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Abstract

Background Oxford Nanopore sequencing is a long-read sequencing technology that does not rely on a polymerase
to generate sequence data. Sequencing library preparation methods used in Oxford Nanopore sequencing rely on
the addition of a motor protein bound to an adapter sequence, which is added either using ligation-based methods
(ligation sequencing kit), or transposase-based methods (rapid sequencing kit). However, these methods have
enzymatic steps that may be susceptible to motif bias, including the underrepresentation of adenine-thymine (AT)
sequences due to ligation and biases from transposases. This study aimed to compare the recognition motif and
relative interaction frequencies of these library preparation methods and assess their effects on relative sequencing
coverage, microbiome, and methylation profiles. The impacts of DNA extraction kits and basecalling models on
microbiome analysis were also investigated.

Results By using sequencing data generated by the ligation and rapid library kits, we identified the recognition motif
(5'-TATGA-3) consistent with MUA transposase in the rapid kit and low frequencies of AT in the sequence terminus

of the ligation kit. The rapid kit showed reduced yield in regions with 40-70% guanine-cytosine (GC) contents, while
the ligation kit showed relatively even coverage distribution in areas with various GC contents. Due to longer reads,
ligation kits showed increased taxonomic classification efficiency compared to the rapid protocols. Rumen microbial
profile at different taxonomic levels and mock community profile showed significant variation due to the library
preparation method used. The ligation kit outperformed the rapid kit in subsequent bacterial DNA methylation
statistics, although there were no significant differences.

Conclusions Our findings indicated that careful and consistent library preparation method selection is essential
for quantitative methods such as bovine-related microbiome analysis due to the systematic bias induced by the
enzymatic reactions in Oxford Nanopore library preparation.
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Background

Since the introduction of next-generation sequenc-
ing (NGS), sequencing technologies have been applied
to conduct a wide range of biological studies, such as
genome assembly and medical diagnosis, due to their
increased efficiency compared to Sanger sequencing.
The parallel sequencing of billions of DNA molecules in
NGS can generate large amounts of output data. Cur-
rently, short-read and long-read sequencing are two pri-
mary approaches to obtaining DNA sequences. Present
widely used short-read sequencing technologies include
[lumina and DNBSEQ, which allow the yield of data with
higher coverage and accuracy (over 99.9%), while with the
DNA at a shorter read length (250-800 bp) [1]. In com-
parison, long-read sequencing platforms such as Pacific
Biosciences (PacBio) and Oxford Nanopore Technolo-
gies (ONT) allow longer reads (over 10 kb) [1]. Although
relatively lower per-base accuracy was seen previously in
long-read sequencing platforms, the current improved
chemistries in PacBio and ONT allow their increasing
per-base accuracy to reach up to 99.9% [2, 3].

Library preparation steps are required for NGS, which
aims to attach DNA strands with adapters compatible
with sequencers. Different sequencing platforms have
designed a variety of commercial library preparation kits
to achieve this. On the ONT long-read sequencing plat-
form, two major types of library preparation techniques
are currently provided for DNA samples, which are based

Table 1 Bovine and microbiome data used in this study

Location Sam-  Extraction Library Bio- Techni-
ple method protocol logical cal rep-
type replicates licates

Australia  Rumen PowerFecal SQK-LSK109 1 3
fluid Pro (ligase-based)

Rumen PowerFecal  SQK- 1 3
fluid Pro RBK110.96

(transposase-

based)
Rumen DNeasy SQK-LSK109 1 3
fluid Plant Mini (ligase-based)
Rumen Puregene SQK-LSK109 1 3
fluid with EXP-

NBD104

(ligase-based)

Spain Rumen PowerSoil SQK-LSK109 4 1
fluid (ligase-based)

Rumen PowerSoil SQK-RBK004 4 1
fluid (transposase-
based)

Australia  Cattle  Puregene SQK- 15 1
ear NBD114.24
punch (ligase-based)

Cattle  Puregene SQK- 15 1
ear RBK110.96
punch (transposase-

based)
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on transposases (rapid kits) and ligases (ligation Kkits).
Enzymes are used in library preparation for DNA frag-
mentation or adaptor ligation. Transposase-based kits
offer simplified protocols that notably reduce the time
for library preparation, compared to those requiring
end-repair and ligases. Generally, in ONT transposase-
based protocols, the transposome complex involved in
the library kits hydrolyzes DNA strands into shorter frag-
ments and simultaneously attaches barcodes or adapt-
ers to cleaved ends. In a patent [4], ONT indicates the
involvement of MuA transposase in their transposase-
based protocols. In comparison, ligation protocols for
ONT utilize T4-relevant enzymes and Taq DNA poly-
merase or DNA Polymerase I, Large (Klenow) Fragment
for library construction. In brief, after the generation of
blunt-end DNA and phosphorylated 5" end with enzyme
mixtures, such as T4 polymerases and T4 polynucleotide
kinase, dA tails are created in DNA strands by Taqg DNA
polymerase at elevated temperatures or the mesophilic
DNA Polymerase I, Large (Klenow) Fragment, which
facilitates subsequent adapter ligation by T4 ligase [5-7].

Sequencing bias can be introduced during the library
preparation from different sources. The polymerase chain
reaction (PCR) amplification is regarded as a major cause
of uneven sequencing coverage in extreme guanine-
cytosine (GC) content regions [8, 9]. In addition, it was
reported that the insertion preference of Tn5 transposase
could introduce lower sequencing depth in the GC-
poor spectra [10]. Likewise, a previous study found that
MuA transposase showed insertion bias, contributing to
imbalanced sequencing data coverage [11]. Furthermore,
the increased incubation temperature during sample and
library preparation can also contribute to low sequencing
coverage of high adenine-thymine (AT) regions [12, 13].
This biased coverage resulting from library preparation
can lead to the loss of single nucleotide variants, the mis-
representation of the microbial composition in micro-
biome studies, and the misinterpretation of chromatin
accessibility data [9, 14, 15].

This study aimed to characterize different forms of bias
in Oxford Nanopore library preparation by comparing
the recognition motif, interaction frequencies, sequenc-
ing coverage, and microbiome profiles of two of the most
commonly used Oxford Nanopore library preparation
kits (rapid kits and ligation kits). We hypothesized: (1)
the MuA transposase has a bias in insertion sites and
regions of coverage; and (2) the observed microbiome
profiles vary based on the sequencing kits used.

Results

Two types of data were used in this study: cattle ear tis-
sue DNA and the rumen microbiome DNA (Table 1; Sup-
plemental Table 1; Supplemental Table 2). The ear tissue
data was used to identify the sequencing bias from two
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ONT library protocols (ligase-based and transposase-
based). The rumen fluid data were used to character-
ize the microbiome profile variation between two ONT
library protocols (ligase-based and transposase-based).

Enzymatic interaction motifs

The MuA enzyme is used in the ONT rapid kit to cut the
DNA and anneal the adapters. We tested the hypothesis
if the cleavage motif of MuA would be a source of system-
atic bias in the rapid kit data, but not the ligation kit data.
To test this hypothesis we took 31-bp window bovine
fasta files extracted from the alignment results and uti-
lized them to generate motif graphs. To account for
mapping direction, instead of using the start positions,
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the end positions of reverse-complement mapped reads
in the bed file were used as the start points of the reads.
The background frequencies of four nucleotides were
also used in the motif identification to remove the back-
ground bias from the Bos taurus reference genome. The
read start sites from the rapid kit showed a preference for
the 5-TATGA-3" motif (Fig. 1A) while the read start sites
from the ligation kit showed a preference for the recogni-
tion motif 5’-AT-3’ (Fig. 1B).

To investigate the impact of the cut or ligation site bias
on sequencing coverage, the percentage of each nucleo-
tide at each position around the read start site was cal-
culated. Both library preparation kits showed fluctuated
nucleotide frequencies around the read start sites (-5 to
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Fig. 1 Recognition motifs of (A) the rapid sequencing kit SQK-RBK110.96 and (B) the ligation sequencing kit SQK-NBD114.24, and (C) nucleotide frequen-
cies in a 31 bp window between the rapid sequencing kit SQK-RBK110.96 and the ligation sequencing kit SQK-NBD114.24. The background frequency
of each nucleotide in the ARS-UCDv1.2 reference genome was included to generate the recognition motifs of enzymes. 0 of the x-axis was the start
position of mapped regions. The y-axis indicates the information content in bits (A and B) or the nucleotide percentages (C). Background frequencies for
nucleotides in the ARS-UCDv1.2 reference genome were: A=29.00%, T=29.06%, C=20.96%, G=20.97%. A: Adenine; T: Thymine; C: Cytosine; G: Guanine
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+5), indicating the sequence preferences of enzymes in
two ONT sequencing protocols. In the ligation kit, con-
stantly lower A (27.31+1.71%) and T (27.34+2.69%)
frequencies were observed, compared to the rapid kit
(Fig. 1C). In comparison, the nucleotide proportion of the
rapid kit almost followed the pattern of background fre-
quency of the reference genome, with C at 20.96 +2.64%
and G at 20.94 +2.85%, respectively. Fasta files generated
from 1001-bp windows (500 bp up and down stream of
the ligation or interaction site) also showed a constant
underrepresentation of AT content in the ligation kits
(see Supplemental Fig. 1).
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Enzyme-DNA interaction biases of ONT library Preparation
kits

Based on the consensus recognition site of the rapid
sequencing kit SQK-RBK110.96, we hypothesized that
the rapid sequencing kit had a strong interaction bias
in AT-rich regions. To ensure an unbiased analysis, the
interaction frequency was normalized using the back-
ground frequency to counter the uneven distribution of
regions with different GC values which may lead to mis-
interpretation of the sequencing bias (see Supplemental
Fig. 2). Again, the enzyme-DNA interaction site (or read
start site), was considered an indicator of whether the
nucleotide that the enzymes from the ligation sequenc-
ing kits interacted with, or the binding site of the trans-
posase for the rapid sequencing kits. The frequency of
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Fig. 2 (A) Normalized interaction frequencies and (B) normalized coverage, and (C) correlation between normalized interaction frequency and sequenc-
ing coverage at the 0.5% interval of GC contents between the rapid sequencing kit SOK-RBK110.96 and the ligation sequencing kit SOK-NBD114.24. The
side plot in grey color on the top is the overall GC density of the reference genome. The x-axis indicates the GC contents (A and B) or the normalized
interaction frequency (C), and the y-axis indicates the normalized interaction frequency (A) or the normalized coverage (B and C). Lines in the interval
graph represented the mean normalized interaction frequency (A) or the mean normalized coverage (B). The interaction site was an indicator of whether
the nucleotide that the enzymes from the ligation sequencing kits interacted with, or the binding site of the transposase for the rapid sequencing kits
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the enzyme-DNA interaction across the GC distribu-
tion was significantly different between the ligation and
rapid protocols (Fig. 2A). When the rapid kit was used,
the enrichment of enzyme-DNA interaction at 30—-40%
GC regions was seen, with the highest mean normalized
interaction frequency of 0.21+0.10. The cleavage event
of the rapid kit notably decreased in windows over 40%
GC ratios, with the lowest normalized frequency at only
-0.21+0.07. In contrast, the interaction distribution
of the ligation kit was more even and close to the back-
ground probability across regions with different GC con-
tents, although some fluctuations were still present.

Coverage biases of ONT library Preparation kits

Because of the longer DNA fragments produced by ONT
sequencing, we expected that the bias in the enzyme-
DNA interaction site locations would not translate to an
overall bias in the read sequence, especially in the ligation
kit, which produces longer reads than the rapid kit [16].
Similar to the interaction profiles, a rise in sequencing
coverage to 0.072+0.036x was seen at regions where the
GC content reached 39% when the data was sequenced
with the rapid kit. However, this increase was followed
by a continuous coverage decline to -0.108+0.058x in
regions with 51% GC ratios (Fig. 2B). Combining the nor-
malized coverage and interaction frequency data with
0.5% GC content intervals, the interaction frequencies
of the rapid kit had a strong positive correlation with
sequencing depth (R=0.82), suggesting that the enzyme-
DNA interaction bias directly led to less even sequenc-
ing coverage across the genome. On the other hand, the
coverage distribution of the ligation kit was more even
although it showed a similar pattern to the rapid kit. The
data generated with the ligation kit showed less diver-
gence, with R at 0.5 (Fig. 2C).

Microbiome read N50 and taxonomic classification analysis
Datasets generated using different basecalling models
posed different accuracies (see Supplemental Fig. 5 and
Supplemental Fig. 6), which could also affect the taxo-
nomic classification performance. Therefore, the Aus-
tralian PowerFecal and Spanish microbiome datasets
basecalled under three algorithms were used to iden-
tify the effects of basecalling models. Our results dem-
onstrated the high-accuracy basecalling (HAC) model
increased the percentage of classified reads by 3.62—
5.34% compared to the fast basecalling (FAST) model;
and the SUP model increased the percentage of classi-
fied reads by 5.50-7.48% compared to the FAST model
(Fig. 3A; Table 2; Supplemental Table 37; P<0.05).

The impacts of extraction methods and sequencing
methods on the read length were investigated using the
Australian and Spanish datasets basecalled with super
accurate basecalling (SUP) mode. Our results indicated

Page 5 of 23

that significantly longer DNA reads were generated
by the PowerFecal kit (7469.67 +754.50 bp; P<0.001;
Fig. 4B), compared to the other two extraction methods.
Additionally, our results showed the ligation kits (Austra-
lia: 7469.67 + 754.50 bp; Spain: 4275.50+ 1018.10 bp) out-
performed the rapid kits (Australia: 4856.67 + 111.63 bp;
Spain: 2452.75+1134.44 bp) by resulting in reads with
higher N50 values (Fig. 4A; Australian dataset P<0.05;
Spanish dataset P<0.01).

The impact of the DNA length, indicated by the N50,
on the classification performance was investigated
using the Australian and Spanish dataset basecalled
with SUP mode. Both Australian and Spanish data-
sets showed a greater proportion of classified reads
from the ligation protocols compared to the rapid kits
(Fig. 3B). Notably, the ligation method in the Spanish
dataset had a significantly higher percentage of classi-
fied reads (52.67 £ 9.84%) compared to the rapid protocol
(32.13+£6.60%, P<0.01). In addition, the highest classi-
fied read percentages were also observed in the samples
extracted with PowerFecal kit (55.40+9.52%, P<0.05)
(Fig. 3C). The N50 values showed a strong positive corre-
lation to the classified proportion of the dataset (R =0.89;
Fig. 4C). The higher classification performance of both
PowerFecal kit and ligation kits was attributed to their
capacities in harvesting reads with higher N50 values,
which provided more information to the classification
tool for taxonomic assignments.

Microbiome analysis — alpha and beta diversity
Microbiome profiles from sequence data can be used to
compare changes or differences in microbiome popula-
tions [17]. However, systematic bias in the observed pop-
ulation due to molecular methods could cause erroneous
results. Therefore, DNA was extracted from rumen fluid
by three extraction kits and sequenced by two library
protocols to examine these effects. The sequencing kit
effects on the microbial diversity of rumen samples were
evaluated using the Australian PowerFecal and Spanish
microbiome datasets. Data were basecalled under the
SUP mode before analysis. Shannon indexes were calcu-
lated to identify the species richness variations among
different protocols. Shannon index differences were
observed between the two library protocols in both loca-
tions (Fig. 5A). Geographical variations were observed,
where Australian samples had a higher species rich-
ness in the ligation protocols (6.18 +0.06, P>0.05), but a
decreased diversity was seen in the Spanish ligation sam-
ples (5.67 £0.23, P<0.05).

The impacts of extraction kits on microbial diversity
were also evaluated using the Australian rumen microbi-
ome samples extracted using three DNA kits. Data were
basecalled under the SUP mode before analysis. Likewise,
the DNA extraction protocol selection also generated
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Fig. 3 Proportions of classified reads of (A) basecalling models, (B) sequencing and (C) extraction kits. The Australian dataset here only included the
samples extracted by the PowerFecal kit. The Australian dataset used the ligation kit SQK-LSK109 and the rapid sequencing kit SQK-RBK110.96; The Span-
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Table 2 Classified read percentage of different basecalling models
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Location = Sequencing method Basecall mode’ Mean classified percentage  SD classified percentage  Increased percentage'

Australia SQK-LSK109 FAST 4791 947 NA
SQK-LSK109 HAC 5325 9.57 534
SQK-LSK109 SUP 55.40 9.52 748
SQK-RBK110.96 FAST 34.29 1.69 NA
SQK-RBK110.96 HAC 39.32 1.80 5.03
SQK-RBK110.96 SUP 4140 1.90 7.1

Spain SQK-LSK109 FAST 45.70 10.31 NA
SQK-LSK109 HAC 50.76 10.11 5.06
SQK-LSK109 SUP 5267 9.85 6.97
SQK-RBK004 FAST 26.63 557 NA
SQK-RBK004 HAC 30.25 5.98 3.62
SQK-RBK004 SUP 3213 6.60 5.50

! FAST: Fast basecalling; HAC: High-accuracy basecalling; SUP: Super accurate basecalling

2The increased percentage indicated the corresponding increased classified read proportion compared to the FAST model

Shannon index divergences. The PowerFecal recorded
the highest species diversity (6.20+0.06, P<0.05) com-
pared to the other two DNA extraction kits (Fig. 5B).
However, no significant effect on species diversity was
seen from different basecalling modes (Supplemental
Fig. 8; P>0.05).

Principal coordinates analysis was performed to evalu-
ate the variation among different protocols. Notable geo-
graphical differences were observed along PCol, which
accounted for 52.7% of the variation (Fig. 5C). Samples
from two library preparation protocols also separated
from each other. DNA extraction methods separated
along PCol, which accounted for 56.4% of the variation
(Supplemental Fig. 15). However, basecalling approaches
had minor impacts on microbial profiles and did not con-
sistently correlate with PCol or PCo2 (Fig. 5C and Sup-
plemental Fig. 15).

Microbiome analysis - relative abundance

The effects of library preparation kits on the kingdom-
level analysis were identified by using the Australian
PowerFecal and Spanish microbiome datasets. Data were
basecalled under the SUP mode before analysis. At the
kingdom level, Bacteria were the most abundant in both
library preparation methods and higher proportions were
seen in the libraries prepared with ligation protocols
(Australia: 95.56 +0.57%, Spain: 96.99 +0.28%) compared
to the rapid protocols (Australia: 91.42+0.41%; Spain:
95.37 £0.67%) (Fig. 6A; Australian dataset P<0.001; Span-
ish dataset P<0.05). The rapid kits showed significantly
higher abundances of Archaea (Australia: 7.65 + 0.40%;
Spain: 0.61+0.03%), compared to those of the ligation
kits (Australia: 3.12+0.31%; Spain: 0.45 +0.04%) (Fig. 6A;
Australian dataset P<0.001; Spanish dataset P<0.05).
The relative abundances of Eukaryotes from the two
sequencing kits varied geographically. In the Australian
data, the Eukaryotes accounted for a lower proportion

of reads when the rapid library preparation kit was used
(0.93+0.02%) compared to the ligation kit (1.33 £ 0.28%).
However, the Eukaryotic proportion of the Spain rapid
dataset was significantly higher (4.02+0.65%) than the
ligation protocol (2.56 +0.26%, P <0.05).

It has been well-documented that the DNA extraction
method affects the observed microbiome [18, 19]. The
kingdom-level profile variations among DNA extraction
kits were evaluated using the Australian rumen microbi-
ome samples extracted with three extraction kits. Data
were basecalled under the SUP mode before analysis.
Similar to the profile of sequencing kits, Bacteria are
also the most abundant kingdom in the DNA extraction
dataset (Fig. 6B). Except for the Eukaryotes, significant
abundance variations were observed among DNA extrac-
tion kits. Archaeal sequences were significantly higher
in the PowerFecal extraction kit (3.14+0.25%, P<0.05)
compared to the other kits. The bacterial percentage in
PowerFecal protocol decreased (95.50+0.61%, P<0.05),
compared to other extraction methods.

The basecalling effects on the kingdom-level profile
were analyzed using the microbiome datasets from the
Australian PowerFecal kit and Spain basecalled under
three models. Basecalling algorithms showed signifi-
cant effects on kingdom-level classification in the Span-
ish dataset (Supplemental Fig. 16; P<0.05). For instance,
significantly higher Eukaryotic proportions (from
1.36+0.08% to 5.60+0.47%, P<0.05) were seen in the
FAST algorithm in both Australian and Spanish datasets,
compared to other basecalling models.

The effect of library preparation kits on the relative
abundances of the top 11 genera in the microbiome data-
sets was examined. The data from Australian PowerFecal
and Spain basecalled under the SUP mode were incorpo-
rated. Prevotella was the most abundant genus in both
library preparation methods and the highest number was
recorded in the Spanish rapid method (38.35+5.43%)
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(Fig. 7A). Xanthomonas, a bacterial genus with around
65% GC content, was identified at a significantly lower
level in the rapid kit protocol (5.05 +2.76%) in the Spanish
dataset, compared to the ligation protocol (14.07 £ 3.63%,
P<0.01). This pattern was also seen in the Australian
dataset, although the difference was not significant
(P>0.05). On the other hand, the genus, Photobacterium,
with around 44% GC ratio in its genome, showed lower
abundance in the ligation kits (Australia: 0.06+0.01%;
Spain: 0.09 £0.02%), compared to the rapid protocols
(Australia: 1.72+1.06%; Spain: 0.20+0.04%) (Fig. 7A;
Spanish dataset P<0.05). Interestingly, the proportion of

Anabaena genus (around 38% GC) in the rapid kit was
lower (Australia: 0.10+0.03%; Spain: 0.53 +0.69%), com-
pared to the ligation kit (Australia: 0.49 +0.29%; Spain:
2.59+0.76%) (Fig. 7A; Spanish dataset P<0.05).

The relative abundance profiles of genera under the
Archaea kingdom between two library preparation pro-
tocols were also investigated. The data from Australian
PowerFecal and Spain basecalled under the SUP mode
were used. The dominant genus in both Australian and
Spanish datasets was Methanobrevibacter (Fig. 7B). How-
ever, in both datasets, the rapid kit showed significantly
enriched Methanobrevibacter abundance (Australia:
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87.40+0.58%; Spain: 19.76+6.11%), compared to the
ligation kit (Australia: 77.11 + 1.60%; Spain: 11.89+3.93%)
(Fig. 7B; Australian dataset P<0.01; Spanish dataset
P<0.01). In addition, the Candidatus Methanomethy-
lophilus was significantly depleted when the rapid kit was
used (Australia: 0.38 £0.09%; Spain: 1.24+1.00%), com-
pared to the ligation kit (Australia: 1.37 +0.39%; Spain:
4.09 £2.01%) (Fig. 7B; Australian dataset P<0.05; Spanish
dataset P<0.05).

The genus-level microbial profile variations of extrac-
tion kits were identified using the Australian rumen
microbiome samples extracted from three DNA kits. Data
were basecalled under the SUP mode before analysis. The

proportions of most genera showed significant differ-
ences among various DNA extraction kits (Fig. 8). Similar
to the profiles of library preparation protocols, Prevotella
was the dominant genus in all extraction protocols, with
almost 20—40 times proportions higher than other gen-
era. However, the Prevotella abundance was significantly
lower in the PowerFecal method (28.23 +2.28%, P<0.05)
compared to other protocols. Interestingly, gram-positive
genera, such as Clostridium (1.55+0.14%) and Strepto-
myces (3.07+0.19%), showed increased abundances in
the PowerFecal protocol compared to other extraction
methods although no significant difference was found
(P>0.05). However, although a Gram-positive specific
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instruction was used in the Puregene protocol, the pro-
portions of Streptomyces (1.78 £0.05%) and Faecalibacte-
rium (0.54+0.01%) were lower than the ones of DNeasy
(Streptomyces: 2.56+0.55%, P>0.05; Faecalibacterium:
0.88+0.31%, P>0.05). The basecalling models also
showed significant effects on genus profile characteriza-
tion (Supplemental Fig. 17, Supplemental Fig. 20, and
Supplemental Fig. 22; P<0.05).

Metagenomic assembly statistics

The effects of library preparation kits on metagenome
assembly were examined using the microbiome data
sequenced by both ligation and rapid kits. Data were
basecalled under SUP mode before analysis. The N50
of subsampled reads for assembly was calculated. Sub-
sampled reads were assembled, followed by the qual-
ity evaluation. Higher contig numbers (89.33 +6.81) and
assembly N50 values (24076.00 + 6688.38 bp) were seen
in the Australian rapid kit, compared to the ligation
samples (Contig number: 20.33+4.04, P<0.001; N50:
19943.67 £ 2736.23 bp, P>0.05). However, these two val-
ues were higher for the ligation protocol (Contig number:

349.75 £235.53; N50: 15750.75+6160.70 bp), compared
to the rapid kit (Contig number: 291.50+ 174.57, P> 0.05;
N50: 9370.50 +2710.62 bp, P>0.05) in the Spanish sam-
ples. The read length N50 was negatively correlated with
the contig numbers (R =-0.84 for both ligation and rapid
kits; Fig. 9A). A positive correlation was seen between
read length N50 and contig N50, with R=0.85 for the
rapid kit and R=0.68 for the ligation kit (Fig. 9B).

Bacterial DNA methylation characterization

The effects of library preparation kits on bacterial DNA
methylation characterization in metagenomic samples
were investigated using the microbiome data sequenced
by both ligation and rapid kits. Data were basecalled
under the SUP mode before the analysis. The ligation kits
showed significantly higher mapping proportions (from
1.48+0.44% to 12.28 +3.42%) and sequencing coverages
(from 9.85+8.38x to 71.33+0.78x) to the three bacte-
rial reference genomes, compared to the rapid protocols
(mapping proportions: from 0.88 +0.42% to 8.08 +0.54%,
P<0.01; sequencing coverages: from 8.10+7.12x
to 71.34+0.74x, P<0.05; Supplemental Fig. 24 and
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Supplemental Fig. 25). After removing duplicated
detected sites, the two sequencing protocols shared 15.6
to 61.0% unique modified sites across the three species
(Fig. 10A and B, and Fig. 10C). These overlapped methyl-
ated position numbers were much higher than expected
(Supplemental Tale 39; P<0.001). In addition, the num-
bers of unique methylation sites were not significantly
different between the two library preparation methods
across three bacterial genomes (Fig. 10D).

Mock community analysis - read length N50 and relative
abundance

To further investigate the biases of the ligation and rapid
kits, two mock communities (mock 1 and mock 2) were
constructed using the extracted DNA from three bacterial

species, namely Lactobacillus acidophilus (34.5% GC),
Escherichia coli (50% GC), Bifidobacterium gallina-
rum (64% GC). In mock 1, each species shared the same
amount of DNA by weight (1: 1: 1). In mock 2, the DNA
composition followed the ratio of L. acidophilus: E. coli:
B. gallinarum =1: 2: 3. The read length N50 significantly
varied across different bacterial species and sequencing
kits (Supplemental Fig. 26). The N50 values in L. aci-
dophilus (from 1043.67 +59.03 bp to 2010.67 +94.31 bp)
were significantly lower than the other species (from
4573.00+122.11 bp to 8256.00+14.93 bp; P<0.05) in
both the ligation and rapid kits. On the other hand,
the N50 of the rapid kit (from 1043.67+59.03 bp to
6053.33 + 90.00 bp) were significantly lower than the liga-
tion ones (from 1620.00 + 94.00 bp to 8256.00 + 14.93 bp;
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P<0.05). These read length divergences may affect the
relative abundance analysis using read-based classifica-
tion approaches.

To exclude the potential effects of DNA fragmentation
during the DNA extraction, the relative abundance was
calculated through the division of the primary aligned
base number of each species by the total primary aligned
base number. The differential relative abundance was

estimated by the DNA proportion of the mock commu-
nity subtracted from the corresponding relative abun-
dance. Both the sequencing kits showed sequencing
biases to each bacterial species across various mock com-
munities (Fig. 11). Despite the lower GC content (34.5%)
of L. acidophilus, significantly higher proportions were
observed in the ligation kit (mock 1: +12.06+1.05%;
mock 2: +9.81+2.54%), while the ones in the rapid
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kit showed significantly lower (mock 1: -8.01+4.82%,
P<0.05; mock 2: -7.77+1.01%, P<0.01). Both sequenc-
ing kits showed notably increased percentages of E.
coli, except for the one in the ligation kits of the mock
1 community (+0.14+0.70%). Although the B. gallina-
rum DNA amount was higher in the mock 2 community,
both sequencing kits showed decreased proportions in
this bacterial species (ligation kit: -16.24+2.17%; rapid
kit: -9.82+1.20%). In addition, the mock community
divergences also indicated that none of the sequencing
kits produced the expected profile. In mock 1, each spe-
cies shared the same amount of DNA by weight (1: 1: 1).
However, the relative abundance ratio from the ligation
kit was around L. acidophilus: E. coli: B. gallinarum =2: 2:
1, while the one from the rapid kit was approximately 1:

2: 1 (L. acidophilus: E. coli: B. gallinarum). In mock 2, the
defined ratio was L. acidophilus: E. coli: B. gallinarum =1:
2: 3. However, the ratios from the rapid kit and ligation
kit were approximately 1: 6: 4 (L. acidophilus: E. coli: B.
gallinarum) and 1: 2: 1 (L. acidophilus: E. coli: B. gallina-
rum), respectively.

Discussion

In this study, we identified a distinct recognition
sequence (5-TATGA-3’) of the MuA transposase utilized
by the ONT rapid kit. Biases in AT-rich regions were rec-
ognized in the rapid kit and the AT under-representation
problems were minimized in the ONT ligation kit. Fur-
thermore, the ligation kit outperformed the rapid kit by
posing less bias at interaction site preference and a more
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Fig. 11 The differential relative abundances of Lactobacillus acidophilus (34.5% GC), Escherichia coli (50% GC), and Bifidobacterium gallinarum (64% GC) of
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even sequencing coverage distribution. In the microbi-
ome analysis, we observed notably different microbial
profiles at the Kingdom and Genus levels when the sam-
ples were processed with different DNA extraction meth-
ods, Oxford Nanopore library preparation protocols, and
basecalling models. Meanwhile, most of the assembly
and methylation analysis results showed no significant
divergence between sequencing kits. In addition, notable
differential relative abundances of both Oxford Nanopore
library preparation protocols across all bacterial species
were observed in the mock community analysis.

A simple recognition motif (5-AT-3’) of the ligation
kit was identified in this study, while the involvement of
multiple enzymes in this method made the recognition
sequence attribution challenging [13]. We also found
lower AT contents around the read start sites and the fol-
lowing analysis observed a higher enzyme-DNA interac-
tion frequency (0.07 £0.07) in high GC regions (60—80%)
in the ligation kit. Additionally, the following sequencing
depth analysis showed that regions with 25-30% GC had

almost the same probability of the background frequen-
cies. The under-representation of AT regions of human
DNA was previously identified in the NEBNext Ultra
II Library Prep Kit of Illumina without clear reason [8,
20]. A subsequent study found that increased tempera-
ture during enzymatic reactions caused exonuclease
degradation in low-GC DNA fragments [13]. Interest-
ingly, regardless of the version or barcode option, the
ONT ligation sequencing kits utilize NEBNext Ultra II
End-prep enzyme mix for the end-prep step, which is a
similar approach to the NEBNext Ultra II Library Prep
Kit for Illumina DNA library construction [5-7]. The
enzyme-DNA interaction preference results of the liga-
tion kits in this study were consistent with the findings
of a study where they observed Taqg DNA polymerase
showed higher kinetic rates of dA-tailing in GC-rich ter-
minal sequences [13]. Meanwhile, the improved sequenc-
ing coverage at 25-30% GC frames was also similar to the
previous study using immobilized enzymes to modify the
AT under-representation problems [13]. Generally, the
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major practical difference between Illumina and ONT
sequencing is that ONT can sequence much longer DNA
fragments with over 10 kb [1]. Therefore, we deduced
the mitigation of sequencing depth decline at low-GC
regions was due to the long reads from ONT which can
spread more areas of the genome. However, we can-
not identify the sequencing depth of the region with GC
content lower than 26% due to the limitation of the ARS-
UCDv1.2 reference genome where the lowest GC con-
tent is 26.11%. While the data generated from this study
was from different individual animals than the reference
genome, this is unlikely to be a major source of variation
at the genome-wide scale.

We identified a 5-bp conserved recognition sequence,
5-TATGA-3; of MuA utilized in the ONT rapid kits by
extracting the reference genome sequences correspond-
ing to the mapped reads. In the subsequent analysis, we
identified reduced insertion frequencies and coverage of
MuA in GC-rich sequences. Transposases are enzymes
capable of translocating the DNA fragments (transpo-
sons) to other regions of the genome [21]. Hence, these
enzymes, including Tn5 and MuA, have been widely
used in DNA sequencing because of their high efficiency
in library preparation. For example, the ONT rapid
kit can potentially reduce the library preparation time
down to 60 min, in contrast to the ligation approach,
which requires a longer preparation time. However, the
sequencing biases introduced by transposases have been
reported [9, 14]. For example, Tn5 was one of the popu-
lar transposases employed in Illumina library preparation
kits [22]. The recognition motif of wild-type Tn5 was first
identified as 5-A-GNTYWRANC-T-3’ [23]. A similar
recognition motif of Tn5 transposase was also identified
in Nextera XT and Illumina Field DNA Prep kits [24].
Due to the potential effect of cleavage preference of the
Tn5 enzymes, some reports identified a higher sequenc-
ing depth in AT-rich regions using Nextera XT Kkits,
contributing to the negative effects in downstream geno-
typing and microbiome analysis [9, 14]. In contrast, some
studies also indicated the impact of the Tn5 transposase
on subsequent analysis was minor [25, 26]. In addition
to Tn5, previous studies also identified that the MuA
transposase strongly preferred trinucleotide CGG sites
and produced a 5-bp duplication [11, 27]. Another study
also demonstrated the consensus recognition motif of
MuA was 5’-C(C/T)(G/C)(A/G)G-3’ [28]. However, these
recognition motifs were distinct from our findings. In a
recent study using the rapid sequencing kit to analyze
the adeno-associated virus (AAV) single-stranded DNA,
they also found some regions with higher MuA insertion
probabilities [29]. These insertion biases were claimed to
be weakly correlated to the GC ratios yet no correlation
analysis was performed [29]. Likewise, a previous study
using two Aminobacter and Fusobacterium with different
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GC backgrounds indicated that the rapid kit was not
affected by the GC bias [30]. These findings from adeno-
associated virus and bacterial samples were inconsistent
with the sequencing bias results of MuA in our study.
However, the nucleotide frequency fluctuations near the
MuA-DNA interaction site in our study were nearly con-
sistent with another report where they found that MuA
showed a preference for pyrimidines (C or T) and purines
(A or G) around the interaction sites [31].

We investigated whether DNA extraction, sequenc-
ing, and basecalling methods could generate different
microbiome or bacterial methylation profiles. Generally,
we observed microbial profile divergences from various
sources, with the most variation introduced by DNA
extraction kits, followed by library preparation proto-
cols, and basecalling models. Additionally, we observed
a significantly higher classification efficiency with the
increased basecalling accuracy. We also found increased
proportions of Gram-positive bacteria in data generated
from the PowerFecal extraction kit, which incorporated
both chemical and mechanical methods for cell lysis. Pre-
vious reports also found the beat-beating process could
reveal higher abundances of Gram-positive bacteria [18,
19], which generally have thicker cell walls compared to
the negative ones. In addition, significantly higher overall
species diversity was seen in the PowerFecal data. While
higher percentages of archaea were seen in the PowerF-
ecal compared to other extraction methods, subsequent
Alpha diversity analysis down to the Archaeal level
showed a lower Shannon index in the PowerFecal proto-
col compared to the other DNA kits. This may be due to a
notably higher proportion of archaeal reads in PowerFe-
cal being classified as Methanobrevibacter genus. In the
rumen, archaea are the sole methane synthesizer [32]. In
this case, greenhouse gas research using a rumen micro-
biome matrix needs to consider the potential archaeal
profile variations from different DNA isolation Kkits,
because these divergences can bring biases to the subse-
quent analysis, such as methane prediction results.

In this study, rumen microbial profile variations were
seen between the two Oxford Nanopore sequencing pro-
tocols, with species classifications tending towards bac-
teria in the ligation protocols and archaea in the rapid
protocols. The alpha diversity analysis demonstrated the
ligation protocols resulted in higher diversity than the
rapid protocols in the Australian group, but the oppo-
site pattern was observed in the Spanish dataset. From
the sequencing bias analysis, we identified that the rapid
kit showed higher interaction frequency and sequenc-
ing coverage at low GC content regions, compared to the
ligation kit. In the microbiome relative abundance analy-
sis, the bacterial genus Xanthomonas (65% GC) showed
relative abundance discrepancies between the two
library preparation protocols. These profile variations
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were consistent with the GC bias we identified where
the transposase-based kit showed depleting coverage at
sequences with high GC sequence regions and increased
coverage in regions with low GC contents. Despite the
expected higher abundance of the Anabaena genus (39%
GC) in the rapid kits based on the enzyme-DNA inter-
action and sequencing coverage bias we identified, its
abundance was depleted in the rapid kit as compared to
the ligation kit. However, due to the limited sequencing
depth of our microbiome samples, our study solely tar-
geted the profile variation of the genus with high abun-
dance. For low-abundance genera, a higher sequencing
depth is necessary. In addition, other various external
factors for the microbiome samples, such as uncharac-
terized species in the database, increased the difficulty of
explaining the reasons behind these findings.

A distorted mock community profile was observed in
both ONT ligation and rapid protocols in this study. The
relative abundances of B. gallinarum (64% GC) in both
sequencing kits were notably lower than expected, where
the values of the ligation kits were even lower than the
rapid kits, although our GC bias results showed the liga-
tion kit showed a higher interaction frequency in high
GC regions (60—80%). We also found the proportions
of L. acidophilus (34.5% GC) were notably lower than
the benchmark in the rapid kit in the mock community
analysis, which was also inconsistent with the biases we
found in the rapid kit. However, these mock commu-
nity findings were similar to our microbiome results. In
addition to distorted relative abundances, significantly
different read length N50 values were also seen across
all bacterial species, with the highest recorded in B. gal-
linarum and the lowest in L. acidophilus. Generally, long
DNA molecules provide more information, such as struc-
tural variations [1], while short DNA fragments or a high
GC content background may cause the loss of high AT
content interaction motifs (in this case, 5-TATGA-3’).
Therefore, we speculated that the lower proportion of
L. acidophilus in the rapid kit resulted from the motif-
based nature of the transposase and the missing interac-
tion motif due to short DNA; and the lower occurrence
of recognition motif in the B. gallinarum reads due to
the extremely high GC content could contribute to the
depleted B. gallinarum proportion in the rapid kit. Multi-
ple studies indicated DNA polymerases showing a strong
preference for short DNA molecules during PCR ampli-
fication [33, 34]. In our further analysis, the read length
N50 was negatively correlated to the differential relative
abundance in the ligation kit (R=-0.76, P<0.001). Inter-
estingly, several DNA polymerases are involved during
the ONT ligase-based library preparation. Therefore,
although no amplification was involved during the library
preparation, we speculated that the DNA polymerases
also have a strong preference for short DNA fragments
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during end blunting and dA tailing, which caused the dis-
torted mock profile from the ligation kit. However, the
exact reason behind this mock profile variation needs to
be further investigated. Still, we were able to identify that
sequencing kit protocols can induce variation in microbi-
ome analyses.

We identified the read length variations among dif-
ferent DNA extraction and sequencing protocols, with
the longest DNA observed in the PowerFecal extraction
and ligation sequencing kits. In addition, we also found
that these varying read lengths finally affected the clas-
sification efficiency and assembly results, with decreased
taxonomic classification performance in shorter reads.
DNA extraction kits involving mechanical steps, such
as grinding and beat beating, can increase DNA yields
and meanwhile cause DNA shearing [35]. However, in
our study, although bead beating was included, the lon-
gest reads were still observed in the PowerFecal extrac-
tion protocol compared with other extraction protocols
without the mechanical lysis step. In addition, due to the
insertion activity of transposase, the DNA molecules are
shortened in the ONT rapid kit compared to the ONT
ligation kit [16], which was consistent with the findings in
our study. A previous study found that longer DNA reads
from Oxford Nanopore sequencing increased the clas-
sified read proportions [36], which was also consistent
with our results. In our subsequent assembly analysis,
we found a positive correlation between read length N50
and contig N50 was seen in the assembly analysis. Gen-
erally, contig N50 is an important metric for evaluating
the assembly performance because a higher N50 results
in better gene function prediction and genome recon-
struction [37]. Therefore, protocols preserving longer
DNA are preferred for the microbiome study, in terms of
taxonomic classification and metagenomic assembly. For
example, DNA extraction protocols with less mechanical
cell lysis and DNA library preparation protocols without
DNA shearing steps (such as long-read sequencing pro-
tocols) allow the preservation of longer DNA.

The ligation-based protocols showed a higher number
of N6-Methyladenosine (6mA) methylated sites, com-
pared to the rapid protocols, although the difference was
not significant. Previous studies demonstrated library
preparation protocols can introduce biases in 5-Methyl-
cytosine (5mC) characterization, due to PCR amplifica-
tion and bisulfite conversion time [38—40]. Both Oxford
Nanopore sequencing methods (ligation and rapid) do
not have these enzymatic interactions with the methyl-
ated sites; rather the enzymes only interact with the ends
of the reads. To date, no study has performed a compari-
son between the 6mA profile variations among differ-
ent Oxford Nanopore sequencing protocols. Our study
found a high correlation (R =0.82) between DNA-enzyme
interaction and sequencing coverage in the rapid kit,
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compared to the ligation kit. In addition, the observed
overlapped methylation position number between
the two sequencing kits was significantly higher than
expected. Hence, we deduced the lower number of the
detected 6mA sites in the rapid kit was due to the lower
sequencing coverage, which in turn is a reflection of the
slight bias in the microbiome sequence data due to the
transposase recognition site bias. While missing meth-
ylation data can affect downstream analysis, such as epi-
genetic clocks which use methylation data to calculate
age [41], the results here suggest that the effects would
be minor. Still, it is prudent to include the sequencing kit
used as a co-variate in any statistical analysis, as the bias
induced by the transposase could alter the sequencing
coverage, and thus affect the accuracy of the methylation
calls due to a lower number of reads being used to cal-
culate the methylated: non-methylated ratio. Nonethe-
less, except for the mock community, the samples used in
this study were all bovine-related. The effects of Oxford
Nanopore library preparation kit bias on other sample
types, such as soil, sediments, and other animal-derived
samples, need further investigation.

Conclusion

This study identified a distinct recognition motif (5’-
TATGA-3’) of MuA utilized in the rapid sequenc-
ing kit used to prepare libraries for Oxford Nanopore
sequencing. Notable interaction and coverage biases
were observed in the rapid kit due to the strong cleavage
preference. Underrepresentation of AT contents at the
sequence terminus was seen in the ligation kit. However,
because of the potential long reads, the reduced coverage
of low GC content areas was minimized in the ligation
kit. There was significant variation in observed micro-
bial species abundances associated with different library
preparation methods, including in the methane-produc-
ing genus, Methanobrevibactor. Such variation was also
observed in the further analysis using mock communi-
ties. The ligation kit produced longer microbial reads,
resulting in increased performance in taxonomic classifi-
cation, but did not significantly affect methylation distri-
butions. Therefore, our findings indicated that a careful
and consistent library preparation method selection is
essential for quantitative microbiome studies, especially
the bovine-related microbiome, due to the systematic
bias induced by the enzymatic reactions in Oxford Nano-
pore library preparation.

Methods

Animal ethics and sampling

Animals for Australian bovine ear tissue samples were
Brahman cattle (Bos taurus indicus) bought from a
commercial farm (Queensland, Australia) and housed
at the University of Queensland Biological Resources
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Animal Facility. Informed consent for all procedures was
obtained from the owners before sampling. Animal ethics
was obtained from the University of Queensland Animal
Ethics Committee under animal ethics numbers 2022/
AE000438 and 2021/AE000541. Animals for Australian
microbiome samples were Holstein dairy cattle owned by
the University of Queensland and bred at the University
of Queensland Gatton Dairy. Animal ethics was obtained
from the University of Queensland Animal Ethics Com-
mittee under animal ethics number 2021/AE000991.
The Spanish animals were privately owned Holstein
dairy cattle located in the Basque Country and Cata-
lonia regions. Informed consent for all procedures was
obtained from the owners prior to sampling. Handling of
all animals was carried out under EU Directive 2010/63/
EU for the protection of animals used for scientific pur-
poses, and experimental protocols for ruminal sampling
were approved by the corresponding Ethical Committee
(Approval number NEIKER-OEBA-2017-004).

For the mammalian samples ear notches from cattle
were used as the DNA source. Briefly, ear tissue samples
were collected from 30 female cattle using TSU Sam-
pling Units (Allflex Livestock Intelligence, Australia) and
TSU Applicator (Allflex Livestock Intelligence, Austra-
lia) under the manufacturer’s instruction. Once the sam-
ples were collected, they were stored at 4 °C until DNA
extraction.

The rumen fluid sample from Australia was collected
from a 3-year-old cannulated cow. Briefly, the rumen
contents were collected through the cannula. Then
rumen contents were passed through a sieve to remove
large solids and obtain the rumen fluid, which was trans-
ferred into 50 mL tubes. The rumen fluid was distributed
into 1.5 mL tubes and stored at —20 °C until DNA extrac-
tion. Ruminal fluid from Spanish samples were collected
using an oral tube (18 mm diameter and 160 mm long)
connected to a 1,000-mL Erlenmeyer flask and continued
to a mechanical pump (Vacubrand ME 2SI, Wertheim,
Germany), with all the material contacting the cow being
carefully cleaned between cows. Each animal was moved
to an individual stall for this process. The solid fraction
of the ruminal content was discarded by filtering through
4 layers of sterile cheesecloth, while the outcoming lig-
uid fraction was stored in 50 ml tubes. The tubes were
instantly frozen using liquid nitrogen and then stored at
- 80 °C until DNA extraction.

DNA extraction and sequencing - mammalian DNA

Bovine DNA was extracted using the Puregene kit
(QIAGEN, Germany), following the instructions of the
manufacturer with slight modifications. In brief, 3 pl
Proteinase K (QIAGEN, Germany) and 24 pl 1 M dithio-
threitol (DTT) were added in the cell lysis step, and
DNA was eluted in a 56 pL DNA hydration solution.
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DNA concentration and purity were measured using
the Qubit™ 4 Fluorometer (Thermo Scientific, USA) and
NanoDrop 1000 Spectrophotometer (Thermo Scientific,
Wilmington, DE) respectively. The ligation sequencing
kit SQK-NBD114.24 (ONT, UK) and the rapid sequenc-
ing kit SQK-RBK110.96 (ONT, UK) were used to prepare
the DNA libraries according to the manufacturer’s proto-
cols with slight modifications with the incubation time.
For the rapid kit, the Barcode-DNA incubation time was
increased to a total of 30 min, and the incubation time
after the addition of AMPure XP Beads or Rapid Adapter
F was doubled. For the ligation kit, the end-prep reaction
time was increased to a total of 40 min. The Adapter-
DNA incubation time was increased to 30 min, and all
incubation times with AMPure XP Beads were increased
to 10 min. The incubation time after the addition of the
Elution Buffer was 10 min. DNA libraries were loaded
into compatible flow cells (SQK-NBD114.24 for R10.4.1
and SQK-RBK110.96 for R9.4.1), followed by DNA
sequencing on PromethION P24 (ONT, UK). Guppy
v6.5.7 was used for basecalling under the super accurate
(SUP) mode. The sequencing was terminated when data
reached around 0.3 Gb per sample.

DNA extraction and sequencing - microbiome DNA

The rumen microbiome DNA from the Australian sam-
ple was extracted from a single rumen fluid sample using
three different DNA extraction kits, namely DNeasy Plant
Mini Kit (QIAGEN, Germany), Puregene Kit (QIAGEN,
Germany) for Gram-positive bacteria, and QIAamp
PowerFecal Pro DNA Kit (QIAGEN, Germany). Each
extraction method was performed in three technical rep-
licates. The QIAamp PowerFecal Pro DNA Kit (QIAGEN,
Germany) and Puregene Kit (QIAGEN, Germany) were
used following the manufacturer’s protocol. The RNase
A (QIAGEN, Germany) and Proteinase K (QIAGEN,
Germany) were added to the cell lysis step with an extra
3 h of incubation at 55 °C for the DNeasy Plant Mini Kit
(QIAGEN, Germany). DNA concentration and purity
were measured with Qubit™ 4 Fluorometer (Thermo Sci-
entific, USA) and NanoDrop 1000 Spectrophotometer
(Thermo Scientific, Wilmington, DE) respectively. The
library of DNA extracted from QIAamp PowerFecal Pro
DNA Kit (QIAGEN, Germany) was prepared by both
the ligation kit SQK-LSK109 (ONT, UK) and the rapid

Table 3 Summary of mock communities

Name GC% DNAratio DNA
(mock 1) ratio

(mock
2)

Lactobacillus acidophilus. DSM 20079 345 1 1

Escherichia coli isolate from chicken faecal ~ 50.0 1 2

Bifidobacterium pullorum subsp. gallina- 64.0 1 3

rum DSM 20670
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sequencing kit SQK-RBK110.96 (ONT, UK) according
to the manufacturer’s protocols with the same modifica-
tions with the incubation time as mentioned above. The
library for DNA extracted from the DNeasy Plant Mini
Kit (QIAGEN, Germany) was constructed using the liga-
tion sequencing kit SQK-LSK109 (ONT, UK), while the
library preparation of DNA extracted from the Puregene
Kit (QIAGEN, Germany) was performed using SQK-
LSK109 (ONT, UK) combined with the barcoding kit
EXP-NBD104 (ONT, UK). All DNA libraries were loaded
on FLO-PRO002 flow cells (R9.4.1), followed by sequenc-
ing on PromethION P24 (ONT, UK). Sequencing was
terminated when each sample reached 300 Mb.

The Spanish microbiome data was prepared and
sequenced at the Animal Breeding Department, Insti-
tuto Nacional de Investigaciéon y Tecnologia Agraria y
Alimentaria, CSIC, Madrid, Spain. The Spanish rumen
microbiome data was sourced from four Holstein cows.
Genomic DNA was extracted from 250 pL of each
thawed and homogenized ruminal content sample, using
the “DNeasy Power Soil” commercial kit (Qiagen, Valen-
cia, CA, USA) following the manufacturer protocol with
the following modifications: After the addition of C1 buf-
fer, the incubation was made during 10 min at 60°C and
700 rpm. Then a vortex step at max speed was performed
during 20 min in a Multivortex V-32 (BioSan™). All cen-
trifugation times prior to adding the supernatant onto an
MB Spin Columns were increased to 5 min, whereas cen-
trifugation times after adding Solution C5 were increased
to 2 min. One sequencing library was prepared using the
ligation sequencing kit SQK-LSK109 (ONT, UK), and
one sequencing library was prepared using the rapid
sequencing kit SQK-RBK004 (ONT, UK) for each ani-
mal, for a total of eight sequencing libraries. The resulting
libraries were run on a GridION (ONT, UK) using FLO-
MIN106 (R9.4.1). Sequencing was terminated when each
sample reached 260 Mb.

To compare the effect of the basecalling algorithms,
Guppy v6.5.7 was used to basecall all microbiome data
under fast (FAST), high accuracy (HAC), and super accu-
rate (SUP) basecalling modes. For all analyses that were
not directly testing the effect of the basecalling algorithm,
or where the basecalling algorithm was not included in
the model, the SUP basecalled data was used.

DNA extraction and sequencing - mock community DNA

Three bacterial species with GC contents ranging from
34 to 64% (Table 3) were used for mock community
construction. Bacterial suspensions from the station-
ary phase were collected for DNA extraction. The Pure-
gene Kit (QIAGEN, Germany) was used to extract DNA
from Escherichia coli following the manufacturer’s pro-
tocol. DNA extraction of the other two bacterial species
was conducted using the QIAamp PowerFecal Pro DNA
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Kit (QIAGEN, Germany) following the manufacturer’s
protocol.

Two mock communities (mock 1 and mock 2) were
constructed using the extracted DNA from three bac-
terial species, with varying proportions of DNA in
each community (Table 3). The DNA library of each
mock community was prepared using both the ligation
sequencing kit (SQK-NBD114.96) and rapid sequencing
kit (SQK-RBK114.24) according to the manufacturer’s
protocols with the same modifications with the incu-
bation time as mentioned above. Each sequencing kit
included three technical replicates. DNA libraries were
loaded into flow cells (R10.4.1), followed by sequencing
on the PromethION 2 Solo (ONT, UK). Sequencing was
terminated when each replicate reached 1.2 Gb (100x
coverage). ONT Dorado v0.8.0 was used to rebasecalled
all data under the SUP model.

Recognition site enrichment analysis

To assess the recognition site bias of the transposase
enzyme in the rapid sequencing kit SQK-RBK110.96
(ONT, UK), the enzyme-DNA interaction site (read start
site) was first identified by mapping the ear tissue reads
to the Bos taurus reference genome ARS-UCDv1.2 [42].
The resulting enzyme-DNA interaction sites were then
assessed for the deviation from the expected nucleotide
proportions, given the background genome.

To standardize the amount of data per sample, bovine
fastq data (ear tissue) from the two different library prep-
aration kits (The ligation sequencing kit SQK-NBD114.24
(ONT, UK) and the rapid sequencing kit SQK-RBK110.96
(ONT, UK)) were subsampled to 300 Mb using Rasusa
v0.7.1 [43] before the mapping to the Bos taurus refer-
ence genome ARS-UCDv1.2 [42]. Average read lengths
of subsampled reads were calculated using a bash script.
Minimap2 v2.26 [44] was used to align subsampled fastq
files to Bos taurus reference genome ARS-UCDv1.2 [42]
with output set to sam format.

The genome sequence surrounding the read start
sites was extracted. SAMtools v1.13 [45] and BED-
Tools v2.30.0 [46] were used to extract the positions in
the reference genome that corresponded to the start of
the mapped position of primary mapped reads in the
sam files produced by Minimap2. Forward-mapped and
reverse-mapped read start positions were split into two
different bed files, with plus and minus signs, respec-
tively. Windows of 31-bp and 1001-bp were created
around the start position (end position for the reverse
complement mapped reads to consider the read orien-
tation) in the bed files through custom bash scripts. The
extraction of reference genome sequences to fasta files
was conducted by SeqKit v2.4.0 [47] using the edited
bed files, while those for reverse complement reads were
extracted with extra flags “--complement --reverse -v’.
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These extracted sequences represented the nucleotide
sequences that the library preparation kit enzymes inter-
acted with for the generation of each sequencing read.

To examine the sequence enrichment in the reads
where the library preparation enzymes interacted with
the genome, Weblogo v3.7.9 [48] was used. To control
for the background nucleotide frequency, a custom bash
script was coded for the calculation of the Bos taurus
reference genome ARS-UCDv1.2. This background fre-
quency was included in the Weblogo analysis.

GC bias analysis

For the GC analysis, 40% and 60% were used as the cut-
offs to separate different GC regions, where areas below
40% were considered low and those above 60% were
regarded as high [49]. GC bias in the read start site
(enzyme-DNA interaction site) was investigated using
the mammalian data from ear tissue. For this analy-
sis, the interaction site was considered an indicator of
whether the nucleotide that the enzymes from the liga-
tion sequencing kits interacted with, or the binding site
of the transposase for the rapid sequencing kits. Custom
Python scripts were used to calculate the percentage of
mapped nucleotides of each position around the start site
of the reads. Each chromosome in the reference genome
was separated into 10 kb windows and the GC content
of each segment was calculated using BEDTools v2.30.0
[46]. The GC content distribution of each chromosome
was analyzed using a custom R script. The sequencing
depth of each position in chromosomes was calculated by
SAMtools v1.13 [45] with the depth function. To account
for the read mapping orientation the start of the forward
and the end of the reverse strands were considered read
start sites. The interaction frequencies and sequencing
depths of each 10 kb window were calculated through
custom Python scripts.

For the enzyme-DNA interaction bias analysis, inter-
action frequencies over 100 were removed to reduce the
noise, because these values are extremely high and these
were likely due to errors and structural variations (such
as repetitive sequences that are similar to the sequences
in other regions of the genome) [50]. GC contents (from
0 to 100%) were divided at 20% (0-20%, 30-40%,...,
80-100%) or 0.5% (0-0.5%, 0.5-1%,..., 99.5-100%) inter-
vals. The relative interaction frequency of a GC region
was calculated by dividing the region’s interaction fre-
quency by the total interaction frequency of all regions.
The nucleotide where the enzymes from the ligation
sequencing kits interacted with, or the binding site of the
transposase for the rapid sequencing kits was considered
as an interaction site. Background probabilities of each
GC window were used to normalize the interaction fre-
quencies. The formula for calculating the normalized
interaction frequency is below:
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B 1+(I/Z 100[)
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where M; is the normalized interaction frequency at
j% GC ratio frames; I is the frequency of interaction
at regions with GC at i% and j%; N is the frequency of
regions with GC contents at i% and j%. The normaliza-
tion was performed to remove the effect of the reference
genome background GC distribution on enzyme-DNA
interaction bias analysis.

The sequencing coverage in each 10 kb window was
calculated and normalized by the length of each window.
GC contents (0 to 100%) were divided at 20% (0-20%,
30-40%,..., 80-100%) or 0.5% (0-0.5%, 0.5-1%,..., 99.5—
100%) intervals. Data above 100 kb were removed to
reduce the noise, as these values are extremely higher than
the expected data size (1 kb) and were likely due to errors
and structural variations [50]. Background probabilities
of each GC window were used to normalize the coverage
frequencies. The formula to normalize the coverage was
similar to the one calculating interaction frequency:

+(C5/ 3 125G )
21+ (N;/S ION,)

Nj = log

where N; is the normalized coverage frequency at j% GC
ratio frames; C is the frequency of coverage at GC con-
tents at i% and j%; N is the frequency of regions with GC
ratios at i% and j%. The normalization was performed
to exclude the effect of background GC distribution of
the reference genome on sequencing coverage analysis.
The Pearson correlation coefficient was used to identify
the correlation between normalized coverage and inter-
action frequency. An unpaired t-test was used to com-
pare the normalized interaction frequency and coverage
in low (below 40%) and high (above 60%) GC content
regions between two library preparation kits (The liga-
tion sequencing kit SQK-NBD114.24 (ONT, UK) and the
rapid sequencing kit SQK-RBK110.96 (ONT, UK)). The
P-value threshold was 0.05.

Microbiome data analysis

Two independent datasets were used to assess the effects
of the library preparation method, basecalling accuracy,
and DNA extraction methods on the microbial distribution
observed in microbiome analysis. In the Australian data-
set, the same rumen fluid sample was extracted by three
different DNA extraction kits, with three technical rep-
licates per extraction kit. DNA extracted by the QIAamp
PowerFecalPro (QIAGEN, Germany) kit was sequenced
by both the ligation kit SQK-LSK109 (ONT, UK) and the
rapid sequencing kit SQK-RBK110.96 (ONT, UK), with
three technical replicates per sequencing kit. In the Spanish
dataset, the rumen fluid samples were collected from four
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cows (four biological replicates). The rumen fluid DNA
from each cow was extracted using the DNeasy PowerSoil
(QIAGEN, Germany) extraction kit, followed by the DNA
library preparation using both the ligation sequencing kit
SQK-LSK109 (ONT, UK) and the rapid sequencing kit
SQK-RBKO004 (ONT, UK) for each DNA sample.

After sequencing, Fast5 files were basecalled using
Guppy v6.5.7 under fast (FAST), high-accuracy (HAC),
and super accurate (SUP) modes. Adapters were trimmed
by using Porechop_ABI v0.5.0 [51], followed by the appli-
cation of Nanofilt v2.8.0 [52] for extracting reads above
100 bp and the corresponding Q scores. The minimum Q
scores for FAST, HAC, and SUP were 8, 9, and 10 respec-
tively. The N50 of raw and trimmed reads were calculated
through SeqKit v2.4.0 [47]. Processed fastq files were tax-
onomically classified through Kraken2 v2.1.2 [53] under
a customized Refseq database containing bacteria, fungi,
archaea, and protozoa complete genomes from the NCBI.

Analysis of relative abundances, alpha diversity, and
beta diversity was performed by vegan v2.6-4 [54] and
phyloseq v1.40.0 [55] using all microbiome datasets to
compare the microbial profile variations of extraction,
sequencing, and basecalling protocols. For assembly
statistical analysis, Australian and Spanish microbiome
datasets sequenced by two library preparation kits and
basecalled under SUP mode were used (Australia: the
ligation sequencing kit SQK-LSK109 (ONT, UK) and the
rapid sequencing kit SQK-RBK110.96 (ONT, UK); Spain:
the ligation sequencing kit SQK-LSK109 (ONT, UK)
and the rapid sequencing kit SQK-RBK004 (ONT, UK)).
To allow comparable analysis reads were subsampled to
0.19 Gb using Rasusa v0.7.1 [43], followed by assembly
using Flye v2.9 with the ‘--meta’ flag [56]. Quast v5.2.0
[57] was used to evaluate the assembly results. The N50
of subsampled reads was calculated using SeqKit v2.4.0
[47]. A t-test was used to compare the classified read per-
centage, read length N50, relative abundances, Shannon
indexes, contig N50, contig numbers, and methylated site
numbers among different DNA extraction, sequencing,
and basecalling methods (An unpaired t-test for the Aus-
tralian dataset and a paired t-test for the Spanish data-
set). The Holm-Bonferroni method was used to adjust
the P-value for extraction and basecalling method com-
parison. Fitting Linear Models were used to evaluate the
effects of basecalling models, sequencing kits, individual
animals, technical replicates, and extraction kits on clas-
sification efficiency with the formulas below:

Australia : classified ~ basecall _mode+
sequencing_ kit + extraction kit +
technical replicate

Spain : classified ~ basecall _mode+
sequencing kit + animal _id
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where classified is the percentage of classified reads, the
basecall_mode is the model used for basecalling (set
as numeric: 1 for FAST, 2 for HAC, and 3 for SUP), the
sequencing_kit is the sequencing protocol used for library
preparation (set as factors), the animal_id is the unique
identity for each animal (set as factors), the technical_
replicate is the unique identity for each technical repli-
cate (set as factors), and the extraction_kit is the protocol
for DNA extraction (set as factors). Linear Models were
fit using the /m function in RStudio. Analysis of variance
(ANOVA) was used to compare different Fitting Linear
Models. The Pearson correlation coefficient was used
to identify the correlations between microbiome read
length N50 and classified read proportions, microbiome
read length N50 and contig number, and microbiome
read length N50 and contig N50. The P-value threshold
was 0.05.

Bacterial DNA methylation analysis

Australian and Spanish rumen microbiome datasets
sequenced by two library preparation kits were used in
this analysis (Australia: the ligation kit SQK-LSK109
(ONT, UK) and the rapid sequencing kit SQK-RBK110.96
(ONT, UK); Spain: the ligation sequencing kit SQK-
LSK109 (ONT, UK) and the rapid sequencing kit SQK-
RBKO004 (ONT, UK)). Only reads basecalled with SUP
mode were incorporated. To allow comparable analysis,
each of the datasets was subsampled to 0.19 Gb using
Rasusa v0.7.1 [43], after trimming and filtering. The posi-
tions of N6-Methyladenosine (6 mA) of the genomes
were characterized using mCaller [58] and stored in a tsv
file. The mapping proportions and sequencing coverage
were calculated using SAMtools v1.13 [45]. Three bacte-
rial reference genomes were used in the analysis with the
corresponding Refseqs downloaded from NCBI (Table 4).
A t-test was also used to compare the methylated site
numbers between the two sequencing methods (An
unpaired t-test for the Australian dataset and a paired
t-test for the Spanish dataset). A Fisher’s Exact Test was
performed to evaluate whether the observed overlap
methylated position number between the two sequenc-
ing kits was higher than expected, with the alternative
hypothesis as “greater” The total number of adenosine
and thymine in the reference genome was selected as the
background number of methylated 6mA positions for the
Fisher’s Exact Test. The P-value threshold was 0.05.

Mock community data analysis

Mock community data were rebasecalled under the
SUP model using ONT Dorado v0.8.0 with the adapter
trimming function enabled. Reads shorter than 100 bp
were removed using Nanofilt v2.8.0 [50]. The align-
ment to three reference genomes, L. acidophilus
(GCF_003047065.1), E. coli (GCF_000008865.2), and B.
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Table 4 Bacterial reference genomes for methylation analysis

Name GC% Ge- Refseq assembly
nome  number
size
Prevotella bryantii strain TS1-5 380 34Mb  GCF_022024195.1
Prevotella ruminicola 23 475 34Mb  GCF_018389405.1
Fibrobacter succinogenes subsp. ~ 48.0 38Mb  GCF_000146505.1

succinogenes S85

gallinarum (GCF_004135085.1), was conducted using
Minimap2 v2.26 [42], followed by the extraction primary
mapped read into new fastq files by SAMtools v1.13 [45].
The primary mapped base number and N50 were calcu-
lated through a customized bash script.

To exclude the potential effects of DNA fragmenta-
tion during the DNA extraction, the relative abundance
of each bacterial species was calculated through the divi-
sion of the primary mapped base number of each spe-
cies by the total mapped base number. The calculation
of differential relative abundance was conducted by the
DNA proportion of the mock community subtracted
from the corresponding relative abundance. An unpaired
t-test was utilized to compare the differential relative
abundance between the two sequencing protocols. The
P-value threshold was 0.05.
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