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Abstract

Honeybees are an important pollinator around the world and is used in agriculture, the bees also
make products like honey, royal jelly and wax these products make up a market worth 15 billion
dollars in the US. Honeybees are on the decline and a problem might be damage to the microbiota
in the gut. The MinlION is a next generation sequencing tool created by nanopore technologies; it’s
often compared to Illumina sequencing. MinION is believed to be relatively inaccurate compared
to other sequencing tools, MinlON utilizes nanopores to measure electrical signals from the
different nucleotides. The aim of this study was to analyze the MinlONs accuracy in identifying
bacteria, and analyzing if the MinION is a tool appropriate to use in understanding the gut
microbiota of bees. Bacteria was grown on LB plates and the genetic DNA was isolated and
amplified using PCR. The 16S gene was sequenced using MinlON and analyzed using the EpiZme
desktop agent. The large number of analyzing shows that there are about 40% of the materials
that never get approved by Epi2Zme. When identifying bacteria the program showed to be accurate
in most cases even the contaminated samples were identified with high accuracy. However,
EpiZme had some difficulties correctly identifying specific closely related bacteria. In conclusion
the identifying bacterial species using MinION together with the Epi2Zme software was concluded
to be accurate in the majority of cases even though a few blind spots were experienced.
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Introduction

Apis mellifera

Honeybees are pollinators that have spread worldwide, and one species that has colonized many
different ecosystems is Apis mellifera. Bees play a crucial role in the pollination of a wide array of
plants, including both wild and agricultural plants (Nowak et al., 2021). Honeybees are important
pollinators, but they also have other values beyond helping plants to reproduce. Some of the
products created by honeybees include honey, wax, royal jelly, and propolis. These highly valued
commercial products have been estimated to be worth 15 billion USD in the United States alone
(Villalba et al., 2020; Nowak et al.,, 2021). Because of the important role honeybees play in
pollination, there has been an increase in research due to the decline in colonies. The number of
honey-producing colonies reduced from 5.9 million in 1947 to 2.3 million in 2008 (Smith et al.,
2013).

The microbiota in the gut of honeybees is similar among bees in the same hive (Ribiére et al., n.d.)
and is dominated by fewer than ten bacterial species, which have specific functions in digestion.
Some bacteria have also been observed to perform immune system functions (Chege et al., 2023).
Many studies have found that the gut microbiota performs more functions than digestion in
honeybees (Erban et al., 2017). The microbiota has become a highly researched topic in recent
years due to its impact on the bee's health and disease resistance (Gruneck et al., 2022). The
bacterial families that dominate the bee's gut include four members from Lactobacillus spp., two
members from Gilliamella spp., one from Bifidobacterium spp., and one from Snodgrassella spp.
Additionally, two species vary depending on the environment: Frischella spp. and Bartonella spp.
(Nowak et al.,, 2021). Studies have shown that 95-99% of the microbiota in the honeybee gut is
comprised of these ten bacterial species clusters. Among these clusters are two Gram-negative
species, Snodgrassella spp. and Gilliamella spp., and two Gram-positive species, often referred to
as Lactobacillus firm-4 and firm-5, along with the less abundant Bifidobacterium spp. These five
make up the core of the honeybee’s digestive system (Kwong & Moran, 2017).

The microbiota also affects immune function, correlating closely with the health of the host (Gut
etal, 2024). Ithas been observed that bee microbiota can be negatively affected by herbicides and
antibiotics (Conradie et al., 2024). These chemicals affect the diversity and abundance of
beneficial microbes while promoting the proliferation of pathogens. This drastically affects the
health of bees and threatens the development of the colony (Luo et al.,, 1974., Erban et al., 2017).
As the bee grows, its microbiota changes from being absent in the larval stage to having a fully
developed and stable microbiota as an adult bee. During development, the microbiota is unstable,
but the bacteria present in larvae are usually the same as those found in hive material or in worker
bees (Kwong & Moran, 2017).

Function of the core microbiota.

The Lactobacillus spp. is a diverse group of bacteria present in A. mellifera. It is also the most
abundant group (Gut et al., 2024). The Lactobacillus spp. that resides in the gut of A. mellifera are
often split into two groups, Lactobacillus Firm-4 and Firm-5. Both groups are found in the distal
rectum of the bee (Nowak et al., 2021). The Lactobacillus Firm-5 has been observed to increase
the learning capability of the host. The Lactobacillus Firm-5 group mainly handles tryptophan
metabolism, which shows an increase in memory capabilities when activated (Zhang et al., n.d.).

Some Lactobacilli show functions other than digesting nutrients, such as L. kunkeei, which
demonstrates a function of protecting the bee from other bacteria trying to infect it (Chege et al,,
2023). Another core bacterium that has been observed to perform functions other than digestion
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is Snodgrassella alvi. S. alvi was found to contain genes encoding resistance to the antibiotic
streptomycin (Ludvigsen et al., 2018).

The MinlON and its predecessors

A first-generation sequencing method is Sanger sequencing, which was invented in the 1970s by
Frederick Sanger (Timmaraju et al., 2024). Sanger sequencing utilizes selective chain-terminating
dideoxynucleotides to create single-stranded DNA of different lengths. The single-stranded DNA
is then run through electrophoresis or capillary electrophoresis to separate the sequences based
on their length. This generates a sequence of nucleotides corresponding to the length of the
sequences (Sanger et al, 1977). Sanger sequencing is still utilized in clinical genetics today
(Timmaraju et al., 2024).

[llumina sequencing is a second-generation sequencing method often compared to nanopore
sequencing. [llumina sequencing is based on synthesizing one nucleotide at a time. The sample is
given an adapter that can bind to specific oligos connected to a glass slide. When the samples are
connected to the oligos amplification is performed. Lastly single nucleotides with a signal are
released. When these marked nucleotides bind, the signal is released and recorded. This process
is repeated with different nucleotides to create a sequence (Next-Generation Sequencing (NGS) |
Explore the Technology, n.d.). The [llumina sequencing method has an accuracy of about 99 %
(Kireev et al., 2018). However, Illumina sequencing requires a large number of reads to be
accurate, which makes it a difficult method to use (Kireev et al., 2018). Because [llumina uses DNA
fragments that are inherently short, it is most efficient for short reads. When the reads get longer,
the sequences need assembly to form a whole genome sequence (Linde etal., 2023).

MinION is a next-generation sequencing tool developed by Oxford Nanopore Technologies. This
tool is used to sequence DNA or RNA. The MinION is a portable device that can determine long
sequences of DNA or RNA, even when researchers do not have access to laboratory
equipment(Oxford nanopore technologies). The nanopore technology used in the MinION is based
on running the sequence through a nano-scale hole (pore) and measuring the electrical signals
generated by different nucleotides. A program translates the electrical signals detected as the
sequence passes through the pore into a nucleotide sequence. This technology has made
significant improvements in recent years but still has relatively high error rates compared to other
next-generation sequencing techniques (Cuber et al., 2023). However, the MinlON has positive
characteristics, such as the ability to read long sequences, exceeding 10 kb (Delahaye & Nicolas,
2021).

The nanopore is often compared to [llumina sequencing, a method that synthesizes millions of
copies of a short strand of DNA or RNA. [llumina sequencing has a very low error rate (about 0.1%)
when performing short reads of about 100 to 300 bp. However, as the read length increases, it
becomes harder for Illumina sequencing to maintain accuracy. When the length of the reads
reaches 8-10 kb, the error rate increases to about 10-15 %, and the cost is also much higher
(Sanderson et al.,, 2023). MinIlON has recently improved its accuracy for shorter reads. For
example, the kits used to sequence the 16S rRNA gene of bacteria, a gene often used for bacterial
identification, have been upgraded to achieve a sequencing accuracy of 99 % for single molecule
consensus accuracy (Nanopore Sequencing Accuracy | Oxford Nanopore Technologies, n.d.).
Nanopore sequencing has always been a strong contender for longer reads, such as whole genome
sequencing and full 16S rRNA gene sequencing. Earlier studies show that the MinION can achieve
a diagnostic accuracy of up to 96.31 % for species-level identification (Lao et al., 2023). When one
is trying to compare DNA or RNA one often uses coverage or identity to compare the different
strands. Coverage is the number of nucleotides that align to each other (Lander & Waterman,
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1988) and identity is the number of nucleotides that are identical between two strands (BLAST
Tutorials, n.d.).

The 16S rRNA gene is the most analysed gene used to identify species of bacteria. Historically, the
accuracy of the technology has been a limiting factor for identification, where electrophoretic
patterns have been used for identification. When determining if bacteria are related, identity is
used. Identifying how related bacteria are with each other 16S rRNA sequencing is usually
performed by comparing how similar they are. If the 16S sequence is 95-97 % similar to each
other they are classified as related at the genus level. Similarly, when the identity exceeds 97 %,
the bacteria are classified as related at the species level (Schloss & Handelsman, 2005). In modern
times, third-generation sequencing is more commonly used to analyse the full 16S rRNA gene.
Modern analyses utilize a combination of circular consensus sequencing and more sophisticated
algorithms, allowing the sequencing to distinguish between sequences that differ by only one
nucleotide (Johnson et al,, 2019).

Research aim

The aim of this study was to understand the capabilities of the MinION. The aim will also focus on
if the MinION is a suitable replacement for [llumina when sequencing core bacteria in honeybees.

Research objective
The objective of this study is to analyse if 16 pure cultures of specific core bacteria from Apis
mellifera can be correctly identified using the MinION.

Research question
1. Can the MinION be used for identifying 16 specific bacteria belonging to the core of Apis
mellifera on species level?
2. What are appropriate settings in order to accurately identify these bacteria?
3. How many percentages of the reads are correctly/incorrectly identified when sequencing
these bacteria using MinION?

Materials and methods

Bacterial culture growth

16 bacteria were inoculated on LB plates as per the specifications outlined in Table 1.
Subsequently, the plates were placed in either Anaerocult A mini (Millipore) for the anaerobic
culturing or Anaerocult C mini kit (Millipore) for microaerophilic culturing. The plates were
incubated for 3 days at 37°C.

Table 1: Bacteria used and what conditions they were grown in. CCUG (Culture Collection University Of
Gothenburg) DSMZ (German Collection of Microorganisms and Cell Cultures) JCM (Microbe division)

Strain ID Plate Condition

CCUG

Apilactobacillus apinorum CCUG63287T MRS+Blood Microaerophilic + anaerobic
Bombilactobacillus mellifer CCUG 63291T MRS+Blood Microaerophilic + anaerobic
Bombilactobacillus mellis CCUG 63289T MRS+BHI

Lactobacillus helsingborgensis CCUG 63635 MRS Anaerobic

Lactobacillus kimbladii CCUG 63633T MRS Anaerobic

Lactobacillus kullabergensis CCUG 63632 MRS Anaerobic

Lactobacillus melliventris CCUG 63629T MRS Anaerobic

Melissococcus plutonius CCUG 62979 Blood Aerobic

Paenibacillus larvae CCUG 50846 Blood Aerobic

DSMZ
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Bartonella apis DSM 29779 Blood Microaerophilic + anaerobic

Gilliamella apicola DSM 104097  TSA Microaerophilic
Snodgrassella alvi DSM 104735  TSA Microaerophilic
M

Bifidobacterium apousia JCM 34587 BHI (Blood) Anaerobic
Bifidobacterium choladohabitans JCM 34586 BHI (Blood) Anaerobic
Bifidobacterium polysaccharolyticum JCM 34588 BHI (Blood) Anaerobic
Bombella apis JCM 31623 BHI (Blood) Anaerobic

DNA Extraction and Purification

For DNA extraction, the ZymoBIOMICS DNA Miniprep Kit (Zymo research) was used, and the steps
outlined by the manufacturer were followed. To effectively lyse the bacteria, the protocol utilizing
the Disruptor gene (Scientific Industries) was employed, and the samples were processed for 40
minutes. Subsequently, the DNA was purified using the ZymoBIOMICS DNA Miniprep Kit (Zymo
research), following the instructions provided by the manufacturer. DNA extraction was
performed using the ZymoBIOMICS DNA Miniprep Kit (Zymo research). An appropriate amount
of starting material was identified testing Escherichia coli bacteria. The extracted material can be
observed in Table 2.

Table 2; Measurements taken to analyse the amount of genetic material yield achieved from each loop of
material. Sample used for the trials was E. coli.

Sample Broad range ng/pl High sensitivity ng/pl
2 Loops 50.2 43.6
4 Loops 104 86

PCR / Library Preparation

The desired 16S rRNA gene was amplified using PCR. To prepare the samples for downstream
analysis, the 16S Barcoding Kit 24 V14 (SQK-165114.24) by Oxford Nanopore Technologies was
employed according to the manufacturer’s instructions. Following PCR amplification, the samples
were analyzed on a 1.2% agarose gel. The concentration of the samples was measured using a
Qubit fluorometer (Thermo Fisher Scientific), while both concentration and purity were assessed
using a Nanodrop (Thermo Fisher Scientific).

Some issues were encountered when moving the liquid using the Hula mixer (Thermo Fisher
Scientific) when a smaller number of samples were being prepared. To ensure thorough mixing of
the samples, these were either manually flicked for 5 minutes or the Hula mixer was set up to stop
at specific positions to allow the liquid to flow properly.

16S Sequencing

11 pooled samples (Lactobacillus kimbladii, Lactobacillus melliventris, Lactobacillus
helsingborgensis, Lactobacillus kullabergensis, Snodgrassella alvi, Gilliamella apicola,
Bombilactobacillus mellifer, Bombilactobacillus mellis, Melissococcus plutonius, Paenibacillus
larvae, Bartonella apis) were sequenced on a MinlON device with the extension to accommodate
a Flongle flow cell. The sequencing runs were allowed to proceed for 4 hours. The samples were
loaded following the guidelines provided in the 16S Barcoding Kit 24 V14 (SQK-16S114.24) by
Oxford Nanopore Technologies. The sequencing runs were conducted using the MinKNOW
software, with the quality-score (g-score) set to 11.

Subsequently, the data obtained from MinKNOW was analyzed using the Epi2me desktop agent,
utilizing the Fastq 16S (23-04-21) dataset. The settings for the analysis were configured to split
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samples by barcode, with a Q-score threshold of 9. Additionally, the Minimum coverage % was
adjusted between 30, 50, and 70, and the Minimum identity % was set to 95.

Whole Genome Sequencing

Whole-genome sequencing was conducted following the guidelines outlined in the Rapid
Barcoding Kit V14 (Oxford Nanopore Technologies). However, the amount of genomic DNA used
was adjusted to 50 ng instead of the recommended 200 ng. Subsequently, the samples were
analyzed using the MinKNOW software with the MinlON and Flongle flow cell (Oxford nanopore
technologies), with no modifications made to the standard settings in the program.

The data obtained from the sequencing was analyzed using the Epi2Zme desktop agent, employing
the Fastq WIMP dataset with standard settings. The only deviations from the standard settings
were made for the Minimum coverage %, which was varied between 30, 50, and 70, and the
Minimum identity %, which was set to 95.

Gram Staining
For the Gram Staining the Gram Staining Kit (Millipore) was used and followed the guidelines from
the manufacturer.

Results

This study analysis of 16 bacterial species. The PCR of the 16S rRNA confirmed a successful
amplification on the gel electrophoresis (figure 1 A-B)

Ladder1 2 3 4 5 6 7 8 9 10 11

e Bewwuly ww

-
2000 bp=" ¢

Ladder B1 B2 B3 B4 B5 B6 B7 B8 B9 B10B11 B12 Ladder

2000 bp=

Figure 1: Gel electrophoresis on samples from the first set of samples (A) and the second set of samples (B)
showing the successful amplifications. M. plutonius in wells 1 and B8, A. apinorum in well 2, S. alvi in wells 3
and B2, B. polysaccharolyticum in well 4, B. apis in wells 5 and B10, L. helsingborgensis in wells 6 and B7, P.
larvae in wells 7 and B9, G. apicola in wells 8-9 and B12, B. choladohabitans in well 10, A. apinorum in well
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11. L. kullabergensis in well B1, B. mellis in well B3, B. mellifer in well B4, B. apousia in well B5, L. kimbladii
in well B6, L. melliventris in well B11.

The gel-electrophoresis indicated that all PCR-fragments have a size of 1500 base pairs or slightly
more. Unfortunately, due to bottles breaking during centrifugation, two samples, S. alvi and G.
apicola, corresponding to lane 3 and 9, were missing on the gel (figure 1 A).

MinlON sequencing evaluation.

Only 11 of the 16 pure cultures of bacteria were sequenced due to poor purity values after DNA
extraction of five cultures, falling below the manufacturer's recommended threshold (A260/A230
> 1.8). Analysis and testing of different settings on the Epi2me program revealed that the Coverage
setting had the most significant impact. As depicted in figure 2, the samples maintained a
consistent identification accuracy of 99 % up to a coverage above 80 %. However, beyond this
threshold, the balance of bacteria fluctuated or displayed no identified bacteria.
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Figure 2: Percentage display of 7 of the analysed samples and their respective containing bacteria showing
that most of the samples are very accurately identified.
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Bombilactobacillus mellis/mellifer troubleshoot
The samples B. mellis/mellifer exhibit an unusual mislabelling of bacteria between S.
warneri/saccharrolyticus and B. mellis/mellifer (figure 3).

Bombilactobacillus mellis Bombilactobacillus mellifer
120% 120%
100% 100%
80% 80%
60% 60%
40% 40%
20% 20%
0% 0%
cov30 covd0 eov50 eovB0 cov70 cov75 covB80 covB3 covB6 cov0 cov5 cov30 covd0 cov50 covB0 cov70 cov75 covBO cov83 covB6 cov90 cov95
m Staphylococcus warnei m Staphylococcus pasteuri W Staphylococc us Saccharolyticus W Staphylococcus epidermidis
W Bombilactobacillus mellis W Staphylococcus saccharolyticum W Staphylococcus capitis W Staphylococcus caprae
B Staphylococcus epidermidis M Others W Others

Figure 3: Graphs showing B. melli/mellifer samples missing the desired species of bacteria the sample was
supposed to contain.

Analysing the differences in sequences between the expected bacteria B. mellis/mellifer and the
identified ones S. warneri/saccharolyticus reveals that they are 86 % identical (figure 4).
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Sbjct 1323 TCGCTAGTAATCGTAGATCAGCATGCTACGGTGAATACGTTCCCGGGTCTTGTACACACC 1382

Query 592 AGGAATTGCAACGGAAACTGTTTAACTTGAGTGCAGAAGAGGAGAGTGGAACTCCATGTG 651

111 I ||||||“|||||]|]|“| ||||||| I Query 1367 GCCCGTCACACCATGAGAGTTTGTAACACCCAAAGCCGGTGCGGCAACCCGTAAGGGAGC 1426

sbjct 606  TGGAGGGTCATTGGAAACT! GGAATTCCATGTG 665 LOCLCLELEELEE REELLLEREEELEERED TEEELEEEE 1 FLEE 1] T
45 Sbjct 1383 GCCCGTCACACCACGAGAGTTTGTAACACCCGAAGCCGGTGGAGTAACCATTTATGGAGC 1442

Query 652  TAGCGGTGAAATGCGTAGATATATGGAAGAACACCAGTGGCGAAGGCGGCTCTCTGGTCT 711

1427 CAGCCGTC 1434
: PECLEERERECREEE FEE PEEEEEE PEEELELEEEEEEEEEELEE T TEELL QuERy i
sbjct 666  TAGCGGTGAAATGCGCAGAGATATGGAGGAACACCAGTGGCGAAGGCGACTTTCTOGTCT 725 it 1443 TAGLCGTC 1450

Figure 4: A comparison between B. mellifer (query) and S. warneri (sbjct), showing an identities if 86%.

This is atypical for the program, as it has demonstrated an ability to distinguish more closely
related bacteria, such as L. kimbladii and L. melliventris (figure 2), having a sequence identity of
98 % (figure 5).
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Score Expect Identities Gaps Strand
2453 bits(1328) 0.0 1383/1410(98%) 1/1410(0%) Plus/Plus Query 720 ‘ ‘ miniremninhn s
II III LECLCLEETEEETEEEET T EER T Er e e
Query 1 ‘I;I‘I:??(I;CI?ﬁ?ﬁ‘I(I}A?CIG??T.I?T‘Irl[???I????AI?ICI?AG??T?T???T?‘I;T(IS??.I- 60 SI:Ij(t 726 GAAAGCATGGGTAGC GAACAGGATTAGATACCCTGGTAGTCCATGCCGTARACG 785
sbjct 6 GTCGAGCGAGCAATTTTGACAGAATACTTCGGTAGGAAGTCAGAAGCGCGAGCGGCGGAT 65 0oy 780  ATGAGTGCTAAGTGTTGGGAGGTTTCCGCCTCTCAGTGCTGCAGCTAACGCATTAAGCAC B30
IIIIIIIIIIIIIIIIIIIIIIIIII|IIIIIIII|IIIIIIIIIIIIIIIIIIIIIIII
ey o TS TS TATSSTTISS TSI TIET OIS, 2°  sbict 786 ATEAGTGCTAAGTGTTGGGAGGTTTCCGCCTCTCAGTGCTGUAGCTAACGCATTAAGCA 845
sbjct 66 GGGTGAGTAACACGTGGGCAACCTGCCCTTTAGCTTGGGATACCACTIGGARACAGGTEC 125 ' wao e (aeCTGRGGAGTACGACCEOAGG AATTEACGGGEECCCGOACA 598
TAATACCAAATAAGCAGCACGAGCGCATGCTCAAGCTGTAAAAL TTT-AAGCTGT 17 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
e e NIRRT I L e oo rtCriancocas S
37 Query 900  AGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACAT 959
Query 180  CACTAAAGGATGGGCCCGCGGTGCATTAGCTAGTTGGCAAGGTAACGGCCTACCAAGGCG 239 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII T
PELLEEECEEEEEEEEEEE et e et e e Peee e e e e eennnel Sbjet 986  AGCGGTGGAGCATGTGGTTTAATTCGAA GAAGAACCTTACCAGGTCTTGACAT 965
Sbjct 186  CACTAAAGGATGGGCCCGCGGTGCATTAGCTAGTTGGTAAGGTAACGGCCTACCAAGECG 245
Query 960 CTAGTGCCAGTCCTAGAGATAGGATGTTTCCTTCGGGAACACTAAGACAGGTGGTGCATG 1819
Query 248  ATGATGCATAGCCGAGTTGAGAGACTGAACGGCCACATTGGGACTGAAACACGGCCCAAA 299 X LECCERE PEEEEEEEET e e e e Ee e e e e e e e e eeennl
ILCCCEEEEECEECEEEEEEE e EERL e EEEeeen et FEELELenier Sbjct 966  CTAGTGCTAGTCCTAGAGATAGGATGTTTCCTTCGGGAACACTAAGACAGGTGGTGCATG 1825
Sbjct 246  ATGATGCATAGCCGAGTTGAGAGACTGACCGGCCACATTGGGACTGAGACACGGCCCARA 305
Query 1020 GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTA 1079
Query 300  CTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGACGCAAGTCTGATGGAGCAAC 359 I AR RN AR I
LELEEEEEEEEEEE et e et e et Sbjct 1026 GCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCTTA 1085
Sbjct 306  CTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGACGCAAGTCTGATGGAGCAAC 365
Query 1080 TTATTAGTTGCCAGCATTAAGTTGGGCACTCTAATGAGAC TGCCGGTGACARMCCGGAGG 1139
Query 360 GCCGCGTGAGTGAAGAAGGTTTTCGGATCGTAAAGCTCTGTTGTTGGTGAAGAAGGACAG 419 NN
SyRcE i I IIII |I I II I I I | IIIII |I [I | IIIIII IIIII'II(IIAHII;I IééI(Ii;I\tI\é/INIl(I;éIé/I\A s Sbict 1086 TTATTAGTTGCCAGCATTAAGTTGGGCACTCTAATGAGACTGCCGGTGACAAACCEGAGG 1145
Jc GTAAAG
1148 GTGGGGACGACGTCAAGTCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACA 1199
Query 420  GGATAGCAACTGATTCATGTTTGACGGTAATCAACCAGAAAGTCACGGCTAACTACGTGC 479 Query || I I I 1 | I I 1] | | | 1111 | | | I [ | 111 | | 1] I I I 1111 | | | | | 111 I 111 | I
Shict 426 GOAMTAMHATCTTHTHOASHAMUALAGAMATUABUIMUALLIL sgs  SPIct 1146 AAGGTGOGGACGACGTCAAGTCATCATICCCC TTATGACCTGGGCTACACACGTGCTACA 1265
S e i
Sbjct 486  CAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGECGTARGCGA 545  SPICt 1206  ATGGTTAGTACAACGAGCAGCGAACCTGCAAA TCTCTEAARGCTAATCTC 1265
Query 340 ACCCACGCRGOAGMATARGTCAGCTGTGAAGCCCTCAGCTTARCTEcaauACTEcaccT o9 ver 2280 0T T N T T N T I T T T L
Sbjct 546  ACGCAGGCGGGAAGATAAGTCAGCTGTGAAAGCCCCCAGCTTAACTGGGGAACTGCAGCT 605 — SPJct 1266  AGTTCGGATTGCACTCTGCAACTCGAGTGCATGAAGCTGGAATCGCTAGTAATCGCGGAT 1325
Query 600 GAAACTATTTTTCTTGAGTGCAGAGAAGAGAGTGGAACTCCATGTGTAGCGETGGAATG 650  QUETY 1320 CAGCACGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGAGA 1379
TR LUCCEEREECEEL LR e e e e e e e e entyy
sbjct 606 GAAACTATGTTTCTTGAGTGCAGAAGAGGAGAGTGGAACTCCATGTGTAGCGGTGGAATG 665 Shj(t 1326 CAGCACGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGAGA 1385
Query 660 CGTAGATATATGGAAGAACACCAGTGGCGAAGGCGGCTCTCTGGTCTGTAACTGACGCTG 719 Query 1388 GTCTGTAATGCCCAAAGCCGGTAGGATAAC 1489
CLCULEUEECCUC T CCE L CCL L CEETECLEE LTI T ) T ]
Sbjct 666 CGTAGATATATGGAAGAACACCAGTGGCGAAGGCGGCTCTCTGETCTGTAACTGACGCTG 725 — Sbict 1386  GTCTGTAATGCCCAAAGCCGGTGGGATAAC 1415

Figure 5: comparison between L. kimbladii (Query) and L. meliventris (Sbjct) showing an identities of 98%.

This suggested that the sample was likely contaminated. To investigate this a Gram-staining of B.
mellis and B. mellifer were performed. The result from the Gram-staining supported the
hypothesis of contamination due to the presence of cocci in the samples when both B.
mellis/mellifer are supposed to be bacilli (figure 6 and data not shown). To address this, colonies
on the bacterial plates, not looking like Staphylococcus spp., was isolated, incubated and
investigated using Gram-staining and subsequently only rods (most probably B. mellis and B.
mellifer) were observed (figure 6, data not shown).

4,\.’.‘&..

Figure 6: left image shows a contaminated sample of B. mellis, the contamination is marked with red circles
showing cocci (spherical bacteria) instead of bacilli (rods). Right picture is the pure sample B. mellis of after
isolation and incubation of colonies not looking like Staphylococcus spp. on the growth media.

Subsequently, the pure samples of B. mellis and B. mellifer were identified and distinguished from
both Staphylococcus and each other (figure 7).
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Staphylococcus pasteuri 1

Staphylococcus saccharolyticus 1

I Bombilactobacillus mellifer Il 55323 I Bombilactobacillus mellis B 53734
I Bombilactobacillus bombi 74 I Bombilactobacillus bombi 197
| llus tf
Bombilactobacillus 1 I Bombilactobacillus thymidiniphilus 107
thymidiniphilus I Bombilactobacillus mellifer 1

Figure 7: A sequencing of the 16S rRNA pure re-streaked bacteria showing that the program can both
identify and separate between Staphylococcus and B. mellis/mellifer.

Failure to corectly identify species of Lactobacillus spp.

When analysing L. kullabergenesis and L. helsingborgenesis, the distribution of bacterial
percentages is much more spread out compared to the rest of the samples. Both samples have also
been mislabelled as L. kimbladii (figure 8).

Lactobacillus kullabergenesis Lactobacillus helsingborgenesis

120.00% 120.00%

100.00% 100.00%
80.00% 80.00%
60.00%

60.00%
40.00%
9%
20.00% a0.00%
0.00% 20.00%
cov30 covd0 cov 50 cov B0 cov 70 cov 75 cov80 cov 83 cov 86 cov 0 cov 3D

0.00%
cov30 cov40 cov 50 cov 60 cov 70 cov 75 cov80 cov83 cov 86 cov 90 cov 95

M Lactobacillus kimbladii M Lactobacillus kullabergenesis
W Lactobacillus huangpiensis M Lactobacillus laiwuensis W Lactobacillus kimbladii MW Lactobacillus kullabergenesis
m Others m Lactobacillus huangpiensis ~ m Other

Figure 8: L. kullabergenesis/helsingborgenesis samples showing an uncharacteristic misidentification of
species to L. kimbladii, and an uncharacteristic bias towards bacteria, shown in ratio.

Analysing the similarity between L. kullabergenesis and L. helsingborgenesis to L. kimbladii reveals
that both have a 99 % identity (figure 9). This is higher than previous sample comparison (see
figure 5)
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Scora Expoct  Identities Gaps Strand Query 720  ACGCTGAGGTTCGAAAGCATGGGTAGCGAACAGGATTAGATACCCTGGTAGTCCATGCCG 779
2588 bits(1401) 0.0 1427/1439(99%) 3/1439(0%) Plus/Plus 5 IIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIIIIII]IIIIIIIIIIHIIII
Jjc
sbjct 719 AGATACCCTGGTAGTCCATGCCG 778
Query 1 TGCAAGTCGAGCGAGCAATCTT 60
N iinitiniiniunmm e ity e
je
SN A 10 SPICt 779 TAMACGATGAGTGCTAAGTGTTGGGAGGT rccsccrcrcmmcmcmamceun 838
ery AACACGTGGGC. GGGA GGAAAC,
R A ANy, Query 840  AAGCACTCCGCCTGGGGAGTACGACCGCAAGGTTAAAACTCAAAGGAATTGACGGGGGCC 899
Sbjct. 8L \GRATCEGTRNGTIMCACRTSECCANCCTECUCTATARCTYGECATACCALTTHOAACA 129, X CECLCETRECEEEEEEE LR E R L CEE PR vl
P CTGGGAMGECGGCTTTAR 180 SPIC 839 AAGCACTCCGCCTGOGGAGTACGACCGCAAGGT TAAAACTCAAAGGAAT TGACGGGGGCC 898
HIIII!IIIIIIHIHIIHII IIIIII|I|III|II|II TULLLLELLRLL 1] GGAGH GAAGCAAC
Shict: 121 1 SOTRTANACAMTADAGCATIMGROTATRETEMGETRTMMGRUIAITTT- M 229 Q"E." s it ‘F| ﬂﬂ -
b iyt eyttt . S T e o
sbjct 180 CTARAGGATG TTGGECAAGGTAAC! 239 Query 960  TGACATCTAGCGCCAG 1019
y 1] II 1 IIIIllllllIIIIIIlIIIIlIlIIIIIIIlIII IIIIlIIHI|II
e O T LT TL LI DL LT T o Soet %59 04 Ao —
Sbjct 240  AGGCGATGATGCATAGCCGAGT TGAGAGACTGAACGGCCACATTGGGACTGAGACACGGC 299  Query 1020 TGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAAL 1079
s 3 h— oo pmongif ittt it i e
<
abicts 360 IIIHIIIIIIIIIIIIIIl!lIIIIIIlIIlI}ICII}\cIII}IlIIéCIuH,Guécl“l\ 150 )
je ACGGGAGGCAGC ARTGGAC Query 1080 CCCTTATTATTAGTTGCCAGCAT 1139
Query 361 GTGAGTGAAGAAGGTTTTCGGATCGTARAGCTCTGTTGTTGGTGAAGAAG 420 ¢y s v 1070 c'EHU\H,'\HﬁéH"c',l;',c'”'ur',”é”';'.ﬂi”'“"“”””””“” 138
g lllHI!IIIIIIIIIIIIIHIIIIlIlIIIIIIIIIIIl}IlIIHIIIIIIIIHII i 3¢ 13
e oo a0 T T
Query 421 AGGGAAAGCAACTG-GTCTCTGTTTGACGGTAATCAA 479
ehict. o8 IIHIIII IIIIIIII lll HIIIlIIIIIlIIHIHIIIIHIHIIIIHIII e Sbjct 1139  CGGAGGAAGGTGGGGAC CATCATGCCCCTTATGACCTGGGCTACACAC 1198
{3 GACAGGGATAGC.
Query 1200 GCTACAATGGTTAGTACAACGAGCAGCGAACCTGCAAAGGCAAGCGAATCTCTGAAAGCT 1259
Query 480  ACGTGCCAGCAGCCGCGGTAA TTGTCCGGATTTATTGGGCGTA 539 . N
S ive IllllI!IIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIII&””L”&&&“ G Sbjct 1199 GCTACAATGGTTAGTACAACGAGCAGCGAACCTGCAAAGGCAAGCGAATCTCTGAAAGCT 1258
je
Query 1260 AATCTCAGTTCGGATTGCACTCTGCAACTCGAG CTGGAATCGCTAGTAATC 1319
Query 540 AAGCOAMCGIAGGCOGGAGAATAAGTCAGCTGTGAAMGCCCTCAGCTTAACTGGGGANCT. 599 IIIIIIIIIIIlIIIlIlIIlIIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIII
: e Sbjct 1259 TCAGTTCGATTGCAC 1318
Sbjct 530  AAGCGAACGCAGGLGGGAGAATAAGTCAGCTGTGAAAGCCCTCAGCTTAACTGGGGAACT 598
Query 1320 GTACACACCGCCCGTCACACC 1379
AGAAGAGGAGAG
sy |||||||||||||| it ,,,,,,,,,,“,,,,,“,“,“,ﬁ?’,ﬂﬂﬁﬁﬂ -y |||||||m||||||n|1|n|||||||n||u|nlumnnnnmnu
Sbjct 599 GCAGCTGARACTATTTTTCTTGAGTGCAGAAGAGGAGAGTGGAACTCCATGTGTAGCGGT 658  Sbict 1319 EGIALACACLIGECORTCARNCE 1378
Query 660 GTAGATATATGGAAGAACACCAGTGGCGAAGGCGGCTCTCTGGTCTGTAACTG 719  Query 1380  ATGAGAGTCTGTAA C 1438
IIIIIIlIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIlIIlIIllIIIIIIIIIII!III 3 HLILTLLL i lIIHIIIHIHIIHIIHIIHHIHIIHIIHIII
Sbjct 659 AATGCGTAGATATATGGAAGAACAC GGCTCTCTGGTCTGTAACTG 718 Sbjct 1379  ATGAGAGTCTGTAATGCCCAAAGCCH TGCAAAGGAGTC, 1437
B s Bphct:  Keonttes Gapa Saod Query 721 AACAGGATTAGATACCCTGGTAGTCCATGCCGT 780
2543 bits(1377) 9.0 1418/1438(99%) 1/1438(0%) Plus/Plus 5 IIIIIIIIlIIHIIIIIHIIIIIlIlIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIII
A s Sbict 720 TTAGATACCCTGGTAGTCCATGCCGT 779
hjer /1 |||”|||||||||||||I || |||||||||||||||||||||||| |||]”||||| o Query 781 GATGAGTGCTAAGTGTTGGGAGGTTTCCGCCTCTCAGTGCTGCAGCTAACGCATTA 840
d COTASONAGIC X IIIIIIIIIIIHIIIIIIIIIIIIII!IIIIIIIIIIIHIIIIlIIIIII|lI1IIIl
T ot e i e
sbjct 61 CTGCCCTATAGCTTGGGATACCACTTGGARACA 120  Query 841 TCCGCCTGAOGAGTACGACC! 9060
Je : IIIIIIIIIIIHIIIIIIHIIIIlIlIIIIIIIIIIIlIIIIIIIIIlIIIlIlIIIl
o nlmmnummmn ST mgcecTTTceR 100 SbJet 840 -
Sbjct 121  GGTGCTAATACCAAATAAGCAGCATGAGCGCATGCTCAAGCTGTAAAAGGCGGCTTT-AA 179  Query 901 GGTGGAGCATGTGGTTTAATTCGAAGC GAAGAACCTTACCAGGTCTT 960
i IIIIIIIIlIIHIIIIIIIIIIIIlIlIIIIIlIIIlIIIIIIIIIIIIIIHIIIIII
Query 181 TCACTAAA GGTGCATTAGCTAG 240 Sbjct 900 959
Gt 128 IIIHIIIIIIlllIHHlIIIIIIIlII IlIIIIIIIII IIIIIIIIIH IIIII 39 B 1 AT T s
je uery
. IIIIIIIIIIII(IIIIIHIIIIIlIIIIIIIIIIIIIIIIIHIIIIIIIIIIlIIII
e et A B e o
Sbjct 240  AGGCGATGATGCATAGCCGAGTTGAGAGAC TGAACGGCCACATTGGGAC TGAGACACGGL 9 Query 1021 GCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAG 1080
. IIlIIIIHIIHIIIIIIHIIIIIIIIIIIIlIlIlIlIIIlIlIIIlIIllIlIIIl
e T T AT T T o Sbdct 1020 GOATGGCTGICOTCAGCTCGTGTCOTOAGRIGITGGGTTAASTC e
Sbjct 300  CCAAACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACAATGGACGCAAGTCTGATGGA 9 Query 1081 CTTATTATTAGTTGCCAGCA TAAGTTGGGCACTCTAATGAGACTGCCGGTGACAAACC 1140
1111 IIIIHHIIIIIIHIIIIHIIIIIIIIIIIIIIlIIIII IIIIIIIIIIII
ey L AL L AT AL CIT LML <20 Sbict 1080 CCTIATTATTAGTTGCCAGCATTAAGTTGGGCACTCTARTGAGACTGCSGTGACMALC 1139
Sbjct 360  GCAACGCCGCGTGAGTGAAGAAGGTTTTCGGATCGTAAAGCTCTGTTGT TGGTGAAGAAG 9 Query 1141 AAGTCATCATGCCCCTTATGACCTGGGCTACACACGTG 1200
Query 421 GATTCTT nm,\cm o i IIIIIIIIIH|||IIIIIHIIIIIIlIIIIIIIIIlIlIIIHlIIIlIIIIIIIIII
IHI I| III llllIIHIII I IHIIIIIIIIIIIIIIIIIIIIHIIIII Sbjct 1140 ATGCCCCTTATGACCTOGGCTACACACGTG: 1199
Sbjct 420 AGCAACTGATTCTTGTTTGACGGTAA’ 9 Query 1201 CTACAATGGTTAGTAC GAATCTCTGAAAGCTA 1260
Query 481  CGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGTAA 540 X IIIIIIIIIIHIIIIHIIHIIIIlIIIIIIIIIlIIIII!IHIIIlIIIIHlIl
LULLECCCECECEEEEEE e C e e e e n p e e i rnneennl Sbjct 1200 CTACAATGGTTAGTACAACGAGCAGCGAAC 1259
Sbjct 480  CGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATTGGGCGTAA 9
e e AT >
Query 541 AGCTGTGAAAGCCCCCAGCTTAACTGGGGAAGTG 600 )
Sbjct 588 IIIlIIIIIIIIIMIIIIIIIIIIIIIIIIIIII ”éé”““% 1l - Sbjct 1260 ATCTCAGTTCGGATTGCACTCTGCAACT 1319
C
Query 1321 CGGATCAGCACGCCGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCA 1380
Query 601 \CTGAAACT) WTT’CTEMST GAGAGTGGAACTCCATGTGTAGCGGTG 660 . IIIIIIIIIIIIIIIIIIHHIIIlIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Fian. 08 II IIII!II 1 lIIIIllIlIIIIIIIIIIIIIIIlIIéI%}é}&&II i Sbjct 1320 ACCGCCCGTCACACCA 1379
JC
T AAAGH TCTAA 14,
Query 661 GMTGCGTAGAT secrcrcreereremer 220 2o B8 TR
IIHIIIIIIIllllIlllllIIIIIIIIIIIIIIIIIIIIIIHIIIIlIIHIIIIII j
SE§Ct11660  CANTOLATACAIATA COAMSARACEAS UL g sbict 1380 TGAGAGTCTGTAATGCCCAAAGCCGGTAGG GCAAAGGAGTCAGCCGTCTAA 1437

Figure 9: Comparing L. kullabergenesis to L. kimbladii in picture A and L. helsingborgenesis to L. kimbladii in
picture B, showing high similarities in both cases with identities 99% on both.

To investigate this further, whole-genome sequencing was performed on L. kullabergenesis to
determine if the 16S gene was too similar to distinguish. Using whole genome sequencing an
overwhelming amount of L. kullabergenesis was identified (figure 10).
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Lactobacillus kullabergensis N 9,776
Escherichia coli I 1362
Lactobacillus sp. wkB8 | 687
Lactobacillus helsingborgensis | 295
Salmonella enterica | 171
Lactobacillus apis | 68

Escherichia marmotae | 59

Figure 10: The number of bacteria found in the whole genome sequencing to ensure correct identification.
And a significant amount of L. kullabergenesis was found in contradiction to earlier analysis.

Evaluating most accurate settings

While sequencing, the most impactful setting was the coverage percentage. The other settings
were kept identical to ensure an accurate assessment of the coverage percentage setting. Due to
time constraints, the other settings were not explored to the same extent. The number of approved
reads (identified sequences deemed satisfactory by the program) exhibits three distinct phases,
as depicted in Figure 11. When the coverage percentage is set below 80 %, the approved reads
remain around 60 %. Between a coverage percentage of 75 % and 83 %, the approved reads
stabilize and consistently around 55%. However, when the coverage percentage is set higher than
83 %, the number of approved reads sharply declines, and at 95 % coverage, less than 1 % of reads
remain.

70
60
50
40
30
20

10

Figure 11: The percentage of reads that were identified and approved by Epi2Zme in different settings in the
program. The approved read reduces quickly after the coverage is increased above 83%.

Discussion

Preparation for analysis

The recommended method of measuring the weight of the sample added, as mentioned in the
ZymoBIOMICS DNA Miniprep Kit (Zymo research), proved difficult to use due to the loss of liquid
weight from dipping the loop in the liquid. However, the decision to use two loops to measure the
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genetic material was surprisingly accurate in most cases. Most samples stayed closely grouped at
between 20-25 ng/ml per loop after extraction (see Table 2). There were some samples with
significantly lower values; these samples also tended to have lower purity. However, neither of
these issues seemed to affect the PCR amplification (figure 1).

The reduced purity in samples with lower concentration might be a side effect of the low number
of bacteria present. The reduced number of bacteria allows more material from the plate to get
stuck to the loop, which could affect purity. Additionally, the reduced purity might also be due to
failures in the ZymoBIOMICS DNA Miniprep Kit (Zymo research). High density samples can lead
to debris not getting peleted correctly and therefore leads to incomplete debris removal
(ZymoBIOMICSTM DNA Miniprep Kit DNA for Microbiome or Metagenome Analyses, 2023).

Reduced concentration offsets the balance between chemicals added to the sample, potentially
damaging the separation method and leaving some chemicals in the sample.

After analyzing the gel electrophoresis three samples were missing, as shown in figure 1A-B.
Samples 3 and 9 were expected to be missing due to the cracked bottles during centrifugation.
Sample B5 (G. apousia) did not amplify. One reason for this might be poor purity or concentration
from earlier steps. Some samples also had less genetic material, as evidenced by weak bands in
samples 4 and 8. However, this did not seem to affect the results significantly (figure 1) due to the
low amounts of required materials in the library preparation.

When performing analysis it quickly proved to be accurate in the vast majority of cases (see figure
2). The analysis showed that in seven out of eleven cases less than 1 % is mislabeled. This is with
only four exceptions. These exceptions are quite easily identifiable due to their uncharacteristic
distribution of bacteria, while most others only have about 1% misreads the exceptions have 20%
and more diversity. While four samples were identified wrong two of these were also easily
corrected because the wrong bacteria were analyzed. This shows that nine out of eleven samples
were identified correctly with a small margin of errors. These misidentifications are probably
caused by the sequencing or analyses problems. PCR has been observed to have an impact on up
to 1.5 % of the reads (Potapov & Ong, 2017).

Bombilactobacillus mellis/mellifer troubleshooting

In the beginning it was clear that a successful identification of B. melli and B. mellifer was not
possible (figure 3). This appeared strange since sequence identity of these bacterial species were
only 86 % (figure 4), which is much lower than L. kimbladii having a sequence identity of 98 % to
other bacterial species and was sequenced without any problems (figure 9). Since the identified
bacteria were S. epidermidis, which is a common member of the human skin (Shen et al., 2023)
and other species belonging to the genus Staphylococcus spp., a reasonable explanation was that
the samples had been contaminated during the experimental work.

The contamination of the samples B. melli and B. mellifer was anticipated from the outset,
especially when the analysis returned with the incorrect genus of bacteria. Not only was it an
outlier compared to the rest of the samples, but also the mislabeling of the genus B. mellis/mellifer
was in contrast to the similarities among the other samples, which were far more alike than
Bombilactobacillus to Staphylococcus. This, coupled with the success of other scientists utilizing
EPI2ME (Akacin et al,, 2023), suggests that EPIZME should be capable of identifying 99 % of the
genus level correctly (Winand et al., 2019).

To confirm that correct bacteria were growing on the plates a reliable identifier had to be
identified. Since B. mellis/mellifer are both rods while staphylococci are circular, Gram staining
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was employed. Gram-staining is a quick and easy method of staining bacteria to create contrast
and visualize them (Villena et al., 2017). After identifying contamination on the plate, it was not
difficult to pinpoint its source. There were colonies of two different colors on the plate,
somewhere white and some colorless (data not shown). When the white colonies were identified
as contamination, re-streaking on the colorless colonies was performed. As depicted in figure 7,
the subsequent sequencing on B. mellis/mellifer matched the accuracy of the sequencing for the
other bacteria.

Lactobacillus mislabeling

When analyzing the mislabeling of L. kullabergenesis/helsingborgenesis, initial suspicions lead to
the wrong bacteria getting analysed. This was proven to not be the case, as L
kullabergenesis/helsingborgenesis thrives better in microaerophilic conditions, while L. kimbladii
prefers anaerobic conditions. As a result, the samples were stored separately, reducing the
likelihood of mistakenly selecting the wrong sample. Additionally, an unusual distribution of the
identified bacteria was observed; while other bacteria showed 99 9% identification, L.
kullabergenesis/helsingborgenesis had only a 20 % identification rate. This peculiar distribution
should not be observed in pure culture analyses unless the sample was contaminated or
mislabeled.

Whole-genome sequencing confirms that the sample is L. kullabergenesis; therefore, the program
cannot differentiate them using 16S sequencing. Comparing L. kimbladii with L. melliventris, it's
evident that a 2% difference is distinguishable. However, when comparing L.
kullabergenesis/helsingborgenesis to L. kimbladii, there is only a 1% difference. This suggests that
somewhere between a 1% and 2% difference, EPIZME can no longer distinguish between bacteria.
Examining the difference in base pairs (bp), there is as little as a 20 bp difference between L.
helsingborgensis and L. kimbladii, compared to a 30 bp difference between L. kimbladii and L.
melliventris. This indicates that either somewhere between a 20 and 30 bp difference, EPI2ZME can
no longer differentiate between bacteria, or there is another factor influencing the classification.

L. kullabergensis can be identified even if it is present in smaller amounts than expected. This
proves that it can be recognized by the program (see figure 8). The problem might be caused by
PCR or the database used for identification. Since the identity is so high between these specific
bacteria, the likelihood of a mislabeling problem might originate from PCR, which is not a perfect
cloning method. Multiple mistakes can happen, and these mistakes add up to an error rate of 1.5%
in nucleotide-specific changes (Shagin et al., 2017). Combining these factors makes the possibility
of PCR causing mislabeling is high.

Figure 8 clearly shows that EPI2ZME exhibits a bias towards certain bacteria. Both samples display
the same distribution in the same order, indicating a clear bias towards certain Lactobacillus spp.
Other researchers have also observed this classification bias (Delahaye & Nicolas, 2021b; Lao et
al,, 2023). The origin of this bias or the reason behind it is unclear, but it is evident that L. kimbladii
is the preferred identification, even when the correct sample is present in smaller amounts.
Whether this misidentification is caused by misreads or differences that are too subtle to detect
is uncertain. This bias seems to occur only when working with the 16S rRNA, likely due to their
initial similarity.

Settings optimization
While it was clear that coverage percentage had the largest impact on the results the rest of the
settings were also evaluated before coverage was selected. The identity setting was kept at 95 %
because identifying bacteria in the same genus is generally evaluated by their similarity to each
other, which ranges between 95-97 % (Schloss & Handelsman, 2005). By maintaining the identity
percentage at this level, the program should yield an accurate genus-level identification.
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The samples analyzed below the 83 % coverage mark often showed an approved read percentage
of about 60 % (figure 8). This indicates that about 40 % of the reads are not approved even at
these extremely low settings. This might be due to the identity setting being at 95 %. Decreasing
the identity threshold would likely be detrimental to species-level identification. As stated by
Jeong et al. (2021) and Johnson et al. (2019), taxonomic identification at the species level is
determined by an identity of 97 %, while genus-level identification requires at least 95 % identity.
In this study it was concluded that the 95 % identity setting is probably accurate, if not too low.
Increasing the identity threshold to 97 % might have a favorable impact on the correct reads for
species identification (Schloss & Handelsman, 2005).

The fact that pure cultures were used might have impacted the stability of the bacterial
distribution. Since all the samples were supposed to be pure cultures, the few bacteria that were
not identified as the same could easily reduce the accuracy to 99 %. Only at higher settings, when
the pure culture was reduced to the same number of approved reads, did the program show a new
distribution.

Regarding the best settings for the analysis, the percentage of bacteria stays consistent throughout
the tests (figures 2, 3, and 8). Even after the approved reads dropped at 83 % coverage, the
percentage stayed consistent. This trend can be observed in most samples up to 90 % and 95 %
coverage; the change can probably be connected to the low number of approved reads. The small
number of remaining samples no longer portray an accurate distribution due to the high fail rate.
Some of the samples at 95 % coverage show zero approved reads.

Even though most other settings apart from coverage were kept consistent, some adjustments
might have been beneficial for the efficiency of the program. The length filter was one setting that
could have reduced the time required to complete an analysis. Currently, the analysis takes 2-3
days to provide an accurate portrayal of the samples. Reducing the time required would allow for
more analyses to be performed.

During sequencing, extra barcodes not added to the pooled samples were sometimes identified.
Others have also observed these extra barcodes, which could result from manufacturing issues,
PCR errors, or sequencing mistakes (Delahaye & Nicolas, 2021b). These extra barcodes were
mostly ignored since there were few and they were of no interest, but they did cause a blockage
in the EPI2ZME program. Occasionally, these ghost barcodes stopped the analysis for no apparent
reason. When the ghost barcode was deleted from the file, the program could read the data as
usual again.

Impact on future studies and spread

Since the connection between bacteria and most living creatures is so important, it is the
cornerstone of understanding biological and ecological systems (Bertolo et al, 2024).
Understanding bacteria is a crucial part of understanding larger organisms. Having a tool that can
accurately and quickly sequence bacteria can significantly increase the speed of research. This is
especially important in the case of bees due to their dependence on microbiota (Gut et al.,, 2024).
Understanding the bee’s microbiota and its relationship to health will allow us to reduce the strain
currently placed on them. The increased speed of sequencing is particularly crucial for bees, which
are already in decline and are vital to the agricultural system. Bees are the primary pollinator for
over 90 commercial plants in the US alone (Romero et al., 2019).

The MinlON is not limited to only insects or bees; it has also been used to identify bacteria in avian
species (Sanderson et al., 2023). Understanding the differences in microbiota between thriving
bees and declining bees can offer opportunities for improvement in bee farming. This would lead
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to a cascading effect on the agricultural sector, resulting in better pollination between plants and
a healthier environment overall.

Conclusion

Performing this study has revealed a few inconsistencies compared to earlier analyses of
nanopore technology. In earlier works, the accuracy was estimated at a correct classification rate
0f 96.31% (Lao et al., 2023). In this study it was observed that an increase from this in several of
the samples, even in the 16S sequences (see figure 2). For a more detailed overview of results see
table S1-2 in appendix. However, a high inconsistency in the program was observed, particularly
with L. kullabergenesis/helsingborgenesis. This shows that EPI2ZME seems to have trouble
distinguishing between bacteria that exceed an identity of 99 %. This mislabeling of bacteria
appears to manifest as a bias toward certain bacteria, as seen in Figure 8.

Implementing a safeguard for early detection of desired bacteria would be beneficial before
sequencing. A cheap and easy method could reduce the number of sequences needed and allow
for more efficient extractions. Since gram staining is far faster and cheaper than sequencing it
might be used as an early detection system.

Lastly, the most efficient setting for the EPI2ME program to get accurate reads seems to be close
to 80 % coverage. As seen in Figure 11, settings below this fluctuate around 60 % approved reads.
Below the 80 %-mark, approved reads are maintained at 60 % from the identity of 95 %. When
moving above 80 % coverage, the number of approved reads drops quickly. This is believed to be
caused by the difficulty in finding sequences that match the sequencing results that closely. The
reduction in approved reads wasn’t a big problem as pure colonies was used, but to analyze the
flora in the bee gut, one needs an appropriate sample size to ensure the distribution of bacteria
stays consistent.

In conclusion, the program is accurate in certain cases, as seen in Figure 2. However, the program
has two main problems: its vulnerability to contamination, which can be easily mitigated with a
safeguard before sequencing, and its bias toward certain bacteria when multiple species cannot
be separated. The optimal settings seem to be at 80 % coverage, just before the number of
approved reads drops drastically( a more detailed overview of the numbers of reads and
percentage of identified bacteria in each sample can be found in the appendix table S1-2).

Ethics

Since only bacteria were used in this experiment, there is no necessity to think about animal rights.
Even if the bacteria do not need to be handled like animals, there are still implications that need
to be considered, such as the safety of other people in the room. Some of the bacteria handled in
this experiment are diseases that can harm large portions of colonies of bees. Therefore, | have a
responsibility to ensure that my lab colleagues know about this and that these dangerous bacteria
do not get released into a colony of bees. Even if the bacteria are not harmful to humans, it is just
as important to consider safety and ensure that all bacteria stay in the lab.

The Al (Artificial Intelligence) ChatGPT version 4.5 was used to correct the grammar and spelling
errors in this thesis. But since the Al didn’t find or write any of the text it corrected, this is still my
own work, with small corrections in grammar and spelling for ease of reading.

Further Perspectives

This thesis project was performed with the goal of understanding the new MinION technology and
analyzing its accuracy in identifying bacteria. Several shortcomings and pitfalls were encountered
during the process, which can serve as a warning to future users. Utilizing the information in this
thesis can help future students gain a basic understanding of the programs involved, as well as
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avoid some of the mistakes, leading to an even greater understanding of both the program and
honeybees.

As a continuation of this thesis, I would like to identify how similar two species need to be to be
subject to classification bias in the EPI2ZME program. Another step might be to analyze the impact
of changing the identity setting on the accuracy of sample classification. Does altering the identity
setting reduce classification bias? Additionally, can the analysis be made more efficient by
incorporating more settings, such as a range filter?
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Appendix

Lactobacillus Helsingborgenesis

Bacteria
Lactobacillus Kimbladii

Lactobacillus Kullabergenesis

Lactobacillus Huangpiensis
Other

Total

Melissococcus Plutonius
Bacteria
Straphylococcus Hominis
Straphylococcus Ratti
Others

Total

Panibacillus Larvae
Bacteria

Panibacillus Larvae
Others

Total

Bartonella Apis

Bacteria
Straphylococcus Hominis
Straphylococcus Ratti
Others

Total

Lactobacillus Melliventris
Bacteria

Lactobacillus Melliventris
Others

Total

Gilliamella Apicola
Bacteria

Gilliamella Apicola
Others

Total

Table S 1: a table showing half of the analysed bacteria with the number of reads as well as the percentage those reads and the totals.

cov30/id95
reads %
3281 80%
508 12%
276 7%
44 1%
4109
cov30/id95
reads %
5421 98%
47 1%
55 1%
5523
cov30/id95
reads %
3775 100%
3 0%
3778
cov30/id95
reads %
4633 99%
20 0%
49 1%
4702
cov30/id95
reads %
4274 100%
6 0%
4280
cov30/id95

Number of Read %
5157 100%
6 0%
5163

cov40/id95
reads %

2801

426

244

36

3507
cov40/id95
reads %

2936

27

35

2998
cov40/id95
reads %

2844

2

2846
cov40/id 95
reads %

3389

14

36

3439
cov40/id 95
reads %

2340

3

2343

80%
12%
7%
1%

98%
1%
1%

100%
0%

99%
0%
1%

100%
0%

cov50/id 95
reads %
2825 80%
431 12%
237 7%
36 1%
3529
cov50/id 95
reads %
3863 98%
34 1%
41 1%
3938
cov50/id 95
reads %
2846 100%
1 0%
2847
cov50/id 95
reads %
5078 99%
25 0%
52 1%
5155
cov50/id 95
reads %
4248 100%
5 0%
4253
cov50/id95

Number of Read %
5128 100%
2 0%
5130

cov70/id95
reads %

80% 2823 80%

12% 422 12%
6% 237 7%
1% 28 1%

3510
cov70/id95
reads %

98% 3856 98%
1% 31 1%
1% 39 1%

3926
cov70/id95
reads %
100% 2838 100%
0% 1 0%
2839
cov70/id95
reads %

99% 3444 99%
0% 13 0%
1% 34 1%

3491
cov70/id95
reads %
100% 3033 100%
0% 3 0%
3036
cov70/id 95

Number of Read %

5111 100%
0%

5111

cov 86/id 95

reads %
91% 16
9% 5
0%
0% 2
23
cov90/id 95
reads %
99% 2532
0%
1% 20
2552
cov90/id 95
reads %
1992

1992
cov90/id 95
reads %
2866

27
2893
cov90/id 95
reads %
19

19

cov90/id95

cov95/id 95

%

cov95/id 95

cov95/id 95

cov95/id 95

%
11 100%
0%
0%
11
%
5 100%
0%
5
%
12 100%
0%
0%
12

cov95/id 95

%
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Lactobacillus kullabergenesis
Bacteria

Lactobacillus Kimbladii
Lactobacillus Kullabergenesis
Lactobacillus Huangpiensis
Lactobacillus Laiwuensis
Others

Total

Snodgassella Alvi

Bacteria

Snodgassella Alvi
Snodgassella Communis
Others

Total

Bombilactobacillus Mellis
Bacteria

Straphylococcus Warneri
Straphylococcus Pasteuri
Bombilactobacillus Mellis

Straphylococcus Saccharolyticum

Straphylococcus Epidermis
Others

Total

Bombilactobacillus Mellifer
Bacteria

Straphylococcus Saccharolyticus

Straphylococcus Epidermis
Straphylococcus Capitis
Straphylococcus Caprae
Others

Total

Lactobacillus Kimbladii
Bacteria

Lactobacillus Kimbladii
Lactobacillus Laiwuensis
Oters

Total

Table S 2: a table showing the second half of the analysed bacteria with the number of reads as well as the percentage those reds totals.

cov30/id95
reads %

2721

374

219

18

12

3344
cov30/id95
reads %

4046

17

11

4074
cov30/id95
reads %

2287

1377

78

51

26

79

3898
cov30/id95
reads %

2826

1134

49

26

41

4076
cov30/id95
reads %

2636

13

17

2666

81%
11%
7%
1%
0%

99%
0%
0%

59%
35%
2%
1%
1%
2%

69%
28%
1%
1%
1%

99%
0%
1%

cov40/id 95
reads %

2721

374

218

18

12

3343
cov40/id 95
reads %

4040

23

15

4078
cov40/id 95
reads %

1096

679

37

23

8

26

1869
cov40/id 95
reads %

2308

869

45

22

33

3277
cov40/id95
reads %

1908

10

12

1930

81%
11%
7%
1%
0%

99%
1%
0%

59%
36%
2%
1%
0%
1%

70%
27%
1%
1%
1%

99%
1%
1%

cov50/id 95
reads %

2712

372

216

16

9

3325
cov50/id 95
reads %

4031

17

8

4056
cov50/id 95
reads %

2274

1371

78

51

26

74

3874
cov50/id 95
reads %

2812

1128

49

26

41

4056
cov50/id 95
reads %

2559

12

14

2585

82%
11%
6%
0%
0%

99%
0%
0%

59%
35%
2%
1%
1%
2%

69%
28%
1%
1%
1%

99%
0%
1%

cove0/id95
reads %

2710

371

216

16

9

3322
cov60/id95
reads %

1246

8

2

1256
cove0/id95
reads %

791

443

24

18

8

22

1306
cov60/id95
reads %

cov60/id95
reads %
707
4
6
717

82%
11%
7%
0%
0%

99%
1%
0%

61%
34%
2%
1%
1%
2%

99%
1%
1%

cov70/id95
reads %

2709

367

214

13

9

3312
cov70/id95
reads %

4024

16

2

4042
cov70/id95
reads %

2270

1370

77

51

26

72

3866
cov70/id95
reads %

2808

1125

48

25

40

4046
cov70/id95
reads %

1955

7

10

1972

cov75/id95 cov80/id 95 cov83/id 95 cov 86/id 95 cov90/id95 cov95/id 95
reads % reads % reads % reads % reads % reads %

82% 1201 79% 2702 82% 2685 85% 536 86% 11 55%

11% 183 12% 359 11% 353 11% 55 9%

6% 119 8% 208 6% 108 3% 29 5% 6 30%
0% 7 0% 7 0%
0% 8 1% 9 0% 12 0% 3 0% 3 15%
1518 3285 3158 623 20
cov75/id 95 cov80/id95 cov83/id95 cov 86/id 95 cov90/id95 cov95/id 95
reads % reads % reads % reads % reads % reads %
100% 4022 100% 4016 100% 4008 100% 3978 100% 3447 100% 35 100%
0% 13 0% 9 0% 4 0%
0% 2 0% 2 0% 2 0% 3 0% 1 0%
4037 4027 4014 3981 3448 35
cov75/id95 cov80/id95 cov83/id 95 cov 86/id 95 cov90/id 95 cov95/id 95
reads % reads % reads % reads % reads % reads %

59% 1449 58% 2255 59% 2237 59% 2197 60% 328 30%

35% 900 36% 1369 36% 1371 36% 1358 37% 509 46% 3 50%
2% 51 2% 77 2% 77 2% 51 1% 91 8%

1% 33 1% 51 1% 51 1% 24 1% 43 4%
1% 11 0% 24 1% 24 1% 14 0% 77 7%
2% 45 2% 14 0% 14 0% 11 0% 48 4% 3 50%
2489 3790 3774 3655 1096 6
cov75/id 95 cov80/id95 cov83/id95 cov 86/id 95 cov90/id 95 cov95/id 95
reads % reads % reads % reads % reads % reads %

69% 1916 69% 2804 70% 2800 70% 2774 71% 2394 94% 5 63%

28% 769 28% 1107 28% 1099 28% 1066 27% 84 3% 0%
1% 28 1% 50 1% 49 1% 38 1% 26 1% 1 13%
1% 14 1% 17 0% 16 0% 16 0% 16 1% 1 13%
1% 31 1% 31 1% 28 1% 28 1% 17 1% 1 13%

2758 4009 3992 3922 2537 8
cov75/id 95 cov80/id95 cov83/id95 cov 86/id 95 cov90/id95 cov95/id 95
reads % reads % reads % reads % reads % reads %

99% 655 99% 1946 99% 1918 100% 588 100% 11 85% 1 100%
0% 2 0% 0% 0% 0% 0% 0%
1% 3 0% 11 1% 6 0% 2 0% 2 15% 0%

660 1957 1924 590 13 1
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