
Journal of Animal Science, 2022, 100, 1–9
https://doi.org/10.1093/jas/skab344
Advance access publication 15 November 2021
Short Communication

Received: October 11, 2021. Accepted: November 10, 2021
© The Author(s) 2021. Published by Oxford University Press on behalf of the American Society of Animal Science.

Technical note: overcoming host contamination in bovine 
vaginal metagenomic samples with nanopore adaptive 
sequencing
Chian Teng Ong,†,  Elizabeth M. Ross,†,  Gry B. Boe-Hansen,‡ Conny Turni,† Ben J. Hayes,† and 
Ala E. Tabor†,$,1

†Centre for Animal Science, Queensland Alliance for Agriculture and Food Innovation, The University of Queensland, Queensland 4072, 
Australia
‡Faculty of Science, School of Veterinary Science, The University of Queensland, Queensland 4072, Australia
$Faculty of Science, School of Chemistry and Molecular Bioscience, The University of Queensland, Queensland 4072, Australia
1Corresponding author: a.tabor@uq.edu.au

Abstract
Animal metagenomic studies, in which host-associated microbiomes are profiled, are an increasingly important contribution to our under-
standing of the physiological functions, health and susceptibility to diseases of livestock. One of the major challenges in these studies is host 
DNA contamination, which limits the sequencing capacity for metagenomic content and reduces the accuracy of metagenomic profiling. This 
is the first study comparing the effectiveness of different sequencing methods for profiling bovine vaginal metagenomic samples. We com-
pared the new method of Oxford Nanopore Technologies (ONT) adaptive sequencing, which can be used to target or eliminate defined gen-
etic sequences, to standard ONT sequencing, Illumina 16S rDNA amplicon sequencing, and Illumina shotgun sequencing. The efficiency of 
each method in recovering the metagenomic data and recalling the metagenomic profiles was assessed. ONT adaptive sequencing yielded a 
higher amount of metagenomic data than the other methods per 1 Gb of sequence data. The increased sequencing efficiency of ONT adaptive 
sequencing consequently reduced the amount of raw data needed to provide sufficient coverage for the metagenomic samples with high host-
to-microbe DNA ratio. Additionally, the long reads generated by ONT adaptive sequencing retained the continuity of read information, which 
benefited the in-depth annotations for both taxonomical and functional profiles of the metagenome. The different methods resulted in the iden-
tification of different taxa. Genera Clostridium, which was identified at low abundances and categorized under Order “Unclassified Clostridiales” 
when using the 16S rDNA amplicon sequencing method, was identified to be the dominant genera in the sample when sequenced with the 
three other methods. Additionally, higher numbers of annotated genes were identified with ONT adaptive sequencing, which also produced high 
coverage on most of the commonly annotated genes. This study illustrates the advantages of ONT adaptive sequencing in improving the amount 
of metagenomic data derived from microbiome samples with high host-to-microbe DNA ratio and the advantage of long reads in preserving 
intact information for accurate annotations.
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Introduction
Rapid development of metagenomic studies, including the 
sequencing techniques and metagenomic profiling analyses, 
is enabling increased application of metagenomic studies in 
various environments (Thompson et al. 2017). The common 
sites for animal-associated metagenomic studies are gastro-
intestinal tracts, reproductive tracts, respiratory tracts, skin, 
oral and amniotic fluids. The application of metagenomic 
studies in animals has focused on the contributions of the 
metagenomes to host health (Oba et al., 2021), susceptibil-
ity to diseases (Rodrigues Hoffmann, 2017; Borsanelli et al., 
2018; Mach et al., 2021), physiological purposes (Ault et al., 
2019; Quereda et  al., 2020), and anatomical differences 
(Glendinning et al., 2017).

Sequencing methods, which have been adopted for 
metagenomic studies, are targeted short-read sequencing, 
untargeted short-read sequencing, and untargeted long-
read sequencing. Targeted shotgun sequencing, also known 

as amplicon sequencing, utilizes polymerase chain reaction 
(PCR) to selectively sequence regions of interest (Thomas 
et  al. 2006; Heil et  al., 2019). Different PCR primers have 
different binding affinities to different species; therefore, the 
sequencing targets are not conserved across all microbes 
(Pirolo et  al., 2021). Hence, the choice of sequencing tar-
get introduces biases, for example under- or over-represen-
tation, to the metagenomic profiles. Additionally, amplicon 
sequencing does not provide information regarding the ac-
tual abundances of the identified species and the functional 
aspects of the metagenomic profile (Gupta et al., 2019).

Untargeted short-read sequencing overcomes the shortcom-
ings of amplicon sequencing by yielding metagenomic profiles 
of greater resolution and higher accuracy due to their unbiased 
nature. As a result, shotgun sequencing can allow identification 
of more genera, including undiscovered genera and provides in-
sights into the functional potential of the metagenomes, which 
are beneficial to investigate animal-associated metagenomes 
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(Brumfield et al., 2020). The pitfalls of using shotgun sequencing 
for profiling animal-associated metagenomes include the high 
amount of host contamination and low microbial content at 
certain sites, including saliva and reproductive tracts (Marotz 
et al., 2018). Additionally, short reads can be difficult to assign 
accurately to taxa due to sequence homology, and profiles can 
be distorted due sequencing bias.

Long-read sequencing, including PacBio and Oxford 
Nanopore Technologies (ONT), have been applied to 
metagenomic studies shortly after they were introduced as 
genomic sequencing methods (Haro-Moreno et  al., 2020). 
Long-read sequencing addresses the major limitation of short-
read sequencing on the assembly contiguity, which is often 
hampered by repeat elements in genomes (Haro-Moreno 
et  al., 2020). Long-read sequencing enables sequencing of 
longer fragments and retrieves complete genes, operons and 
repetitive elements before assembly, which are beneficial 
for accurate metagenomic annotations and profile recovery. 
Additionally, multiple genes and non-coding regions have 
often been deciphered in one single long read, thus revealing 
the actual genomic structures which consequently contributed 
to assembling the high-quality metagenome-assembled gen-
omes (MAGs) from metagenomic samples (Overholt et  al., 
2020; Xie et al., 2020; Ciuffreda et al., 2021). Complete and 
circular genomes were reported from long-read metagenomic 
studies, with and without coupling with short-read data for 
error-corrections (Moss et al., 2020; Cuscó et al., 2021). The 
MAGs generated with long-read data were much longer, if 
not complete, hence recovering more genomic elements as 
well as the gene arrangements which are useful for accurate 
strain tracking and providing more meaningful insights to the 
functions of the metagenomes (Quick, 2019; Haro-Moreno 
et al., 2020; Maguire et al., 2021).

Adaptive sequencing is the real-time selection of sequencing 
targets on the ONT platform. This method allows the enrich-
ment or depletion of user specified sequences (Loose et  al., 
2016; Payne et al., 2020). ONT adaptive sampling was dem-
onstrated to be beneficial in enriching low abundant species 
in a synthetic mock community consisting of 7 bacteria with 
known proportions (Martin et al., 2021). ONT adaptive sam-
pling can allow deeper sequencing of a metagenome by speci-
fying that the contaminating host DNA be depleted from the 
sequencing run.

Sequencing depth is a critical variable factor to obtain 
meaningful and representative metagenomic data from 
untargeted animal-associated metagenomes with high host-to-
microbe DNA ratio (Zaheer et al., 2018; Pirolo et al., 2021). 
Studies have demonstrated that deep coverage is essential 
for the sensitivity and accuracy of untargeted sequencing for 
metagenomic profiling, both for taxonomical and functional 
aspects (Gweon et al. 2019; Pereira-Marques et al., 2019). To 
avoid inefficient and uneconomical sequencing, investigations 
into depleting the host DNA prior to sequencing have im-
proved overall resolution without expensive deep-sequencing 
(Heravi et al., 2020; Yap et al., 2020). Nonetheless, questions 
arise if the depletion and selective extraction methods alter 
the actual profiles of the animal-associated metagenomes.

In this study, we investigate the effect of the depletion 
mode of ONT adaptive sequencing on the bovine vaginal 
microbiome. We test the hypothesis that by applying ONT 
adaptive sequencing to enrich for sequences of microbial ori-
gin, without distorting the observed community.

Methods and Materials
Sample collection and extraction
Vaginal samples were collected from 24 nonpregnant heifers 
and cows from cattle properties in Northern Queensland 
under UQ Animal Ethics Approval AE30009 by an experi-
enced veterinarian, who conducted health assessments on 
the animals prior to sample collection. The Tricamper (DAF 
Queensland, Australia) sampling tool was utilized to collect 
the bovine vaginal swab following the manufacturer’s proto-
col. Upon removing the Tricamper from the vagina, the other 
end of the Tricamper was blocked to prevent spillage. The 
swab sample was immediately preserved in a 10-mL tube pre-
loaded with 5 mL phosphate-buffered saline (PBS) by excising 
the head of the Tricamper device.

The samples were kept on ice during delivery and were pro-
cessed within 6 h upon arrival to the laboratory. Each sam-
ple was first vortexed for 15 s and followed by an additional 
15 s vortexing after the Tricamper head was removed from 
the tube. The vaginal mucus samples from the tubes were 
then transferred into a sterile 15 mL tube. The vaginal sam-
ples were pelleted by centrifugation and the supernatant was 
removed. The samples were extracted using Qiagen DNeasy 
Blood & Tissue kit (Qiagen, Hilden, Germany) according to 
manufacturer’s instruction for Gram-positive bacteria.

Two separate approaches were taken to investigate the 
effect of adaptive sequencing. The first was sequencing a 
pooled sample with multiple sequencing approaches, and 
the second was to use biological replication to determine 
if the adaptive sampling approach consistently improved 
the target data yield. For the pooled sample, the extracted 
DNA from five Droughtmaster heifers were pooled together 
into a single sample that was split into four technical repli-
cates, labeled as 5DH, to allow testing of the four different 
sequencing methods. Separately, DNA from the vaginal swabs 
of 19 animals was sequenced using the untargeted sequencing 
methods, Illumina shotgun (n = 3), regular ONT (n = 2) and 
ONT adaptive (n = 14).

Metagenomics sequencing
The purity and quantity of the DNA was examined using 
NanoDrop 1000 Spectrophotometer (Thermo Scientific, 
Wilmington, DE). The purity of the DNA was assessed by 
measuring the absorbance ratio at A260/280. From the 
pooled 5DH sample, two technical replicates of 20 ng each 
were sent for 16S rDNA amplicon (27F-519R) and Illumina 
shotgun sequencing at the Australian Centre of Ecogenomics 
(University of Queensland, Brisbane, Australia). Sequencing 
was performed on the NextSeq500 platform using NextSeq 
500/550 High Output v2 2 × 150 bp paired-end chemistry 
to obtain 1 Gbp for each sample. In addition, the 3 Illumina 
shotgun samples (biological replicates) were sequenced using 
the same conditions.

Libraries for ONT regular and adaptive sequencing were 
prepared using the ONT SQK-LSK109 kit (ONT, Cambridge, 
UK) according to the manufacturer’s instructions. The li-
brary was loaded onto an individual MinION flowcells FLO-
MIN106D and sequenced with an ONT GridION Mk1 se-
quencer loaded with MinKNOW version 21.05.8 (ONT). For 
adaptive sequencing, the adaptive sampling mode was turned 
on and the genomes of both ARS-UCD1.2 Bos taurus genome 
(GCA_002263795.2) and Brahman genome (Ross, 2019) 
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were supplied for depletion. The sequencing was stopped 
when 1 Gbp of data was obtained. Base-calling was con-
ducted using Guppy version 5.0.11 (ONT).

Sequence trimming and host-contamination 
examination
The quality of the paired-end short reads was evaluated 
using FastQC 0.11.4 (Andrew, 2010) before the paired-
end sequences were merged using PEAR 0.9.11 (Zhang 
et  al., 2014). The merged short reads were trimmed with 
Trimmomatic 0.39.1 (Bolger et  al., 2014) using the single-
end mode.

The quality of the long reads generated using ONT was 
evaluated using NanoPlot 1.3.0 (De Coster et  al., 2018). 
Adapters on the long reads were removed using Porechop 
0.2.4 (Wick et al., 2017) while NanoFilt 2.7.0 (De Coster 
et al., 2018) was applied to filter out reads which were lesser 
than 5 in quality score.

All the short reads and long reads were mapped against the 
ARS-UCD1.2 Bos taurus genome (GCA_002263795.2) and 
Brahman genome (Ross, 2019) using Minimap2 2.17 (r941) 
(Li, 2018) to examine the percentage of bovine DNA in the 
sample sequenced with different technologies. Three pairwise 
t-tests were used to determine if the observed differences in 
metagenome proportion were significantly different with a 
P-value threshold of 0.05.

Contig construction
The processed short reads generated from Illumina shotgun 
sequencing were assembled into contigs using Megahit v1.2.9 
(Li et al., 2016) with minimum contig length of 200bp while 
the filtered long reads generated with ONT were assembled 
into contigs using Flye 2.8.3-b1725 (Kolmogorov et al. 2020) 
with the meta mode for the uneven coverage in metagenomic 
samples. Additionally, a co-assembly was constructed using 
all the reads with Flye 2.8.3-b1725 (Kolmogorov et al. 2020). 
Each set of reads generated with different sequencing tech-
nologies was mapped to the co-assembly using Minimap2 
2.17 (r941) (Li, 2018) to obtain the alignment file for cover-
age depth calculation using the jgi_summarize_bam_contig_
depths script from Metabat2 v2.15 (Kang et al., 2019).

Metagenomics classification
Read-based taxonomic classification of the reads was per-
formed using Kraken v2.1.2 (Wood et al., 2019). To ensure a 
more targeted and efficient search for the metagenomic sam-
ples in this study, instead of the standard database suggested 
by Kraken2, a customized database was constructed with the 
build script provided by Kraken2. The customized database 
used in this study was built with the complete genomes of 
archaea, bacteria, and fungi, which were downloaded from 
NCBI RefSeq (Pruitt et  al., 2005) with their low complex-
ity sequences masked. The abundances of the organisms in 
the metagenomic samples sequenced with different methods 
were estimated using the Bracken v2.6.2 (Lu et  al., 2017). 
The downstream analysis and visualization of the results 
were conducted using the snake pipeline wrapper, Kraken2-
classification v1.0.0 (Siranosian and Bhatt, 2021), with modi-
fications to better describe the results in this study.

Functional annotations were called from the assembled 
contigs using the annotation pipeline MetaErg 1.2.0 (Dong 
and Strous, 2019). Briefly, the predicted ORFs were subjected 

to HMMs profile similarity searches against several data-
bases, including Pfam-A (Finn et al. 2016), TIGRFAM (Haft 
et  al., 2013), FOAM (Prestat et  al. 2014), metabolic-hmms 
(Anantharaman et  al. 2016), and casgenes.hmm (Burstein 
et  al., 2017). MetaErg also performed DIAMOND (double 
index alignment of next-generation sequencing data) searches 
against SwissProt (Bairoch and Apweiler, 2000) and the 
MetaErg in-built database GenomeDB. Mapping files gener-
ated from searches against SwissProt, FOAM and TIGRFAMs 
databases were incorporated in MinPath (Ye and Doak, 2009) 
to infer to KEGG (Kanehisa and Goto, 2000) and MetaCyc 
(Karp et al., 2002) metabolic pathways.

Results
After quality filtering, Illumina amplicon and shotgun short-
read sequencing resulted in 1.62 and 1.12 Gbp of sequencing 
data, respectively, for the 5DH sample (Table S1). ONT regu-
lar and adaptive sequencing yielded 0.68 and 0.78 Gbp of 
sequencing data, respectively, for the 5DH sample after re-
moval of low-quality reads. There was a higher number of 
reads in samples sequenced with Illumina amplicon and shot-
gun sequencing as higher numbers of short reads were re-
quired to achieve 1 Gbp of raw data.

For the ONT adaptive sequencing depletion mode (Figure 1),  
there were 3 possible decision for the sequence read: (i) “stop_
receiving” were the reads that did not map to the provided 
bovine genomes and were sequenced completely – these are 
presumed to be metagenomic reads; (ii) “unblock” reads were 
reads that mapped to the bovine genome are were rejected 
from the pore for further sequencing, and (iii) “no_decision” 
where reads were too short (≤4,000 bp) for the ONT adap-
tive sampling to determine if the read should be accepted or 
rejected for sequencing. In our ONT adaptive sampling, only 
1,634 reads sequenced from the 5DH sample were identified 
as metagenome sample (“unblock”) and 1,350,892 reads 
were bovine sample (“stop_receiving”) (Figure 1). A total of 
1,599,257 reads were too short (“no_decision”) for the adap-
tive sequencing algorithm to determine if they were of bovine 
origin or not.

Each non-amplicon read set was mapped against the 
bovine genome to remove potential host contamination. 
Illumina shotgun sequencing resulted in 11.79 Mbp (1.02%) 
of microbiome sequence data, while ONT and ONT adap-
tive sequencing resulted in 2.45 Mbp (0.23%) and 21.29 
Mbp (2.75%) of microbiome sequence data, respectively, 
from the 5DH sample after host contamination was re-
moved (Table S1).

Even though there were only 2.75% of metagenomic data 
recovered from the 5DH sample sequenced with ONT adap-
tive sequencing, it provided the equivalent of 10.65X cover-
age to a 2 MB microbial genome. While Illumina shotgun 
and regular ONT sequencing provided 5.9X and 1.23X of 
coverage, respectively, to a 2-MB microbial genome. Our 
results demonstrated a 10-fold enrichment for microbiome 
sequence using adaptive sequencing on the ONT platform. 
Provided there was no other limitation to the sequencing cap-
acity, a sample sequenced with ONT adaptive sequencing 
requires 7.28 Gbp of data to provide 100X coverage to a 
2-MB microbial genome. Illumina shotgun and regular ONT 
sequencing require 19.6 and 88.6 Gbp of raw data respect-
ively. Therefore, ONT adaptive sequencing significantly de-
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creased the amount of raw data needed to achieve high 
coverage of the microbiome DNA, which in turn reduces the 
cost and computational effort for samples with high host-to-
microbe DNA ratio. Further analysis including the biological 
replicates sequenced with different methods reinforced that 
ONT adaptive sequencing significantly improved the cattle-
to-metagenome ratio in the samples when compared with 
Illumina shotgun (P = 0.0347) and regular ONT sequencing 
technologies (P = 0.0194) (Figure 2).

To examine the impact of sequencing technologies on the 
metagenomic profile, the downstream analyses focused on 
the profiles generated from the 5DH sample sequenced with 
different technologies. In the rarefaction analysis none of 
the sample curves reached a plateau (Supplementary Figure 
S1), indicating that the sequencing method did not capture 
the maximum metagenomic diversity in 1 Gbp of sequencing 
data. The rarefaction analysis showed that ONT methods in-

creased the number of observed species more quickly than 
Illumina methods. ONT adaptive sequencing recovered a 
higher number of species in 1 Gbp of raw data compared 
with normal ONT sequencing, which contained a higher 
proportion of host DNA (Table S1). Consistent with this, 
Shannon and Simpson alpha diversity analyses demonstrated 
that the sample sequenced with ONT consistently resulted in 
a higher diversity than sample sequenced with ONT adaptive 
sequencing and Illumina shotgun sequencing (Figure 3).

Taxonomical profiles retrieved from the 5DH sam-
ple were mostly from the Kingdom of Bacteria, followed 
by Eukaryota, Fungi, and Archaea (Figure 4A). Samples 
sequenced with Illumina methods recovered higher number of 
organisms from the Kingdom Bacteria, 88.83% and 92.16%, 
respectively, for Illumina amplicon and shotgun sequencing. 
Although the taxonomical classification was also domin-
ated by Kingdom Bacteria, higher number of organisms from 

Figure 2. The proportions of metagenome in the bovine vaginal samples sequenced by Illumina shotgun (n = 4), Oxford Nanopore Technologies (ONT) 
sequencing (n = 3) and ONT adaptive sequencing (n = 15). The significance of differences between the untargeted sequencing technologies was 
calculated using pairwise t-test.

Figure 1. Type of sequence data in the pooled heifer vaginal sample (5DH) sequenced by Oxford Nanopore Technologies (ONT) and ONT adaptive 
sequencing. The data sequenced by ONT sequencing was non-differentiative and hence labelled as “Bovine and metagenome”. The data sequenced by 
ONT adaptive sequencing was categorized into “Bovine”, “Metagenome”, and “No decision”, the later one was reads which were too short (≤4,000 bp) 
for ONT adaptive sequencing to determine their origins.
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Figure 3. Alpha diversity indexes at every taxonomy level in the pooled heifer vaginal sample (5DH) sequenced with different sequencing methods 
including 16S rDNA amplicon, Illumina shotgun, Oxford Nanopore Technologies (ONT) and ONT adaptive sequencing.

Figure 4. Percentages of classified reads at (A) Kingdom level and (B) Genus level in the pooled heifer vaginal sample (5DH) sequenced with different 
sequencing methods including 16S rDNA amplicon, Illumina shotgun, Oxford Nanopore Technologies (ONT), and ONT adaptive sequencing.
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Kingdom Eukaryota and Fungi was recovered in samples 
sequenced with long-read sequencing than those with short-
read sequencing.

The taxonomical profile at Genus level disclosed that the 
sample sequenced with amplicon sequencing showed differ-
ent profiles than the sample processed with other sequencing 
methods (Figure 4B). Interestingly, bacteria from genera 
Clostridium were detected at a low abundance (0.12%) in 
the sample sequenced with amplicon sequencing, instead gen-
era Ochrobactrum (13.83%) and Brucella (12.71%) were 
the 2 most abundant genera. Additionally, genera which 
were identified at lower abundances in samples sequenced 
with other methods, including Colletotrichum (2.46%) and 
Microbacterium (2.40%), were more abundant in the sample 
sequenced with amplicon sequencing.

Functional annotation was conducted on the co-assembly 
generated with the sequence data obtained from Illumina 
shotgun, ONT and ONT adaptive sequencing and the rela-
tive coverages were calculated. There were 10 genes an-
notated in the sample sequenced with ONT sequencing 
(Supplementary Table S2). On the other hand, there were 706 
genes and pathways in the sample sequenced with Illumina 
shotgun and ONT adaptive sequencing methods. However, 
the sample sequenced with ONT adaptive sequencing showed 
higher coverages on most of the common annotated genes 
(Supplementary Figure S2 and Figure S3).

Discussion
The inefficiency of host-associated metagenomic study was 
depicted in this study. Only 1.02%, 0.23%, and 2.75% of 
the metagenomic data were recovered from the 5DH sample 
sequenced with Illumina shotgun, ONT and ONT adaptive 
sequencing, respectively. Adaptive sequencing outperformed 
other sequencing methods by recovering higher percentage of 
metagenomic data.

With the assistance of the adaptive sampling mechanism, 
ONT adaptive sequencing first sequences each detected DNA 
strand for up to 5 s before rejecting it for further sequencing 
(Loose et al., 2016; Payne et al., 2020). In this study, the de-
pletion mode of ONT adaptive sequencing was applied, in 
which the DNA strands were rejected if they mapped the 
provided bovine genomes during the first five seconds of 
sequencing. Our ONT adaptive sequencing result indicated 
that there was a high number of reads which were rejected. 
The high rate of read rejection was consistent with the results 
portrayed by the samples sequenced with Illumina shotgun 
and regular ONT sequencing, which were detrimentally af-
fected by the high host-to-microbe DNA ratio in bovine va-
ginal metagenomic samples. ONT adaptive sequencing was 
relatively less affected because the adaptive technique frees up 
the sequencing capacity after rejecting the bovine DNA reads.

The rarefaction curves indicate that all sequencing methods 
tested in this study did not capture the maximum sample di-
versity with 1 Gbp of raw data. The rarefaction curves dem-
onstrated the high efficiencies of ONT and ONT adaptive 
sequencing in taxonomical profiling as high numbers of spe-
cies were recovered when sample sizes were small. The longer 
reads produced by ONT and ONT adaptive sequencing sup-
plied longer and likely intact information for taxonomical clas-
sification, resulting in higher species identification as similar 
species were not collapsed together. Since clinical samples were 
used here instead of a mocked community with known pro-

portion of each species, the accuracy of diversity indices re-
ported in the sample sequenced with different methods remain 
unknown. Still, the different diversity indices in the same sam-
ple sequenced by different sequencing methods indicated that 
sequencing methods introduced biases to the sample diversity.

The different taxonomical profile depicted in the sample 
sequenced by amplicon sequencing was attributed to the 
selective amplification nature of the chosen primer pairs 
(Schmalenberger et  al., 2001). The amplicon sequencing in 
this study targeted the V1–V3 hypervariable regions of the 
16S rDNA gene, which has differential binding affinity to the 
16S rDNA gene in microbes (Soergel et al., 2012). The choice 
of amplicon target resulted in a distorted resolution and taxo-
nomic prospect of the entire metagenome in comparison to 
the other methods described in this study.

Low detection of genera Clostridium was previously re-
ported in healthy bovine vaginal samples sequenced with 
amplicon sequencing (Rodrigues et  al., 2015; Clemmons 
et  al., 2017). In several other 16S rDNA amplicon studies, 
the genus Clostridium was described as Order “unclassi-
fied Clostridiales”, indicating the limitation of amplicon 
sequencing for accurate and deep taxonomic classification 
(Shpigel et al., 2017; Ault et al., 2019). Additionally, the loss 
of Order Clostridiales as a commensal was thought to be an 
indicator of bovine mild vulvovaginitis (Shpigel et al., 2017). 
The unbiasedness of Illumina shotgun and ONT sequencing 
was hypothesized to contribute to the increased annotation 
depth for genera Clostridium.

The dominance of genera Histophilus in both healthy cows 
(Schlafer et al., 2007; Quereda et al., 2020) and cows with re-
productive diseases (Bano et al., 2011; Rodrigues et al., 2015) 
was also addressed in previous studies. Histophilus was de-
scribed as an obligate commensal member in bovine genital 
mucosal surfaces as well as an opportunistic pathogen under 
favorable conditions (Bisgaard, 1995; Sandal and Inzana, 
2010). On the other hand, genus Brucella and Ochrobactrum 
were not reported as the top abundant genera in other bo-
vine vaginal metagenomic studies (Jeon and Galvão, 2018; 
Ong et  al., 2021). Genus Burkholderia in bovine vaginal 
metagenome was identified as the indicator of exposure to 
toxic fescue, which is associated with reduced reproductive 
success (Ratton et al., 2018). Nonetheless, since the taxonom-
ical profiles were generated from clinical samples instead of 
a mocked community, the actual abundances of the detected 
species remain unknown in this study.

The ONT adaptive mechanism increased the number of 
reads belonging to the bovine vaginal metagenome, which 
was retained following host contamination removal. Large 
amounts of data were filtered from the sample sequenced by 
regular ONT sequencing, hence the number of functional genes 
detected was detrimentally affected. All the functional genes de-
tected in the sample sequenced with ONT adaptive sequencing 
were also recalled in sample sequencing with Illumina shotgun 
sequencing, however at low coverages. The limited information 
encoded with the short and highly fragmented reads hindered 
the detection of functional genes (Quick, 2019).

Conclusion
Our results demonstrated that ONT adaptive sequencing is a 
more effective sequencing method for metagenomic samples 
with high host contamination because it overcame the im-
pacts of high host-to-microbe DNA ratio, which affected both 

Illumina shotgun and regular ONT sequencing. Moreover, a 
significantly higher number of functional genes were recalled in 
sample sequenced with ONT adaptive sequencing as the long 
reads were more intact and thus provided more information 
for accurate metagenomic profiling. Nonetheless, the tested 
sample was pooled from actual bovine vaginal swabs hence the 
accuracy of the annotations could not be investigated. Future 
research should investigate the accuracy of metagenomic pro-
files recovered by ONT adaptive sequencing using mocked 
samples with known concentration of several different mi-
crobial species. This method will increase the accessibility of 
metagenomic data from samples with high host-to-microbe 
DNA ratios, including vaginal and salivary microbiomes.
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