles of
95°C/15 sec, and 60°C/ 1 min) with Agilent Aria MX real-time PCR system using real-time data
collection. A standard curve was constructed using 10-fold serial dilutions of M. plutonius genomic
amplified DNA ranging from 1 ng to 1 ag. Both infected and non-infected gut tissue samples were
analyzed to determine the presence and quantification levels of M. plutonius, with Cq values
compared against the standard curve.



3.7 Data Analysis

Sequencing data from the EPI2ME wf-16s workflow were exported and analyzed using R
statistical software version 4.6.0 (R Core Team, 2026). A relative abundance cutoff value of 0.5%
was applied to all samples to remove low-abundance reads likely representing sequencing noise
or contamination. Genera not meeting this threshold in any sample were excluded from further
analysis. Median and interquartile range (IQR) were calculated for each genus across infected and
non-infected groups. Principal Component Analysis (PCA) was performed on normalized genus-
level relative abundance data using R, with three components extracted and visualized in three-
dimensional space.

For RT-qPCR, Cq values were compared against the amplified M. plutonius standard curve to
determine template quantity in each sample. Samples producing Cq values at or below the NTC
threshold were excluded from quantification. Active infection was defined as samples producing
Cq values significantly lower than the NTC, while sub-clinical infection was defined as samples
producing Cq values above the NTC threshold but still showing detectable amplification. The slope
of the standard curve directly determines the amplification efficiency of the qPCR assay, calculated
using the formula E = (10”(-1/slope) — 1) x 100. A slope of -=3.32 corresponds to 100% efficiency,
representing a perfect doubling of template DNA with each amplification cycle. Slopes within the
range of approximately -3.1 to -3.6, corresponding to an efficiency range of 90-110%, are
generally considered acceptable for reliable quantification (Sigma-Aldrich, 2024). In addition to
the slope and efficiency, the coefficient of determination (R?) was used to assess the linearity of
the standard curve, with values closer to 1 indicating a stronger fit between the Cq values and the
log-transformed template quantities across the dilution series. An R? value of 20.99 is generally
considered indicative of a reliable standard curve.

3.8 Al declaration

During the preparation of the thesis project, the Al language model Claude (Anthropic, claude.ai),
was used to assist with restructuring to improve clarity of written sections. In addition, Claude
assisted in suggesting appropriate in-text citation placement, adding annotations to figures and
suggesting relevant scientific literature to include based on topics provided. The raw data,
experimental results, scientific interpretations, and conclusions presented in this work are the
author’s own.

4 Results

This study aimed to investigate the microbial communities present in A. mellifera gut tissues, as
well as the proportions of these communities present through sequencing the 16S gene. To
achieve this, bee samples were dissected, and thereafter DNA extraction was conducted. The qubit
quantification (Thermo Fisher) confirmed the successful extraction of DNA across all samples,
with concentrations (see appendix II) varying between 4.02 and 27.2 ng/ul for infected samples,
meanwhile 4.10 and 48.0 ng/pl for non-infected samples. Subsequently, the purity of extracted
samples was measured using Nanodrop DS-11 spectrophotometer (DeNovix). The 260/280 and
230/260 purity values are presented in appendix IL

4.1 Gel electrophoresis

Gut tissue samples were later amplified with 16S primer following the Microbial Amplicon
Barcoding Sequencing for 16S and ITS (SQK-MAB114.24 (Nanopore technologies) protocol.
Furthermore, 6 additional bacterial strains including Snodgrassella alvi, Lactobacillus kimbladii,
Gilliamella apicola, Bartonella apis, and a Microbial Standard Community were amplified
alongside the gut tissue samples to serve as controls. Thereafter gel electrophoresis was
conducted at 120V, which showed successful amplification of the samples following PCR. The
amplified fragments were located at approximately 1500bp, as shown in Figure 1.
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Figure 1. Gel electrophoresis of PCR-amplified 16S rRNA gene products from control, non-
infected, and infected Apis mellifera gut tissue samples. All three gels were run using Quick-Load
Purple 1 kb DNA Ladder (NEB) in lane 1 as a size reference, with the expected band size at
approximately 1500 bp. (A) Control group (lanes 1-7): Lane 1, DNA ladder; lanes 2-7, control
samples. (B) Non-infected group (lanes 1-10): Lane 1, DNA ladder; lanes 2-10, non-infected
samples.

Bands appearing at the expected ~1500 bp confirm successful PCR amplification of the full-length
16S rRNA gene in all sample groups. The presence of bands at the correct size across all samples
indicates successful amplification prior to downstream Nanopore sequencing.

4.2 Downstream Analysis

The taxonomic classification of the bacterial control strains showed high accuracy rates, with
classification accuracy ranging between 99.11-100%, meaning that the method correctly
identified each control strain to genus level, thus confirming the reliability of the sequencing
methodology. The difference between the reads within certain barcodes shown in Table 5
(Appendix III) is distinguishable. For example, barcode 13 (348 416 reads) is approximately 23
thousand times larger than barcodes 5 (107 reads), 9 (66 reads), 18 (15 reads), and 20 (46 reads).
As a result, a relative abundance cutoff value of 0.5% will be applied into the extracted data, in
order to focus on the dominant microbial community members.



Figure 2. Median relative abundance (%) of bacterial genera in A. mellifera gut tissue (0.5% cutoff),
shown for non-infected (n=21) and infected (n=18) groups, combining Batch 1 and Batch 2 data.
The control group (n=5) represents pooled data from bacterial reference strains (Snodgrassella
alvi, Lactobacillus kimbladii, Gilliamella apicola, Bartonella apis) and is shown for visual reference
only, not included in statistical comparisons.

The relative abundance data shown in Figure 2 demonstrates the bacterial community
composition across the three groups at a 0.5% cutoff value. The control group was present for
visual comparison purposes to provide a reference point for the expected bacterial profiles
against the infected and non-infected A. mellifera gut tissue samples. Bartonella dominates in both
infected and non-infected groups, representing the largest proportion of classified reads.
Lactobacillus was the second most abundant genus within the non-infected group following
Bombilactobacillus, while its relative abundance was reduced in the infected group. Moreover,
Bifidobacterium was relatively low in the infected group compared to non-infected gut tissue
samples. Gilliamella, Snodgrassella, Tissierella, and Commensalibacter were detected at lower
relative abundances.

Table 1. Median (IQR) relative abundance (%) of bacterial genera detected in the gut tissue of
infected (n=18) and non-infected (n=21) A. mellifera, based on combined 16S rRNA sequencing
data from Batch 1 and Batch 2, with a 0.5% relative abundance cutoff applied

Median (IQR)

Genus Infected Non-infected
Bartonella 43.274 (21.255) 41.825 (38.960)
Lactobacillus 11.038 (19.433) 17.758 (30.388)
Bombilactobacillus 5.844 (5.009) 8.110 (12.290)
Bifidobacterium 5.112 (4.701) 7.116 (4.624)
Gilliamella 4.714 (8.051) 2.116 (2.851)
Snodgrassella 2.489 (5.062) 0.668 (1.377)
Commensalibacter 2.586 (3.028) 1.753 (3.663)
Tissierella 0.072 (3.851) 0.174 (6.941)
Novisyntrophococcus 0.165 (2.504) 0.083 (1.357)
Anaerostipes 0.000 (1.789) 0.000 (1.312)
Anaerocolumna 0.028 (0.359) 0.000 (0.915)
Frischella 0.022 (0.814) 0.000 (0.015)
Apibacter 0.000 (0.316) 0.000 (0.090)
Blautia 0.070 (0.580) 0.123 (1.086)
Mobilisporobacter 0.000 (0.000) 0.000 (0.246)
Waltera 0.000 (0.000) 0.000 (0.191)

The key observations found in Table 1 is that Bartonella dominates in both infected (43.27%) and
non-infected (41.825%) groups, in addition to high IQR within all groups. In contrast,
Bifidobacterium remains higher within the non-infected bees (7.116%) in comparison to the
infected group (5.112%). Similarly, Bombilactobacillus and Lactobacillus were both higher in the
non-infected group (17.758% and 8.110%) compared to the infected group (11.038% and 5.844%
respectively), while Snodgrassella and Gilliamella had an unusual pattern displaying high median
abundances in the infected group (2.489% and 4.714%) compared to the non-infected group
(0.668% and 2.116%).



4.3 Principal Component Analysis

Principal Component Analysis
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Figure 3. Principal component analysis conducted on bacterial species from combined Batch 1 and
2 16S samples with a relative abundance cutoff value of 0.5% used on R statistical software
version 4.6.0 (R Core Team, 2026). The PCA figure displays how bacterial communities cluster in
three-dimensional space based on their compositional similarity. Samples with similar bacterial
profiles appear closer together, while samples with different bacterial compositions are
positioned further apart.

The principal component analysis (0.5% abundance cutoff value) in Figure 3 showed no clear
separation between infected and non-infected groups across the three components, which
together explained 46.6% of the total variance (PC1: 24.7%, PC2: 13.2%, PC3: 8.7%), though
excluding barcode 16 due to it being an outlier driven by Enterobacteriaceae contamination. PC2
was primarily driven by core microbiota bacterium including Lactobacillus, Bartonella,
Bombilactobacillus, and Bifidobacterium. This overlap is consistent with the dominance of
Bartonella across both groups (Figure 2 & Table 1), thus indicating that the infection status alone
does not strongly structure the bacterial community at the genus level under the applied
abundance cutoff value.



44  RT-qPCR

(A) Standard Curve Plots
22 1 gDNA Standard Curve
20
Slope: —3.285
18 -
Z 16 1 Efficiency: ~101%
z
§ 14 Rz ~0.982
127 (estimated)
10 4
B -
10-° 10-8 107 1075 10-3
Initial Quantity (nanograms)
(B) Standard Curve Plots
225
Amplified M. plutonius
20.0 1 DNA Standard Curve
17.5 - Slope: —2.885
T 15.01 B Efficiency: 114%
% 12.5
O R2: 0.997
10.0
75 (Selected for quantification)
5.0

10-° 10-¢ 10-7 10-6 10-3 10-4 10-3
Initial Quantity (nanograms)
Figure 4. Standard curve plots generated from 10-fold serial dilutions of gDNA (top) and amplified
M. plutonius DNA (bottom). Cq (AR) values are plotted against initial template quantity
(nanograms) across the dilution range.

To optimize the RT-qPCR, initial testing was performed using amplified M. plutonius samples and
gDNA samples in a 10-fold serial dilution series to evaluate Cq values across dilutions. The
efficiency of the assay was assessed using the slope of the standard curve, with an optimal slope
of -3.2indicating approximately = 100%  amplification efficiency. @ The  standard
curves generated are shown above in Figure 4.

The standard curve presented in Figure 4 using gDNA produced a slope at -3.285, corresponding
to an amplification efficiency of 101% and an R2 of 0.982, indicating a near optimal assay
performance. Meanwhile, the amplified M. plutonius DNA standard curve produced a slope of -
2.885, an efficiency of 114% and Rz of 0.997, exceeding the recommended efficiency range of 90-
110%. Therefore, the amplified DNA standard curve was selected for the quantification of
experimental samples.
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Figure 5. Demonstrates qPCR standard curves showing quantification cycle (Cq, AR) as a function
of the log, initial template quantity (nanograms). (Top) Standard curve generated from serially
diluted template derived from infected samples; (bottom) standard curve generated from serially
diluted template derived from non-infected samples.

The gPCR demonstrated results (Figure 5) in regard to detection and quantification of M. plutonius
in both infected and non-infected A. mellifera gut tissue samples. The standard curve generated
from infected sample dilutions produced a slope of -3.251, an R2 of 0.997 and an amplification
efficiency of 102%, hence strong linearity. While the standard curve generated from the non-
infected run produced a slope of -3.263 and an R2 of 0.978, which also corresponds to an efficiency
of 102%, thus consistent amplification across both sample types. There was no A. mellifera-
specific internal control primer that was included in this study due to time constraints, which
represents a limitation in the ability to normalise DNA input across samples.

Moreover, the NTC showed amplification in the both runs, thus any samples producing Cq values
consistent with the NTC were excluded from downstream analysis in order to keep the data
reliable. Infected samples produced lower Cq values in comparison to non-infected samples. In
contrast, higher Cq values observed in non-infected samples suggest the presence of M. plutonius
below threshold value.

ITS amplicon sequencing was performed on A. mellifera gut tissue samples using Nanopore
sequencing to try and detect fungal microbiota. However, the sequencing did not yield any fungus,
but instead resulting data was predominantly unclassified reads, ranging between 75-85% of
reads across most samples. Of those within classified reads, Homo Sapiens dominated the
identified species. In addition, bacterial taxa were also detected, including Actinomyces oris,
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Stenotrophomonas maltophilia, and Streptomyces sp., etcetera. Therefore, ITS sequencing
approach was unsuccessful due to the insufficient detection of fungal species, and no conclusion
can be drawn regarding the fungal flora of A. mellifera from this method.

5 Discussion

The gut microbiome of A. mellifera plays a crucial role in supporting immunity, digestion and
overall bee fitness. Hence, analysing the gut microbiome is essential for understanding the
microbial diversity and its impact on bee gut health (Castillo et al., 2025). This study aimed to
sequence 16S rRNA gene amplicon combined with RT-qPCR to characterize the gut microbial
community composition of A. mellifera collected in Sweden during the winter season. Previous
studies identified the conserved core bacterial community in the honeybee gut microbiome, which
consists of Lactobacillus, Bombilactobacillus, Bifidobacterium, Snodgrassella, and Gilliamella,
alongside the non-core bacterium Bartonella, which was dominant across all groups. Although,
differences in the relative abundance of key taxa were observed between infected and non-
infected samples, raising questions about the relationship between M. plutonius infection and gut
microbiome dysbiosis (KeSnerova et al., 2020; Castillo et al., 2025; Maigoro et al,, 2024).

The study specifically focuses on the effect of M. plutonius infection in the gut microbiota
composition. The mean classified read percentage of 99.95% achieved in the study (Appendix III)
using the SQK-MAB114.24 kit represents a substantial methodological advancement compared to
earlier Nanopore sequencing protocols used at the University of Skovde. Carlsson (2024), who
used the previous generation 16S Barcoding Kit 24 V14 (SQK-16S114.24), reported a mean
classified read percentage of only 48%, highlighting the improvement in sequencing performance
offered by the updated SQK-MAB114.24 protocol. Lim et al. (2023), also demonstrated that the
introduction of the R10.4.1 flow cell with Q20+ reagents enabled Nanopore sequencing to achieve
greater than 99% accuracy, hence showing a significant advancement over earlier flow cell
chemistries, which were associated with higher error rates and lower classification performance.

Moreover, Lin et al. (2024) demonstrated that near full-length 16S rRNA amplicon sequencing on
the Nanopore platform using updated chemistry could achieve 99.99% mean accuracy, surpassing
the accuracy of Illumina short reads and enabling more reliable species-level taxonomic
classification. Brandt et al. (2024), also confirmed that the v14 chemistry kits are capable of
achieving sequencing accuracies of 99.9%, making Nanopore sequencing a cost-effective option
for microbial community profiling. These findings support the conclusion that the high classified
read percentage observed in this study is a direct reflection of the improved chemistry of the SQK-
MAB114.24 kit, and its adoption is strongly recommended for future 16S rRNA amplicon
sequencing studies of A. mellifera gut microbiota at the University of Skovde.

5.1 DNA Purity and Concentration

DNA purity was measured using a DS-11 spectrophotometer (DeNovix) following extraction from
infected and non-infected gut tissue samples. A260/280 values across all samples were below the
optimal value of 1.8, ranging from 0.27-1.72 in infected samples and 0.44-1.72 in non-infected
samples (see Appendix II), with the lowest values potentially indicating protein contamination
from the extraction process (Zymo Research, 2023). A260/230 values were comparable between
both groups, ranging from 1.90-2.85 in infected and 1.90-2.63 in non-infected samples,
suggesting minimal contamination from salts or organic solvents. Despite the variability in purity
values, downstream amplification was successful, as confirmed by gel electrophoresis (Figure 1),
with bands appearing at the expected ~1500 bp for 16S amplicons, confirmed by Snodgrassella
alvi, Lactobacillus kimbladii, Gilliamella apicola, and Bartonella apis, Lactobacillus melliventus, and
Microbial Standard Community that served as controls.
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5.2 16S sequencing analysis

The EPI2ZME 16S workflow for 16S amplicon sequencing data gave consistent high classification
rates for all samples processed with an average of 99.95% (Appendix III). The taxonomic
classification of the bacterial control strainsindicated accuracy rates of 99.11-100%, which
confirmed that the method was able to correctly identify each control strain to genus level, and
thus validated the reliability of the sequencing methodology for the experimental samples.

The relative abundance data shown in Figure 2 illustrated the dominance of Bartonella bacterium
across both infected and non-infected groups. Li et al., (2022) revealed that the non-core
bacterium, Bartonella, dominated across all groups of core bacteria in the gut microbiota of
honeybees in winter due to the reduced pollen consumption. Moreover, winter bees have less
access to nutrients, thus influencing their gut microbiota composition. The article also highlighted
Bartonella’s high elevation over winter, and its large contribution to TCA cycle and amino acid
metabolism (Li et al., 2022). Similarly, findings of KeSnerova et al. (2020) revealed elevated levels
of Bartonella and Commensalibacter in winter bees with a reduced relative abundance, while the
present study did not observe the same increase in Commensalibacter abundance. The divergence
between the proportions of the bacterial taxa may be due to the difference within the geographical
location, as microbial community composition in overwintering bees has been shown to vary
across regions and bee lineages (Luo et al., 2024).

Motta et al. (2025) also identified the presence of core bacterium members in the honeybee gut
microbiome such as Lactobacillus, which is known to produce short chain fatty acids and vitamins
that serve as energy sources for midgut cells and contribute to the regulation of host metabolism.
However, both Lactobacillus and Bombilactobacillus were notably reduced in infected bee samples
(Figure 2), which is consistent with the findings of Motta et al. (2025), who suggested that M.
plutonius infection may be associated with a broader dysbiosis of beneficial core microbiota.

Bifidobacterium is a core member of the Apis mellifera gut microbiota, known for its role in
inhibiting pathogens and is a probiotic bacterium for protecting honeybees against bacterial
diseases, such as American foulbrood (Erban et al., 2017). In this study, Bifidobacterium'’s
abundance was reduced within the infected bee samples (5.112%) in comparison to the non-
infected samples (7.116%) shown in Table 1, which supports the findings of Mojgani et al. (2025),
who demonstrated that Bifidobacterium is a crucial bacterium for the production of antimicrobial
metabolites and inhibition of pathogen growth, suggesting its depletion may increase
susceptibility to M. plutonius infection. Furthermore, Maigoro et al. (2024) also confirmed that
Bifidobacterium abundance in worker bees is linked to immunogenic potential, suggesting that
the lower levels of this genus in EFB-infected bee samples is not coincidental, but rather a wider
gut microbiome disruption driven by M. plutonius infection.

Subsequently, ZymoBIOMICS Microbial Community Standard was included to serve as a positive
control during the Nanopore sequencing to assess the reliability of the data constructed from the
16S workflow. The theoretical composition of the ZymoBIOMICS standard consists of eight
bacterial species at approximately equal proportions of 12.5% each; Listeria monocytogenes,
Pseudomonas aeruginosa, Bacillus subtilis, Escherichia coli, Salmonella enterica, Lactobacillus
fermentati, Enterococcus faecalis, and Staphylococcus aureus (Zymo Research, 2023). Although, the
sequencing did not detect the eight expected bacterial genera within the estimated proportions.
Rather, the most abundant genera identified was Snodgrassella (26.5%) and Bartonella (22.7%),
which are both core and non-core members of the A. mellifera gut microbiota and should not be
present in the ZymoBIOMICS standard. Of the expected ZymoBIOMICS genera, only Salmonella
(1.3%), Lactobacillus (6.6%), and Escherichia (0.1%) were detected, while Listeria, Pseudomonas,
Bacillus, Enterococcus, and Staphylococcus were absent. This is likely due to cross-contamination
occurring between barcodes, which may have influenced the composition of other samples, which
is a limitation to this study.
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53 PCA Results

According to the PCA that was applied with a 0.5% cutoff value for each individual component
(Figure 3), no clusters were created, revealing no clear separation between infected and non-
infected groups. The three components (PC1: 24.7%, PC2: 13.2%, PC3: 8.7%) explained 46.6%,
thus resulting in overlapping. This suggests that infection status does not drive bacterial
community on a genus level, with Bartonella dominance across all three groups likely contributing
to this lack of separation. The observation is consistent with Carlsson (2024), who also performed
a PCA analysis on 16S Nanopore sequencing data from A. mellifera gut microbiota at the University
of Skévde. Carlsson’s study found that while two clusters could be identified, the samples formed
a large coherent group, meaning that high compositional similarity exists between individuals
(Carlsson, 2024).

However, the distribution of this study totals 46.6%, in comparison to Carlsson (2024), where
three components accounted for 94% of the total variance, and Component 1 alone explained
69%. Hence, the even distribution in this study illustrates a higher degree of complexity within
the bacterial composition and variability between individual samples, reflecting the biological
variable of M. plutonius infection across both infected and non-infected groups. Although, 51% of
the total variance within the data is not captured by PCA, thus is a limitation when interpreting
the PCA results.

54  RT-qPCR

This study conducted qPCR cutoff limits to identify whether tested bee sample colonies were
directly infected with M. plutonius infection or had been exposed with an infected colony within
distance, a method that is known for confirming clinical EFB due to its sensitivity and quantitative
capability (Erban et al., 2020). The standard curves in Figure 4 shows RT-qPCR assay performed
across 10-fold series of dilution (107* to 10~°) of both amplified and genomic M. plutonius DNA.

As illustrated in Figure 5, the standard curves generated from both infected and non-infected M.
plutonius samples demonstrated a consistent negative linear relationship between the initial
quantity of the template and Cq values across the dilution series, confirming the reliability of the
gPCR assay for quantification in both sample types. The infected sample standard curve had a
broader dynamic range of 10™° to 107!, however greater scatter was observed at the lower
concentration range of 10™° to 1077, where data points deviated more from the regression line.
This variability at the lower end of the dilution series is likely showing that the assay is
approaching its detection limit, where template quantities become too low for consistent
amplification, hence its consistency with the limitation that has been previously confirmed in
gPCR-based detection of M. plutonius (Erban et al.,, 2020). Similarly, Pluta et al. (2026) highlighted
that although qPCR is widely used for the quantification of foulbrood pathogens, it is difficult to
obtain a reliable quantification at very low template concentrations, particularly for non-spore-
forming pathogens such as M. plutonius.

In contrast, the non-infected standard curve covered a narrower dilution range from 1077 to 107t
and produced less scatter around the regression line, hence highlighting its higher R? of 0.997,
and therefore suggesting more consistent amplification efficiency across the dilution points. The
higher starting Cq values observed in the non-infected curve at 1077 (Figure 5) indicate lower
template quantity in comparison to the infected samples, which further supports the findings of
Erban et al. (2017), who confirmed that healthy colonies can harbour M. plutonius without
displaying clinical symptoms of EFB.

Moreover, Melissococcus was identified in the 16S Nanopore sequencing without the relative

abundance threshold, with a total of 1159 classified reads present only in the first barcode of the
first batch. However, this inconsistent detection of Melisococcus across samples did not reflect the
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results obtained with qPCR, where M. plutonius was detected and quantified across infected
samples. While Nanopore sequencing can detect M. plutonius when present at sufficient
quantities, its detection is unreliable at low template concentrations without applied abundance
thresholds, as it risks for potential false negatives with sub-clinical infection levels and
misclassification of reads. According to Floyd et al. (2023), metagenomic sequencing may struggle
to consistently detect low-abundance pathogens in complex microbial communities. Meanwhile
the nature of qPCR uses specific primers for targeting M. plutonius, which is a more appropriate
method for more sensitive detection of M. plutonius in A. mellifera gut tissue.

One limitation of the study was the absence of an internal reference control which is Apis
mellifera-specific primers. As a result, it is hard to normalise the M. plutonius signal against input
DNA quantity across samples. To improve the reliability of future studies, it is recommended to
implicate honeybee-specific endogenous control (Ryba et al,, 2024) In addition, an amplification
signal was detected in the NTC along with the non-infected samples at the same run, potentially
due to contamination. Such contamination could raise the M. plutonius signal observed in the non-
infected group, which makes it hard to draw a conclusion about the data.

5.5 ITS Downstream Analysis

ITS amplification was used to characterise which fungal flora was present in the gut tissues
of A. mellifera. Based on the results obtained from ITS sequencing, the database EPI2ZME
metagenomics workflow limits the outcome of the study due to its inefficiency. ITS samples
underwent successful PCR amplification stage, hence indicating that fungal DNA was successfully
amplified before the sequencing. Therefore, the problem is with the sequencing workflow and
bioinformatics analysis downstream (Tejerina et al., 2023). For enhancing the classification rates
of future studies, it is recommended to use a dedicated database such as UNITE, that targets the
ITS region as the formal fungal barcode (Nilsson et al., 2019).

6 Conclusion

The study aimed to characterise the bacterial flora of the gut microbiota of A. mellifera, screen
for M. plutonius, and compare the microbial community composition between infected and non-
infected individuals. The 16S sequencing was successful in detecting differences in bacterial
community composition between the two groups, notably a reduction in Bifidobacterium in
infected bees, indicating that M. plutonius infection causes a wider dysbiosis of the microbiota
rather than simply the presence of a pathogen. The increased Bartonella abundance observed
across all groups is most likely a seasonal reflection of the winter period.

Due to bioinformatic limitations the fungal community was not characterised in the ITS workflow.
Future studies are recommended to use UNITE database to increase results reliability and get a
greater sequencing depth. A successful differentiating between infected and non-infected samples
was achieved using RT-qPCR assay providing clear advantages over 16S sequencing for targeted
pathogen detection. However, the limitation was the absence of A. mellifera-specific internal
control and NTC limited the reliability of the study. Future experiments are recommended to be
replicated with new reagents and strict aseptic technique before firm conclusions can be made.

Finally, this study highlights the importance of combining sequencing and qPCR approaches for
microbiome research in honeybees. To further consider that M. plutonius infection is not only
detectable through sensitive molecular methods, but these methods should also be combined
with measurable shifts in the core gut microbiota to indicate important implications for honeybee
health monitoring and colony management techniques.
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7 Ethical considerations

This study used A. mellifera (honeybees) which are important pollinators in the natural ecosystem
and agriculture; thus, ethical issues are an important matter. All procedures during the
experiment reduced negative effects and stress on the bees. To prevent A. mellifera’s suffering, the
dissections were carried out effectively to isolate the gut tissues. During this laboratory, there was
no endangered honeybees, and the dissection process was followed according to the standard
methods for A. mellifera anatomy and dissection (Carreck et al., 2013). Together with the
laboratory safety and environmental responsibility; cross-contamination pathogenic bacteria,
such as M. plutonius, was handled via sterile procedures. Any biological waste that contains bee
tissues that are dissected as well as microbial cultures was disposed according to biosafety
guidelines for laboratory. The current study went through a KLARA risk assessment, meaning that
the procedures associated with experiments follow the ethical and safety requirements.
Subsequently, this study has been done in a way that has been keen on the welfare of the animals
and honeybee environmental responsibility, in order to investigate honeybee health and its gut
microbiome in association with M. plutonius. In conclusion, no ethical permits were required for
invertebrates such as A. mellifera (honeybees), though their ecological importance as essential
pollinators required careful consideration under experimental conditions.

8 Future perspectives

This study provides a base foundation into the relationship between M. plutonius infection and
the gut microbiome composition in A. mellifera. For further research, A. mellifera-specific internal
control primers should be included in qPCR assays, to improve the reliability of quantification
results, as it allows for the normalization of DNA input across samples (Caporaso et al., 2020).
Secondly, future studies should employ different databases such as UNITE to detect fungus, as the
EPI2ME metagenomics workflow used in this study was insufficient in identifying the fungal flora
in the A. mellifera gut tissue samples (Koljalg et al, 2013). Thirdly, a recommendation in
expanding the sample size beyond 24 individuals per group in order to improve the statistical
reliability of the study, and allow more robust conclusions to be drawn about infection-associated
microbiome changes. Further, studies within this field of research should collect samples from
different time points throughout the year to include seasonal comparisons, and help distinguish
between infection-driven microbiota changes and seasonal fluctuations, given the particular
dominance of Bartonella observed in the winter cohort. Finally, future studies should also
consider exploring the potential of Bifidobacterium probiotics as a therapeutic intervention
against M. plutonius infection, given the consistent reduction in Bifidobacterium abundance
observed in infected bees in this study, and its role in immune defence, as specific strains of
Bifidobacterium like B. asteroides, B. choladohabitans, and B. polysaccharolyticum, have shown to
exhibit inhibitory activity against M. plutonius in vitro, supporting the therapeutic potential of
targeted probiotic interventions (Dengiz et al., 2025).
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10 Appendices

Appendix I: Weight of gut tissue samples

Table 2. Presents the weight of A. mellifera gut tissue samples prior to DNA extraction
(Eppendorf weight excluded)

Samples Weight prior to Samples (non- Weight prior to
(infected) DNA Extraction infected) DNA Extraction
(mg) (mg)
1 14.7 1 40.6
2 25.7 2 35.6
3 17.6 3 14.4
4 23.6 4 23.1
5 25.3 5 2.5
6 34.4 6 21.6
7 20.9 7 47.5
8 30.5 8 28.1
9 22.7 9 24.1
10 27.6 10 27.6
11 23.4 11 15.9
12 31.3 12 20.4
13 11.3 13 24.6
14 22.8 14 34.8
15 14.5 15 19.2
16 16.3 16 20.3
17 1.1 17 26.3
18 10.8 18 1.9
19 27.1 19 37.8
20 17.2 20 15.4
21 25.3 21 45.3
22 24.7 22 32.2
23 13.2 23 25.4

24 23.9 24 26.2




Appendix II: Qubit and Nanodrop concentrations of gut tissue samples
Table 3. DNA concentrations of A. mellifera infected samples calculated in qubit and Nanodrop,

in addition to purity (A260/230 and A260/280) after DNA extraction

Sample Qubit Nanodrop A260/230 A260/280
concentration concentration
(ng/pl) (ng/pl)

1 7.62 15.4 2.37 0.85
2 18.9 11 2.51 0.77
3 16.4 41.1 2.08 1.15
4 9.88 13.5 2.44 0.62
5 19.5 71.3 2.05 1.16
6 17.0 9.1 2.85 0.63
7 18.8 40.3 2.07 1.01
8 14.4 26.9 2.15 0.87
9 4.82 13.1 2.63 0.55
10 4,94 77.9 2 1
11 0.662 8.9 2.61 0.63
12 27.2 27.3 2.1 0.85
13 4.06 329 2.16 1.03
14 8.20 237.2 1.92 1.57
15 6.00 13.4 2.47 0.44
16 22.0 12.7 2.28 0.63
17 6.98 9.5 2.63 0.27
18 12.5 12.3 2.62 0.74
19 12.0 209.9 1.9 1.72
20 12.4 18.8 2.38 0.58
21 6.04 71.8 2.01 1.28
22 4.22 16.1 2.58 0.47
23 14.8 29.4 2.06 0.65
24 8.52 12 2.52 0.53
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Table 4. DNA concentrations of A. mellifera non-infected samples calculated in Qubit and
Nanodrop, in addition to purity (A260/230 and A260/280) after DNA extraction

Samples Qubit conc. Nanodrop concentration A260/280 A260/280
(ng/pl (ng/pl)

1 16.4 169.4 1.25 0.93
2 0.93 321.5 1.91 1.79
3 6.18 251.8 191 1.75
4 31.0 392.6 1.9 1.36
5 23.8 17.2 2.22 0.51
6 324 42.7 2.03 1.14
7 48.0 342.8 1.92 1.81
8 19.4 307.4 1.92 2.08
9 39.6 336.7 1.87 1.94
10 13.6 244.4 1.33 1.22
11 324 176.2 1.91 1.53
12 27.4 232.2 1.9 1.7
13 33.8 105.5 1.98 1.19
14 16.0 32 2.06 1.32
15 7.66 21 2.29 0.36
16 26.6 105.2 1.96 1.36
17 23.8 180.9 1.91 1.49
18 26.2 290 1.39 1.25
19 35.2 477.6 1.89 1.85
20 12.1 75 1.95 0.84
21 26.8 44 .4 1.99 0.99
22 37.8 278.3 191 1.71
23 17.4 15.6 2.35 0.62

24 16.5 44 2.09 0.77




Appendix llI: Classified reads of 16S samples

Table 5. Shows data analysis collected from EPI2ME software from 16s workflow on A. mellifera
16S samples and bacterial controls; where B1-B9 are non-infected samples, B10-15 are controls,
and B16-24 are infected samples.

Barcode samples Reads Classified reads Classified reads (%)
1 103078 103475 100
2 21194 21194 100
3 17145 17130 99.91
4 24964 24963 100
5 13258 13252 99.96
6 27942 27940 99.99
7 19491 19481 99.95
8 9299 9299 100
9 31890 31877 99.96
10 50663 50662 100
11 31989 31989 100
12 112 111 99.11
13 52016 52011 99.99
14 36881 36879 99.99
15 4 4 100
16 11445 11445 100
17 112962 112961 100
18 4351 4351 100
19 647 647 100
20 952 952 100
21 4 4 100
22 28407 28406 100
23 24928 24917 99.96
24 6433 6432 99.98
Total: 680722 630382 Mean: 99.95
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Appendix IV: Raw classified reads with relative abundance cutoff value

Table 6. Illustrates the raw classified reads of bacterial genera on genus level in non-infected gut
tissue samples with a relative abundance cutoff value of 0.5% from Batch 1

Genus BCO01 BC02 BC0O3 BC04 BCO5 BC06 BCO7 BC08 BC09
Anaerocolumna 0.802 0 0 3.461 0 0 0 0 1.98
Anaerostipes 2.937 0 0 3.047 0 0.61 0 0 4.773
Apibacter 0 0 0.609 0 0 0 0 0 0
Bartonella 59.38 9.541 6795 40.09 1.882 6599 20.70 6.655 49.46

3 9 8 7 7 9
Bifidobacterium 5.006 11.57 6.856 0 9492 4729 7.116 1841 7.171
1 5
Blautia 1.624 0 0 0.547 0 0.922 0 0 1.153
Bombilactobacillus  7.247 12.61 14.01 4.125 32.27 2.083 2447 2745 8.11
9 8 8
Cedecea 0 0 0 0 0 0 0 0 0
Citrobacter 0 0 0 0 0 0 0 0 0
Commensalibacter 0.872 5.236 0 3.53 1.753 0 3.941 5255 1.081
Cronobacter 0 0 0 0 0 0 0 0 0
Dickeya 0 0 0 0 0 0 0 0 0
Enterobacter 0 0 0 0 0 0 0 0 0
Entomomonas 0 0 0 0 0 0 0 0 0
Erwinia 0 0 0 0 0 0 0 0 0
Frischella 0 0 0 0 0 0 0 0 0
Gilliamella 6.171 10.29 2.664 0.792 2116 1567 3.643 0.549 1.266
2
Klebsiella 0 0 0 0 0 0 0 0
Kluyvera 0 0 0 0 0 0 0 0
Kosakonia 0 0 0 0 0 0 0 0 0
Lactobacillus 4954 5061 6.633 9.323 49.13 1598 39.61 41.00 11.89
4 8 5 1 8 4
Mangrovibacter 0 0 0 0 0 0 0 0 0
Melissococcus 1.122 0 0 0 0 0 0 0 0
Mobilisporobacter 0 0 0 0.583 0 0 0 0 0
Novisyntrophococc 1.242 0 0 11.63 0 4.898 0 0 1.357
us 1
Pantoea 0 0 0 0 0 0 0 0 0
Pectobacterium 0 0 0 0 0 0 0 0 0
Raoultella 0 0 0 0 0 0 0 0 0
Salmonella 0 0 0 0 0 0 0 0 0
Serratia 0 0 0 0 0 0 0 0 0
Shigella 0 0 0 0 0 0 0 0 0
Snodgrassella 1.218 0 0.585 1.568 2.638 1.7 0 0.668 0.76
Tissierella 6.941 0 0 19.97 0 0.957 0 0 10.04
7 3
Trabulsiella 0 0 0 0 0 0 0 0 0
Waltera 0 0 0 0.663 0 0 0 0 0
Xenorhabdus 0 0 0 0 0 0 0 0 0
Yersinia 0 0 0 0 0 0 0 0
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Table 7. Represents the raw classified reads of bacterial genera on genus level in infected gut
tissue samples with a relative abundance cutoff value of 0.5% from Batch 1

Genus BC16 BC17 BC18 BC19 BC20 BC22 BC23 BC24
Anaerocolumna 0 0.57 0 0 0 0 0.921 0
Anaerostipes 0 3.073 0 0 0 0 0.913 0
Apibacter 0 0 0 0 0 0 0.812  1.452
Bartonella 22.838 4991 33.81 40.476 85.075 12.252 42.555 78.876
Bifidobacterium 0.595 0.888 6.554 2381 1.066 0.638 5798 2951
Blautia 0 0 0 0 0 0 0 0
Bombilactobacillus 2.524 2867 9.578 8571 5.011 25563 13.249 4.231
Cedecea 1.724 0 0 0 0 0 0 0
Citrobacter 9.589 0 0 0 0 0 0 0
Commensalibacter 0 4.955 2.031 3.333 1.386 3.738 6.08 0
Cronobacter 1.191 0 0 0 0 0 0 0
Dickeya 0.666 0 0 0 0 0 0 0
Enterobacter 1.537 0 0 0 0 0 0 0
Entomomonas 0 17.297 0 0 0 0 0 0.999
Erwinia 1.662 0 0 0 0 0 0 0
Frischella 0 0 0 0 0 0 0 1.124
Gilliamella 5.705 0.577 11.055 18.73 0 0 0 2.514
Klebsiella 1.04 0 0 0 0 0 0 0
Kluyvera 0.915 0 0 0 0 0 0 0
Kosakonia 0.604 0 0 0 0 0 0 0
Lactobacillus 6.576 2.62 30.487 10.635 4.691 56.285 17954 3.638
Mangrovibacter 1.075 0 0 0 0 0 0 0
Melissococcus 0 0 0 0 0 0 0 0
Mobilisporobacter 0 0 0 0 0 0 0 0
Novisyntrophococcus 0 3.244 1177 0 0 0 5.951 0
Pantoea 1.44 0 0 0 0 0 0 0
Pectobacterium 0.871 0 0 0 0 0 0 0
Raoultella 2.693 0 0 0 0 0 0 0
Salmonella 1.315 0 0 0 0 0 0 0
Serratia 0.684 0 0 0 0 0 0 0
Shigella 1.919 0 0 0 0 0 0 0
Snodgrassella 26.597 0 4985 15.873 2.772 0.85 0 4.2
Tissierella 0 12.703 0 0 0 0 4.206 0
Trabulsiella 0.809 0 0 0 0 0 0 0
Waltera 0 0 0 0 0 0 0 0
Xenorhabdus 0.587 0 0 0 0 0 0 0
Yersinia 0.587 0 0 0 0 0 0 0




Table 8. Represents the raw classified reads of bacterial genera on genus level in infected gut
tissue samples with a relative abundance cutoff value of 0.5% from Batch 2

Genus BC15 BC16 BC17 BC18 BC19 BC20 BC21 BC22 BC23 BC24
Bartonella 44407 30.118 59.185 53.091 44.376 43.149 22.814 43.398 1.444 64.782
Lactobacillus 6.308 28390 11.597 9.727 6.469 14.286 48.513 11.440 33.812 4.512
Bombilactobacillus 5.025 9.008 5566 5125 7.535 6.122 14.254 3.296 24.582 3.545
Snodgrassella 0.487 5.308 0 2.206 21.116 0 1.079 0.472 5.615 6.848
Gilliamella 0.580 14.632 6.716 4.283 9.612 20991 1.607 1.773 5.145 5.489
Tissierella 18.290 0.038 3.619 3.928 0 0 0 8.828 0.230 0.107
Commensalibacter 1.833 4.312 2959 2192 0 6.706 2.213 4.597 15304 1.130
Anaerostipes 13.153 0 2.081 2.958 0 0 0 9.002 0.393 0.044
Bifidobacterium 1477 8.144 4.032 6.167 6334 7.872 6428 6322 10900 4.427
Novisyntrophococcus 5.228 0 0.810 2.946 0 0 0.156 5.609 0.174 0.284
Frischella 0.189 0 0 3.756  4.558 0 0 1.022 1933 0.157
Entomomonas 1.166 0 0 0 0 0 0 0 0 4.135
Blautia 0.616 0 1.947 2.419 0 0 2918 3.007 0.085 0.056
Apibacter 0.379 0 0 0.338 0 0 0 0 0.252 2485
Enterococcus 0 0.048 0 0 0 0 0 0 0 1.386
Anaerocolumna 0.109 0 0.988 0.419 0 0 0 0.723 0.056 0.179
Unknown 0.002 0 0.004 0.002 0 0.875 0 0 0 0.003

Table 9. Represents the raw classified reads of bacterial genera on genus level in non-infected
gut tissue samples with a relative abundance cutoff value of 0.5% from Batch 2

Genus BCO01 BC02 BC03 BC05 BC06 BC07 BC08 BC10 BC11 BC12 BC13 BC14
Staphylococcus 0 100.000 0.049 0 0 0 0 0 0 0 0 0
Bartonella 42.250 0 45.948 30.204 64.681 41.825 84.451 59.667 7.064 24.850 29.358 70.965
Lactobacillus 18.477 0 21.683 30.763 9.223 17.758 5.002 21.414 52.057 44.558 12.131 8.573
Bombilactobacillus 10.950 0 3.623 19.465 4.741 3.805 2.740 7.422 14.566 16.415 24.605 5.910
Tissierella 2.764 0 7.330 0 7.884 12.850 0.982 0 0 0 0.578 0
Bifidobacterium 8.824 0 4.153 10.180 4.727 1.599 1.099 7.736 9.351 8.541 5.075 11.021
Commensalibacter  1.230 0 0.398 5.007 0.751 2.827 0.194 0.405 6.807 4.068 9.531 1.917
Gilliamella 3.410 0 5912 0.771 2.036 2.631 0.349 3.144 6.841 1.533 8.742 0.487
Novisyntrophococcus 0.958 0 4.200 0 2.746 8.061 0.569 0 0 0.032 0.576 0
Snodgrassella 0.521 0 1.210 0.370 0.547 4.179 1577 0.065 1.985 0 2.589 0.164
Enterococcus 0 0 0 0 0 0 0 0 0 0 3.578 0
Blautia 2.966 0 2.262 3.122 0 1.086 0.801 0 0 0 0.127 0
Anaerocolumna 3.071 0 1.030 0 0915 0.286 1.021 0 0 0 0.162 0
Anaerostipes 2.524 0 1.246 0 1312 2.628 0.582 0 0 0 0 0
Frischella 0.015 0 0 0 0 0 0 0 0.769 0 2421 0
Mobilisporobacter 1.036 0 0.300 0 0.246 0.085 0.336 0 0 0 0.039 0
Apibacter 0.090 0 0 0.119 0 0 0 0.061 0.522 0 0 0.964
Waltera 0.630 0 0.265 0 0.191 0.057 0.258 0 0 0 0.017 0
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