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ABSTRACT Bovine respiratory disease (BRD) is the primary disease of cattle and is
responsible for most of the antibiotic use in the beef industry, both for metaphylaxis and
treatment. Infection prevention and targeted treatments would benefit from detecting
and identifying bacterial pathogens and, ideally, assessing antibiotic sensitivity. Here,
we report success refining targeted metagenomics by hybridization capture sequenc-
ing (CapSeq) to detect and genotype bacterial pathogens and genes for antibiotic
resistance in BRD. We developed a novel multi-locus sequence typing (MLST) strat-
egy to both enhance assay sensitivity and provide epidemiological data compatible
with traditional typing assays. Phylogenetically informed panel design by ProbeTools
coupled with hybridization capture enabled the sequencing of novel genotypes and
elucidated coinfection by distinct strains of Mycoplasmopsis bovis. CapSeq was orders
of magnitude more sensitive than classical metagenomics at a scale compatible with
low-throughput DNA sequencing capacity in diagnostic laboratories. Iterative design
and testing of longer typing loci confirmed improvements in locus detection through a
strategy applicable to future target selection. CapSeq detected bacterial pathogens that
evaded detection by traditional metagenomics, and it demonstrated greater range and
sensitivity for antibiotic resistance gene detection.

IMPORTANCE Shotgun metagenomic sequencing for infectious disease diagnostics and

surveillance benefits from simultaneous detection of multiple pathogens in a sample.

Adding a hybridization probe capture step to the metagenomics workflow enriches

targeted loci to improve the sensitivity of pathogen detection without compromising

the ability to detect pathogen variants. Our custom probe panel enables multi-locus

sequence typing of bovine respiratory disease agents as well as capture of antibiotic

resistance genes, which improves the sensitivity of metagenomic testing and provides

genotyping data compatible with traditional assays. This study demonstrates the utility
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resistance capacity. BRD is a complex disease that may be initiated by viral pathogens,
which allow opportunistic bacterial pathogens, primarily the mollicute Mycoplas-
mopsis bovis and three members of the Pasteurellaceae family, Mannheimia haemolytica,
Pasteurella multocida, and Histophilus somni (2) to become pathogens. M. bovis and H.
somni can advance to systemic infections, including septic arthritis (SA) and cardiac
disease (3-5). SA further impacts animal welfare and reduces the economic output as SA
is difficult to treat and accounts for half of mortalities of lame cattle (6).

BRD is associated with the stresses of animal sales and travel with the onset of
disease occurring early after arrival at a feedlot. Thus, metaphylactic antimicrobial
treatment of high-risk cattle upon entry to the feedlot is used to control the disease.
In North America, the most common drug classes used for metaphylaxis and treatment
are cephalosporins, fluoroquinolones, macrolides, phenicols, and tetracyclines (7). The
emergence and prevalence of resistant organisms is an ongoing challenge to animal
health and economic sustainability of the industry. In M. bovis, resistance is associated
with modification of antimicrobial binding sites through nucleotide polymorphisms that
lead to reduced sensitivity to fluoroquinolones, phenicols, tetracyclines, and macrolides
(8, 9). The large number of genetic adaptations seen in field isolates of M. bovis
associated with BRD is remarkable and is distinct from the many classes of antibiotic
resistance genes (ARGs) that have evolved separately from targets to confer resistance to
antibiotics. These accessory ARGs are ubiquitous in feedlot environments and are often
detected in clinical BRD isolates that belong to the family Pasteurellaceae (3, 10-12).

Proactive culture-independent metagenomic antimicrobial resistance (AMR)
surveillance approaches to detect relevant ARGs have been proposed to improve disease
outcomes by facilitating informed and effective antimicrobial use. This is rationalized by
the routine use of culture-based diagnostics that are both costly and time-consuming
to provide real-time data for controlling ongoing outbreaks (2). Pilot studies toward
scalable and practical surveillance of ARG and BRD pathogens have been comple-
ted within cattle and their pen environment (10-14). Water bowls, for instance, are
communal sources of water in feedlot pens, providing focal points of cattle contact
for passive surveillance of BRD pathogens and relevant ARGs (10). Nevertheless, these
studies have run into several common limitations of currently established techniques
for surveillance. Namely, the untargeted nature of shotgun metagenomics limits sample
types due to low bacterial DNA yields. Untargeted shotgun sequencing additionally
expends resources by sequencing DNA that is not of interest (host, plant genomes in
the feed, etc.). This contrasts with PCR-based approaches, which are targeted and rarely
advance all the way to DNA sequence information.

Hybridization probe capture sequencing, referred to here as “CapSeq,” involves
enrichment of target DNA before next-generation sequencing. The length of Cap-
Seq probes (typically 80-120 nucleotides) makes DNA:DNA hybridization tolerant to
nucleotide mismatches, providing low-bias sampling of target diversity and detection of
novel variants. Custom hybridization probe panels are designed to target specific genes
of interest at a scale well beyond PCR multiplexing. This allows for the downstream
sequencing of thousands of targets at a time, allowing for the aforementioned balance
of sequence specificity and diversity to be studied without the need for ultradeep
sequencing experiments. Commercially available panels are available; however, this
technology can be tailored to specific applications such as BRD pathogen surveillance.
In fact, capture probe design using ProbeTools software, for example, outperforms other
approaches because it specifically considers diversity in pathogen clades (15). Users have
ultimate control over target selection and data interpretation. This contrasts with the
more common approach of tiling probes across a representative genome, followed by
reliance on hybridization to capture related pathogens in a species or genus group.

Here, we present a custom panel design that targets bacterial multi-locus sequence
typing (MLST) regions in addition to virulence and resistance determinants in a format
to enhance detection and genotyping of BRD pathogens in complex samples and
samples with low biomass. We compared the targeted CapSeq to untargeted shotgun
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metagenomics on water and biofilms from water bowls in conventional North American
beef cattle feedlots. Additionally, a set of clinical samples from SA cases was analyzed
using the CapSeq probe set. Enrichment with the BRD bacterial probe panel outper-
formed traditional untargeted metagenomics for detecting and genotyping pathogens,
virulence genes, and ARGs in surveillance samples and performed equally well in clinical
samples.

MATERIALS AND METHODS
Sample collections

Water and sediment samples were collected from water bowls at conventional feedlots
in Alberta, Canada, in 2021. The collection of joint fluid from animals diagnosed with
septic arthritis was based on clinical diagnoses by veterinarians (Animal Care Protocol
#2021-0081). The live animal was sampled by arthrocentesis. Sample collection from
dead animals was performed during necropsies in the field. To minimize contamination,
a washed knife was used to reflect the skin from over the stifle. Contact between the
subcutaneous tissue and the knife was minimized by pulling the skin with manual
traction.

BRD bacterial probe panel design and synthesis

A custom reference database of target sequences was assembled, as described in
Supplemental Materials. Capture probes were designed from the reference database
by the ProbeTools software (v0.1.6) (16); probe distributions across targets are presented
in Table S1. Probes were synthesized at the 20,000 probe scale by Twist BioSciences (San
Francisco, CA, USA).

Nucleic acid extractions

Validation of custom BRD CapSeq probe panels was conducted with cultured isolates
representing each of the four species: M. bovis PG45 ATCC 25523, M. haemolytica ATCC
33396, and P. multocida ATCC 12947. For H. somni, a clinical isolate was utilized (CCR1,
NCBI GCA_049545085.1). Swabs were used to collect very small amounts of biomass for
DNA extraction to mimic clinical and environmental sample volumes.

Pure bacterial cultures were grown overnight in Brain-Heart Infusion broth, then
cultures were diluted 1:10 in 1.0 mL of phosphate-buffered saline, and pelleted by
centrifugation for 1.5 mins at 12,000 rpm. Pellets were washed in 1.0 mL PBS media. A
nasopharyngeal swab was mixed in the washed culture, and the swab tip was placed in
1.0 mL of fresh PBS. This solution was vortexed for ~10 seconds to release the bacterial
cells, and 107" and 1072 dilutions were made in 1.0 mL of PBS. Total nucleic acids were
extracted from each dilution in a Kingfisher Duo Prime Purification System (Thermo
Scientific) using the Biosprint 90 One-For-All Vet Kit (Indical Bioscience) using the Whole
Blood protocol. DNA concentration was measured using a QuBit dsDNA High-Sensitiv-
ity Kit (ThermoFisher Scientific). To confirm that the extractions contained detectable
bacterial DNA, 16S V4 abundance was measured by qPCR using the Perfecta SYBR Green
Fast Mix with Rox (New England Biolabs).

DNA was extracted from bacterial communities in water bowl water and sediment
samples using the PowerSoil DNA extraction kit (Qiagen). To process water samples,
large particulates were removed by gravity flow through sterile coffee filters. The filtrate
was then subjected to a second filtration step using a 0.2 um filter (Nalgene Rapid-
Flow Sterile Single Use Bottle Top Filter (595-4520)). The retentate of this filter was
then recovered by removing the filter paper, vortexing it in phosphate-buffered saline,
and harvesting the no longer adherent material by centrifugation. The processing of
sediment samples was performed to mimic that the release of bacteria captured from
water on a 0.2 um filter. In a 50 mL volume, sediment samples were mixed thoroughly,
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allowed to settle for 60 minutes, and the top layer, which was devoid of large particulate,
was concentrated by centrifugation prior to DNA extraction.

Synovial fluid samples were first cleared with quick centrifugation to remove fibrous
or clumpy materials. Fibrin was common in the samples, and centrifugation would form
a hard pellet that at times needed to be minced with sterile surgical scissors. DNA was
extracted from the joint using a phenol: chloroform: isoamyl alcohol-based approach
adapted from Beukers et al. (17) and Klima et al. (18). Briefly, samples and the subsequent
aqueous phase of the extractions were mixed with an equal volume of phenol:chloro-
form:isoamyl alcohol three times before precipitation of DNA using an equal volume of
isopropanol and washing with 70% ethanol (vol/vol). We find phenol-chloroform and
alcohol precipitation to reliably yield the highest nucleic acid yields, which is important
for the study of low biomass in synovial fluid.

DNA library synthesis and hybridization probe capture

DNA extractions were quantified using the Qubit dsDNA HS Kit (Invitrogen); 50 ng of
DNA was used for library preparation using the Twist Library Prep Enzymatic Fragmenta-
tion Kit 2.0 (Twist; 104207) and Twist Universal Adapter System — TruSeq Compatible
(101308) UDI primers according to the manufacturer’s instructions. Following library
preparation, libraries were quantified, and ~180 ng of each library, in sets of eight,
was pooled for library hybridization. Libraries were prepared for hybridization using
our custom probe panel (synthesized by Twist Biosciences, San Francisco, CA, USA)
and the Twist Universal Blockers (100578) according to the manufacturer’s instructions.
The pre-hybridization solution was evaporated in a Speed Vac, and hybridization was
performed using the Fast Hybridization Mix and Hybridization Enhancer from the Twist
Fast Hybridization and Wash Kit (104180) with the following thermal cycling conditions:
95°C for 5 minutes and 60°C for 30 minutes. Hybridized targets were then bound to
streptavidin beads using the Twist Fast Wash Buffers (104180) and Twist Binding and
Purification Beads (100983) according to the manufacturer’s instructions. Post-capture
PCR amplification was performed using the Amplification Primers and Equinox Library
Amp Mix from the Twist Fast Hybridization Kit using the following thermal cycling
conditions: 98°C for 45 seconds, nine cycles of 98°C for 15 seconds, 60°C for 30 seconds,
and 72°C for 30 seconds, followed by a final extension of 72°C for 1 minute and hold
at 4°C; hybridized libraries were cleaned as instructed by the manufacturer, and cleaned
libraries were quantified using the NEB Library Quant Kit for lllumina (NEB). To increase
library molarity for sequencing, libraries generated for water and sediment samples
underwent a second round of hybridization using 12 post-capture PCR cycles instead of
nine, and both pools were combined and concentrated in a speed vac.

Illumina DNA sequencing

Capture-enriched libraries were sequenced on lllumina platforms using 2 x 150-bp
paired-end chemistry. Captured libraries from pure culture, water, and sediment samples
were sequenced on an lllumina MiniSeq; septic arthritis samples and unenriched water
and sediment samples were sequenced on an Illumina NovaSeq 6000.

DNA read mapping

The programs FastQC (v0.11.9) (19) and MultiQC (v1.12) (20) were used to assess
sequencing read quality. Adapter sequences and low-quality reads were removed by
trimgalore (v0.6.10) (21) using a length of 80 and a Phred score of 30. Taxonomic
identifications by Kraken2 (v2.1.2) used the standard-16 database (downloaded on 26
April 2024) or a custom taxonomic database containing reference sequences for the
four bacterial BRD pathogens (22). Bowtie2 (v2.4.5) (23) or KMA (v1.4.9) (24) was used
to map reads to reference sequences and the custom database used to generate the
probe panels. Read alignments were visualized using Samtools (v1.15.1) (25) and Picard
(v2.18.29) (26).
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RESULTS AND DISCUSSION
A custom bacterial BRD hybridization probe panel and analysis workflow

The CapSeq workflow is illustrated in Fig. TA. Our custom CapSeq probe panel for BRD
bacterial pathogens and ARGs incorporated several important design principles that are
fully described in Supplemental Materials. Importantly, probe allocation was weighted
in favor of regions of higher diversity within a phylogroup, and the stoichiometries of
probes were titrated to provide a greater representation of genomic regions used for
detecting and genotyping pathogens. The capture.py script calculated an average of
97% coverage of variants of target loci by the custom panel (Fig. 1B), confirming that
probe design effectively integrated known biological diversity and provided confidence
that hybridization would capture known and unknown biological diversity.

The analysis of DNA sequencing reads from hybridization capture was conducted by
parallel read-mapping strategies Bowtie 2, k-mer alignment (KMA), and Kraken2 (Fig. 1C).
Locus detection and coverage was assessed by mapping DNA sequencing reads using
Bowtie 2. Although Bowtie 2 alignments could be used to detect genetic variants, it is an
inefficient approach for variant-calling. KMA sorts multi-mapping reads to find the best
aligned reference, making KMA particularly useful for typing locus variants (24). Kraken2
(22) provided rapid taxonomic classification using pre-established or custom reference
databases.

CapSeq using the custom BRD bacterial panel was tested first with pure cultures of
each bacterial species. Rapid taxonomic classification with Kraken2 was highly specific
for M. bovis (Fig. 2A). Kraken2 succeeded at species-level identification of over 75% of
sequencing reads for three species of Pasteurellaceae, and the other 1% to 15% of reads
were nonspecifically classified to the correct family Pasteurellaceae and class Gammapro-
teobacteria (Fig. 2A). The high percentages of DNA sequencing read classification to
source species confirmed that Kraken2 is useful for rapid identification of critical BRD
pathogens in metagenomic analysis.

Applied and Environmental Microbiology

A Surveillance & Sample type BRD bacterial panel DNA
diagnostics examples DNA prep DNA capture (number of targets) sequencing
tissue standard DNA M. bovi e High accuracy
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FIG 1 BRD bacterial pathogen custom probe. (A) Surveillance and diagnostic workflow for targeted metagenomic detection and genotyping of bacterial BRD

pathogens and antibiotic resistance genes. CapSeq is compatible with a wide range of sample types. The present study presents data from pure culture, water,

sediment, and infected tissue sample types. The table shows the number of loci targeted in each species and category. (B) In silico test of the panel’s coverage

of all targets in GenBank. (C) DNA sequencing read analysis strategy for detection and genotyping of genes and pathogens. The functions and benefits of each

analysis tool are noted.

October 2025 Volume 91 Issue 10

10.1128/aem.00977-25 5


https://doi.org/10.1128/aem.00977-25

Full-Length Text

Applied and Environmental Microbiology

A 100 - B MLST 845
me=r sSTsq
S 804 adk — Rggds per
TS — arok — million (RPM)
o c deoD —
=0 60 § gapDH —| >20,000
c® gnd 5,001-20,000
L= 40 A mdh —
XE 2wi—| 1,001-5,000
= 0 adk —|
4 %, 20 aroA 101-1,000
deoD — 11-100
| £ g6pd—
0 T T 2 gdhA— 1-10
M.b. H.s. M.h. Pm. mdh —| 0
Species in pure cultures Bel
B M. bovis Wi Pasteurellaceae C Septic arthritis infections
Bl H. somni Hl Gammaproteobacteria/ MLST Animal LST Animal
— . Pseudomonadota 12345 12345 Number of
I M. haemolytica
i aroE reads
. Unclassified
P. multocida deoD 10
_ gdhA
%2 gdn 1-9
gyrA
gyrB 0
pgi
D M. bovis E H. somni F Pasteurellaceae
Virulence  Animal ARG Animal ARG Animal Virulence  Animal ARG Animal
12345 12345 12345 12345 12345
fusA parC exbB
IpIA parE gimu ||
RS02825 pheS gltx =
JF_00281 pheT hsf ||
JF_00429 rbfA ibpB o
JF_00453 rimB lapB I
JF_00670 rimD licB =
JF_00684 rimH IppA ]
JF_00797 rplA IppB [ |
JF_00803 rpiB IppC 0
JF_00808 rpIC IptA |
JF_00819 rpiD IptB o
PG_0576 rplJ IptG o
msrA plV murA ||
oppF rpmE oapA ||
pepO rpsB ompA [ ]
pnrA rpsC ompW |
pnrA.2 psD P76 |
trmFO rpsE pal [
uvrC rpsH pilC 0
vspA rpsFJ, p(ijlg =
vspB rps PP
ngE rpsS faC o Number of
vspF rsmA smpA.omlA = reads
vspG rsmD topA [ ] -10
vspH rsme tbpB l
vspl rsmH tolC || 1-9
vspJ rsml waaF [ ] -
vspK serS 0
vspL spoU
vspM thil
vspN ils
vspO topA
trmB
tRNA1
trpS
tyrS
valS

FIG 2 CapSeq detection and genotyping of bacterial pathogens and ARGs in synovial fluid samples from cases of septic arthritis. (A) Kraken2 classification of

all DNA sequencing reads in CapSeq from pure cultures. M. bovis (M.b.), H. somni (H.s.), M. haemolytica (M.h.), and P. multocida (Pm.). (B) Read mapping to MLST

loci, colored according to normalized reads per million (RPM). (C-F) CapSeq detection of bacterial infections in septic arthritis. Synovial fluids from septic arthritis

were collected postmortem in animals #1-4 and from a living animal #5. No DNA sequencing reads mapped to M.h. or Pm. (not shown).
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Multilocus sequence typing by CapSeq

MLST schemes are well-established for three of the four BRD bacterial pathogens: M.
bovis, M. haemolytica, and P. multocida. We developed a comparable MLST scheme for
H. somni by selecting orthologs of core genes that are used for MLST in other bacterial
species, as described in Supplemental text (Fig. S1). CapSeq from pure cultures showed
discrete mapping to each source species by Bowtie2 and KMA (Fig. 2B), demonstrating
that the CapSeq workflow readily distinguishes between BRD pathogens. The fraction of
total reads mapping to each locus was uniformly high within each species of Pasteurella-
ceae, and 100% coverage of loci enabled specific strain typing (Table S2). Conversely, M.
bovis had a lower overall fraction of total reads mapped to the MLST loci because of
the relatively larger number of additional M. bovis loci (~4 x) compared to the Pasteurella-
ceae in the custom probe design (Fig. 1A). Incomplete coverage of two loci, gpsA (98%
coverage) and tkt (89% coverage), and no coverage of tdk initially prevented typing
(Fig. 2B; Table S3). Additional analysis of locus mapping is provided in the Supplemental
materials. We address the failed capture of the M. bovis tdk locus below.

CapSeq diagnosis of joint tissue infection resolves co-infecting variants of M.
bovis

To explore the potential utility of the CapSep panel, five samples collected from cattle
that were either experiencing or that had succumbed to disease were analyzed. We
rationalized that joints associated with septic arthritis (SA) would serve as a good test
case because this disease is thought to be limited to few pathogens, including M. bovis
for which the panel contained 110 targets, which could also inform on mutations related
to antimicrobial use. Importantly, SA is the leading cause of lameness in North American
feedlots and has a mortality rate approaching 50% (6), and culture-based diagnostics
implicate M. bovis and H. somni as the leading cause. CapSeq from four postmortems
(#1-4) and a living sick animal (#5) detected M. bovis in animals #1, 2, 4, and 5, but not
animal #3 (Fig. 2C), which was confirmed by PCR. H. somni was detected co-infecting
animal #1 and as the sole BRD pathogen in animal #3. As observed above with pure
cultures, capture and read mapping were specific to M. bovis virulence and ARG loci
(Fig. 2D) and H. somni virulence loci (Fig. 2E). Even though the animal #1 sample was
sequenced to a great depth of over 35 million reads, no CapSeq reads mapped to M.
haemolytica and P. multocida loci, providing strong evidence for the absence of these
two species. Animal #2 was co-infected with two distinct sequence types of M. bovis
as CapSeq reads mapped to distinct alleles of M. bovis dnaA and tkt (Fig. 3; Table S4).
This is yet another example of the sensitivity of the CapSeq approach, allowing for
discrimination between variant alleles attributed to M. bovis-associated disease from
complex clinical materials. We note that CapSeq is capable of multistrain detection for
all pathogens targeted in the panel. However, the presence of the other pathogens was
relatively minor compared to M. bovis, and no example of multistrain infection was found
for the other pathogens.

In addition to pathogen detection, a limited number of ARGs associated with
Pasteurellaceae were detected in the SA samples (Fig. 2E). These ARGs are considered to
be part of accessory genomes; however, their existence is not exclusive to the Pasteurel-
laceae. To this end, a relatively high number of gamma-proteobacterial ARGs were
detected in animal #2 despite the absence of detectable H. somni, M. haemolytica, and P.
multocida by CapSeq or PCR. Additional surveillance of live animals and cattle joint
microbial community structures before and after culling is required to identify the
bacterial hosts of ARGs detected in this pilot study.

The probe panel targeted 110 core M. bovis genes and almost 30 core H. somni genes
in addition to MLST loci, which allowed us to compare bacterial strains based on the
gene content. The M. bovis in postmortem samples from animals #1 and #2 were very
similar in gene content, with only virulence gene vspJ missing from M. bovis in animal #1
(Fig. 2D), a pattern noted previously in M. bovis (27). Similarly, the M. bovis in postmortem
sampling of animal #4 matched the gene content of M. bovis detected in the sick animal
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FIG 3 Co-infection by two M. bovis variants detected by CapSeq. Bowtie alignment of DNA sequencing reads in a select region of dnaA shows high-confidence

identification of two alleles at the same locus. The top track illustrates the relative abundance of alternate bases at the three variant positions in approximately

600-fold read depth. In the DNA sequencing read alignments, reads that map to the consensus (majority) sequence are gray, whereas reads that have

mismatches to the consensus are white. Colored bases in the white reads show the minority sequence. Linkage of the three variants confirms the annotation of

two discrete alleles (dnaA_1 and dnaA_8) by KMA. Only a portion of dnaA is zoomed for simplicity.

#5. Five M. bovis loci were undetected in animals #4 and #5, suggesting that five genes
are accessory virulence and resistance determinants.

CapSeq outperformed untargeted shotgun metagenomics for pathogen
surveillance

Successful application of the panel to cultivated and clinical samples supported our
effort to utilize the approach for surveillance from accessible but low biomass materials
such as water from cattle feedlot watering bowls. Using metagenomic data from feedlot
samples from water and sediment from water bowls (NCBI BioProject PRINA978540),
we tested the efficacy of CapSeq for surveillance of BRD pathogens and ARGs in water
bowls. Sequencing to an average of 1.0 x 10° filtered reads per library, significantly fewer
than the average of 7.7 x 10 filtered reads for untargeted metagenomics libraries were
used as the basis of detection and comparison between approaches. Despite its much
lower read depth, all four bacterial species were consistently detected in all samples with
CapSeq (Fig. 4A). Using a water sample W2 as an example, the ratio of locus detec-
tion between targeted (CapSeq) and untargeted metagenomics is further illustrated.
All MLST loci in the three species of Pasteurellaceae were detected by CapSeq (1,400
sequencing reads mapped to 21 MLST loci); three M. bovis MLST loci were detected by
CapSeq, but none were detected in untargeted sequencing results. CapSeq performed
as designed by generating more reads mapping to MLST, ARG, virulence, and rRNA
loci than did untargeted metagenomics (Fig. 4B), demonstrating a greater sensitivity for
low-abundance genes despite much lower sequencing effort. In all four gene classes, a
positive correlation between the number of reads mapping at each locus in CapSeq and
untargeted metagenomics indicated that both methods are semi-quantitative and can
discriminate between low- and high-abundance genes in complex samples (Fig. 4B).

CapSeq surveillance of ARGs in feedlot water bowls

CapSeq confirmed significant differences in ARG distributions between water and
sediment collected from water bowls in feedlot pens. Genes encoding tetracycline
resistance by ribosome protection or antibiotic inactivation are prominent in agricul-
tural and non-agricultural environments worldwide (28-31). CapSeq testing of water
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sequencing depth are plotted on independent log scales. Sample numbers are differentiated by the abbreviations W (water)
and S (sediment). (B) Number of reads mapping to target loci in CapSeq (y-axis) compared to shotgun metagenomic (x-axis).
(Continued on next page)

October 2025 Volume 91 Issue 10 10.1128/aem.00977-25 9


https://doi.org/10.1128/aem.00977-25

Full-Length Text Applied and Environmental Microbiology

Fig 4 (Continued)

Each green circle is a locus. A dashed purple line demarcates equal reads in both techniques. Orange fill highlights loci
detected by CapSeq but not detected by untargeted shotgun sequencing. Loci having 0 mapped reads are plotted on the log
scales at 107", highlighted by gray fill.

or sediment samples from feedlot water bowls revealed an abundance of tet genes,
collectively accounting for an average of 75% of non-rRNA reads. There was a clear
distinction between which tet genes dominated water or sediment samples (Fig. 5A
and B). Genes tetM, tetQ, and tetS that encode ribosomal protection mechanisms in
a wide range of bacterial taxa accounted for, on average, 60% on non-rRNA reads in
sediment, but less than 0.5% of reads in water samples (Fig. 5A). Other tetracycline
ARGs demonstrated an inverse pattern of being concentrated in water instead of
sediment, including tetH, an efflux pump that is commonly associated with H. somni,
and the broadly distributed tetX, a tetracycline-modifying enzyme (Fig. 5B). Tetracycline
resistance is commonly observed in clinical H. somni, P. multocida, and M. haemolytica
isolates, including tet(H) (32, 33). Resistance to macrolides encoded for by msrE, mph(E),
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FIG 5 Abundances of select ARGs in water and biofilms in feedlot water bowls. (A) Percent of reads mapping to tet genes that confer ribosomal protection in
water (blue) or sediment (brown). Values plotted as the percentage of non-rRNA reads. (B) Highly abundant resistance genes that are on average more abundant
in water than sediment. (C) Abundance of beta-lactamase genes, which are of much lower abundance than the other genes in this figure. (D) Abundance of the
rRNA loci represented in the CapSeq bacterial BRD probes. (E) Detection of the same ARGs in septic arthritis. DNA sequencing reads mapping to each locus are
plotted as normalized reads per million (RPM) of non-rRNA reads; 1,000 RPM is equivalent to 0.1% of mapped reads in (A-C).
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erm (42), ermF, and estT within P. multocida and M. haemolytica has also been previously
reported (34). Similarly, a chloramphenicol exporter gene associated with Acinetobacter
and Enterobacteriaceae, floR, was more prevalent in water than sediment. This phenicol
efflux pump is also commonly found in clinical isolates of H. somni, P. multocida, and M.
haemolytica; however, the in vitro correlation of resistance and floR can be inconsistent
(32).

Beta-lactam antibiotics are used to treat cattle and humans. Ceftiofur, a third-gener-
ation cephalosporin, is used to treat BRD at feedlots. Thus, environmental detection
of beta-lactam resistance can inform modeling of connections between human and
agricultural systems. Two classes of beta-lactamase genes, blatgy and blagog, were
detected in water and sediment (Fig. 5C). Beta-lactam resistance gene ROB-1 has
been previously found in H. somni and P. multocida isolates. For example, ROB-1 has
recently been observed on the same integrative conjugative element as estT in feedlot
P. multocida isolates (35-37), and retrospective analysis of M. haemolytica genomes
revealed a positive correlation between these two genes (38).

In the septic arthritis samples, on average, 10-100-fold fewer reads mapped to tet
genes (Fig. 5E), in contrast to the high abundances of ARGs in water bowls. Two samples
tested positive for blatgpm, but blagog was not detected (Fig. 5E).

Ribosomal RNA capture

Nucleotide substitutions in rrs (16S) and rrl (23S) ribosomal genes can confer resistance
to antibiotics. Regions with known resistance mutations were included in the probe
panel: M. bovis (rrs, rrl), M. haemolytica (rrl), P. multocida (rrs, rrl), and E. coli (rrs). The 16S
variable region sequences are widely used to identify bacterial genera, and hybridiza-
tion capture has been applied to 16S targets (39, 40). rRNA loci present a challenge
in metagenomic analyses because the loci consist of informative variable regions
alternating with highly conserved regions. We anticipated that conserved regions would
preclude genus-level resolution in the targeted metagenomes due to high similarity
across high taxonomic ranks. We observed that CapSeq readily distinguished M. bovis
rRNA loci from the other BRD pathogens, but rRNA loci of Pasteurellaceae could not be
effectively discriminated by the CapSeq BRD bacterial probe set (Fig. S2A). E. coli rrs was
included in the panel for its role in antibiotic resistance. CapSeq of H. somni and M.
haemolytica pure cultures resulted in alignment of ~10% of 16S rRNA reads to E. coli rrs,
consistent with the >88% similarities between the rRNA sequences (Fig. S2B).

In water surveillance samples, CapSeq consistently detected 20-fold greater relative
abundances of M. bovis rrs and rrl in sediment than in water (Fig. 5D). This may have
resulted from sample processing and the ability of M. bovis to cross 0.2 um filters. In
contrast to the stratified distribution of M. bovis rRNA loci in water bowls, CapSeq read
abundances at Pasteurellaceae and Escherichia rRNA loci were strikingly consistent across
water and sediment samples (Fig. 5D). Regions of the M. bovis 16S and 23S genes are
of utmost importance for tetracycline and macrolide resistance (8, 9), and AMR-associ-
ated polymorphisms were detected in SA infections by CapSeq. M. bovis rrs has a high
frequency of polymorphisms A956 and A958 in beef and dairy cattle operations (9, 41,
42), which was detected by CapSeq in all septic arthritis tissues and surveillance samples.

Refining the BRD bacterial probe panel

A benefit of CapSeq is the iterative design of probe panels; for example, the number
of probes and regions targeted can be expanded as required. In the first version of our
custom panel, MLST targets were defined according to the established locus dimensions.
However, we observed variability in capture between loci within a species, as illustrated
by the absence of capture of M. bovis tdk in pure culture (Fig. 2B) and less than 0.8%
of total MLST reads mapping to tdk in septic arthritis samples (Fig. S3). We produced a
second version (v.2) of the panel that expanded the MLST target regions from 500 to
700 bp to at least 1.5 kb in length and then conducted CapSeq on infected synovial
fluid from two live cattle suffering from SA, animals #6 and #7. CapSeq found that both
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animals were infected with M. bovis, without detectable H. somni, M. haemolytica, or P.
multocida. With the second version of the panel, M. bovis tdk became detectable to a
level balanced with the other MLST loci in M. bovis (Fig. 6A); gyrB consistently received
a larger portion of reads (>20% of MLST reads) because two loci were targeted within
this long gene, one for MLST and the other as a sequence determinant of antibiotic
resistance. Comparing the read mapping between v.1 and v.2 panels demonstrated how
effectively the addition of flanking probes improved the capture of the MLST loci (Fig. 6B
and C). The tdk MLST region and targeting probes contained G + C content consistent

A Animal B 101 1,501

6 7 — M.b. dnaA S
I 1 MLST locus
dn?& v.1 panel
g Probe depth ‘
g oA TRILE
s B : : - :
pta2 "Expanded target in v.2 panel i
tdk ~
tkt capture with Reads mapped from
v.1 panel M.b. pure culture
Percent 1 13 25
of total ﬁ_—_“ : Reads mapped from
MLST cei/%tuggr;/glt " septic arthritis
reads o
C 923,372 923,944
= s M.b. tdk = -
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Probe depth
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capture with Reads mapped from
v.1 panel M.b. pure culture
capture with Reads mapped from
v.2 panel septic arthritis

FIG 6 CapSeq in synovial fluid samples from cases of septic arthritis using the v.2 panel. (A) DNA sequencing read distribution at M. bovis (M.b.) MLST loci. All
reads mapping to MLST were summed, and the percentage mapping to each locus is displayed as a heatmap. (B and C) Probe distribution and read mapping
across example genes M. bovis dnaA and tdk. Gray numbers above the open reading frames indicate base positions in the genome. In the top panel showing
probe depth, colored vertical strips indicate nucleotide variants at specific positions; gray vertical strips indicate the sequence identity across all known variants.
DNA captured by the version v.1 panel was sequenced with 2 x 150 bp paired-end reads, whereas v.2 was sequenced with 2 x 300 bp reads.
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with the genomic average, and there were no detectable sequence features that could
explain the absence of tdk capture with the v.1 panel.

Conclusion

Antibiotics are relied on for metaphylaxis and treatment of BRD and SA, but targeted
medication is hampered by a lack of near real-time infectious disease diagnostics and
surveillance. CapSeq has the potential to fill a gap in veterinary infectious disease
diagnostics, bridging the gap between the limited scope of traditional culture- and
PCR-based diagnostics versus data-heavy shotgun metagenomics. CapSeq has the
significant advantage over culture methods and PCR, in that it can detect multiple
species and ARGs simultaneously as well as a wide range of genetic variants for each
target in a single clinical sample. Moreover, an average of 40% of filtered CapSeq reads
mapped to the targeted loci, outperforming the sensitivity of shotgun metagenomics,
in which only 0.057% of filtered reads mapped to target loci. CapSeq does not require
additional techniques beyond regular DNA sequencing workflows; however, CapSeq has
the added costs of probe synthesis and extra hours required for the hybridization and
subsequent amplification steps.

As with untargeted metagenomics, current CapSeq approaches cannot assign widely
conserved sequences, like mobile ARGs, to specific bacteria. The enrichment of targets
by CapSeq precludes the general study of microbial communities: metagenome-assem-
bled genomes (MAGs) cannot be assembled, enzymatic potential cannot be analyzed,
and nontargeted pathogens are more likely to be overlooked. Although CapSeq probe
panel design is limited to the current knowledge of DNA sequences, ProbeTools enables
inclusion of all known sequence variants in the capture probes, and hybridization
ensures capture of a wide range of genetic variants—both known and unknown—from
members of target species. Enriching DNA or cDNA from target species also simplifies
bioinformatic analysis. These advantages of CapSeq succeeded in sensitive detection
of BRD pathogens and ARGs in diverse sample types and provided important new
epidemiological insights into pathogen diversity and co-infections.

ACKNOWLEDGMENTS

This work was funded by the Saskatchewan Cattlemen’s Association funds #SCA
2021-088 and #25082021 (to A.D.S.C.); the Saskatchewan Ministry of Agriculture and
the Canadian Agricultural Partnership Agricultural Development Fund #20180305 (to
A.D.S.C,, AR, and M.J.), # 20200187 and #20210572 (to A.R. and M.J.); Beef Cattle Research
Council (BCRC) supplemental funding (to M.J.) and BCRC POC.35.23 (to A.D.S.C,, A.R,, and
M.J.); and Natural Sciences and Engineering Research Council of Canada Discovery Grants
RGPIN-2019-07135 (to A.D.S.C.).

AUTHOR AFFILIATIONS

'Department of Biology, University of Regina, Regina, Saskatchewan, Canada

ZInstitute for Microbial Systems and Society, Faculty of Science, University of Regina,
Regina, Saskatchewan, Canada

*Department of Large Animal Clinical Sciences, Western College of Veterinary Medicine,
University of Saskatchewan, Saskatoon, Saskatchewan, Canada

‘Department of Veterinary Microbiology, Western College of Veterinary Medicine,
University of Saskatchewan, Saskatoon, Saskatchewan, Canada

*Department of Biochemistry, Microbiology and Immunology, College of Medicine,
University of Saskatchewan, Saskatoon, Saskatchewan, Canada

AUTHOR ORCIDs

Jennifer N. Russell 2 http://orcid.org/0000-0002-8508-5394
Daniél Kos 2 http://orcid.org/0009-0000-5549-849X

October 2025 Volume 91 Issue 10

Applied and Environmental Microbiology

10.1128/aem.00977-25 13


http://orcid.org/0000-0002-8508-5394
http://orcid.org/0009-0000-5549-849X
https://doi.org/10.1128/aem.00977-25

Full-Length Text

Ashton N. Sies @ http://orcid.org/0000-0003-2145-7010
Murray Jelinski & http://orcid.org/0000-0001-6239-4496
Antonio Ruzzini ( http://orcid.org/0000-0002-5697-5371
Andrew D. S. Cameron & http://orcid.org/0000-0003-1560-8572

Applied and Environmental Microbiology

FUNDING

Funder Grant(s) Author(s)

Ministry of Agriculture - Saskatchewan 20180305 Andrew D.S. Cameron
Ministry of Agriculture - Saskatchewan 20200187  Murray Jelinski
Ministry of Agriculture - Saskatchewan 20210572  Antonio Ruzzini

DATA AVAILABILITY

DNA sequence data have been made publicly available through the National Center
for Biotechnology Information: PRINA1122138 (isolate enrichment data), PRINA978540
(metagenomics), PRINA1122166 (CapSeq data from water bowls), and PRJNA1140205
(CapSeq data from septic joints).

ETHICS APPROVAL

The University of Saskatchewan’s Animal Care Committee approved the collection of
samples from animals suffering from septic arthritis according to Animal Care Protocol
#2021-0081.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

File S1 (AEM00977-25-s0001.pdf). Supplemental methods, Tables S1 to S4, and Fig. S1
to S4.
File S2 (AEM00977-25-s0002.txt). Fasta format sequences of all v1 probes.
File S3 (AEM00977-25-s0003.txt). Fasta format sequences of all v2 probes.

REFERENCES

1.

October 2025 Volume 91

Blakebrough-Hall C, McMeniman JP, Gonzélez LA. 2020. An evaluation of
the economic effects of bovine respiratory disease on animal perform-
ance, carcass traits, and economic outcomes in feedlot cattle defined
using four BRD diagnosis methods. J Anim Sci 98:skaa005. https://doi.or
9/10.1093/jas/skaa005

Andrés-Lasheras S, Jelinski M, Zaheer R, McAllister TA. 2022. Bovine
respiratory disease: conventional to culture-independent approaches to
studying antimicrobial resistance in North America. Antibiotics (Basel)
11:487. https://doi.org/10.3390/antibiotics 11040487

Anholt RM, Klima C, Allan N, Matheson-Bird H, Schatz C, Ajitkumar P,
Otto SJ, Peters D, Schmid K, Olson M, McAllister T, Ralston B. 2017.
Antimicrobial susceptibility of bacteria that cause bovine respiratory
disease complex in Alberta, Canada. Front Vet Sci 4:207. https://doi.org/1
0.3389/fvets.2017.00207

Van Donkersgoed J, Janzen ED, Harland RJ. 1990. Epidemiological
features of calf mortality due to hemophilosis in a large feedlot. Can Vet
J31:821-825.

Haines DM, Martin KM, Clark EG, Jim GK, Janzen ED. 2001. The
immunohistochemical detection of Mycoplasma bovis and bovine viral
diarrhea virus in tissues of feedlot cattle with chronic, unresponsive
respiratory disease and/or arthritis. Can Vet J 42:857-860.

Davis-Unger J, Schwartzkopf-Genswein KSG, Pajor EA, Hendrick S, Marti
S, Dorin C, Orsel K. 2019. Prevalence and lameness-associated risk factors
in Alberta feedlot cattle. Transl Anim Sci 3:595-606. https://doi.org/10.10
93/tas/txz008

Issue 10

11.

Brault SA, Hannon SJ, Gow SP, Warr BN, Withell J, Song J, Williams CM,
Otto SJG, Booker CW, Morley PS. 2019. Antimicrobial use on 36 beef
feedlots in Western Canada: 2008-2012. Front Vet Sci 6:329. https://doi.o
rg/10.3389/fvets.2019.00329

Kinnear A, McAllister TA, Zaheer R, Waldner M, Ruzzini AC, Andrés-
Lasheras S, Parker S, Hill JE, Jelinski MD. 2020. Investigation of macrolide
resistance genotypes in Mycoplasma bovis isolates from Canadian
feedlot cattle. Pathogens 9:622. https://doi.org/10.3390/pathogens9080
622

Sulyok KM, Kreizinger Z, Wehmann E, Lysnyansky |, Banyai K, Marton S,
Jerzsele A, Rénai Z, Turcsanyi |, Makrai L, Janosi S, Nagy SA, Gyuranecz M.
2017. Mutations associated with decreased susceptibility to seven
antimicrobial families in field and laboratory-derived Mycoplasma bovis
strains. Antimicrob Agents Chemother 61:@01983-16. https://doi.org/10.
1128/AAC.01983-16

Kos D, Schreiner B, Thiessen S, McAllister T, Jelinski M, Ruzzini A. 2023.
Insight into antimicrobial resistance at a new beef cattle feedlot in
western Canada. mSphere 8:20031723. https://doi.org/10.1128/msphere
.00317-23

Noyes NR, Yang X, Linke LM, Magnuson RJ, Dettenwanger A, Cook S,
Geornaras |, Woerner DE, Gow SP, McAllister TA, Yang H, Ruiz J, Jones KL,
Boucher CA, Morley PS, Belk KE. 2016. Resistome diversity in cattle and
the environment decreases during beef production. Elife 5:13195. https
://doi.org/10.7554/eLife.13195

10.1128/aem.00977-25 14


http://orcid.org/0000-0003-2145-7010
http://orcid.org/0000-0001-6239-4496
http://orcid.org/0000-0002-5697-5371
http://orcid.org/0000-0003-1560-8572
http://dx.doi.org/10.13039/100008921
http://dx.doi.org/10.13039/100008921
http://dx.doi.org/10.13039/100008921
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1122138/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA978540/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1122166/
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1140205/
https://doi.org/10.1128/aem.00977-25
https://doi.org/10.1093/jas/skaa005
https://doi.org/10.3390/antibiotics11040487
https://doi.org/10.3389/fvets.2017.00207
https://doi.org/10.1093/tas/txz008
https://doi.org/10.3389/fvets.2019.00329
https://doi.org/10.3390/pathogens9080622
https://doi.org/10.1128/AAC.01983-16
https://doi.org/10.1128/msphere.00317-23
https://doi.org/10.7554/eLife.13195
https://doi.org/10.1128/aem.00977-25

Full-Length Text

20.

21.

22.

23.

24,

25.

26.

27.

28.

October 2025 Volume 91

Zaheer R, Lakin SM, Polo RO, Cook SR, Larney FJ, Morley PS, Booker CW,
Hannon SJ, Van Domselaar G, Read RR, McAllister TA. 2019. Comparative
diversity of microbiomes and resistomes in beef feedlots, downstream
environments and urban sewage influent. BMC Microbiol 19:197. https://
doi.org/10.1186/512866-019-1548-x

Barnewall RJ, Marsh IB, Williams TM, Cusack P, Sales N, Galea F,
Szentirmay AN, Quinn JC. 2022. Efficiency-corrected PCR quantification
for identification of prevalence and load of respiratory disease-causing
agents in feedlot cattle. Aust Vet J 100:539-549. https://doi.org/10.1111/
avj.13200

Holman DB, McAllister TA, Topp E, Wright A-DG, Alexander TW. 2015. The
nasopharyngeal microbiota of feedlot cattle that develop bovine
respiratory disease. Vet Microbiol 180:90-95. https://doi.org/10.1016/j.ve
tmic.2015.07.031

Kuchinski KS, Loos KD, Suchan DM, Russell JN, Sies AN, Kumakamba C,
Muyembe F, Mbala Kingebeni P, Ngay Lukusa I, N'Kawa F, et al. 2022.
Targeted genomic sequencing with probe capture for discovery and
surveillance of coronaviruses in bats. Elife 11:e79777. https://doi.org/10.
7554/elife.79777

Kuchinski KS, Duan J, Himsworth C, Hsiao W, Prystajecky NA. 2022.
ProbeTools: designing hybridization probes for targeted genomic
sequencing of diverse and hypervariable viral taxa. BMC Genomics
23:579. https://doi.org/10.1186/s12864-022-08790-4

Beukers AG, Zaheer R, Goji N, Amoako KK, Chaves AV, Ward MP,
McAllister TA. 2017. Comparative genomics of Enterococcus spp. isolated
from bovine feces. BMC Microbiol 17:52. https://doi.org/10.1186/512866-
017-0962-1

Klima CL, Holman DB, Ralston BJ, Stanford K, Zaheer R, Alexander TW,
McAllister TA. 2019. Lower respiratory tract microbiome and resistome of
bovine respiratory disease mortalities. Microb Ecol 78:446-456. https://d
0i.0rg/10.1007/500248-019-01361-3

Andrews S. 2014. FastQC a quality control tool for high throughput
sequence data. Available from: http://www.bioinformatics.babraham.ac.
uk/projects/fastqc

Ewels P, Magnusson M, Lundin S, Kéller M. 2016. MultiQC: summarize
analysis results for multiple tools and samples in a single report.
Bioinformatics 32:3047-3048. https://doi.org/10.1093/bioinformatics/bt
w354

Krueger F. 2015. Trim Galore!: a wrapper around Cutadapt and FastQC to
consistently apply adapter and quality trimming to FastQ files, with extra
functionality for RRBS data. Babraham Institute

Wood DE, Lu J, Langmead B. 2019. Improved metagenomic analysis with
Kraken 2. Genome Biol 20:257. https://doi.org/10.1186/513059-019-1891
-0

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with
Bowtie 2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923
Clausen P, Aarestrup FM, Lund O. 2018. Rapid and precise alignment of
raw reads against redundant databases with KMA. BMC Bioinformatics
19:307. https://doi.org/10.1186/s12859-018-2336-6

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing Subgroup.
2009. The sequence alignment/map format and SAMtools. Bioinformat-
ics 25:2078-2079. https://doi.org/10.1093/bioinformatics/btp352

Broad Institute. 2019. Picard toolkit. Available from: https://broadinstitut
e.github.io/picard

Kumar R, Register K, Christopher-Hennings J, Moroni P, Gioia G, Garcia-
Fernandez N, Nelson J, Jelinski MD, Lysnyansky |, Bayles D, Alt D, Scaria J.
2020. Population genomic analysis of Mycoplasma bovis elucidates
geographical variations and genes associated with host-types.
Microorganisms 8:1561. https://doi.org/10.3390/microorganisms810156
1

Keen PL, Knapp CW, Hall KJ, Graham DW. 2018. Seasonal dynamics of
tetracycline resistance gene transport in the Sumas River agricultural
watershed of British Columbia, Canada. Sci Total Environ 628-629:490-
498. https://doi.org/10.1016/j.scitotenv.2018.01.278

Issue 10

29.

30.

31.

32

33.

34,

36.

37.

38.

39.

40.

41.

42.

Applied and Environmental Microbiology

Schmitt H, Stoob K, Hamscher G, Smit E, Seinen W. 2006. Tetracyclines
and tetracycline resistance in agricultural soils: microcosm and field
studies. Microb Ecol 51:267-276. https://doi.org/10.1007/500248-006-90
35y

Shin SW, Shin MK, Jung M, Belaynehe KM, Yoo HS. 2015. Prevalence of
antimicrobial resistance and transfer of tetracycline resistance genes in
Escherichia coli isolates from beef cattle. Appl Environ Microbiol
81:5560-5566. https://doi.org/10.1128/AEM.01511-15

Yang J, Lin'Y, Yang X, Ng TB, Ye X, Lin J. 2017. Degradation of tetracycline
by immobilized laccase and the proposed transformation pathway. J
Hazard Mater 322:525-531. https://doi.org/10.1016/jjhazmat.2016.10.01
9

Owen JR, Noyes N, Young AE, Prince DJ, Blanchard PC, Lehenbauer TW,
Aly SS, Davis JH, O'Rourke SM, Abdo Z, Belk K, Miller MR, Morley P, Van
Eenennaam AL. 2017. Whole-genome sequencing and concordance
between antimicrobial susceptibility genotypes and phenotypes of
bacterial isolates associated with bovine respiratory disease. G3
(Bethesda) 7:3059-3071. https://doi.org/10.1534/93.117.1137

Alhamami T, Chowdhury PR, Gomes N, Carr M, Veltman T, Khazandi M,
Mollinger J, Deutscher AT, Turni C, Mahdi L, Venter H, Abraham S,
Djordjevic SP, Trott DJ. 2021. First Emergence of resistance to macrolides
and tetracycline identified in Mannheimia haemolytica and Pasteurella
multocida isolates from beef feedlots in Australia. Microorganisms
9:1322. https://doi.org/10.3390/microorganisms9061322

Dhindwal P, Thompson C, Kos D, Planedin K, Jain R, Jelinski M, Ruzzini A.
2023. A neglected and emerging antimicrobial resistance gene encodes
for a serine-dependent macrolide esterase. Proc Natl Acad Sci USA
120:e2219827120. https://doi.org/10.1073/pnas.2219827120

Roy Chowdhury P, Alhamami T, Venter H, Veltman T, Carr M, Mollinger J,
Trott DJ, Djordjevic SP. 2024. Identification and evolution of ICE-
PmuST394: a novel integrative conjugative element in Pasteurella
multocida ST394. J Antimicrob Chemother 79:851-858. https://doi.org/1
0.1093/jac/dkae040

San Millan A, Escudero JA, Gutierrez B, Hidalgo L, Garcia N, Llagostera M,
Dominguez L, Gonzalez-Zorn B. 2009. Multiresistance in Pasteurella
multocida is mediated by coexistence of small plasmids. Antimicrob
Agents Chemother 53:3399-3404. https://doi.org/10.1128/AAC.01522-0
8

Ueno Y, Suzuki K, Takamura Y, Hoshinoo K, Takamatsu D, Katsuda K.
2022. Antimicrobial resistance and associated genetic background of
Histophilus somni isolated from clinically affected and healthy cattle.
Front Vet Sci 9:1040266. https://doi.org/10.3389/fvets.2022.1040266

Kos D, Jelinski M, Ruzzini A. 2025. Retrospective analysis of antimicrobial
resistance associated with bovine respiratory disease. Appl Environ
Microbiol 91:0190924. https://doi.org/10.1128/aem.01909-24

Beaudry MS, Wang J, Kieran TJ, Thomas J, Bayona-Vasquez NJ, Gao B,
Devault A, Brunelle B, Lu K, Wang J-S, Rhodes OE Jr, Glenn TC. 2021.
Improved microbial community characterization of 16S rRNA via
metagenome hybridization capture enrichment. Front Microbiol
12:644662. https://doi.org/10.3389/fmicb.2021.644662

Cariou M, Ribiéere C, Morliere S, Gauthier J-P, Simon J-C, Peyret P, Charlat
S. 2018. Comparing 16S rDNA amplicon sequencing and hybridization
capture for pea aphid microbiota diversity analysis. BMC Res Notes
11:461. https://doi.org/10.1186/513104-018-3559-3

Amram E, Mikula |, Schnee C, Ayling RD, Nicholas RAJ, Rosales RS, Harrus
S, Lysnyansky 1. 2015. 16S rRNA gene mutations associated with
decreased susceptibility to tetracycline in Mycoplasma bovis. Antimicrob
Agents Chemother 59:796-802. https://doi.org/10.1128/AAC.03876-14
Hata E, Harada T, Itoh M. 2019. Relationship between antimicrobial
susceptibility and multilocus sequence type of Mycoplasma bovis
isolates and development of a method for rapid detection of point
mutations involved in decreased susceptibility to macrolides, lincosa-
mides, tetracyclines, and spectinomycin. Appl Environ Microbiol
85:00575-19. https://doi.org/10.1128/AEM.00575-19

10.1128/aem.00977-25 15


https://doi.org/10.1186/s12866-019-1548-x
https://doi.org/10.1111/avj.13200
https://doi.org/10.1016/j.vetmic.2015.07.031
https://doi.org/10.7554/eLife.79777
https://doi.org/10.1186/s12864-022-08790-4
https://doi.org/10.1186/s12866-017-0962-1
https://doi.org/10.1007/s00248-019-01361-3
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1186/s13059-019-1891-0
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/s12859-018-2336-6
https://doi.org/10.1093/bioinformatics/btp352
https://broadinstitute.github.io/picard
https://doi.org/10.3390/microorganisms8101561
https://doi.org/10.1016/j.scitotenv.2018.01.278
https://doi.org/10.1007/s00248-006-9035-y
https://doi.org/10.1128/AEM.01511-15
https://doi.org/10.1016/j.jhazmat.2016.10.019
https://doi.org/10.1534/g3.117.1137
https://doi.org/10.3390/microorganisms9061322
https://doi.org/10.1073/pnas.2219827120
https://doi.org/10.1093/jac/dkae040
https://doi.org/10.1128/AAC.01522-08
https://doi.org/10.3389/fvets.2022.1040266
https://doi.org/10.1128/aem.01909-24
https://doi.org/10.3389/fmicb.2021.644662
https://doi.org/10.1186/s13104-018-3559-3
https://doi.org/10.1128/AAC.03876-14
https://doi.org/10.1128/AEM.00575-19
https://doi.org/10.1128/aem.00977-25

	Enhanced metagenomic surveillance for bovine respiratory disease pathogens and antimicrobial resistance by hybridization capture sequencing
	MATERIALS AND METHODS
	Sample collections
	BRD bacterial probe panel design and synthesis
	Nucleic acid extractions
	DNA library synthesis and hybridization probe capture
	Illumina DNA sequencing
	DNA read mapping

	RESULTS AND DISCUSSION
	A custom bacterial BRD hybridization probe panel and analysis workflow
	Multilocus sequence typing by CapSeq
	CapSeq diagnosis of joint tissue infection resolves co-infecting variants of M. bovis
	CapSeq outperformed untargeted shotgun metagenomics for pathogen surveillance
	CapSeq surveillance of ARGs in feedlot water bowls
	Ribosomal RNA capture
	Refining the BRD bacterial probe panel
	Conclusion



