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Introduction: Rapid and accurate diagnosis of causative pathogens in mastitis

would minimize the imprudent use of antibiotics and, therefore, reduce the

spread of antimicrobial resistance. Whole genome sequencing offers a unique

opportunity to study the microbial community and antimicrobial resistance

(AMR) in mastitis. However, the complexity of milk samples and the presence

of a high amount of host DNA in milk from infected udders often make this

very challenging.

Methods: Here, we tested 24 bovine milk samples (18 mastitis and six non-

mastitis) using four different commercial kits (Qiagens’ DNeasy R© PowerFood R©

Microbial, Norgens’ Milk Bacterial DNA Isolation, and Molzyms’ MolYsisTM

Plus and Complete5) in combination with filtration, low-speed centrifugation,

nuclease, and 10% bile extract of male bovine (Ox bile). Isolated DNA was

quantified, checked for the presence/absence of host and pathogen using

PCR and sequenced using MinION nanopore sequencing. Bioinformatics

analysis was performed for taxonomic classification and antimicrobial

resistance gene detection.

Results: The results showed that kits designed explicitly for bacterial DNA

isolation from food and dairy matrices could not deplete/minimize host

DNA. Following using MolYsisTM Complete 5 + 10% Ox bile + micrococcal

nuclease combination, on average, 17% and 66.5% of reads were classified as

bovine and Staphylococcus aureus reads, respectively. This combination also

effectively enriched other mastitis pathogens, including Escherichia coli and

Streptococcus dysgalactiae. Furthermore, using this approach, we identified

important AMR genes such as Tet (A), Tet (38), fosB-Saur, and blaZ. We showed

that even 40 min of the MinION run was enough for bacterial identification

and detecting the first AMR gene.
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Conclusion: We implemented an effective method (sensitivity of 100% and

specificity of 92.3%) for host DNA removal and bacterial DNA enrichment

(both gram-negative and positive) directly from bovine mastitis milk. To

the best of our knowledge, this is the first culture- and amplification-

independent study using nanopore-based metagenomic sequencing for real-

time detection of the pathogen (within 5 hours) and the AMR profile (within

5–9 hours), in mastitis milk samples. These results provide a promising and

potential future on-farm adaptable approach for better clinical management

of mastitis.

KEYWORDS

mastitis, staphylococcus aureus, udder infections, nanopore sequencing technology,
culture-independent sequencing, rapid diagnosis, antibiotic resistance, milk

1. Introduction

Mastitis is an inflammatory status of the mammary glands
that can be caused by trauma and microbial invasion (Cheng
and Han, 2020). Mastitis is often considered one of the main
challenges in the dairy farm industry as it can impose substantial
economic loss by decreasing milk production, reducing the
chance of conception (Cheng and Han, 2020), negatively
affecting animal welfare, and leading to financial losses (Ruegg,
2017). Based on data from the Norwegian Dairy Herd Recording
System (NDHRS), clinical mastitis is the most frequently
reported (ca. 34%) disease in Norwegian dairy cows (TINE,
2021). A total of 31,778 cases, corresponding to an incidence
rate of 0.18 cases per cow per year, were reported in 2021 (TINE,
2021). The total corresponding loss was calculated to be ca. 103
Million NOK (TINE, 2021). Milk from treated cows must not
be delivered to the dairy until it is free of drug residues for
consumers’ sake (e.g., allergies, risk of developing AMR bacterial
strains) and because antibiotics in milk can negatively impact
the production of dairy products. Most bovine mastitis cases
are caused by Staphylococcus aureus, non-aureus staphylococci,
Streptococcus spp., Escherichia coli, and Bacillus spp. (Oliveira
et al., 2013; Levison et al., 2016; Cheng and Han, 2020). S. aureus
is the most frequent gram-positive pathogen causing several
forms of clinical and sub-clinical mastitis in dairy cows (Abebe
et al., 2016; Gomes et al., 2016; Cheng and Han, 2020). Previous
studies also isolated S. aureus as the main invading pathogen in
bovine mastitis in Norway (Østerås and Sølverød, 2009).

Antimicrobial resistance (AMR) has been recognized as one
of the most threatening phenomena to public health, where
bacteria no longer remain sensitive to antibiotics. The latest
survey reported an estimated 1.27 million deaths directly and
almost 5 million deaths associated with AMR in 2019 globally
(Antimicrobial Resistance Collaborators, 2022). Another report
estimated over 30,000 annual deaths in 2018 due to AMR only in
Europe (OECD, 2018). The wide usage of antibiotics in mastitis
is considered a potential risk to human health by increasing

the risk of resistant strains occurring that may contaminate
the food chain (Cheng and Han, 2020; Ma F. et al., 2021).
This issue in S. aureus mastitis is even worse because of its
unique characteristics, such as the immune escape (de Jong
et al., 2019), subclinical pathogenicity (Campos et al., 2022),
challenging eradication (Zaatout et al., 2020), and recurrency
tendency (Miyazawa et al., 2022). Therefore, it is of great interest
to rapidly diagnose relevant mastitis agent(s) in dairy cows,
enabling the veterinarian to select the right antibiotics, and
eventually helping farmers with a more reasonable livestock
management strategy.

Conventional pathogen identification and antibiotic
sensitivity assessment in mastitis are performed using culture-
based methods. However, the traditional culture-dependent
techniques are time-consuming and less sensitive to revealing
the slow-growing bacteria. Hence such methods most likely
underestimate invading agents and their AMR profiles. This
could ultimately lead to more economic loss in dairy farms.
Antimicrobial treatment is often initiated before culture results
are present. Therefore, to minimize the risk of antibiotic
resistance in mastitis, and to ensure better animal welfare, a
rapid and accurate diagnosis of the primary pathogens and their
antibiotic resistance profile is highly desirable.

Recent progress in high-throughput sequencing has led to
an increasing interest in microbiota investigation of several
biological ecosystems, including the bovine milk (McInnis
et al., 2015; Addis et al., 2016; Catozzi et al., 2017; Catozzi
et al., 2020). However, pathogen identification in mastitis milk
using sequencing technologies is a challenging task because of
the complexity of the milk sample and the high presence of
host cells/floating host DNA. Such high background of host
DNA most probably outnumbers the bacterial DNA reads and
decreases the sensitivity of the method (McHugh et al., 2020).
Several attempts have been made to minimize the host DNA in
milk, such as sequencing at a high depth (Asnicar et al., 2017;
Yap et al., 2020). However, such approaches could significantly
increase the time needed and cost for pathogen identification,
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making it inappropriate for large numbers of samples (Thoendel
et al., 2016). Therefore, a proper laboratory technique is
required to minimize the presence of the host genome before
direct sequencing from milk. There have been some recent
investigations on clinical samples, including saliva, sputum, and
joint fluid, to deplete host DNA through commercial kits or
other chemical procedures (Thoendel et al., 2016; Marotz et al.,
2018; Charalampous et al., 2019; Nelson et al., 2019). However,
such approaches applied to milk samples are often limited to
healthy/spiked samples and not actual mastitis milk samples
(Rubiola et al., 2020; Yap et al., 2020; Siebert et al., 2021).
Therefore, an effective and rapid method aiming to enrich the
microbial DNA and deplete the host DNA, leading to accurate
pathogen identification and AMR gene detection directly from
the sample, is much needed.

This study aimed to deplete/minimize the host DNA and
enrich the bacterial DNA in the bacterial-infected clinical
mastitis milk sample. The second aim was to sequence the
isolated DNA using real-time nanopore sequencing and identify
the causative pathogens and AMR genes. Here, we have tested
multiple strategies to enrich bacterial DNA and minimize
the presence of bovine DNA in mastitis milk samples before
direct (culture-independent) sequencing using the MinION
platform. Using this method, we identified S. aureus, E. coli, and
Streptococcus dysgalactiae as the primary causative pathogens
and detected various AMR genes in mastitis milk samples within
5–9 h of sample collection.

2. Materials and methods

2.1. Raw milk samples

In this study, 22 milk samples, including 16 culture positive
mastitis-infected and six culture negative non-mastitis from
Norwegian red cows clinically diagnosed with S. aureus mastitis
(103–107 CFU/ml), were collected and provided by TINE
(Supplementary Table 1). In addition, another two samples
(one flagged positive for E. coli and the other one flagged positive
for both E. coli and S. dysgalactiae) were provided to test the
most effective approach for microbial DNA isolation and host
cell depletion. The initial screening and pathogen identification
were performed in the TINE’s mastitis laboratory in Molde,
Norway, using overnight culture, followed by PCR.

2.2. Bacterial DNA extraction
procedures

Different strategies were used with various combinations of
four commercial kits and techniques to isolate bacterial DNA
from milk samples and deplete host cell DNA.

2.2.1. Strategy A–testing different commercial
kits without modification

We used DNeasy R© PowerFood R© Microbial Kit (Qiagen,
Hilden, Germany) from here on PFalone, the Milk Bacterial
DNA Isolation kit (Norgen Biotek Corp., Ontario, Canada)
from here on NGalone, and the MolYsisTM Plus kit (Molzym,
Bremen, Germany), from here on Mol Plusalone, according
to manufacturers’ protocol. We followed some of the
manufacturers’ recommendations for extra DNA yield for
the PF Kit, including heating the cell lysate at 70◦C for 10 min.

2.2.2. Strategy B–testing a combination of milk
filtering and different commercial kits

In this approach, and by taking advantage of size differences
between microbial and mammalian cells, milk samples were
first filtered using a sterile Acrodisc R© Syringe Filter with 5 µm
Supor R© Membrane (Pall life science, Ann Arbor, USA). The
filtered milk samples were further used for bacterial DNA
isolation using PF, NG, and Mol Plus kits, according to the
manufacturers’ recommendations (PFfilt, NGfilt, Mol Plusfilt).
The filtered milk was also plated on BHI agar plates to check
if filtering affects S. aureus load.

2.2.3. Strategy C–testing a combination of
filtering, centrifugation, and different
commercial kits

In this strategy, upon milk filtration, samples were
centrifuged at a low speed (400 × g for 10 min at room
temperature) to facilitate the sedimentation of the bovine cells.
The supernatant was collected and used for bacterial DNA
isolation using PF and NG kits according to the manufacturer’s
recommendations (PFfilt−cent, NGfilt−cent). We also considered
non-filtered but centrifuged milk samples for bacterial DNA
isolation using the PF kit (PFcent).

2.2.4. Strategy D–testing a combination of 10%
Ox bile, nuclease, and different commercial kits

This approach tested mastitis milk samples using the PF,
NG, Mol Plus, and MolYsisTM Complete5 kit (Molzym, Bremen,
Germany) from here on Mol Com5. Experiments using the Mol
Com5 kit were repeated twice.

For this purpose, aliquots (1 ml) of the same raw milk
sample were first centrifuged at 4,500 × g for 20 min at 4◦C.
Then the supernatant was removed, and the pellet was washed
twice in sterile Phosphate-buffered saline (PBS) and centrifuged
at 13,000× g for 1 min at room temperature, as described in Yap
et al. (2020). The final pellet was resuspended in 1 ml sterile PBS
and considered for bacterial DNA isolation as described below.

Four of the aliquots were considered for DNA isolation
using Mol Plus and Mol Com5, with (Mol Pluscent−nuc, Mol
Com5cent−nuc) and without (Mol Pluscent, Mol Com5cent)
micrococcal nuclease (New England Biolab, Herts, UK)
treatment. To reach an effective host DNA degradation, the
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micrococcal nuclease was added to the pellet obtained after
mammalian cell lysis and the DNA degradation step in the
MolYsis protocol. To do so, the pellet was mixed with 0.5 µl
(103 gel units) micrococcal nuclease in 100 µl reaction volume
containing 10 µl nuclease reaction buffer, 0.5 µl Bovine serum
albumin (BSA), filled up with nuclease-free water. Following
incubation for 30 min at 37◦C, enzyme deactivation was done by
adding 100 µl of 20 mM ethylene glycol tetraacetic acid (EGTA).
The suspension was washed twice in sterile PBS and centrifuged
at 13,000 × g for 1 min at room temperature. The pellet was
further used according to the rest of the MolYsis kits protocol.

Four other aliquots were incubated with 10% Ox bile for
10 min at room temperature. After incubation, the aliquots
were centrifuged at 13,000 × g for 5 min, followed by
two steps of washing with sterile PBS and centrifugation at
13,000 × g for 1 min. After that, DNA isolation using the four
kits, in combination with micrococcal nuclease (PFcent−ox−nuc,
NGcent−ox−nuc, Mol Pluscent−ox−nuc, Mol Com5cent−ox−nuc),
was done as mentioned above.

2.3. DNA concentration and quality
measurement

The DNA concentrations and purity were measured
using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific
Inc., Waltham, MA, United States) and NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Rockland, DE,
United States) at wavelengths of 260 and 280 nm. Selected DNA
isolates (seven mastitic and six negative samples for strategy A,
seven mastitic samples for strategy C, two samples for strategy
D, and two additional samples for testing the best strategy),
despite their low concentration or purity (Supplementary
Table 1), were submitted for PCR assay or library preparation
for MinION sequencing.

2.4. Bacterial and host DNA
identification using PCR

To confirm the host cell DNA depletion and bacterial
DNA enrichment, two different sets of primers, including
forward primer 5′-CTTGTATGAATGGCCGCACG-3′, reverse
primer 5′-GATGTAGCGGGTCGTAGTGG-3′, targeting Bos
taurus mitochondrion (NC_006853.1) and forward primer
5′-GGGTTGATACGCCAGAAACG-3′, reverse primer 5′-
TGATGCTTCTTTGCCAAATGG-3′ targeting nuc gene
(encodes thermonuclease in S. aureus), were designed using
NCBI primer blast tool. Amplifications were carried out in a
final volume of 20 µl PCR reaction containing 4 µl of HOT
FIREPol R© Multiplex Mix Ready to Load (Solis Biodyne, Tartu,
Estonia), 0.5 µl of each forward and reverse primers (10 µM),
and volume corresponding to 1–10 ng/µl isolated DNA.

Negative controls, consisting of PCR water instead of isolated
DNA, were also considered.

The PCR reactions were performed using VeritiTM 96-Well
Fast Thermal Cycler (Applied Biosystems, Foster City, CA,
United States) with the following conditions: initial activation
for 12 min at 95◦C, 30 cycles of amplification at 95◦C for
25 s, 60◦C for 45 s, 72◦C for 60 s, and a final elongation
step at 72◦C for 7 min. PCR products were run on 1%
agarose electrophoresis, pre-mixed with SYBR R© safe DNA gel
stain (Invitrogen, Carlsbad, CA, United States) for 45 min at
100 V. The PCR bands were visualized using the G: BOX
Chemi XX6 gel documentation system (Syngene, Cambridge,
United Kingdom).

2.5. MinION library preparation and
sequencing

Before library preparation, Beckman CoulterTM Agencourt
AMPure XP (Thermo Fisher Scientific) reagent was used
to increase the DNA purity and concentration. Then the
sequencing libraries were prepared using a rapid barcoding kit
(SQK-RBK004) according to the manufacturer’s instructions.

Sequencing was performed using R9.4.1 flow cells (FLO-
MIN106) mounted on a MinION device. The instrument was
run for 96 h to acquire as much data as possible. Raw sequencing
data were collected using ONT MinKNOW GUI software
(version 5.0.0). The real-time base calling using FAST mode was
also performed using ONT MinKNOW GUI software. Later,
raw fast5 data were basecalled in the high accurate mode,
demultiplexed, and trimmed for the barcodes/adapters using
Guppy stand-alone software (version 6, Oxford Nanopore).

2.6. Bioinformatic analysis of MinION
data

The Fastq files were converted to Fasta format, and fasta
files were used for taxonomy identification and contaminant
removal (host DNA) using Kraken2 in OmicsBox. Furthermore,
the fasta files were Blast searched against RefSeq bacterial
database. The antibiotic resistance genes were identified
using ABRicate in default mode using NCBI AMRFinderPlus
(Feldgarden et al., 2019; Seemann, 2020).

3. Results

3.1. Strategy A–testing different
commercial kits without modification

The first set of experiments evaluated the efficiency of
three commercial kits for bacterial DNA isolation from mastitis
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TABLE 1 An overview of a combination of kits and conditions to enrich S. aureus DNA and deplete bovine DNA directly frommastitis milk.

Strategy Tested kit and
modifications

n Milk
pre-filtered

Milk pre-
centrifuged

Milk pretreated
with Ox bile

Pellet treated
with nuclease

DNA concentration
(ng/µ l)

PCR product MinION fastq
data (GB)

S. aureus Bovine

A PFalone 7 – – – – 98.7± 44.9 – – 0.83± 0.47

NGalone 5 – – – – 61.4± 40.1 – – 2± 1.64

Mol plusalone 1 – – – – <0.2 ND ND –

B PFfilt 1 Yes – – – 14.2 ND + +++ –

NGfilt 1 Yes – – – 16 ND + +++ –

Mol plusfilt 1 Yes – – – <0.2 ND ND –

C PFcent 7 – Yes – – 87.2± 34.4 – – 0.92± 0.44

PFfilt−cent 1 Yes Yes – – 6.7 ND + +++ –

NGfilt−cent 1 Yes Yes – – 1.6 ND + +++ –

D PFcent−ox−nuc 1 – Yes* Yes Yes 100 + +++ + 0.19

NGcent−ox−nuc 1 – Yes* Yes Yes 99.8 + + +++ + 0.49

Mol pluscent 1 – Yes* – – <0.2 ND ND 0.005

Mol pluscent−nuc 1 – Yes* – Yes <0.2 + ++ ++ 0.005

Mol pluscent−ox−nuc 1 – Yes* Yes Yes <0.2 + +++ ND 0.14

Mol Com5cent 2 – Yes* – – 97.2± 3.8 + ++ +++ 0.08± 0.05

Mol Com5cent−nuc 2 – Yes* – Yes 7.7± 8.1 + +++ + 0.50± 0.26

Mol
Com5cent−ox−nuc

2 – Yes* Yes Yes 6.0± 7.3 + +++ + 0.56± 0.26

The strategies are highlighted by different background colors. The abbreviation describing each combination and condition is given in the kits and combination column. Data presented as mean ± SD. The – symbol indicates that the step or experiment
was not performed. ND indicates no PCR band was detected and the + sign shows the intensity of the PCR band (product). The Yes sign shows the low-speed centrifugation (400× g for 10 min at room temperature) and the Yes* sign shows centrifugation
at 4,500× g for 20 min at 4◦C followed by two washing steps in PBS. The number of samples is given by n.
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A B

FIGURE 1

An overview of MinION sequencing results following DNA extraction from mastitis milk using PF/NG kits and different combinations. (A) Total
reads (black circles) and read length (blue circles) following using different commercial kits/combinations. (B) Percentage of reads aligned with
the bovine genome (green circles) and Staphylococcus aureus genome (olive circles). Each circle represents a sample, and the mean value is
depicted with a red line.

milk. Our data indicated that using PFalone and NGalone, a
high concentration of DNA was extracted (Table 1). MinION
sequencing yielded a higher number of reads using NGalone

(Figure 1A). However, after taxonomic classification, we found
that, on average, 86% (PFalone) and 81% (NGalone) of reads were
aligned to the bovine genome (Figure 1B). On the other hand,
only 0.3% (PFalone) and 4.5% (NGalone) of reads were found
to be S. aureus reads (Figure 1B). The rest of the reads were
either unclassified or belonged to other taxa. Our data also
showed that Mol Plusalone resulted in a very low concentration
of isolated DNA, and no PCR band was detected for either
bovine or S. aureus (Supplementary Figure 1 and Table 1).
Furthermore, no S. aureus reads were identified in the negative
samples, which is a good positive control. The negative samples
were not considered for further analyses.

3.2. Strategy B–testing a combination
of milk filtering and different
commercial kits

This experiment aimed to reduce the bovine cells in
the milk samples before DNA isolation. Data presented
in Table 1 indicates that filtering remarkably affected
the concentration of isolated DNA for both PFfilt

(14.2 ng/µl) and NGfilt (16 ng/µl), compared to strategy
A (PFalone = 98.7 ng/µl, NGalone = 61.4 ng/µl). The lower
bacterial load following filtering was further confirmed by CFU
counting (Supplementary Table 2). We did not observe any
difference in concentration of isolated DNA following using
Mol Plusfilt compared to Mol Plusalone (both yielded low DNA
concentration, <0.2 ng/µl). Like strategy A, we did not observe
any bovine or S. aureus PCR band following using Mol Plusfilt.
However, after using PFfilt and NGfilt, a strong bovine PCR

band was observed, while the S. aureus band was again missing
(Table 1 and Supplementary Figure 1).

3.3. Strategy C–testing a combination
of filtering, centrifugation, and
different commercial kits

Before DNA isolation, we employed a low-speed
centrifugation step to improve host cell removal from filtrate
mastitis milk. As can be seen from Table 1, DNA concentration
even further decreased following a combination of filtering
and low-speed centrifugation in PFfilt−cent (6.7 ng/µl) and
NGfilt−cent (1.6 ng/µl), compared to PFfilt (14.2 ng/µl) and
NGfilt (16 ng/µl) and PFalone (98.7 ng/µl) and NGalone

(61.4 ng/µl). However, we observed no PCR band for S. aureus,
while a bovine PCR band was identified using PFfilt−cent and
NGfilt−cent. Low-speed centrifugation of mastitis milk without
filtration (PFcent) also resulted in a high percentage of bovine
reads (81.5%) without remarkably affecting the S. aureus reads
enrichment (0.08%) (Figure 1B). We also tested different
low-speed centrifugation conditions. The data showed that
increasing the time of low-speed centrifugation reduced the
bacterial load in the samples (Supplementary Table 2).

3.4. Strategy D–testing a combination
of 10% Ox bile, nuclease, and different
commercial kits

To effectively facilitate bacterial release from bovine cells
and deplete host cell and bovine DNA degradation, we
implemented a washing step in combination with adding 10%
Ox bile and micrococcal nuclease. PCR assay following DNA
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FIGURE 2

An overview of PCR results following DNA extraction directly
from mastitis milk. PCR bands for the nuc gene in S. aureus (left)
and Bos taurus mitochondrion (right) were visualized in their
expected size of 65 and 879 bp, respectively. The 100 bp ladder
was also used.1: Mol Com5cent, 2: Mol Pluscent, 3: Mol
Com5cent−nuc, 4: Mol Pluscent−nuc, 5: Mol Com5cent−ox−nuc, 6:
Mol Pluscent−ox−nuc.

isolation using PFcent−ox−nuc and NGcent−ox−nuc indicated a
clear improvement in S. aureus band intensity, while bovine
PCR product was also identified (Table 1 and Supplementary
Figure 1).

We also tested different combinations of two different kits
from MolYsisTM and micrococcal nuclease with or without 10%
Ox bile. None of the bovine or S. aureus DNA was detected
when we used Mol Pluscent (Figure 2, band 2). We identified
both S. aureus and bovine DNA via PCR assay almost with
similar band intensity following using Mol com5cent (Figure 2,
bands 1). However, the PCR bands for bovine were much
weaker when we used Mol com 5cent−nuc (Figure 2, band 3)
and Mol com 5cent−ox−nuc (Figure 2, band 5). Interestingly,
the PCR band for bovine DNA almost disappeared for Mol
Pluscent−ox−nuc (Figure 2, band 6). As appeared in Figure 2, the
intensity for the PCR band corresponding to S. aureus DNA was
identical for Mol com 5cent−nuc, Mol com 5cent−ox−nuc, and Mol
Pluscent−ox−nuc.

Furthermore, results showed that the Mol Plus kit in all
combinations yielded a very low DNA concentration (similar

to Mol Plusalone in strategy A and Mol Plusfilt in strategy B)
(Table 1). Surprisingly, the sequencing data indicated a low
number of unexpected short-length reads (<500 bp) following
using Mol Pluscent, Mol Pluscent−nuc (Figure 3A), PFcent−ox−nuc,
and NGcent−ox−nuc (Figure 1A). However, after using a
combination of Ox bile and nuclease (Mol Pluscent−ox−nuc), we
observed a long read within the expected range for MinION
(Figure 3A) and a strong PCR product band (Figure 2, band
6) only for S. aureus, indicating successful depletion of the host
cell and DNA degradation. Kraken2 analyses further confirmed
these results. As can be seen from Figure 3B, and following
using Mol Pluscent−ox−nuc combination, we observed a high
percentage of S. aureus reads (82%) and a low percentage of
bovine reads contamination (2.5%). Although we observed a
weak band for S. aureus following using the PFcent−ox−nuc and
NGcent−ox−nuc (Supplementary Figure 1), the MinION data
indicated a high degree of host DNA contamination (92–93%)
for both kits/combinations (Figure 1B).

Comparing Mol com5 and Mol Plus kits, the Mol com5 kit
gave higher DNA concentration and more data from MinION
sequencing in all tested conditions (Table 1 and Figure 3A).
Similar to Mol Pluscent and Mol Pluscent−nuc, we noticed a short
read length (<500 bp) for Mol com5cent (Figure 3A). However,
in contrast to Mol Pluscent−nuc, adding nuclease resulted in
long MinION reads (Figure 3A). Similar long reads to Mol
Pluscent−ox−nuc were also observed when we applied Ox bile
(Mol com 5cent−ox−nuc) (Figure 3A).

As can be seen from Figure 3B, combining Mol Com5 with
nuclease and Ox bile effectively reduced host DNA reads and
increased S. aureus reads. On average and following using both
Mol Com 5cent−nuc and Mol Com 5cent−ox−nuc, we were able
to reduce bovine reads from 68% (for Mol Com 5cent) to 17%
and increase S. aureus reads from 3.5 (for Mol Com 5cent) to
66.5%. These results show that both Mol Com5cent−ox−nuc and

A B

FIGURE 3

An overview of MinION sequencing results following DNA extraction from mastitis milk using MolYsis kits and combinations. (A) Total reads
(black) and read length (blue) following using different commercial kits/combinations. (B) Percentage of reads aligned with the bovine genome
(green) and S. aureus genome (olive). Each circle represents a sample, and the mean value is depicted with a red line.
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Mol com5cent−nuc are effective approaches with a sensitivity of
100% and a specificity of 92.3% for bacterial DNA enrichment
and microbial/AMR genes identification (see Supplementary
Table 1 for details).

3.5. AMR gene detection following
effective host cell depletion and
bacterial DNA enrichment

One of the main goals of this study was to use sequenced
DNA for AMR gene detection in mastitis milk. As shown in
Figure 4, the highest number of AMR genes was detected using
Mol Com5cent−nuc for both replicates. We were not able to
detect any AMR genes for Mol Pluscent and Mol Pluscent−nuc,
where we had a low concentration of DNA. However, such a low
concentration of DNA was observed for Mol Pluscent−ox−nuc, yet
we could detect two AMR genes, including tet (38) and fosB-
Saur. Both these genes were detected using all combinations for
the Mol com5 kit as well.

3.6. MinION sequencing for pathogen
identification and AMR gene detection
in mastitis milk

Our data further showed that using BLAST analyses, the
first 4,000 reads were enough for S. aureus identification
(close to 90% similarity). The percentage of similarity remained
consistent throughout the sequencing (Figure 5).

As shown in Figure 6A, the whole process, from sample
delivery to starting the sequencing, took only 4 h. Furthermore,
we took advantage of real-time MinION data analyses using
our in-house developed pipeline. The results showed that the
first 4,000 and 8,000 reads that were base called using the FAST
mode were obtained just in 40 and 60 min and were enough for
tet (38) and fosB-Saur identification, respectively. We noticed
that 6 h of sequencing was enough to identify the blal_of _Z
gene (Figure 6A). When we used stand-alone guppy to base
call the reads using high accuracy mode, the first 4,000 reads
were enough for tet (38), fosB-Saur, and blaZ genes. Other
AMR genes, including blal_of_Z and blaR1, were identified
when 32,000 and 116,000 reads were base called, respectively
(Figure 6B).

3.7. Identifying other bovine mastitis
pathogens using Mol Com5cent−ox−nuc
combination

We tested the most promising method (Mol
Com5cent−ox−nuc) using two other milk samples from mastitis

animals (Supplementary Figure 2). Following culturing the
samples in the microbiology lab, one was flagged positive for
E. coli, and the other was flagged positive for both Streptococcus
dysgalactiae and E. coli. Following DNA isolation using the
Mol Com5cent−ox−nuc approach, the PCR experiment showed
strong bands for E. coli (first sample) and only S. dysgalactiae
(second sample). Sequencing results showed 2 and 3% host
contamination for the first and second samples, respectively.
In addition, for the first sample and following BLAST search
against the RefProk database, 30% of taxon were reported to
be E. coli reads, which agrees with PCR and visual culture
characteristic results. Worth mentioning that several reads of
the taxon for the first sample were reported to be Shigella spp.
reads. We blasted reads flagged as Shigella against the E. coli
genome database and identified hits with over 80% similarity
and vice versa. For the second sample, BLAST analyses indicated
that most reads are from S. dysgalactiae, and no reads were
identified as E. coli. The second predominant taxon (11%) in
the second sample was Enterococcus faecalis. This agrees with
PCR results and is in contrast with visual culture characteristics.

4. Discussion

In the current study, we tested different kits and
combinations to effectively reduce the host DNA and
enrich bacterial DNA from milk samples from cows flagged
positive for mastitis.

4.1. Food-specific bacterial DNA
isolation kits yielded a lower number of
S. aureus reads

We have tested two of the well-known bacterial isolation
kits (PF and NG) designed to isolate bacterial DNA from
food matrices. The sequencing results indicated neither of
these kits could effectively deplete the host DNA and/or enrich
the bacterial DNA (Figure 1). Using PFalone and NGalone, on
average, over 90% of the reads were classified as bovine reads
in negative samples. The high percentage of host DNA in this
study for mastitis samples (over 80% using PFalone, NGalone,
PFcent, and close to 70% using Mol Com5cent) is similar to the
previously investigated milk microbiome using other kits such
as MolYsis Basic5, NEBNext, and PowerSoil Pro kits (Rubiola
et al., 2020; Yap et al., 2020). To our knowledge, neither PF
nor NG kit contained reagents designed specifically for host cell
depletion or host DNA degradation. On the other hand, it has
been observed that S. aureus is characterized by an intracellular
localization in mammary gland epithelial cells during mastitis
(Kerro Dego et al., 2002). Therefore, an effective host cell lysis
is crucial for rapidly detecting the pathogen and AMR genes
in a complex environment like milk, where a high degree of
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FIGURE 4

An overview of identified AMR genes, following MinION DNA sequencing. Two mastitis milk samples (A,B) were subjected to bacterial DNA
isolation using different kits and conditions (culture-independent) combinations. The green and red cells show the presence and absence of
AMR genes, respectively. 1: Mol Com5cent, 2: Mol Com5cent−nuc, 3: Mol Com5cent−ox−nuc, 4: Mol Pluscent, 5: Mol Pluscent−nuc, 6: Mol
Pluscent−ox−nuc.

FIGURE 5

A representative of BLAST analyses for taxon assigned reads. Data was obtained following DNA sequencing for DNA isolated using the Mol
Com5cent−nuc approach (one of the replicates).

host cell/DNA exists. Most previous research that used PF
(Ganda et al., 2016; Lima et al., 2018; Taponen et al., 2019;
Al-Harbi et al., 2021; Ma T. et al., 2021; Schwenker et al.,
2022) or NG kit (Quigley et al., 2012; Cheema et al., 2021;
Lyons et al., 2021) considered 16S metagenomic sequencing
for bacterial identification following DNA extraction; therefore,
no host DNA contamination was reported. While amplicon
sequencing is a sensitive method for taxonomy clarification, the
relevance of this approach for rapid diagnostic and AMR gene
detection in mastitis is questionable. However, applying PF and
NG kits for metagenomic sequencing of mastitis milk samples
did not give the desired results in this study.

4.2. Low-speed centrifugation and
pre-filtration remarkably reduced the
concentration of isolated DNA but did
not deplete host DNA

Milk filtration, with or without low-speed centrifugation,
decreased the concentration of isolated DNA and did not enrich

bacterial DNA fraction. These results might be explained by
the fact that some of the bacteria might have adhered to the
fat globules and milk proteins, therefore, cannot pass through
the filtration or be discarded after centrifugation. Filtration and
centrifugation did not contribute to host DNA removal. Similar
results were previously reported in a study where the authors
observed a high percentage of host-aligned reads in DNA
extracted from the human saliva filtrate, despite applying a 5 µm
filter and differential centrifugation (Marotz et al., 2018). These
results are likely related to the presence of extracellular DNA
in the sample environment, which was previously highlighted
as a challenge in metagenomic sequencing for microbial DNA
in human samples (Shi et al., 2022). Data from several studies
suggest that some of the toxins produced by invading bacteria
in mastitis could cause host cell damage (Mehrzad et al., 2005;
Oviedo-Boyso et al., 2007). For instance, previous evidence
shows that enterotoxin M and H from S. aureus cause necrosis
and apoptosis of bovine mammary epithelial cells to a high
extent (Liu et al., 2014; Zhao et al., 2020). Therefore, host cell
necrosis/apoptosis likely results in host DNA release into the
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FIGURE 6

Study workflow and comparison of the amount of data needed for AMR detection following two different base calling modes. Data was
obtained following DNA sequencing for the Mol Com5cent−nuc approach (one of the replicates). (A) Timing of experiment and time/reads
required for AMR gene detection following FAST base calling and using real-time data analyses. (B) Number of AMR genes detected per amount
of data, following high accuracy base calling for the same sample.

milk environment, which cannot be minimized using filtration
or low-speed centrifugation.

4.3. MolYsis kits yielded low DNA
concentration and relatively shorter
MinION reads

We could not detect the bovine or S. aureus PCR band
using the Mol Plusalone (Figure 2). This was further confirmed
by the low quantity of isolated DNA (<0.2 ng/µl) in all tested
combinations for this kit (Table 1). Low DNA concentration
obtained using the MolYsisTM Plus kit agrees with earlier
findings (Villumsen et al., 2010; Anson et al., 2018) and those
used other MolYsisTM variants such as MolYsisTM Basic5
(Rubiola et al., 2020) and MolYsisTM Complete5 kits (Yap et al.,
2020).

It is also worth mentioning that the MolYsisTM Plus kit is
designed to be used for bacterial DNA isolation from whole
blood, which may not be appropriate for other specimen types,
such as milk. We also observed a relatively shorter MinION read
length (<500 bp) when using Mol Pluscent, Mol Pluscent−nuc,
and Mol Com5cent (Figure 3A). The average expected read
length of bacterial DNA for the MinION rapid barcoding kit in
our previous research was reported to be close to 3,500 bp (Taxt

et al., 2020; Khezri et al., 2021). A short read length combined
with a low DNA concentration for the MolYsisTM Plus kit
indicates that it degrades both the host and the bacterial DNA to
a greater extent. Shorter reads could cause an extra challenge in
taxonomy classification and AMR gene detection. Interestingly,
when we used the two MolYsisTM kits in combination with
micrococcus nuclease, a similar short read length was observed
only for MolYsisTM Plus and not for MolYsisTM Complete5
(Figure 3A). The reason for this is not apparent. However, this
difference may be due to the difference in composition of the two
kits, which is proprietary information. Therefore, these results
need to be interpreted with caution, and further research should
be undertaken using a higher number of samples.

4.4. Pre-treatment of milk with Ox bile,
enriched bacterial DNA, resulted in
longer reads

The Ox bile improved the read length when using
MolYsisTM kits (Figure 3A). It has been suggested that Ox bile
has a lysing effect on the human host cell and facilitates the
pathogen release from the human blood cells (Zhou and Pollard,
2010; Zhou and Pollard, 2012). As stated before, S. aureus
is mainly localized in epithelial cells of mammary glands.
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Therefore, it seems possible that Ox bile facilitated the S. aureus
release from the bovine epithelial cells (floating in the mastitis
milk samples) in this study. Previous published data, indicated
that optimal host cell lysis and degradation of background
DNA following using reagents supplied with commercial kits
are challenging, therefore most of the previous research used an
additional step of host cell lysis using other types of buffers, such
as saponin (Hasan et al., 2016; Bruggeling et al., 2021; Siebert
et al., 2021). Although it has been shown that the majority
of pathogens are inherently tolerant against Ox bile (Begley
et al., 2005), one needs to keep in mind that current promising
results might not be applicable for the enrichment of other
microorganisms such as mycoplasma which doesn’t have a cell
wall to protect genetic material.

4.5. MolYsis kits, in combination with
Ox bile and nuclease, effectively
depleted the host DNA and enriched
the bacterial DNA

The present study showed that the lysis of host cells,
followed by the degradation of extracellular DNA, can
potentially enrich the bacterial DNA and reduce the background
bovine DNA. Here, pre-incubating the milk samples with
10% Ox bile, combined with micrococcal nuclease and
MolYsisTM Plus or MolYsisTM complete5, both effectively
depleted host DNA and increased the number, as well as
the length of S. aureus, reads (Figures 3A, B). However,
since DNA concentration using Mol Pluscent−ox−nuc was much
lower than Mol Com5cent−ox−nuc, which could compromise
library preparation, we preferred Mol com5cent−ox−nuc over
Mol Pluscent−ox−nuc in this study. Adding 10% Ox bile
slightly improved the results when using Mol com5cent−ox−nuc

compared with Mol com5cent−nuc. This might be because of
lysing effect of Ox bile, which is in line with previous research
where authors showed that combining saponin (as a lysing
reagent) and DNase is more effective than DNase alone (Hasan
et al., 2016). Here, the DNA concentration and A260/230
ratios following using both Ox bile and nuclease were low
(Supplementary Table 1). The current low DNA concentration
and purity results agree with previously published data where
authors applied six different protocols to isolate bacterial DNA
from bovine milk diagnosed with diseased udder (Schwenker
et al., 2022). This might be explained by the complexity of milk
samples, especially in clinical mastitis cases.

Previous research reported that the MolYsisTM complete5
kit effectively reduced the host DNA contamination down to
60% in bovine milk from healthy cows (Yap et al., 2020). It is
worth mentioning that the authors also reported a high degree
of variation between samples. Here, we effectively deplete the
host DNA down to almost 80% in mastitis milk using the
MolYsisTM complete5 kit in combination with nuclease or Ox

bile + nuclease. However, the amount of isolated DNA from
this approach was lower than DNA concentrations using other
described methods, which makes sequencing library preparation
challenging (Shi et al., 2022). Furthermore, when we used a
combination of Ox bile, Mol Com5, and nuclease, we observed
a discrepancy among two replicates regarding the percentage
of aligned reads with Bovine and S. aureus (Figure 3B).
This inconsistency was previously also reported for MolYsisTM

complete5 kit (Yap et al., 2020). It may be due to the decrease
in quality of the original specimen (due to frequent freezing
and thawing) and/or unequal sensitivities of DNA to the lysing
conditions, as discussed here (Cressier and Bissonnette, 2011;
Hasan et al., 2016; Shi et al., 2022). One way to minimize this
variation is to work with fresh milk samples and avoid frequent
freezing and thawing, which might compromise the efficacy of
DNA isolation (Shi et al., 2022).

The combination of MolYsisTM complete5 kit, Ox
bile + nuclease was shown to be an effective approach to isolate
not only gram positive but also gram-negative bacterial DNA.
Although we observed some degree of misclassification between
E. coli and Shigella spp. for the first tested sample, the distinction
between Shigella spp. and E. coli is a well-known challenge in
microbiology as they share many biochemical, phenotypic, and
genetic properties. The genus Shigella comprises several clusters
interspersed in the E. coli phylogeny (Taxt et al., 2020).

4.6. Ox bile and micrococcal nuclease
are not compatible with PF and/or NG
kits

Although combining the Ox bile and micrococcal nuclease
with both MolYsisTM kits resulted in long MinION reads
and effective host DNA depletion, the combination was not
compatible with PF and/or NG kits. Both PFcent−ox−nuc and
NGcent−ox−nuc did not effectively deplete the host DNA, and
PCR results indicated a weak S. aureus band and a strong
bovine PCR band (Supplementary Figure 1) and resulted
in short MinION reads (<500 bp). According to the results
presented here, Ox bile and micrococcal nuclease could lead to
inconsistent results when combined with different commercial
kits. The reason for this is not clear. However, it could
potentially be due to the incompatibility of the kit’s component
(which is proprietary information and not available in the public
domain) with Ox bile and micrococcal nuclease.

4.7. Effective host cell depletion and
DNA degradation improved the
prediction of AMR genes

A prerequisite for successfully detecting AMR genes using
sequencing technology is the high-quality data that cannot be
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achieved in the presence of high host DNA reads. In this
study, the reduction of host DNA was linked with a greater
number of AMR determinants (except for Mol Pluscent−ox−nuc)
(Figure 4). Among the methods tested, the combination of
MolYsis Complete5 kit and micrococcal nuclease resulted in
the highest number of AMR genes detected in milk samples.
We identified two AMR genes, including tet (38) and fosB-
sur, giving resistance to tetracycline and fosfomycin, using Mol
Pluscent−ox−nuc. It is worth mentioning that both tet (38) and
fosB-sur were identified using all other combinations except
Mol Pluscent and Mol Pluscent−nuc, where we observed a low
DNA concentration (Table 1). Our results showed some cases
of discrepancy between phenotypic AMR and genotypic data,
where we detected different variants of the bla gene. However,
this is not surprising as the disagreement between genotypic
and phenotypic data previously reported in bacteria (Zankari
et al., 2012; Marotta et al., 2020; Avershina et al., 2021) and
could be explained by the fact that a phenotypic resistance
might be related to multiple different genes. A reasonable
approach to tackle this issue could be developing machine
learning algorithms that predict resistance in clinical isolates.
We recently have developed such algorithms for WHO high-
priority pathogens, including E. coli and K. pneumoniae which
can be easily adapted for mastitis samples (Avershina et al.,
2021).

4.8. MinION sequencing is a promising
approach for rapid diagnosis of
pathogen and antibiotic resistance
profiles as well as better clinical
management of mastitis

A growing body of literature emphasized the applicability
of MinION sequencing and its advantages for the infectious
disease diagnostics (Petersen et al., 2019; Mongan et al., 2020;
Taxt et al., 2020; Avershina et al., 2021; Ciuffreda et al., 2021).
However, the use of MinION sequencing in food microbiology
and veterinary medicine fields so far has been very limited
to a few studies (Catozzi et al., 2020; Azinheiro et al., 2021;
Shinozuka et al., 2021). Identifying causative pathogens in
mastitis-infected animals is a challenging task, and previous
research has documented that some of the causative pathogens
are not detectable using conventional diagnostic methods
(Taponen et al., 2009; Kuehn et al., 2013; Addis et al., 2016).
Here we were able to significantly shorten the time required for
pathogen identification (both gram-positive and negative) and
AMR gene detection (<9 h from sample delivery). Furthermore,
our data showed how MinION sequencing could provide
extra diagnostic confidence when there is a disagreement
between colony morphology and PCR results. Although similar
promising results were previously reported for blood (Taxt et al.,
2020) and urine (Zhang et al., 2022) specimens, this is the first

study that reported how to handle mastitis milk samples for
effective and rapid pathogen and AMR detection.

5. Conclusion

Current research found both Mol Com5cent−ox−nuc and
Mol Com5cent−nuc as effective methods having very high
sensitivity and specificity and minimal differences for bacterial
identification and AMR gene detection in clinical mastitis milk
samples. Adding 10% Ox bile requires an extra hour for library
preparation and may reduce the concentration of extracted
DNA. Therefore, considering minimal differences and high
workload for Mol Com5cent−ox−nuc, it seems reasonable to
prioritize the Mol Com5cent−nuc approach. We have shown
how nanopore sequencing coupled with an effective method
for bacterial DNA enrichment and real-time bioinformatics
analysis could result in better clinical management of single
and potentially mixed-pathogen mastitis. Moreover, using this
method, we can identify the primary causative pathogens
(within 5 h) and detect various AMR genes (within 5–
9 h). To the best of our knowledge, no previous study
has implemented WGS for pathogen identification and AMR
detection following direct DNA extraction from milk (culture
and amplification independent approach) in bovine mastitis.
This method provides several advantages, including data from
clinical mastitis milk samples (not artificially contaminated or
spiked), sensitivity for both gram-positive and gram-negative
pathogens, the minimal infrastructure needed for making
sequencing libraries, portability of MinION, and rapid data
analysis, making the current approach appropriate even for
the future on-farm approach for rapid diagnosis of mastitis
and AMR testing. A limitation of this study was the small
sample size and using the exact same sample(s) to test
different strategies. Future studies would focus on a larger
sample size spread across different pathogens (e.g., Streptococcus
agalactiae, Streptococcus uberis, and Enterococcus spp.) and
AMR profiles (e.g., tet, aphA, and other β-lactamases). This
would provide the reliability of the described approach for
potential use for real-time diagnosis, thereby facilitating efficient
antimicrobial stewardship and preventing the spread of AMR.
Our study shows that direct sequencing of clinical mastitis
samples without culture and amplification could provide a
rapid diagnostic method for better clinical management of
mastitis.
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