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Abstract

Apis mellifera is the most common honeybee species in the world. In recent years, there have
been several reports of declines in wild, and domesticated populations. Central to honeybee
health are the mutualistic relationships they have with their intestinal microbiome. The
Lactobacillus species living in their digestive tract assist with nutrient digestion and
pathogen protection. The aim of this study was to investigate which Lactobacillus spp. were
present in the intestines of subspecies A. mellifera mellifera, and A. mellifera ligustica, and if
they were able to inhibit growth of the pathogen Melissococcus plutonius. The 16S rRNA
gene was amplified from gDNA extracted from two complete intestines per sample, in a PCR
reaction with barcoded primers. Fragments were then analyzed with nanopore sequencing.
In vitro assays of catalase-treated cell-free supernatants from Lactobacillus cultures were
set up against living cultures of M. plutonius on KBHI agar plates and liquid broth media, in
two experiments. The same seven Lactobacillus species previously found in honeybees were
confirmed to be present in the bees of this study. The ratio of species was different between
individual samples, which supports earlier findings suggesting the variation is dependent
on factors such as individual health, food source, and sampling season. Liquid broth in vitro
assay resulted in no inhibition of early growth phase, while the last cell count measure at
24 h, recorded statistically significant difference in mean values between A. apinorum and
negative control (p<0.001). Further research is needed to investigate optimum conditions
for inhibition.



List of abbreviations

PCR - Polymerase Chain Reaction

DNA - DeoxyriboNucleic Acid

gDNA - Genomic DeoxyriboNucleic Acid

NGS - Next Generation Sequencing

BHI media - Brain Heart Infusion media

KBHI media - Brain Heart Infusion media with potassium dihydrogen phosphate
BT kit - Dneasy blood and Tissue kit (Qiagen)

ZB kit - Zymobiomics DNA miniprep kit (Zymo research)
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1 Introduction

1.1 Honeybees

Bees are important pollinators in nature and commercial food production. They boost
productivity in the agricultural sector which is highly dependent on bee pollination, where
it has been determined that about a third of the world’s food production depends on bee
pollination of crops (Chapman et al., 2019; Eilers et al,, 2011). The honeybees, which make
up a large part of the pollination occurring especially in commercial applications, belong to
the genus Apis (Klein et al.,, 2007). While there are eight surviving species of honeybees, the
most common are the domesticated species Apis mellifera (western honey bee) and Apis
cerana (estern honey bee) used for several thousand years for honey production (Gisder &
Genersch, 2017). Their importance has led to increasing concern in recent years since
decline of both domesticated and wild populations of pollinators has been reported (Allen-
Wardell et al,, 1998; Allsopp et al,, 2008). Although sources agree on a general pollinator
decline, there is no single reason, but a combination of different factors. Decline of natural
habitats in favor of monocultural farming, biodiversity decline and the use of pesticides are
a few reasons leading to lower populations of insects and animals that are natural
pollinators (Vanbergen & Initiative, 2013). The diet of honeybees specifically consists of
carbohydrates collected from the nectar of flowering plants or honeydew secreted by plants
or insects. Nectar consists of water, and the sugar species glucose, fructose and sucrose
(Taylor et al., 2019). The water content of the nectar is reduced by the bees to around 17%.
To produce honey, the reduced nectar or honeydew is mixed with pollen in the
honeystomach, where it is exposed to enzymes that break down the pollen and the sugars,
making nutrients more readily available for digestion. The bees then regurgitate the nectar
solution into the honeycomb, and use their wings to evaporate the water out of the nectar.
When enough water has evaporated, the honeycomb is sealed with wax secreted from
glands located in their abdomen (Crane, 1991; Taylor et al., 2019).

1.2 Honeybee microbiome

Itis not yet fully understood how bees digest proteins and carbohydrates, but an increasing
amount of studies are investigating the mutualistic relationships of the honeybees and their
microbiome and how the intestinal bacteria aid in digestion (Kwong & Moran, 2016;
Martinson et al.,, 2012; Tarpy et al,, 2015). Research has shown that A. mellifera harbors
intestinal microbiomes of low taxonomic complexity, where in the workers of the hive, the
microbiome is dominated by bacteria belonging to less than ten phylotypes. The phylotypes
are composed of bacteria sharing more than 97% identity in the 16S rRNA sequence
(Kwong & Moran, 2016; Martinson et al,, 2011; Moran et al, 2012; Raymann & Moran,
2018). For bacterial identification, the 16S rRNA gene has been the standard choice for a
long time. The gene contains regions of high variety between species, while other highly
conserved regions are useful for attaching primers which will work across most bacterial
genera (Johnson et al,, 2019; Kembel et al., 2012; Langille et al., 2013). Lactobacillus is one
of the most dominant genera of bacteria found in honeybees, together with Bifidobacterium,
Acetobacteraceae, Snodgrassella, and Gilliamella respectively (Corby-Harris et al., 2014).



1.2.1 Mutualistic Lactobacillus spp.

Positive probiotic effects associated with members of the Lactobacillus genus are their
ability to inhibit growth of pathogenic species. Several different mechanisms are used to
achieve this, for example by producing high amounts of lactic acid to reduce the pH level
and thus limiting the growth of pathogens needing a neutral or basic enviroment (Aiba et
al, 1998; Bernet-Camard et al., 1997). A number of Lactobacillus spp. also produces
hydrogen peroxide since they lack heme, and can therefore not reduce oxygen to water by
utilizing the cytochrome system . Instead flavoproteins are utilized to convert the oxygen to
H20, (Eschenbach et al, 1989; Hawes et al., 1996). Other studies has documented
bacteriocin production in some Lactobacillus spp., which acts specifically towards bacterial
species known to be pathogenic, belonging to the genera Staphylococcus, Shigella, Listeria,
Klebsiella, Salmonella, Pseudomonas and Enterobacter. Additionally, these bacteriocins do
not affect other probiotic species such as other members in the Lactobacillus genera or
Bifidobacterium species (Bernet-Camard et al, 1997). In relation with honeybees
specifically, multiple studies has been showing promising results of Lactobacillus species
inhibitory effect against the common pathogenic bacterial species Paenibacillus larvae and
Melissococcus plutonius, which causes american foulbrood and european foulbrood,
respectively, of which the latter is being examined in this study (Arredondo et al., 2018;
Forsgren et al,, 2010; Yoshiyama et al., 2013).

1.3 Next generation sequencing

Identification of bacterial species has been presented with difficulties in the past, using
methods such as pyrosequencing that comes with certain restrictions (Liu et al., 2007). With
new sequencing methods referred to as Next Generation Sequencing (NGS), even genomic
data can be sequenced and analyzed (Liu et al., 2012). One of the most widely used NGS
methods is the second generation Illumina sequencing, which sequences fragments of 5-
300 bp. The problem when sequencing long genomes is that these small fragments have to
be “knitted” together in an estimated orientation to construct a genome, which can cause
problems especially with repetitive regions (Heydari et al., 2019; Prosperi & Salemi, 2012).
With third generation sequencing tools such as nanopore sequencing, complex samples can
be analyzed without complicated preparation (Bleidorn, 2016; Jain et al., 2016). What is
unique with nanopore sequencing compared to other methods such as Illimuna, is that
reads of >100 kb is possible (Jain et al., 2018). It works by first adding barcodes to the DNA
or RNA strands prepared for sequencing. Depending on which kit is being used it works
differently. For the 16S barcoding kit (SQK-16S024), barcodes are attached to the primers,
giving each sample its own “identity”. It is therefore possible to sequence multiple samples
in a single sequencing run, since the nanopore device will register the barcode attached to
the fragment passing through the pore (Menegon et al., 2017; Pomerantz et al.,, 2017). A
sequencing adapter is then attached to the barcoded fragment, which connects to the
membrane bound nanopore (Figure 1). While the fragment is being transported through
the pore, a -180 mV current is running through the pore, disrupting the ionic current, and
the sequencing unit is measuring the signal trace to register which nucleotide is passing
through (Lu etal,, 2016). The data is then processed in the MinKNOW software. Output files



are in FAST5, and there is an option to convert the files to FASTQ in MinKNOW, called
basecalling. The basecalling can also be completed with for example Guppy software.
Conversion to FASTQ files are needed for further data analysis with EPIZME or other
softwares of choice (Wick et al., 2019).
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Figure 1. Simplification of a nanopore protein complex. The sample dsDNA is attached to the helicase
motor protein, which connects to the nanopore with an adapter sequence. The helicase motor protein
splits the dsDNA and transfers a strand of ssDNA through the nanopore, while the sequencing device
measures the ionic current disruption signal. Each nucleotide will affect the current differently, and
a sequence can be assembled in the MinKNOW software.

The benefit of using [llumina platform is a higher accuracy on sequencing results. To be
taken into account when comparing previous studies of [llumina and nanopore sequencing,
is when the study was conducted. Both technologies are constantly being improved and
updated to increase read accuracy. A study from 2019 compared the mentioned
technologies on whole genome sequencing of Hepatitis B, and reported that in 11.5% of the
positions of three full genome reads, the nanopore sequencing data differed from the
sequences gathered with Illumina. Since the [llumina data had fewer variants of the virus in



the analysis, the conclusion of the study was that the difference was likely due to nanopore
sequencing errors (McNaughton et al, 2019). Raw sequencing data from single cell
transcriptome sequencing gathered in 2020 reported accuracy of 93% for nanopore
sequencing reads (Lebrigand et al., 2020). A 2019 study on hemoglobin transcripts, the
median accuracy for the study was 94% on the reads generated by the Oxford Nanopore
Sequencing (Byrne et al., 2019). The consensus seems to be that error rates range between
6-15% for nanopore sequencing, and ~0.1% for [llumina MiSeq version (Jain et al,, 2017;
Loman et al., 2012; Nicholls et al,, 2019; Winand et al., 2019).

2 Aim

The aim of this study was to develop a methodology to determine which species of
Lactobacillus spp. are present in the honeybee A. mellifera subspecies: A. mellifera ligustica,
and A. mellifera mellifera. Two different DNA extraction kits were evaluated, and the third
generation NGS technology Oxford Nanopore Sequencing was applied to sequence the
whole 16S gene by using commercial 27F and 1492R primers for accurate bacterial
identification. The second part of the project was to evaluate the ability of Lactobacillus spp.
to inhibit M. plutonius through bacteriocin inhibition by filter disc growth test, and liquid
broth growth experiment.

Research questions for the project:

Do the Lactobacillus species present in the honeybees produce inhibitory agents acting
towards the honeybee pathogen M. plutonius?

Do the same species of Lactobacillus dominate in the intestines of different subspecies of A.
Mellifera?

Are there specific Lactobacillus species present in one of the subspecies of A. Mellifera that
are missing in others?

Hypothesis:

Hi: The two subspecies of A. Mellifera harbors a different composition of Lactobacillus
species in their intestines

Ho: The two subspecies of A. Mellifera do not harbor a different composition of Lactobacillus
species in their intestines.



3 Materials and method

3.1 Dissection

Tools used for dissecting bees and extracting intestines (Figure G appendix) were
submerged in a 2.7% sodium hypochlorite solution for 210 minutes. The sodium
hypochlorite was then washed by submerging each tool subsequently in three seperate 50
mL falcon tubes of ultra-pure water. Worker bees from four different sources in Uddevalla,
Sweden were prepared in this experiment. The tools were disinfected between each sample
collection, with freshly prepared tubes of 2.7% sodium hypochlorite. The honeybees were
collected from colonies two months before the start of the experiment, which were in winter
hibernation at the time. The bees were then frozen at -20°C. Thawing of the bees were done
in room temperature, and then surface disinfected in a 1% sodium hypochlorite solution
prepared with ultra-pure H;0. 1 mL/bee of 1% sodium hypochlorite was added to a 15 mL
falcon tube together with max five bees in the same tube. The tube was then vortexed at a
low setting for 2 minutes. Washing off the chlorine solution was then immediately done by
submerging each bee in three separate 15 mL falcon tubes containing ultra-pure H-O.
Dissection was then performed by first carefully removing the legs and wings. The two
spiracles closest to the stinger were cut open on both sides, and the head carefully removed.
With a pincer, the entire intestine was then removed by grasping the outside of the bottom
spiracle and carefully separating it from the abdomen. Two full intestines were collected
from each sample. The intestines were collected in 1.5 mL eppendorf tubes before DNA-
extraction.

3.2 DNA extraction

Two extraction kits were tested in this study to determine the difference in effectiveness
and DNA integrity post extraction of intestinal honeybee samples. The intestinal extraction
amount was two intestines per colony of subspecies. However, isolated Lactobacillus spp.
cultures and control cultures from Culture Collection University of Gothenburg (CCUG)
(Table A, appendix) were isolated with Zymobiomics DNA miniprep kit only. After
extraction with both kits, the samples were measured with Qubit™ 1X dsDNA High
Sensitivity (HS) kit in a Qubit fluorometer 4 (Thermo Fisher Scientific) to determine DNA
concentration. DS-11 spectrophotometer (DeNovix) was used to measure
contamination/purity levels. The agarose gel was prepared with a 1X TAE buffer, 1X GelRed
(Biotium) and 1% w/v agarose. The DNA extractions were then loaded in gel wells together
with Gel Loading Dye, Purple (6X) (New England Biolabs) according to the protocol,
Protocol for All DNA Loading Dyes (B7024). The fragments were compared with a 1 kb DNA
Ladder (New England Biolabs) and a 100 bp DNA Ladder respectively (New England
Biolabs). Voltage was set to 90V, for 60 minutes. The gel was then viewed in a Gel Doc EZ
Gel Documentation System using Image lab (v.6.0.1) program.

3.2.1 Zymobiomics DNA miniprep kit (ZB kit)

The intestinal samples were prepared according to protocol with the exception of step 1.
750 pl of ZymoBIOMICS™ Lysis Solution was added to the prepared 1.5 mL eppendorf
sample tubes and vortexed to dissolve the sample in the lysis solution in order to get the



maximum amount of sample content out of the tubes. The contents were then transferred
to the ZR BashingBead™ Lysis Tubes and process continued according to protocol. 72h
cultures of Lactobacillus spp. controls and isolated samples were added to a 2 mL eppendorf
tube and centrifuged for 5 min at 5000 RCF. The supernatant was then removed before
dissolving samples in 750 pl of ZymoBIOMICS™ Lysis Solution, which was transferred to the
ZR BashingBead™ Lysis Tubes and the process continued according to protocol. In step 2,
the bead beater device used for this experiment were Disruptor Genie (Scientific
Industries), set for 40 minutes. The sample was eluted in 100 pl of ZymoBIOMICS™
DNase/RNase Free Water.

3.2.2 DNeasy blood and tissue kit (Qiagen) (BT kit)

Intestinal samples previously collected in 1.5 mL eppendorf tubes were suspended in 180
ul buffer ATL. Samples were then lysed with 50 mg of acid washed glass beads in a
TissueLyser LT (Qiagen) according to Tissuelyser handbook - p. 21, excluding step 1. After,
the extraction was completed according to the DNeasy blood & tissue handbook - p. 30-33.
In step 2, tubes containing intestinal samples were incubated at 56°C in a shaking incubator
at 220 rpm for 1.5 h. Samples were eluted in 100 pl buffer AE.

3.3 PCR and cleanup

16S Barcoding Kit 1-24 (SQK-165024) (Oxford Nanopore Technologies) was used to amplify
the 16S gene. The samples were prepared according to SQK-165024 protocol, version
16S_9086_v1_revT_14Aug2019. From this point on, all steps were followed according to
this protocol. Post PCR, samples were loaded on a 1% agarose gel, set to 90V for 1h. Purity
values were collected with a DS-11 spectrophotometer (DeNovix) and DNA concentration
with Qubit before cleanup. Sample volume was then adjusted with nuclease free water to
follow the previously mentioned protocol with required sample amount of 50 pl for
magnetic bead cleanup. After cleanup, the barcoded DNA was stored at -20°C until all
samples were prepared for sequencing.

3.4 Library preparation and sequencing

All barcoded PCR samples except L. helsingborgensis control culture, were diluted and
mixed in a single tube with a final concentration of 5.50 ng/ pl with equal ratios of DNA from
each sample. Library preparation was performed according to protocol by the addition of
rapid sequencing adapters (Oxford Nanopore Technologies), the library preparation was
then mixed with sequencing buffer, loading beads (both Oxford Nanopore Technologies),
and nuclease free water, before it was loaded into the FLO-MIN106 SpotON flow cell in a
MinION sequencing device. Output files were set to FAST5 format, minimum g-score=9,
sequencing for 24 h, all other settings as standard. The sequencing was completed with
MinKNOW v20.10.3, in MinKNOW core v4.1.2.

3.5 Basecalling and analysis
The FASTS5 files generated in MinKNOW were converted into FASTQ files using Guppy

software v6.1.2. The FASTQ files were then analyzed in EPI2ME desktop agent v3.4.2 with
What'’s In My Pot? (WIMP) v2021.09.09, and Fastq 16S v2021.09.09. Minimum identity for
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match was set to 95%, minimum qscore=9, BLAST E-value filter=0.01, minimum coverage
30% and max target sequences=3. Since the WIMP run misidentified 3/5 control
Lactobacillus species, it was not used for further analysis. To evaluate the 16S sequence
similarity between the Lactobacillus spp. identified by the Fastq 16S analysis, sequences
were downloaded from NCBI. Multiple alignment of the sequences were then done with
Clustal Omega.

3.6 In vitro inhibition testing

In order to isolate various Lactobacillus species for inhibition testing, one full intestine of A.
mellifera mellifera and A. mellifera ligustica each were diluted in 1 mL of sterile saline
solution containing 0.1% peptone, 0.9% NaCl and 0.1% tween 80. The samples were diluted
to 1:1,1:10, 1:100 and 1:1000 ratios and spread on MRS (ThermoFisher) 1.5% agar plates
supplemented with 2% D-fructose (Sigma-Aldrich) and 0.1% L-cysteine (Thermo fisher
scientific), which will be referred to as supplemented MRS culture. Samples were incubated
at 37°C for 72 hours in Anaerocult C mini bags (Merck). Selections were made based on
colony morphology and isolated colonies were streaked on new plates containing
previously mentioned media. Bacterial morphology was then examined in a microscope
after Gram staining the cells. Isolates containing rod-shaped bacilli were catalase tested and
transferred into 50mL falcon tubes containing supplemented MRS liquid medium,
incubated in Anaerocult C mini bags in a shaking incubator at 120 rpm, 35°C for 72 hours.
After extracting 2 mL of culture from isolates for sequencing, the cultures were adjusted to
pH 6.6 with NaOH and directly placed on ice. Next, ODsoo measurements were recorded. The
tubes were then centrifuged at 4100 rpm for 30 min at 18°C before filter sterilization of
separated supernatant through a 0.2 pym micropore nylon membrane syringe filter (Life
Sciences). The filtered culture supernatants were then adjusted to a concentration
equivalent of ODggo=1.0 based on values taken before filtering. The supernatants were then
treated with 1000 U/mL of catalase (Sigma-Aldrich) incubated for 2 h, and after stored in -
20°C until inhibition testing. In the agar plate experiment, KBHI medium was used. KBHI
medium was BHI medium supplemented with 20.4 g/L potassium dihydrogen phosphate
(KH2PO4) and 1.5% agar. All the plates were inoculated with 100 pl of the same 72 h M.
plutonius culture measured to ODgpo=0.7. 5.5 mm sterile filter discs containing 10 pl of each
supernatant sample were placed on the inoculated KBHI plates. Each supernatant was set
up in technical triplicates. Positive control was the supplemented MRS media used to
culture the Lactobacillus, with the addition of 10 pg/ml tetracycline (Alfa Aesar). Negative
control was supplemented MRS media. The plates were incubated in a GasPak System (BBL)
in microaerophilic conditions by lighting a candle inside to burn out most of the oxygen.
Plates were then incubated at 35 °C for 72h. In the liquid culture experiment, M. plutonius
cultures were set up in technical triplicates, using KBHI medium, and 12.5% (v/v) of the
prepared filtered culture supernatant from each of the Lactobacillus cultures. 15 mL falcon
tubes were used for the experiment, filled to 2/3 in total. Positive control tubes contained
the same ratio of supplemented MRS medium with 10 pg/ml tetracycline (Alfa Aesar), and
negative control was the addition of supplemented MRS broth. An 1:100 aliquot of an
overnight culture of M. plutonius with ODgoo=0.7 were added to each tube, lids were
completely closed and the tubes incubated horizontally at 35 °C at 120 rpm. ODsoo
measurements were taken at 3 h, 6 h, 9 h, and 24 h.
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3.6.1 Data analysis in vitro assay

The bacterial growth data from the liquid broth experiment was fitted to the solution of a
logistic growth curve with Microsoft Excel by adjusting the parameters r and K in the
equation:

Ny X K
No + (K — Ny) x e7 >t

N(t) =

Where Nyis the ODgoo value at t=0, r the growth rate and K is the maximum ODego cell count.

The best match was achieved by minimizing errors between predicted reads and collected
data according to the the following function, where differences between raw data values
and predicted values were adjusted to fit the logistic regression curve:

FO =) (¥®-x©)°

Where T are the time points in hours =[0, 3, 6, 9, 24]

The following statistical analyses tests were completed in IBM SPSS v28. The Shapiro-wilk
test of normality tested on the growth rate factors (r values) generated in the logistic
regression model showed the data for Isolation 16, and B. mellifer group was not normally
distributed. Since the data from A. apinorum did show a difference in mean value ODggo of
2.07 at 24 h, compared to negative control, an independent two-sample t-test were instead
conducted between the negative control, and A. apinorum. Homogeneity of variances was
controlled prior to the t-test. Additionally, for the last measurement at 24 h, an independent
two-sample t-test were run between negative control and A. apinorum.
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4 Results

4.1 DNA extraction

The concentration and purity of intestinal samples extracted with BT and ZB kit are listed
in Table 1. Cultured samples of controls, and isolated Lactobacillus spp. were extracted with
ZB Kkit, see Table 2.

Table 1. Intestinal sample purities and DNA concentration for both extraction Kits.

Subspecies Colony Kit DNA- Az60/230 A2z60/280
concentration
(ng/nl)
Ligustica AVIL BT Qiagen 35.6 1.92 1.87
Ligustica AFB BT Qiagen 87.0 2.23 2.06
Mellifera Skedfors BT Qiagen 59.0 2.37 2.05
Mellifera LTF BT Qiagen 42.1 1.73 1.89
Ligustica AVIL ZB Zymobiomics  28.1 1.24 2.15
Ligustica AFB ZB Zymobiomics  25.5 1.93 1.88
Mellifera Skedfors ZB Zymobiomics  19.9 1.48 1.88
Mellifera LTF ZB Zymobiomics  59.0 1.80 1.84

Mean values for the genomic extraction group samples were Aze0/230 of 2.1 for BT, and 1.6
for ZB Kkit. Azeo/280 were 2.0 (BT), and 1.9 (ZB).

Table 2. ZB kit extractions of isolated Lactobacillus spp., and cultivated control species
sourced from from CCUG. Cultivated in supplemented liquid MRS cultures.

Sample DNA- Az60/230 Az60/280

concentration

(ng/ul)
Isolation 6 12.5 0.94 2.01
Isolation 9 18.3 1.09 2.08
Isolation 10 11.6 0.97 2.98
Isolation 13 18.1 0.96 1.78
Isolation 15 16.6 1.22 2.55
Isolation 16 16.1 0.85 3.22
B. mellifer 27.8 1.18 1.72
A. apinorum 15.1 0.69 1.80
L. helsingborgensis 12.7 0.91 1.99
L. kimbladii 33.8 1.78 1.91

L. kullabergensis 13.8 0.85 2.17




L. melliventris 11.0 0.92 1.95

Gel figures collected after DNA extraction show a difference in extracted DNA integrity
between DNeasy blood and tissue kit, and ZB kit. As can be seen in Figure 24, the DNA
extracted with the BT kit has a lower DNA quality, as smaller fragments are visible in the
lower part of the gel in all sample lanes. DNA extracted with the ZB kit seen in Figure 2, gel
B shows no visible traces of small DNA fragments at the bottom part of the gel, as only longer
fragments were retained. Samples in Figure 2, gel C show long fragment sizes of DNA. Since
bands from ladders are on difference levels, and distance between bands on the gel, refer
to:

From down to up, 1 kb ladder (NEB): 0.5 kb, 1.0 kb, 1.5 kb, 2.0 kb, 3 kb, 4 kb, 5 kb, 6 kb, 8
kb, and 10 kb.

From down to up, 100 bp ladder (NEB): 100 bp, 200 bp, 300 bp, 400bp, 500/517 bp, 600
bp, 700 bp, 800 bp, 900 bp, 1000 bp, 1200 bp, 1517 bp.

1 2 3 4 5 6 7 & 9 1011 1213 14 15 16 17 18 19
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Figure 2. Extractions of A. mellifera microbiome DNA. Gel A shows intestinal sample DNA extracted
with DNeasy blood and tissue kit. Gel B shows intestinal sample DNA extracted with ZB kit. Gel C
shows cultured sample controls of Lactobacillus spp. and isolated samples of DNA, extracted with ZB
kit. Gel A and B: Lane 1. 100bp DNA ladder(NEB); 2. A. mellifera mellifera Skedfors; 3. A. mellifera
mellifera LTF; 4. 1kb DNA ladder (NEB); 5. A. mellifera ligustica AFB; 6. A. mellifera ligustica AVIL.
Gel C: Lane 7. L. melliventris; 8. L. kullabergensis; 9. L. kimbladii; 10. L. helsingborgensis; 11. A.
apinorum; 12. B. mellifer; 13. 1kb DNA ladder (NEB); 14. isolation 16; 15; 5. Isolation 15; 16. Isolation
13; 17. Isolation 10; 18. Isolation 9; 19. Isolation 6.

The 16S rRNA region was amplified on the PCR PTC-200 thermal cycler (M] Research), and
sample purity and concentrations were measured and can be seen in Table 3 for intestinal
extracts, and Table 4 for isolated bacteria and Lactobacillus controls. Lower concentrations
of amplified DNA was seen in samples extracted with the BT kit, compared to ZB samples.
For the L. helsingborgensis control sample, it was omitted from the rest of the experiment
and the values were not recorded.
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Table 3. Sample concentration and purity post PCR with DNeasy blood and tissue kit BT and
ZB kit. Bottom part of the table show comparitive values of the same samples post AMPure
XP magnetic bead cleanup.

Subspecies Colony Kit DNA-concentraction A260/230  Az60/280
(ng/nl)
Ligustica AVIL BT Qiagen 8.6 0.88 1.54
Ligustica AFB BT Qiagen 3.6 0.86 1.54
Mellifera Skedfors BT Qiagen 6.1 0.89 1.54
Mellifera LTF BT Qiagen 6.5 0.87 1.55
Ligustica AVIL ZB Zymobiomics 7.1 0.89 1.52
Ligustica AFB ZB Zymobiomics 9.6 0.88 1.52
Mellifera Skedfors ZB Zymobiomics 18.4 0.89 1.52
Mellifera LTF ZB Zymobiomics 5.8 0.88 1.53

After Agencourt AMPure XP magnetic bead cleanup

Ligustica AVIL BT Qiagen 18.0 2.27 1.72
Ligustica AFB BT Qiagen 9.6 1.79 1.82
Mellifera Skedfors BT Qiagen 17.3 2.18 191
Mellifera LTF BT Qiagen 16.2 2.33 1.88
Ligustica AVIL ZB Zymobiomics  25.2 1.95 1.93
Ligustica AFB ZB Zymobiomics 36.0 2.23 1.81
Mellifera Skedfors ZB Zymobiomics 68.0 2.35 1.92
Mellifera LTF ZB Zymobiomics 21.4 1.92 1.79

An independent-samples t-test comparing the extraction concentrations before magnetic
bead cleanup between the kits resulted in the two groups having equal variance (p=0.16)
according to Levene's Test for Equality of Variances. The mean DNA concentration of the BT
kit (6.2 £ 2.1) and the ZB group (10.2 * 5.7) was not statistically significantly different (95%
CL,-3.4t0 11.4) te=1.3, p=0.23. Mean values of A260,230 was 2.1 for both groups after magnetic
bead cleanup, while Az60/280 was 1.83 for BT kit, and 1.86 for ZB kit samples.



Table 4. Sample purities and concentration for isolated colonies and Lactobacillus controls
post PCR, before and after AMPure magnetic bead cleanup.

Sample CCUG number DNA-concentraction Az60/230 A260/280
(ng/nl)
B. mellifer 63291T 14.7 Not measured Notmeasured
A. apinorum 63287T 8.72 Not measured Notmeasured
L. helsingborgensis 63635 1.27 Not measured Notmeasured
L. kimbladii 63633T 26.2 Not measured Notmeasured
L. kullabergensis 63632 9.42 Not measured Notmeasured
L. melliventris 63629T 6.60 Not measured Notmeasured
Isolation 6 - 38.2 Not measured Notmeasured
Isolation 9 - 33.6 Not measured Notmeasured
Isolation 10 - 28.4 Not measured Notmeasured
Isolation 13 - 35.0 Not measured Notmeasured
Isolation 15 - 27.0 Not measured Notmeasured
Isolation 16 - 15.9 Not measured Notmeasured
After AMPure XP magnetic bead cleanup
B. mellifer 63291T 51.0 2.10 1.69
A. apinorum 63287T 27.6 2.95 1.81
L. helsingborgensis 63635 - - -
L. kimbladii 63633T 93.2 2.26 1.85
L. kullabergensis 63632 31.8 3.26 1.85
L. melliventris 63629T 18.9 3.68 1.90
Isolation 6 - 60.2 2.52 1.85
Isolation 9 - 58.0 2.49 1.82
Isolation 10 - 47.8 3.56 1.87
Isolation 13 - 55.6 3.15 1.88
Isolation 15 - 39.6 2.68 1.89
Isolation 16 - 54.6 2.62 1.89

Previous to cleaning the extractions with AMP magnetic beads, the PCR samples were
loaded on a gel to determine if the fragment of interest was amplified. The 16S rRNA gene
expected size is ~1550bp. In Figure 3, gel A, the BT extraction fragments in the sample wells
are between the corresponding 1.5 kb and the 2.0 kb bands in the 1 kb DNA ladder (NEB).
Figure 3, gel B, shows PCR samples extracted with the ZB kit. The samples are in level with
the 2.0 kb band. The samples were cleaned up with AMPure XP beads and used for
sequencing, except for L. helsingborgensis (Figure 3, gel C, lane 17). Since bands from ladders
are on difference levels, and distance between bands on the gel, refer to:
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From down to up, 1 kb ladder (NEB): 0.5 kb, 1.0 kb, 1.5 kb, 2.0 kb, 3 kb, 4 kb, 5 kb, 6 kb, 8
kb, and 10 kb.

From down to up, 100 bp ladder (NEB): 100 bp, 200 bp, 300 bp, 400bp, 500/517 bp, 600
bp, 700 bp, 800 bp, 900 bp, 1000 bp, 1200 bp, 1517 bp.

1 2 3 4 5 6 7 B8 9 10 1112 13 14 1516 17 18 19

Figure 3. Sample extraction post PCR. Gel A contains intestinal samples extracted with DNeasy blood
and tissue Kkit, Gel B intestinal samples extracted using ZB kit. Gel C shows Lactobacillus spp. controls
and isolation samples extracted with ZB kit. Gel A and B: Lane 1. 100bp DNA ladder(NEB); 2. A.
mellifera mellifera Skedfors; 3. A. mellifera mellifera LTF; 4. 1kb DNA ladder (NEB); 5. A. mellifera
ligustica AFB; 6. A. mellifera ligustica AVIL. Gel C: Lane 7. L. melliventris; 8. L. kullabergensis; 9. L.
kimbladii; 10. L. helsingborgensis; 11. A. apinorum; 12. B. mellifer; 13. 1kb DNA ladder (NEB); 14.
isolation 16; 15; 5. Isolation 15; 16. Isolation 13; 17. Isolation 10; 18. Isolation 9; 19. Isolation 6.

4.2 Sequencing analysis

After loading the samples into the SpotON flow cell of type FLO-MIN106, the software found
a total of 1037 nanopores active after the first MUX scan (Figure 4), whereas 440 nanopores
were available for immediate sequencing. The total amount is 2048 nanopores divided into
512 pores. At the point of the last MUX scan after 23 h 13 m, there were 556 nanopores still
active, whereas 316 nanopores were available for immediate sequencing.
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Figure 4. Active nanopore count during the 24 hour sequencing run with SpotON flow cell of type
FLO-MIN106. The number of saturated and unavailable pores steadily increases as the sequencing
run continues, while the number of active pores decreases.

The total amount of reads uploaded and registered in the EPI2ZME Fastq 16S database
analysis was 4.701.250 M. Start of the final analysis was: 2022-05-09 22:47:53, and finish:
2022-05-11 14:18:38. The analysis was manually stopped, since the final amount of 4.7 M
reads did not increase after the final 24 h of analysis, despite the MinKNOW software
reported registered total read count to 5.68 M. An overview of which sample represents
which barcode and reads per barcode can be seen in Figure 5.
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Figure 5. Bar chart of sample ratios for the sequencing run. The vertical axis show the number of
reads per sample. Horizontal axis represents the barcodes attached to the samples. Sample identity
is followed by kit abbreviations: ZB (Zymobiomics DNA miniprep kit), BT (DNeasy Blood and Tissue
kit), and barcode number.

4.2.1 Lactobacillus controls, and isolated cultures

The number of matches per barcoded will be presented in this chapter. The percentages
represents sequence matches to species, in percentage of matches per barcode, not
sequence similarity percentage. Control species B. mellifer (BC01) was correctly identified
in 99.7% of cases, by its previous name L. mellifer. A. apinorum control (BC06) reads
matched to the correct identity in 55.2% of the reads, while 44.7% were labeled as L.
kunkeei. L. kimbladii control (BC08) was categorized correctly for 98.1% of reads, while
1.1% of matches were categorized as L. helsingborgensis. L. kullabergensis control (BC09)
had an 89.8% miscatecorization to L. kimbladii, while only 8.9% of reads were correctly
identified as L. kullabergensis, and 1.1% reads matched with L. helsingborgensis. L.
melliventris control (BC10) matched correctly in 99.6% of reads, with second species ratio
at 0.1% match with L. helsingborgensis. Isolation 6 (BC11) was identified as L. melliventris
(98.4%). Isolation 9 (BC12) had a 99.2% match to L. kullabergensis. Isolation 10 (BC13) was
matched to L. melliventris (98.5%). Isolation 13 (BC14) had a 73.0% match to L.
kullabergensis, a 25.6% match with L. kimbladii and a 1.3% match with L. helsingborgensis.
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Isolation 15 (BC15) were categorized as L. kullabergensis (99.1%). Isolation 16 (BC17) also
matched with L. kullabergensis (99.2%). Results of multiple alignment of 16S similarity
between can be seen in Table 5. The 16S sequences has been gathered through NCBI
database. To keep in mind when comparing the data, is that some sequences are categorized
as partial. L. mellis; GenBank: JX099545.1, 1435 bp, L. kimbladii; GenBank: JX099549.1, 1437
bp, L. helsingborgensis; GenBank: ]X099553.1, 1438 bp, L. kullabergensis; GenBank:
JX099547.1, 1438 bp, L. melliventris; Genbank JX099551 1438 bp, A. apinorum; GenBank:
JX099541.1, 1445 bp, L. mellifer; GenBank: JX099543.1, 1437 bp, L. kunkeei; GenBank:
Y11374.1, 1517bp. The shortest sequence was 1435 bp, while the longest were 1517 bp, a
difference of 82 bp. There were no further information from the NCBI database if fragments
are missing and/or how long those missing fragments are.

Table 5. Percent identity matrix of the multiple alignment results of L. helsingborgensis, L.
melliventris, L kullabergensis, L. apis, L. mellis, L. kimbladii, L. kunkeei and L. mellifer.
Numbers depicted are 16S rRNA sequence similarity percentage.

Species @
2 g
%] Y] "
5 P ¢
. 3 R g .
S S 2 = 2 @ S
x < S = = = =
£§ 5§ §E 5§ % § % %
S = = = < g g S
~ 5 5 5 ~ ~ ~ S
L. apis 100.0 9855 86.57 84.59 84.31 84.59 88.19 87.57
L. kunkeei 98.55 100.0 87.24 8495 84.61 8533 8834 88.00
L. kimbladii 86.57 87.24 100.0 99.30 98.61 9846 89.30 90.54

L. kullabergensis 84.59 8495 9930 100.0 9875 98.61 87.38 89.48
L. helsingborgensis 84.31 84.60 98.61 98.75 100.0 99.24 87.45 89.27

L. melliventris 84.59 85.33 98.46 98.61 99.24 100.0 87.38 89.27

L. mellis 88.19 88.34 89.30 87.38 87.45 87.38 100.0 92.82

L. mellifer 87.57 88.00 90.54 89.48 89.27 89.27 9282 100.0
4.2.2 Intestinal samples

In total, sequencing results for the intestinal samples resulted in 1,063,244 (55%) classified,
and 856,030 (45%) unclassified reads. Average accuracy was 97.0, average qscore 12.9, and
average sequence length 1,580 bp. The total microbiome was composed of six genera:
54.4% Lactobacillus spp., 24.9% Gilliamella spp., 15.6% Bartonellaspp., 3.1% Snodgrassella
spp., 1.5% Frischella spp., 0.1% Bombella spp., and other genera 0.7%. The intestines were
dominated by seven species of Lactobacillus: L. helsingborgensis, L. melliventris, L.
kullabergensis, L. apis (A. apinorum), L. mellis, L. kimbladii, and L. mellifer. In “other” category
depicted in Figure 6, and Figure 7, a few examples are total read counts: 817 Lactobacillus
bombicola, 294 Lactobacillus colini, and 285 Lactobacillus bombi across all honeybee

samples.
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Extractions from subspecies A. mellifera ligustica originating from AVIL colony show large
differences in Lactobacillus species distribution between extraction kits. Of all Lactobacillus
present, 67.1% was L. helsingborgensis. In the comparative sample gathered with ZB kit, the
ratio of L. helsingborgensis were 4.7%. The species to dominate the equivalent sample
extracted with ZB kit was L. kimbladii (42.0%). Additionally, the other A. mellifera ligustica
samples gathered from the AFB colony was dominated by L. kimbladii measuring 27.3% for
BT extraction, and 22.2% with ZB. For complete overview of sample ratios for all A. mellifera
ligustica samples, see Figure 6.

A. mellifera ligustica AVIL Qiagen (BC16) A. mellifera ligustica AFB Qiagen (BC18)

2 5% 1.5% D'B#’_D.DE‘E 04%_ _D.Zi‘i':

az% T
B.5%

3.1%
A. mellifera ligustica AVIL Zymobiomics (BCO2)  A. mellifera ligustica AFB Zymaobiomics (BC03)

09%_ 01%  a7% 3.2%_ 0.3%

m L helsngborgense  m L melliventre  m L. kullabergensis L. apis L mellis wmL kimbladi wmL mellifer mOther

Figure 6. Lactobacillus species ratio data from A. mellifera ligustica extractions. The top two pie charts
depict intestinal sample extracts from BT kit. Bottom row are samples extracted with ZB kit. Both pie
charts to the left are extractions from the same AVIL colony. The pie charts to the right is from the
same AFB colony.
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Overview of Lactobacillus species in A. mellifera mellifera can be seen in Figure 7. Highest
read count for A. mellifera mellifera samples from Skedfors colony were L. kimbladii at
25.3% (BT kit), and L. mellis measuring at 37.2% for the ZB sample. Ratios of LTF colony
intestines were dominated by 49.4% L. apis (A. apinorum) in the BT extraction, while the ZB
sample had the highest read count of 42.9% from L. melliventris.

A. mellifera mellifera Skedfors Qiagen (BC19) A. mellifera mellifera LTF Qjagen (BC20)
3.1% _ ) _D-Z% 05%_ 0.3% 4p%

4.1%

A. mellifera mellifera Skedfors Zymobiomics A. mellifera mellifera LTF Zymohiomics (BCO5)
(BCO4)

0.6% —3.3% 43% 0.2% g6
10.1% 173

N B.T%

25.2%

37.2%

m L helsngborgenss  m L mellivertrs  m L. kullabergensis L. apis L. mellis mL kimbladi  mL mellifer mOther

Figure 7. Lactobacillus species ratio data from A. mellifera mellifera extractions. The top two pie
charts depict intestinal sample extracts with BT Kkit. Bottom row are samples extracted with ZB Kkit.
Both pie charts to the left are extractions from the same Skedfors colony. The pie charts to the right
is from the same LTF colony.
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4.3 Inhibition testing
4.3.1 Agar plate experiment

At 72 h, the KBHI agar plates only showed signs of inhibition for the postitive control
samples (10 pg/ml tetracycline). All other samples had healthy growth over the entire
plates. No data analysis was therefore conducted based on these results.

4.3.2 Liquid broth growth experiment

Raw measurement data plotted on a scatter chart with connected lines can be seen in Figure
8. The logistic regression model resulted in a growth rate value (r) for each culture. The
Shapiro-wilk test of normality resulted in p-values higher than cutoff value 0.05. P-values
for the groups were higher than cutoff (0.05) in Levene's Test for Equality of Variances. An
independent-samples t-test was run to determine if there were differences in mean growth
rate (r-value) between the cell-free supernatant A. apinorum group, and negative control
group. The growth rate of the the A. apinorum (0.64 +0.03) and the negative control (0.61
0.02) was not statistically significantly different (95% CI, -0.089 to 0.022),t4 =-1.7,p =0.17.

An independent-samples t-test was also run to determine if there were differences in mean
ODsgo values between the A. apinorum treatment and negative control group at 24 h. The
mean ODggo of the A. apinorum group (3.93+ 0.12) and the negative control group (6.00 *
0.35) was statistically significantly different (95% CI, 1.48 to 2.65), t4 = 9.8, p<0.001. pH
values were taken at the end of the experiment in negative control and A. apinorum, both
recorded pH=5.2.

Absorbance (OD

Time (hours)

Figure 8. Raw data growth curve of M. plutonius with 12.5% (v/v) cell-free supernatant from
Lactobacillus cultures. The data is generated from mean values of the sample triplicates. The light
green line represents negative control as reference, positive control at the bottom showing no growth
contained 12.5% (v/v) with 10 pg/mL tetracycline. The black line having an average ODs00=3.93 at
24 h, was A. apinorum (L. apis). Negative control measured to ODeo0=6.0 at 24 h.
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5 Discussion

The objectives of this study was to design, plan, and test methods to be able to identify which
species of the genus Lactobacillus was present in the intestines of A. mellifera mellifera and
A. mellifera ligustica. The two subspecies of A. mellifera were sourced from two different
colonies per subspecies, to investigate if there was a difference in microbiome composition
between the subspecies, and difference colony populations. Inhibition testing of
Lactobacillus isolates and controls were set up to investigate if the species had an inhibiting
effect on M. plutonius. The results could help increase the knowledge about honeybee host-
microbiota relationships.

5.1 DNA extractions

The DNA extraction kits evaluated for the study were DNeasy blood and tissue kit (BT Kit),
and Zymobiomics DNA miniprep kit (ZB kit). Lactobacillus spp. are Gram positive bacterial
species with thick and hard to lyse cell walls (Hammes & Vogel, 1995). In order to extract
nucleic acids from gram positive bacteria, there are several ways of breaking the cell wall in
order to extract DNA. Chemical cell lysis reactants such as different lysozymes can be used,
as well as physical disruption of the cell wall by bead beating (Chassy & Giuffrida, 1980).
The concern is that the extraction method will cause fragmentation of the DNA, which could
result in impaired PCR efficiency of the 16S gene, and further affect sequencing results (Liu
etal, 2007; Yu & Morrison, 2004). Studies have reported increased DNA yields by applying
bead beating protocols as an extra step in the DNA extraction protocols (de Boer etal., 2010;
Fujimoto et al., 2004). However in a recent study, the bead-beating method showed slightly
lower gDNA yield compared to chemical lysis to determine DNA efficiency in three gram-
positive and two gram-negative species (Li et al., 2020). Both DNA extraction kits used in
the study were applying a combination of the two methods, while only DNease blood and
tissue kit implemented proteinase K treatment into the protocol. The results collected in
this study showed that DNA integrity was higher in extractions from the ZB kit. Gel Figure
2 shows significant fragmentation of DNA with a high concentration of low length fragments
migrating far down the gel in DNeasy blood and tissue extraction samples. However in
Figure 2, gel B, the ZB samples show only detectable traces of DNA far up the gel, with high
concentrations of DNA around the top, which fades rapidly further down the gel. There
could be several reasons why the DNeasy blood and tissue kit samples show higher DNA
fragmentation, one reason could be related to the Tissuelyzer more intense bead beating
compared to the ZB kit. In a previous study, the Zymobiomics DNA miniprep kit was
compared to the DNeasy blood and tissue kit samples collected from microbiota from
poultry. Results did show a significantly higher (p<0.05) number of 16S copies from the ZB
extractions (Abundo et al., 2021). Results of this study showed no significant difference
(p=0.230) in mean concentration of 16S amplified fragements between the kits post PCR.
This indicates the difference in DNA integrity seen in Figure 2, had no significant effect on
PCR efficiency. It is possible the different extraction methods could introduce a bias towards
Gram negative, or Gram positive species because of their difference in cell wall thickness.
However, due to small sample groups with a high SD, its difficult to draw any conclusions
based on that result. QC mean value results post gDNA extraction were within range of pure
DNA (A250/230 ~20-22) for the BT group at A260/230=2.1, and 1.6 for ZB kit. A reasonable
explanation for the low Aze0/230 related to ZB kit is the presence of guanidinium thiocyanate,

24



a component present in the BT kit DNA Binding Buffer. According to Thermofisher, a low
Aze60/230 can be due to residual guanidine. Az60,280 were 2.0 (BT), and 1.9 (ZB). Az60/280 for pure
DNA is around 1.8, and could vary due to pH, low DNA concentration, or phenol
contamination. Slightly higher Azs0,280 however is not indicative of an issue (Brian, 2015;
Wilfinger et al., 1997). QC values for Lactobacillus controls and isolates extracted with ZB
kit had a mean Az¢0/230 value of 1.03, which is lower than the intestinal mean for the ZB kit
(1.6). Since the samples were centrifuged, and most but not all MRS culture were taken out,
it is likely due to carbohydrate contamination. Presence of carbohydrates will lower the
Aze0/230 value. Post PCR and cleanup, the culture samples had a higher mean Az40,230 of 2.84.
The cause of this is either the use of a blank with a different pH, or making a blank on a dirty
pedestal (Wilfinger et al., 1997). Because of the aforementioned possible causes and the
limited amount of sample, the samples were used in sequencing. It was therefore a
compromise to not repeat the purification steps multiple times to achive “perfect” purity
values.

5.2 Sequencing results

In the planning phase of this study, different primers were evaluated based on previous
studies conducting similar research projects. It was found that previous studies were
limited to shorter fragment sequences of the 16S region due to the sequencing methods
used (Ellegaard & Engel, 2019; Kwon et al, 2004). The benefit of Oxford Nanopore
Sequencing is the ability to sequence the whole 16S gene, and therefore not having to
compromise which region/regions of the gene to be chosen for the analysis. The 27F and
1492R commercial Oxford Nanopore Sequencing primers included in the SQK-16S024 kit
was used in the study. Although nanopore sequencing has a lower accuracy than Illumina
MiSeq system, the error rate can be slightly mitigated by filtering out reads with lower
Qscores in the analysis (Jain et al., 2018; McNaughton et al., 2019). Additionally, extractions
of control species were sequenced with unique barcodes attached to evaluate the accuracy
of the results. L. helsingborgensis control sample was omitted from the sequencing and
growth experiments: The reason was that the cells did not generate any growth in the liquid
broth, and as seen in Figure 3 (Gel C, lane 17), the 16S rRNA amplicon was not visible in the
sample lane.

5.2.1 Control and isolated Lactobacillus samples

Starting with the correct matches for known coltrols, L. mellifer (B. mellifer) were correctly
matched in 99.7% of cases, with the closest sequence similarity to L. kunkeei 98.55% (Table
5). L. kimbladii was categorized correctly for 98.1% of reads. L. melliventris matched
correctly in 99.6% of reads, despite sharing a 99.24% identity with L. kullabergensis,
98.61% with L. kullabergensis, and 98.46% with L. kimbladii (Table 5). L. apis (A. apinorum)
reads only matched to the correct identity in 55.2% of the reads, while 44.7% were labeled
as L. kunkeei. L. apis has a 16S similarity of 98.55% with L. kunkeei, which is the species with
the closest similarity. L. kullabergensis control had an 89.8% miscategorization to L.
kimbladii, of which it shares 99.30% sequence similarity with. Only 8.9% of reads were
correctly identified as L. kullabergensis, and 1.1% reads matched with L. helsingborgensis, of
which it shares 98.75% of the sequence. The question is if these miscategorizations of
control species is due to the NCBI database, the nanopore sequencing errors, or the
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identification method used by CCUG to identify these species in stock. The NCBI database is
however a well known standard database for 16S genotypic classification organisms, and
uses more than 150 sources including Catalog of Life and the Encyclopedia of Life, and is
being updated daily (Balvociiité & Huson, 2017). Adressing the CCUG stock information, it
is not specified how the species strains were identified. For L. helsingborgensis and L. apis,
only Api rapidID32strep is mentioned as an ID method. ID method information regarding L.
mellifer, L. kimbladii, and L. melliventris were Api rapidID32strept, and 16S rRNA partial
gene seq (Table A). The nanopore sequencing platform, previously reported to have an
error rate of 6-15%, is also a likely explanation of the misidentifications (Jain et al., 2017;
Loman et al., 2012). Moving on to the cultures of isolated Lactobacillus from the intesinal
samples, Isolation 6 was identified as L. melliventris 98.4%, which is just slightly lower than
the L. melliventris control (99.6%). Isolation 9 had a 99.2% match to L. kullabergensis,
comparing to the control for the same species which was miscategorized as L. kimbladii in
89.8% of cases, which could mean the isolate is either of them, as there is no accurate
reference. Isolation 10 was also matched to L. melliventris with a very similar match
percentage as Isolation 6 (98.5%). Isolation 13 had a 73.0% match to L. kullabergensis, a
25.6% match with L. kimbladii and a 1.3% match with L. helsingborgensis. Comparing this
result with the L. kullabergensis control, there are similarities, as the same three species are
involved. If there was no control to compare with, the conclusion would be that it was a
mixed culture, but it could be an isolated species, whether it is a L. kullabergensis, or a L.
kimbladii. The results for Isolation 15 and 16 were categorized as L. kullabergensis for 99.1%
and 99.2% of cases respectively, which causes some doubts on the results previosly
discussed for the L. kullabergensis control. Since the nanopore sequencing managed to
identify both isolates with a high percentage match, it indicates the control for that species
could be a strain more similar to L. kimbladii according to NCBI database.

5.2.2 Intestinal samples

Results of the nanopore sequencing confirmed the presence of the Lactobacillus species L.
apis (A. apinorum), L. kunkeei, L. kimbladii, L. helsingborgensis, L. melliventris, L. mellis, and
L. kullabergensis, found in A. mellifera in previous studies. In studies conducted in Sweden,
the same seven Lactobacillus species has been found in A. mellifera intestines (Olofsson et
al,, 2014; Olofsson & Vasquez, 2008). Lactobacillus species: L. bombicola, L. colini, and L.
bombi, which was grouped as category “other” in Figure 6 and 7, with a ratio ranging
between 0.1% - 0.8% between samples. L. bombicola has previously been found in bumble
bee guts of the species Bombus pascuorum, Bombus lapidarius, Bombus hypnorum and
Bombus terrestris (Praet et al.,, 2015). It has a 97% 16S sequence similarity to L. apis (4.
apinorum) and due to the low amount of matches (817 out of 1,063,244 total), it is likely the
matches was because of sequencing errors. Additionally for L. colini and L. bombi, previously
found in Northern Bobwhite (Colinus virginianus), and bumblebee B. terrestris respectively,
a total of 294 and 285 matches are low to draw the conclusion that these species are part
of the normal flora of the bees (Billiet et al., 2017; Zhang et al, 2017). Regarding the
comparison of the different subspecies A. mellifera ligistica, and A. mellifera mellifera
investigated in this study, there were no difference in the Lactobacillus species found in
their intestines, regardless of colony location. This result has been confirmed in a previous
study which investigated lactic acid bacterial flora between different subspecies of
honeybee, where the low diversity of Lactobacillus was seen between all subspecies of the
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study (Olofsson et al., 2011). Interestingly however, the ratios of these species were shown
to vary a lot between samples in this study, as can be seen in Figure 6 and 7. The two
intestines extracted from A. mellifera ligustica AVIL colony with BT kit contained 67.1% L.
helsingborgensis. The other sample collected from the same subspecies and colony with ZB
kit, had only 4.7% L. helsingborgensis. In the other samples from this study, the differences
were not as large, but enough to detect microbiome ratio variances across colony,
subspecies, and individual samples of the same colony population. This result indicates
there could be large differences in individual workerbee microbiome within the same
colony, in terms of the ratio of Lactobacillus species, which has been documented in
previous research on the subject (Ahn et al., 2012; Moran et al., 2012) To confirm this, more
studies with a higher sample size and the same extraction kit should be conducted, to
remove any bias the kits might have caused.

5.3 In vitro inhibition of M. plutonius
5.3.1 Agar plate experiment

Isolated Lactobacillus colonies and known Lactobacillus spp. controls (Table A, appendix)
were set up against the honeybee pathogen M. plutonius in two growth experiments. The
purpose of the inhibition experiments were to investigate if some Lactobacillus species
present in the intestines are able to protect the host honeybees by inhibiting the growth of
M. plutonius with bacteriocins. It is known from previous studies that lactic acid bacteria
inhibits growth of pathogenic bacterial species by lowering pH in the intestinal tract, as
most bacteria grow optimally in a pH of 6.5-7.0 (Jin & Kirk, 2018; Sookkhee et al., 2001).
Since the experiment was designed to examine bacteriocin activity, pH inhibition bias was
removed by balancing the KBHI, and the filtered Lactobacillus supernatants to pH 6.6,
respectively. Hydrogen peroxide produced by Lactobacillus is also known to have an
inhibiting effect on many bacteria as it is very reactive and can form the toxic hydroxyl
radical (*OH) (Clifford & Repine, 1982; Hawes et al., 1996). The supernatants was therefore
treated with catalase, an enzyme that breaks down hydrogen peroxide (Bonnichsen et al,,
1947). The agar plate experiment resulted in no visual inhibition of the M. plutonius growth
around the sterile fulter discs in any of the samples. However, for the positive control
containing 10 ug/ml tetracycline, the discs had irregular inhibition zones of ~3-4 mm after
72 h. Comparing this result to previous studies where M. plutonius has been subjected to
tetracycline, average inhibition zone size was reported in a 2014 study to be 37.3 mm for
samples with the same tetracycline concentration, with 7 mm discs instead of 5.5 mm used
in this experiment (Wu et al.,, 2014). The reason for reaching a lower inhibition zone is
unclear, especially considering of the effectivity of the tetracycline in the liquid broth
experiment.

5.3.2 Liquid broth experiment

In the first 6 hours of ODsoo measurements, no inhibition of the M. plutonius cultures were
seen in the data. It is therefore expected that the logistic regression modeling did not show
statistical difference between A. apinorum, and negative control. It is perculiar that the
growth curves are identical until t=9. A independent sample t-test comparing t=24 did
however show significant difference in mean values between negative control and A.
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apinorum. As no other studies were found comparing liquid broth cultures of M. plutonius
to the point of this study, the comparisons will be related to inhibition experiments on agar
plates. In a study from 2014, L. apis was isolated from A. mellifera intestines and the
previous name A. apis (now A.apinorum) was suggested. M. plutonius and P. larvae was
applied on MYPGP agar plates in triplicates, 0.2 ml culture of living A. apis was added to 8
mm diameter holes in the agar. The plates were incubated at 30 °C for 24-48 h, and growth
inhibition reached an average of 17 mm (Killer et al., 2014). Additional studies has been
showing inhibition of both P. larvae and M. plutonius by applying living cultures of various
Lactobacillus species in vitro (D Evans & Armstrong, 2005; Forsgren et al., 2010; Wu et al,,
2014). The problem with in vitro testing with living cultures of both the pathogen, and the
bacteria causing inhibition zones is that there is no definitive answer to what is causing the
effect. As previously mentioned, inhibition of bacteria can be caused by pH reduction,
nutrient competition, hydrogen peroxide, bacteriocins, or other unknown factors (Praet et
al, 2018). The aim of this experiment was therefore to investigate bacteriocin activity
specifically. The effect of antimicrobial bacteriocin activity originating from Lactobacillus
spp. has been investigated for a long time, but not against honeybee pathogens, where the
studies has often used living cultures for inhibition assays as previously mentioned (Benech
et al,, 2003; Prado-Acosta et al., 2010). As cell-free supernatant inhibition was not affected
at all in the samples of this study until the 9 h measurement, a possible explanation could
be that the bacteriocin expressed by A. apinorum has a lower optimum pH efficiency than
pH 6.6, which was the start value of the culture. Since pH measurements would cause
contamination, the pH was therefore not taken until after the experiment was completed,
and recorded pH=5.2, for the cultures. The growth conditions of the Lactobacillus cultures
in terms of pH, temperature, and media also affects the efficiency of bacteriocin production
(Yangetal., 2018).

6 Conclusions

The project aim was to investigate which Lactobacillus species that were present in A.
mellifera mellifera and A. mellifera ligustica, and if there was a difference in microbiome
between hives. L. apis (L. apinorum), L. mellis, L. mellifer, L. melliventris, L. kimbladii, L.
helsingborgensis, and L. kullabergensis was found in both subspecies across all colonies. The
findings has been confirmed in previous studies on the subject (Martinson et al,, 2012;
Olofsson & Vasquez, 2008; Olofsson et al,, 2011). It seems the difference in ratios of these
seven species fluctuate drastically between individual worker bees, but larger sample size
studies using the same extraction kits throughout the process needs to confirm the results,
as the Dneasy blood and tissue kit used in this study caused heavy fragmentation of
extracted gDNA. During the analysis of the sequencing results, doubts about the accuracy of
the Nanopore sequencing, and the identification methods used by the source of
Lactobacillus control species was raised. Control species L. kullabergensis only had correct
match in 8.9% of cases, while Isolation 15 and 16 respectively were identified as L.
kullabergensis in 99.1% and 99.2% of cases. If the error was due to the sequencing, accuracy
would not be so close to 100% match for these isolates. However, A. apinorum control reads
only matched to the correct identity in 55.2% of the reads, while 44.7% were labeled as L.
kunkeei. The species share 98.55% of the 16S sequence, and the even split between the two
could suggest errors caused the mismatch. The nanopore sequencing tool has however
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proved to be an easy to use tool, which is useful in sequencing experiments where a general
overview of organisms present in samples are investigated. In cases where sequence results
need to have high accuracy, other methods such as [llumina sequencing are better suited.
Interesting findings of growth inhibition against M. plutonius, likely caused by bacteriocin
activity was found in the cell-free supernatant of A. apinorum. Since the growth inhibition
had no effect on the early stages of bacterial growth, a suggestion for future research would
be to test the bacteriocin in different growth medias, concentrations, pH values and
temperatures to evaluate optimal conditions for the bacteriocin peptide(s).

7 Ethical considerations

The increase of antibiotic resistance has been an increasing concern for many years.
Therefore, safety when handling these microbes are of high priority. Lactobacillus spp., are
known from previous research of their probiotic effects, and further research is of interest
in public health (Maragkoudakis et al., 2006). The Lactobacillus genus has been shown to
inhibit growth of known pathogens in animals and humans, and careful consideration
should be taken into account when conducting experiments on these effects towards
harmful pathogens (D Evans & Armstrong, 2005). M. plutonius infects the larvae of
honeybees, but is possible to clear infected individuals from a hive without needing to burn
it, as per standard practice for P. larvae, which is another pathogen known to infect A.
mellifera. However, M. plutonius could still escape the lab if studies are not done with
caution, and infection risk needs to be avoided.

Several A. mellifera was put down to be able to conduct this experiment. For this project, it
was not needed go through an ethical board, since insects and bacteria was investigated. In
terms of moral and ethical implications, the study results are aimed towards increasing the
understanding of the mutualistic relationships between the honeybees, and the microbiota
in their intestines. The information could be used to lay the basis for further research,
potentially leading to better honeybee health in the future.
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Figure B. Isolation 9, gram stained lactobacillus culture.
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Figure E. [solation 15, gram stained lactobacillus culture.
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Figure F. Isolation 16, gram stained lactobacillus culture.

Figure G. Tools used to dissect the bees.

Table A. Lactobacillus control species and M. plutonius used in this experiment, collected

from CCUG.se database.
Species ID nr Previous name
Bombilactobacillus mellifer CCUG 63291T L. mellifera
Apilactobacillus apinorum CCUG 63287T L. apis
Lactobacillus kimbladii CCUG 63633T Lactobacillus sp. Hma2N
Lactobacillus melliventris CCUG 63629T L. melventris
Lactobacillus kullabergensis CCUG 63632 L. olofsonii
Lactobacillus helsingborgensis CCUG 63635 L. vasquezii
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Melissococcus plutonius

CCUG 62979

Melissococcus pluton
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